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“Although touched by technology, surgical pathology always has
been, and remains, an art. Surgical pathologists, like all artists, depict
in their artwork (surgical pathology reports) their interactions with
nature: emotions, observations, and knowledge are all integrated.
The resulting artwork is a poor record of complex phenomena.”

Richard J. Reed MD





Preface

It is recognized that scientific journals and books not only provide current information
but also facilitate exchange of information, resulting in rapid progress in the medical
field. In this endeavor, the main role of scientific books is to present current informa-
tion in more details after careful additional evaluation of the investigational results,
especially those of new or relatively new therapeutic methods and their potential toxic
side- effects.

Although subjects of diagnosis, drug development, therapy and its assessment, and
prognosis of tumors of the central nervous system, cancer recurrence, and resistance
to chemotherapy are scattered in a vast number of journals and books, there is need of
combining these subjects in single volumes. An attempt will be made to accomplish
this goal in the projected ten-volume series of handbooks.

In the era of cost-effectiveness, my opinion may be minority perspective, but
it needs to be recognized that the potential for false-positive or false-negative
interpretation on the basis of a single laboratory test in clinical pathology does
exist. Interobservor or intraobservor variability in the interpretation of results in
pathology is not uncommon. Interpretative differences often are related to the relative
importance of the criteria being used.

Generally, no test always performs perfectly. Although there is no perfect remedy
to this problem, standardized classifications with written definitions and guidelines
will help. Standardization of methods to achieve objectivity is imperative in this
effort. The validity of a test should be based on the careful, objective interpretation
of the tomographic images, photo-micrographs, and other tests. The interpretation
of the results should be explicit rather than implicit. To achieve accurate diagnosis
and correct prognosis, the use of molecular criteria and targeted medicine is impor-
tant. Equally important are the translation of molecular genetics into clinical practice
and evidence-based therapy. Translation of medicine from the laboratory to clinical
application needs to be carefully expedited. Indeed, molecular medicine has arrived.

This is the fourth volume in the series, Tumors of the Central Nervous System. As
in the case of the three previously published volumes, this volume mainly contains
information on the diagnosis, therapy, and prognosis of brain tumors. Insights on the
understanding of molecular pathways involved in tumor biology are explained, which
lead to the development of effective drugs. Information on pathways (e.g., hedgehog)
facilitates targeted therapies in cancer. Tumor models are also presented, which utilize
expression data, pathway sensitivity, and genetic abnormalities, representing targets
in cancer. For example, rat model of malignant brain tumors using implantation of
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doxorubicin with drug eluting beads for delivery is explained. The future of pathway-
driven therapies for tumors is summarized.

The importance of personalizing cancer care is emphasized. The need for sup-
portive measures for survivors of brain cancer is pointed out, so is the quality of
life monitoring. The need of rehabilitation therapy for patients with primary and
metastatic brain tumors is also emphasized.

Role of MicroRNA in distinguishing primary tumors from metastatic tumors is
discussed. Advantages and limitations of chemotherapy (e.g., temozolomide and dox-
orubicin) are discussed. The complexity of tumor to tumor transfer is explained;
examples discussed are: brain metastases from breast cancer and brain metastases
from melanoma. Identification and characterization of biomarkers, including those
for metastatic brain tumors, are presented. Genomic analysis for identifying clinically
relevant subtypes of glioblastoma is included.

A large number of imaging modalities, including Fourier transform infrared imag-
ing, elastic light single-scattering spectroscopy, diffusion tensor imaging, quantitative
FDG-PET, intraoperative magnetic resonance imaging, functional magnetic reso-
nance imaging, and ultrasound, are detailed to study progression and invasion of
gliomas, intraoperative brain tumor detection, quantitative analysis of pyramidal
tracts in brain tumor patients, diagnoses of peripheral nerve sheath tumors, targeted
cancer chemotherapy, skull base tumors, growth of malignant gliomas, trigeminal
neuralgia, and disappearing brain lesions.

Introduction to new technologies and their applications to tumor diagnosis, treat-
ment, and therapy assessment are explained. Molecular profiling of brain tumors to
select therapy in clinical trials of glioblastoma is included. Several surgical treat-
ments, including resection, Gamma knife surgery, and radiosurgery, are discussed.
The remaining six volumes in this series will provide additional recent information
on this and other aspects of other types of CNS malignancies.

By bringing together a large number of experts (oncologists, neurosurgeons, physi-
cians, research scientists, and pathologists) in various aspects of this medical field,
it is my hope that substantial progress will be made against this terrible disease. It
would be difficult for a single author to discuss effectively the complexity of diagno-
sis, therapy, and prognosis of any type of tumor in one volume. Another advantage
of involving more than one author is to present different points of view on a specific
controversial aspect of the CNS cancer. I hope these goals will be fulfilled in this
and other volumes of this series. This volume was written by 103 contributors rep-
resenting 15 countries. I am grateful to them for their promptness in accepting my
suggestions. Their practical experience highlights their writings, which should build
and further the endeavors of the reader in this important area of disease. I respect and
appreciate the hard work and exceptional insight into the nature of cancer provided
by these contributors. The contents of the volume are divided into seven subheadings:
Introduction, Diagnosis and Biomarkers, Therapy, Tumor to tumor cancer, Imaging
methods, Prognosis, and Quality of life for the convenience of the reader.

It is my hope that the current volume will join the preceding volumes of the series
for assisting in the more complete understanding of globally relevant cancer syn-
dromes. There exists a tremendous, urgent demand by the public and the scientific
community to address to cancer diagnosis, treatment, cure, and hopefully prevention.
In the light of existing cancer calamity, government funding must give priority to
eradicating this deadly malignancy over military superiority.
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I am thankful to Dr. Dawood Farahi and Dr. Kristie Reilly for recognizing the
importance of medical research and publishing through an institution of higher
education.
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Chapter 1

Epidemiology of Primary Brain Tumors

Isabelle Baldi and Hugues Loiseau

Abstract Epidemiology of primary brain tumors
includes a descriptive approach (determination of
prevalence and incidence) and an analytical approach
(identification of risk factors). Among risk factors,
some are intrinsic to the person and others are exter-
nal causes that are more easily preventable. Descriptive
epidemiological data have concluded an increase of
annual incidence of primary brain tumor in most indus-
trialized countries. Main explanations for this increase
are the ageing of the population and a better access
to the diagnostic imaging, albeit it is not possible
to exclude changes in risks factors. Comparing inci-
dences between registries is difficult. Spatial and tem-
poral variations constitute one explanation for the dis-
crepancies and evolutions of coding methods another
one. Intrinsic factors likely to modify the risk are
age, genetic predisposition and susceptibility, gender,
race, birth weight, and allergy. Extrinsic factors likely
to modify the risk are mainly radiation exposures.
Many studies concerning, among others, electro mag-
netic fields, and especially cellular phones, pesticides,
substitutive hormonal therapy, and diet have been pub-
lished. Until now, results remain globally inconclusive.
Weak incidence of primary brain tumors constitutes a
huge limiting factor in the progress of knowledge, both
on incidence and risk factors. Important mobilization
of the neuro-oncological community is mandatory to
obtain consistent and valuable data that will lead to
a significant improvement in our knowledge of brain
tumor epidemiology.

I. Baldi (�)
Laboratoire Sante Travail Environnement, ISPED, University
Victor Segalen Bordeaux 2, Bordeaux Cedex, France
e-mail: Isabelle.baldi@isped.u-bordeaux.fr

Keywords Brain tumor · Medulloblastoma ·
Hematopoietic neoplasms · Li-Fraumeni syndrome ·
Turcot’s syndrome · Ependymoma

Introduction

Considering that principles of epidemiology began
to form in the second half of the 20th century,
it is a relatively new scientific approach to health
problems. Nevertheless, the oldest population-based
tumor registry in the world started in Connecticut
as early as 1941 with a retrospective registration
from 1935, followed by the Danish Cancer Registry
in 1942. This demonstrates the foremost concern of
improving knowledge in the field of cancer and the
early and dynamic role of cancer physicians in this
research area. Subsequently, several hundreds of can-
cer registries were established worldwide, and the
International Agency for Research on Cancer was
established in 1965 as a specialized research center
of the World Health Organization (http://www.iarc.
fr/). Epidemiology makes it possible to describe the
incidence and mortality due to cancer (descriptive
epidemiology), and to identify risk factors for can-
cer, the strength of their association with the disease,
and the potential causal relation (analytical epidemiol-
ogy), with the underlying purpose of improving cancer
prevention.

Some common difficulties are encountered with
registries for different tumor sites. One of them is the
need for a multidisciplinary approach for registering
cases, because views and coding systems change with
time. Considering brain tumors, two classifications are
used: the International Classification of Disease for

3M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 4,
DOI 10.1007/978-94-007-1706-0_1, © Springer Science+Business Media B.V. 2012
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Oncology (ICD-O) with the morphology codes and the
site codes (Fritz et al. 2000), and the World Health
Organization’s histological classification of primary
brain tumors (Louis et al. 2007). According to these
classifications, worldwide registries do not necessar-
ily include exactly the same subtypes of brain tumors,
which may explain some differences in the incidence
rates. The evolution of coding systems with time and
the poor reproducibility for histological assessment
of some tumors, such as gliomas, also make com-
parisons difficult. Many published data have included
different tumor types which could have a similar ori-
gin. That could explain some discrepancies in the
results.

Descriptive Epidemiology of Primary
Brain Tumors

Methodological Endpoints

Various parameters can be used to describe the burden
of brain tumors in human populations and to help in
medical care planning. The most common ones are the
prevalence and the incidence of these diseases. Data
concerning prevalence rates of brain tumors (propor-
tion of people alive on a certain date in a population
who previously had a diagnosis of brain tumor) are
scarce and controversial. Some estimations have been
given by the International Agency for Research on
Cancer, based on incidence and survival data (Pisani
et al. 2002), but they appear lower than those cal-
culated in the United States from the Central Brain
Tumor Registry of the United States, which are about
130/100,000 for benign and malignant tumors (Davis
et al. 2001).

The main indicator allowing spatial and time-related
comparison is annual incidence (i.e., number of new
brain tumors in 1 year and in a given population,
usually per 100,000 inhabitants).

Annual incidence rates reported by some of the
main registries worldwide are summarized in Table 1.1
according to histological subtypes. Incidence rates
vary in the published studies, mainly due to differ-
ences in study methodology. The global rate ranges
from 8.5 to 19.25/100,000. Primary brain tumor inci-
dence in children is 4.9/100,000 in Sweden (Dreifaldt

et al. 2004) and 2.5/100,000 in Germany (Kaatsch et al.
2001), but studies do not consider the same age limit
for childhood.

Neuroepithelial tissue tumors, tumors of the
meninges and those of the cranial and spinal nerves
represent the main histological subtypes, and account
for ∼85% of the primary brain tumors in adults. In
adults, the main histological types are the neuroepithe-
lial tumors (mainly represented by gliomas), tumors
of the meninges, tumors of the cranial and spinal
nerves, lymphomas and hematopoietic neoplasms, and
germ cell tumors. In adults, the incidence of neu-
roepithelial tumors ranges from 2.2 (Kuratsu et al.
2001) to 7.8/100,000. The incidence of glioblastomas,
the most malignant type of gliomas, ranges from 1.6
(Liigant et al. 2000) to 4.5/100,000. The incidence
of meningioma presents the widest variations, rang-
ing from 1.3 (Arora et al. 2009) to 7.8/100,000 (www.
cbtrus.org). The annual incidence of schwannoma is
1.1/100,000 and the incidence of vestibular schwan-
noma is 0.55/100,000 (Schellinger et al. 2008). In chil-
dren, neuroepithelial tissue tumors alone account for
∼75% of primary brain tumors. Histological subtypes
differ in children, astrocytoma predominating (pilo-
cytic astrocytoma) together with embryonal medul-
loblastoma and followed by ependymoma.

Even when caution is used when comparing inci-
dence due to variations in the period of recording and
in diagnostic tools (radiology, histology, autopsy), it
may be assumed that the burden of primary brain tumor
in health care systems is likely to be underestimated
for several reasons. First, some cancer registries do
not record benign tumors, a situation although more
frequent in the past decades, slowly changing since
the recent recommendations (McCarthy et al. 2002).
Secondly, some registries only collect histologically
confirmed cases, while the proportion of cases with-
out histological confirmation has been shown to reach
up to 31%. Third, some specific cases, such as malig-
nant transformation, secondary localization, and occur-
rence of tumors at different sites observed in inherited
genetic syndromes, are not systematically recorded in
registries. Yet, these tumors have an impact in terms of
public health and health-care planning.

Primary brain tumors are topographically dis-
tributed according to a volumetric gradient (i.e. supra-
tentorial tumors are more frequent than infratento-
rial tumors, which are more frequently observed than
spinal tumors).

www.cbtrus.org
www.cbtrus.org
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Whatever the registry, variations in incidence rates
according to age appear triphasic. A first moderate
peak is observed between 0 and 15 years of age,
corresponding to the childhood brain tumors. The inci-
dence is low between 15 and 35 years of age, but an
increase is observed thereafter until 70 or 75 years
of age. Beyond this age, decreasing incidence is usu-
ally observed. Some variations have been reported
both in the incidence rates and in the peak age of
incidence (i.e., 65, 70 or 75 years of age). Countries
differ in public health resources and the age pyra-
mid, which may explain such differences. However,
variations in age adjustment within studies may also
partly explain the differences: some incidence rates are
crude while others are standardized in the US or world
population.

Increasing incidence rates were reported from the
1970s worldwide, a trend that appeared more pro-
nounced in subgroups such as the elderly and chil-
dren. The annual increase was ∼1% per year in
adults and from 1 to 2% in children with some vari-
ations according to the histological subtypes. Since
the 1990s, some data tend to report a plateau. Some
authors have considered the increase in the rates to
be artefactual with three main explanations for this:
(1) ageing of the populations, (2) improvement in
health access and in diagnostic procedures, corre-
sponding to the introduction of CT-scan during the
1970s and then MRI during the 1980s; (3) adjustment
of neurosurgical procedures despite aging, leading to
an increase in the rate of histological confirmation of
gliomas, even in the elderly (up to 98% in some cancer
registries).

However, these arguments are not consistent with
some other findings such as the continuous increase
in some histological types such as meningiomas or in
some population groups such as children.

Most of the histological subtypes have increased
except the primary brain lymphomas, that have a stable
or decreasing incidence. This situation is explained by
important changes in the therapeutic armamentarium
with the introduction of highly active anti-retroviral
therapy (HAART), which has led to the end of lym-
phoma in AIDS patients. The incidence of grade 2
and 3 astrocytomas also appears to be decreasing,
but this is explained by changes in histological clas-
sification in favor of oligodendroglioma and mixed
tumors.

Analytical Epidemiology of Primary
Brain Tumors

The descriptive epidemiology of brain tumors high-
lights geographical and temporal variations, which
suggest the possible role of both intrinsic and extrinsic
factors. We present here the main hypotheses studied
to date.

Endogenous Risk Factors

The most important factor associated with an increase
in the risk of brain tumour is age, albeit some specific
types (medulloblastoma and pilocytic astrocytoma)
occur rather specifically in children. Incidence rates are
below 10/100,000 before the age of 35, and exceeds
40/100,000 after the age of 65.

Even if between-country or between-continent com-
parisons are biased by methodological registration dif-
ferences, data from within-country comparisons sug-
gest consistent differences in brain tumor incidence
between ethnic groups (Darefsky and Dubrow, 2009;
Sadetzki et al. 2008). White populations (Northern
America, Australia, and Europe) present the highest
rates, approximately two-fold the rates of black peo-
ple or Asians. These differences concern most of the
histological subtypes and tumor types. They might
result from genetic, nutritional or environmental fac-
tors, but also possibly from greater access to diagnostic
facilities and medical care in some ethnic groups.

Incidence of brain tumors is clearly related to sex,
with opposite patterns for meningiomas and gliomas.
Higher rates of meningiomas in women, specifically
during reproductive period, were identified as early as
1930 by Harvey Cushing (McKinley et al. 2000) and
are constantly observed in all countries. The oppo-
site pattern is observed for gliomas with higher rates
in men. The differences in incidence between sexes
suggest that sex hormones and/or genetic differences
between males and females may play a role in the
occurrence of these tumors.

Birth weight and height are objective measures that
have been suggested to be crude markers in children
of prenatal conditions and exposures (as indicators of
maternal nutritional status, diseases and exposures).
It has also been hypothesized that the insulin-like
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growth factor system could play a role both in stim-
ulating body weight and growth and in stimulating
the proliferation of malignant cells. Thus, in the past
20 years, body measures at birth have been studied
in relation to some childhood tumors, including brain
tumors. In 2008, a meta-analysis was performed on this
controversial question, including two cohorts and six
case-control studies (Harder et al. 2008) and concluded
that high birth weight was followed by a significant
increase in medulloblastoma and astrocytoma risk in
childhood. However, the results remained inconclu-
sive for ependymoma. More recently, tallness and body
mass index have also been identified as possible risk
factors for adult-onset gliomas, with the additional
hypothesis that energy balance could also play a role
in brain tumor occurrence (Moore et al. 2009).

The role of allergy in cancer in general is controver-
sial: on one hand, those with a history of allergy may
possess an enhanced capacity for immune surveillance
and limit abnormal cell proliferation, and on the other
hand the immune response may be related to cancer
development. However, studies on brain tumors have
consistently reported an inverse association between
a history of allergy (atopic diseases such as asthma,
eczema. . .) and the occurrence of glioma. The associ-
ation with meningioma is less consistent but was also
found in some studies. A meta-analysis identified 12
studies of glioma and atopic disease and pooled anal-
ysis assessed a 40% significant decrease in the risk of
glioma for subjects with a history of allergy and a 30%
decrease in subjects with a history of asthma or eczema
(Linos et al. 2007). In the same meta-analysis, no clear
association was noted for allergy and meningioma in
six studies.

Some inherited genetic syndromes are well-
described in gliomas and they lead to brain tumors
more or less early in life: neurofibromatosis type
1 and 2, tuberous sclerosis, Li-Fraumeni syndrome,
Turcot’s syndrome. However, these syndromes account
for fewer than 1% of gliomas, a proportion slightly
higher in children around 2–3% (Bondy et al. 2008).
High-penetrant genes explain a part of these specific
syndromes: 70% of Li Fraumeni syndrome families
are explained by p53 germ-line mutations. Outside the
context of the rare cancer-prone families, an increase in
risk for primary brain tumors among relatives of brain
tumor patients, especially gliomas, was suggested by
Margareth Wrensch more than 10 years ago (Wrensch
et al. 1997) and has since been proven statistically

significant. The familial forms could account for 5%
of the cases (Malmer et al. 2007). Thus, interna-
tional efforts are currently in progress to investigate
brain tumors and try to identify susceptibility alle-
les and explain familial aggregation and early-onset
pediatric cases. Genetic polymorphisms could play a
role in several pathways such as DNA repair, cell
cycle, inflammation, angiogenesis and subsequently in
malignant transformation. Several genes implicated in
DNA repair provide interesting hypotheses (ERCC1,
ERCC2, MGMT) (Gu et al. 2009). Results concerning
cell cycle genes and metabolism genes (Glutathione S
transferase variants) remain controversial and incon-
clusive to date (Lai et al. 2005). Candidate genes in
the field of immune function (IL-4, IL-4RA, IL13) are
suspected to play a role in the initiation of glioma, a
hypothesis consistent with the epidemiological finding
of an inverse relationship between allergic diseases and
gliomas. Yet it is not possible to rule out the possibility
that gliomas are themselves responsible for inhibiting
allergies. Although many genes have been investigated
in isolated studies, there is a clear need for replica-
tion of the results. Only results for CDK2B and RTEL1
polymorphisms have been replicated (Shete et al. 2009;
Wrensch et al. 2009). There is also a need for stud-
ies consistent with epidemiological hypotheses and
exploring relevant genes in relation with suspected risk
factors.

Exogenous Risk Factors

Ionizing Radiations

At the beginning of the 1900s, the invention of ray
machines to image body structures and treat health
conditions was rapidly followed by the finding that
they could harm the tissue by breaking and rearrang-
ing the genes, a process potentially inducing can-
cer. However, neurological tissue was long considered
resistant to such damage.

Evidence that exposure to low-dose rays also dam-
ages neural tissue was found first in individuals treated
with radiotherapy for childhood tinea capitis in the
1950s in Israel. A retrospective cohort of 11,000 adults
showed that 1–2 Gy administered during childhood
led to a 9.5-fold increase in meningioma incidence,
with a mean latency of ∼36 years. In the 1980s a
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higher incidence of meningioma was also observed in
women with a history of full-mouth dental rays, espe-
cially for radiographies performed during childhood or
before 1945 when doses were higher. In the 1990s it
was additionally demonstrated that a significant dose-
related excess of brain tumors occurred in Hiroshima
and Nagasaki atomic bomb survivors, especially for
schwannoma, but also for meningioma, glioma, and
other types of brain tumors, with higher risks for those
exposed during childhood. This result has not been
demonstrated for other diagnostic radiographies.

Doses of radiation used in radiotherapies (i.e.,
>10 Gy) have been shown to significantly increase
the risk of meningioma in a survey of cohorts of
patients treated for brain tumors or other health condi-
tions, with a mean latency ∼20 years (Umansky et al.
2008). Even if they are less frequent, radiation-induced
gliomas have been described, especially in cohorts of
children treated for brain tumors or leukemia. Data in
adults are more limited but show a heightened risk in
certain groups (Prasad and Haas-Kogan, 2009).

Electromagnetic Fields

The universal use of electricity and the rapid develop-
ment of associated technologies in the past decades
have raised questions regarding the potential contri-
bution of electromagnetic fields in the development
of some cancers, including brain tumors. Differences
in exposure have been considered according to the
context of use and to the characteristics of the
fields. Levels of occupational exposures have been
found greater than levels in the home environment.
Extremely low frequency fields resulting from power
lines have been differentiated from radiofrequencies,
as effects on cells, if any, could be subtended by differ-
ent mechanisms. Extremely low frequency fields have
been classified as possibly carcinogenic to humans
by the International Agency for Research on Cancer,
mainly because of epidemiological evidence for child-
hood leukemia, but with insufficient evidence concern-
ing brain cancer risk (IARC 2002). A recent review
confirmed that the available data remain inconclusive
concerning the role of ELF in brain tumors (Kheifets
et al. 2009). Moreover, the recent and rapid increase
in the use of cell phones in the 1990s has also stimu-
lated epidemiological research on the contribution of
radiofrequencies to the development of brain tumors.

Several meta-analyses have been performed, the most
recent ones focusing on studies with long-term cell
phone use (>10 years) (Khurana et al. 2009; Ahlbom
et al. 2009). Two streams of data have been identified:
the “Hardell group” studies and the “INTERPHONE
group” studies. While the first concluded in elevated
risks of developing ipsilateral astrocytoma and acous-
tic schwannoma, but the data from the second group
(INTERPHONE Study Group, 2010) do not support
the same conclusion. This has led to the present dual
conclusion that (1) no causal association is demon-
strated, but that (2) the absence of association might
result from an observation period too short for assess-
ing the effects of long-term use. As young children
now use these devices, and user exposure has become
more intensive, the present conclusions might be
revised with time.

Nutrition and Nitroso-Compounds

The nitroso-compounds (NOC) (mainly represented in
food by N-nitrosamines and N-nitrosamides) hypoth-
esis has been the most prominent in the research
of nutritional risk factors for brain tumors (Dietrich
et al. 2005). This hypothesis relies on experimental
results showing that a subgroup of N-nitrosamides, the
N-nitrosoureas, can lead to the formation of ethylni-
trosoureas in the presence of nitrite and subsequently
induce brain tumors in animals. The nitrosation of
amides is accelerated by citrate and organic acids,
and inhibited by Vitamins C and E. Human nutri-
tional exposure to N-nitrosamides has been found to
result from consumption of food containing NOC
(cured meat, beer, etc.) and from endogenous for-
mation in the stomach during the digestive process.
These experimental data have encouraged epidemio-
logical studies to focus on the potential role of cured
meat, a known source of nitroso-compounds and pre-
cursors, and on fruit, vegetable, and vitamin supple-
ments as inhibitors of nitrosation. Positive associations
have been repeatedly found between maternal intake
of cured meat and pediatric brain tumors (Huncharek
and Kupelnick, 2004). However, results in adults are
less conclusive (Terry et al. 2009). The inconsistency
in the findings suggests the need for studies with an
accurate methodology for NOC exposure assessment,
analysis by histological types, and consideration for
other potential sources of NOC compounds (especially
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smoking, but also cosmetics, drugs, other chemicals,
some occupational settings such as rubber, leather and
metal industries).

Speculation on the role of aspartame in brain can-
cer was derived from a few experimental results in rats
on the carcinogenic risk of this substance. However,
to date, no epidemiological study has demonstrated a
risk for humans (Lim et al. 2006). Some other mis-
cellaneous nutritional exposures have been explored
(zinc, caffeine, acrylamide, etc.) in a few studies, but
the results remain too scarce for any conclusion.

Smoking Habits

The hypothesis of the potential role of smoking in brain
tumor is supported by the presence of several well-
known carcinogenic substances in tobacco smoke, with
a specific attention for N-nitrosocompounds. It has also
been suggested that tobacco smoke could enhance the
blood–brain barrier permeability and could therefore
facilitate the effect of other toxics. However, well-
designed studies that have explored the role of smoking
on brain neoplasm in humans are very few compared
to other cancer sites, and most of them have only con-
sidered gliomas. Only case-control studies were pub-
lished until 2004, after which results from 4 cohorts
provided new data. The meta-analysis by Mandelzweig
et al. (2009) included 17 studies regarding smoking
(ever versus never) and gliomas and showed a mod-
erate but not statistically significant increase in risk
(10%). Nevertheless, a significant increase in risk was
seen when considering cohort studies separately. (OR:
1.16; p = 0.007).

Infectious Agents: Birth Season

As infectious agents have been found to cause brain
tumors in experiment animals, these agents have also
been suggested as potential risk factors in human
brain tumors. Viruses have been the most studied, and
among them are retroviruses, papovaviruses, and ade-
noviruses. Special attention has been paid to SV40
because of specific exposure conditions when polio
vaccines were inadvertently contaminated with this
oncovirus between 1955 and 1963, resulting in 10–30
million people being contaminated through vaccine
administration. However, a recent review of existing

studies on the risk of cancer from SV40 contami-
nated vaccines did not support the hypothesis that
SV40 plays a role in brain cancer occurrence (Shah
2007). Controversial data have also been published on
Varicella Zoster Virus and other Herpes Viruses, and
on influenza virus, with a specific consideration of
infection during pregnancy or just after birth. However,
the difficulty to ascertain the history of infection is
a limitation of these studies. Thus, while some stud-
ies have tried to document this hypothesis taking into
account the winter season as a surrogate for infection,
inconsistent results have been obtained concerning
seasonality of birth in children with brain tumors.
Larger-scale studies are needed to further explore this
hypothesis. Briefly, the only certain association to
date between infection and brain tumors concerns the
HIV-related brain lymphomas.

Hormonal Factors

Some descriptive data point to the possible role of
hormones: (1) the incidence of meningioma is twice
as high in women as in men, especially during the
reproductive life period, (2) the incidence of gliomas
is two-fold higher in men. As these two opposite
trends start during adolescence, increase until 50–54
years old and decrease thereafter, they suggest an
inverse role of hormonal factors in these two types
of tumors. Epidemiological studies have also shown
an association between meningioma and breast can-
cer, a pathology for which the role of hormones is
clearly demonstrated. Thus, several epidemiological
studies have been conducted in recent years to search
for an association between sex hormones and the
occurrence of glioma or meningioma. Across stud-
ies, a reduced risk with hormone replacement therapy
use and an increased risk with later age at menarche
appeared consistent for gliomas, while meningioma
risk seems to increase with menopause. No clear asso-
ciation was found with contraceptive use, pregnancy,
and breastfeeding (Cowppli-Bony et al. 2011). The
hypothesis of the role of sex hormones has also been
suggested on the basis of clinical and experimental
observations. Case reports have shown exacerbation of
symptoms due to the progression of meningioma after
the placement of a contraceptive implant, during the
luteal phase of the menstrual cycle and during preg-
nancy. In vitro studies have shown a proliferation of
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meningioma cells when exposed to progesterone or
estrogens together and inhibition of glioma cell growth
and induction of their apoptosis when exposed to estro-
gens. Some animal experiments reinforce these data.
Thus, after transplantation of glioblastoma lines, tumor
growth appears quicker and survival shorter in male
rats and mice compared to females. The role of hor-
mones has been reinforced by the identification of
hormonal receptors in tumor tissues: ∼80% of menin-
giomas have progesterone receptors, 40% estrogen
receptors and 40% androgen receptors, and many other
tumor types also present hormonal receptors (chor-
doma, craniopharyngioma, insulinoma, etc.).Yet, the
role of these receptors is controversial as their func-
tionality is not proven, and hormonal therapies have
proven inefficient.

Pesticides

The role of pesticides in the risk of CNS tumors was
first suggested by studies on the mortality of farm-
ers in the United States and in Scandinavian countries.
Indeed, farmers globally present a lower risk of cancer
than the general population, but a higher risk for some
specific cancer sites, including the CNS. This result
was consistent between studies and was confirmed in
a meta-analysis (Acquavella et al. 1998). Based on
33 studies, a meta-analysis (Khuder et al. 1998) cal-
culated a 30% statistically significant increase in the
risk of brain tumors in farmers (OR = 1.3; IC =
1.09–1.56). Several factors could explain this increase:
pesticides but also viruses, solvents, and fertilizers.
The use of insecticides in agriculture has been classi-
fied by the International Agency for Cancer Research
as probably carcinogenic (2A) in humans, and some
of them have been proven as carcinogens in animals.
This constitutes an important hypothesis to explain the
epidemiological findings in farmers, but there is a lack
of data, considering the registration as pesticides of
>1000 substances in recent decades. In epidemiologi-
cal studies on pesticides and brain tumors, the strength
of the association was generally between 1.5 and 2, and
did not always reach statistical significance. In most
studies, pesticide exposure was roughly assessed on
the basis of job titles. Most recent studies have devel-
oped efforts for more accurate exposure assessment.
For instance, in the Upper Midwest Health Study,
lists of pesticides were priorly-established, proposed
to participants, and pesticides were then grouped into

categories corresponding to their chemical properties
(Ruder et al. 2006). Analysis found tendencies for
carbamate herbicides and for arsenicals, even if non-
statistically significant because of the small numbers
involved. Another study used a job-exposure matrix
and provided results for classes of pesticides with life-
long cumulative scores (Samanic et al. 2008). In this
study, women who reported ever using herbicides had a
significant increase in risk of meningioma, with a dose-
effect relationship. The role of pesticide exposure is
also suspected in children where exposure during preg-
nancy or in early life could play a role, through parental
occupational exposure or home pesticide exposure.

Other Potential Exogenous Risk Factors

Various other hypotheses have been explored, such as
effects of specific chemicals, including dyes, solvents,
acrylonitrile, and heavy metals. Some drugs have also
been investigated, with a specific interest in an appar-
ent decrease in risk for patients treated with Non
Steroidal Anti-inflammatory drugs, nitrosephedrin or
antiepileptic. Other medical conditions such as hyper-
tension, a history of head trauma, and a history of
epilepsy have also been tested as risk factors but with
inconclusive results to date.

In conclusion, numerous hypotheses on exogenous
risk factors have been made to find clues for the eti-
ology of brain tumors. They sometimes stem from
experimental data proving the role of genotoxic or car-
cinogenic substances in animals (nitrosoureas, etc.),
and sometimes from epidemiological evidence show-
ing variations in incidence according to individual
characteristics (age, sex). Some others are flawed by
inaccurate assessment of exposure to the risk factors.
Interactions between several factors might also be an
explanation for the complexity of the situation. Brain
tumors may occur from the combination of several
exogenous factors, or from endogenous factors such as
individual susceptibility (possibly explained by genetic
polymorphisms) and environmental factors.
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Chapter 2

Supratentorial Primitive Neuroectodermal Tumors

Mohit Singh and Juliette Hukin

Abstract Supratentorial primitive neuroectodermal
tumor (sPNET) only represents 2.5–3% of childhood
brain tumors. It has a worse prognosis than its posterior
fossa counterpart and a different molecular signature
has been demonstrated. The mainstay of therapy is
gross total resection followed by adjuvant therapy
that is age dependant, in older children this involves
craniospinal radiation and chemotherapy, in the infant
different approaches to minimize radiation have been
attempted. Prognosis is variable between 5 and 30% 5
year survival, dependent on the child’s age, the pres-
ence of dissemination at diagnosis and the treatment
options available.

Keywords Neuroectodermal · Neuroepithelial stem
cells · Cerebellum · Pediatric tumor · Leptomeninges ·
Pineoblastomas

Introduction

The term primitive neuroectodermal tumor or PNET,
refers to tumors derived from neuroepithelial stem
cells, cells that are arrested in different stages of diver-
sification and differentiation (Louis et al. 2007). The
central nervous system PNETs are classified based on
their location relative to the tentorium. Most PNETs
are infratentorial tumors arising in the cerebellum.

J. Hukin (�)
Neurology Division ACB, K3-145, British Columbia Children’s
Hospital, Vancouver, BC V6H3V4, Canada
e-mail: jhukin@cw.bc.ca

They are referred to as medullobastomas and account
for over 90% of all PNETs (Siffert and Allen, 1997).
Supratentorial PNETs (sPNETs) are rare tumors and
by definition, arise above the tentorium. The discussion
below outlines some of the key points on this group of
tumors, focusing on the pediatric population.

Incidence

Supratentorial PNETs account for 2.5–3% of all child-
hood brain tumors (Jakacki 1999). Although a primary
pediatric tumor, it has been shown to occur in adults
as well (Li et al. 2005). The majority of studies show
a male predominance (Yang et al. 1999). sPNETs are
more common in younger children, especially under 5
years of age (Dai et al. 2003).

Location

Most sPNETs arise from the cerebral hemispheres; the
frontal, temporal or parietal lobes are the most com-
mon location. Supratentorial PNETs also commonly
arise from the pineal region (Jakacki 1999). Less com-
monly deep regions in the brain are affected such as
the basal ganglia, diencephalon and corpus collosum
(Dirks et al. 1996). Deeper tumors are often found
to have an intraventricular or peri-ventricular epicen-
ter (Jakacki 1999). Many sPNETs are large and often
involve vascular structures (Jakacki 1999).

Dissemination is often seen in sPNETs with the
leptomeninges being involved at diagnosis or relapse.
Extraneural metastases however, are uncommon (Dirks
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et al. 1996), a recent review of the literature comments
that out of 222 sPNETs patients reviewed, less than
0.5% had metastases outside the CNS (Johnston et al.
2008). This review also suggests that bone scans and
bone marrow analysis to check for involvement of sites
outside the CNS are not needed for patients with newly
diagnosed sPNETs.

Signs and Symptoms

The clinical symptoms and progression of sPNETs
tend to occur shortly before diagnosis and a differential
diagnosis of all brain tumors must be included (Kuhn
et al. 2007). Mostly, children present with general
non-specific symptoms, including: headache, irritabil-
ity, nausea, vomiting and balance difficulties (Abeloff
2008; Dirks et al. 1996). These symptoms are a sign of
increased intracranial pressure (ICP). Factors that lead
to increased ICP include: tumor volume, surrounding
edema, the blockage of CSF within the ventricles and
disruption of the flow of venous sinuses (Plum et al.
1980). Pineal tumors may compress the aqueduct of
sylvius, causing hydrocephalus. Compression of the
pretectal area produces Parinaud’s syndrome, charac-
terized by paralysis of upgaze, ptosis, and loss of pupil-
lary light reflexes, along with retraction-convergence
nystagmus (Abeloff 2008).

Supratentorial PNETs, can also produce differ-
ent intracranial herniation syndromes. These include:
cingulate gyrus herniation under the falx cereberi,
diencephalic herniation, hippocampal gyrus herniation
through the tentorial notch, which can compress the
posterior cerebral artery and brain stem. Also, her-
niation of the cerebellar tonsils through the foramen
magnum may be seen (Plum 1980).

Histology

The current World Health Organization (WHO) clas-
sification system relies on tumor cell of origin but
also allows for grouping based on where these tumors
may arise. Most childhood with brain tumors fall
under tumors of neuroepithelial tissue. There are
roughly nine broad types of tumors involving this

tissue. According to the updated 2007 WHO classi-
fication system: astrocytic, oligodendroglial, oligoas-
trocytic, ependymal, pineal, neuronal-glial, choroid
plexus, ‘other’ neuroepithelial tumors and embryonal
tumors differentiate from neuroepithelial tissue (Louis
et al. 2007). All PNETs fall under the embryonal tumor
type.

PNETs are a heterogeneous group of embryonal
tumors that may be poorly differentiated, showing
properties along neuronal, astrocytic, ependymal, glial,
muscular or melanotic lines (Girschick et al. 2001;
Louis et al. 2007). They are a group of highly
malignant, high-grade lesions. Although sPNETs
are histologically indistinguishable from infratento-
rial medulloblastoma, they often respond poorly to
medulloblastoma-specific therapy. The key to unlock-
ing effective protocols of treatment for sPNET has
not been histological analysis, but rather requires a
deeper look at the cell types involved. Indeed, existing
molecular genetic studies indicate that sPNETs have
transcriptional and cytogenetic profiles that are differ-
ent from those of medulloblastomas, thus pointing to a
possible unique biological derivation for the sPNET.

Molecular Genetics

Studies focusing on the molecular genetics of sPNETs
are very few, in contrast to PNETs as a group. It is
important to appreciate the differences in the genetic
make up of sPNETs as it may be key in helping us
understand why therapy is not as effective and why
prognosis is so poor for this group of tumors (Jakacki
1999; Li et al. 2005). Gains and losses in a variety of
chromosomes, including, 6p, 16q and 17p, have been
reported in medulloblastoma studies, the loss of chro-
mosome arm 17p is reported to be the most frequent
genetic abnormality (Burnett et al. 1997). The amplifi-
cation of c-Myc, a transcriptional factor coded for by
a proto-oncogene, and N-Myc, a transcriptional factor
are thought to play a role in angiogenesis, and have
also been implicated in PNET genesis (Pelengaris et al.
2002).

Since these well known genetic aberrations play
a role in the tumor biology of medulloblastoma, it
was hypothesized that the same could be implied for
sPNETs. So far, the research has shown mixed results.
A case study revealed that all chromosomes were
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intact, showing no loss or gain of chromosomes and
N-Myc and c-Myc were not amplified in the sPNET
(Girschick et al. 2001). However, other studies have
shown increased amplification of these very same fac-
tors (Li et al. 2005). It has also been shown that
sPNETs show more losses than gains in chromosome
number, with 4q loss seen in 50% of tumors studied (Li
et al. 2005). Unlike their infratentorial counterparts,
chromosome 17p was shown to be preserved in most
of the sPNETs studied, suggesting unique events are
involved in tumor formation (Burnett et al. 1997).

Abnormalities in cell signaling pathways have
become one of the most recent targets to explain the
behavior of sPNETs. The Ras ‘superfamily’ of signal-
ing pathways has generated particular attention. This
family of small GTPases is well known to control many
different components of cell proliferation. The Rho
protein family within the Ras superfamily have been
of particular interest. These proteins are responsible
for a variety of cellular processes, including, prolif-
eration, motility, morphogenesis, vesicle movements
and gene expression. Rho-GTPase activity has been
found to be dysregulated in a variety of human cancers
and may contribute to the formation of tumors (Durkin
et al. 2007). Rho-GTPase is controlled by two types
of larger regulatory proteins; the guanine nucleotide
exchange factors (GEFs), which promote the exchange
of GDP for GTP to generate the active state in sig-
naling proteins, and the GTPase activating proteins
(GAPs) which stimulate hydrolysis to bring about the
inactive state (Durkin et al. 2007). The connection with
the Rho GTPase and its possible contribution to for-
mation of sPNETs is through a tumor suppressor gene
named DLC-1, which stands for ‘deleted in liver can-
cer’. In humans, the DLC-1 gene codes for a GAP
regulatory protein, which is specific for Rho GTPase,
called ‘RhoGAP’ which is essentially responsible for
decreasing the activity of Rho GTPase. RhoGAP is
being widely researched for its role in tumor sup-
pression, regulation of cell proliferation as well as
cytoskeletal organization (Durkin et al. 2007).

Loss of DLC-1 gene expression has been reported
in many different types of human cancers, including
breast, cervical, gastric and liver carcinomas among
others (Durkin et al. 2007). Most recently a study
was done to learn more about the role of DLC-1,
which is located on chromosome 8p22, and its role
in the development of PNETs (Pang et al. 2005).
The results concluded that transcriptional silencing of

DLC-1 through promoter hypermethylation is respon-
sible for tumor formation in a subset of sPNETs. The
study also showed that loss of DLC-1 through the
mechanism of promoter hypermethylation was specific
to sPNETs only.

Several other signaling pathways have been impli-
cated in sPNET tumor genesis. The Wingless (Wnt),
Notch-Hes and Sonic hedgehog-Gli (Shh-Gli) signal-
ing pathways have all been implicated (Li et al. 2005).
Out of these the Shh-Gli is the most deeply involved.
The Shh protein and gene operate by stimulating
an intracellular signal transduction pathway that con-
tributes to the differentiation of many organs in the
developing embryo, including, the notochord, floor
plate and limbs (Arsic et al. 2004). The Gli protein
is a critical part of this pathway as it is the primary
mediator of transcriptional activation by Shh. Support
for dysregulation of this pathways involvement comes
from reports of increased expression of downstream
targets of Shh signaling, such as N-MYC, and the
loss of heterozygosity of the PTCH locus, a tumor
suppressor gene involved in controlling Shh signaling
(Zurawel et al. 2000). Although the clinical implication
of these findings still needs to be investigated further,
the involvement of signaling pathways in brain devel-
opment lends support to the idea that sPNETs may be
of congenital origin (Girschick et al. 2001).

The p53 tumor suppresser gene is located on chro-
mosome 17p and is one of the most affected genes in
cancer formation (Li et al. 2005). Li-Fraumeni syn-
drome (LFS) is a hereditary disorder that involves
p53 and predisposes to a wide variety of early-onset
tumors including astrocytic tumors, medulloblastomas
and sPNETs. It has been reported that the mean onset
of brain tumors in LFS is 16 years of age (Farrell et al.
2007).

Finally, sPNETs of the pineal region (Jakacki 1999)
are also referred to as pineoblastomas. Pineal region
tumors can be associated with a condition termed
trilateral retinoblastoma. Usually, the term retinoblas-
toma refers to tumors arising from neurosensory cells
of the retina (Paulino 1999). This is a disease that
can occur with sporadic or heritable changes in the
retinoblastoma gene, RB1, which is located on chro-
mosome 13q. The association of an ectopic intracra-
nial tumor with bilateral retinoblastoma is referred to
as trilateral retinoblastoma. The histology of pineal
and sPNETs occurring in the context of trilateral
retinoblastoma is very similar to the histology of
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intraocular retinoblastomas. It has been shown that
during embryonic development, the pineal gland devel-
ops from neuroepithelial cells that have some features
of photosensory differentiation, linked to the photore-
ceptors of the retina (Bajaj et al. 2007). The noted
differences in histology of trilateral retinoblastoma
associated PNETs of the pineal and suprasellar regions
from other sPNETs implies that these tumors arise
from slightly different cellular origins (Bajaj et al.
2007; Li et al. 2005).

Imaging

In infants with an open anterior fontanel transcra-
nial ultrasound may identify an abnormal mass dur-
ing the investigation of an enlarged head circum-
ference and thus prompt further imaging. On CT
imaging: sPNETs appear heterogeneous due to the
variable presence of haemorrhage, necrosis, calcifica-
tion, and cysts (Fig. 2.2a). Just over half of sPNETs
demonstrate intratumoral calcification (Fig. 2.1a). As
with other hypercellular tumors, the solid component
of sPNETs typically appears as a hyperdense mass

(Fig. 2.1a). With contrast the tumor usually enhances
brightly heterogeneously. Despite the malignant nature
of these lesions, there is often minimal or no edema
(Fig. 2.1b).

MRI is the imaging modality of choice for distin-
guishing these lesions from other tumors and delineat-
ing the anatomical confines of the mass lesion. The
typical appearance of a sPNET on MRI is that of a
heterogeneous mass with relatively well-defined mar-
gins, and moderate to intense enhancement (Fig. 2.1c).
On T1-weighted MRI, sPNETs are typically heteroge-
neously low signal but may be high signal depending
on the presence of blood (Fig. 2.1a). On T2-weighted
MRI, PNETs generally appear isointense to cerebral
cortex but may also appear hyperintense (Fig. 2.1b).
MRI plays a key role in detection of intracranial or
spinal leptomeningeal dissemination. This is of partic-
ular importance, because 20–40% of sPNETs demon-
strate evidence of such spread at presentation (Albright
et al. 1995; Dirks et al. 1996).

Certain characteristics on MR imaging assist in dif-
ferentiating PNETs from other tumors. Unlike other
CNS neoplasms that can mimic PNETs, namely astro-
cytomas, ependymomas, choroid plexus carcinoma,
and gangliogliomas, PNETs are usually isointense to
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Fig. 2.1 (a) CT Brain: right
frontal hyperdense mass with
calcification, and compression
of the frontal horn of the right
lateral ventricle. (b) MRI
Axial T2 weighted image:
Heterogeneous with most
areas being isointense or
hyperintense. This well
defined right frontal mass is
causing distortion of the right
lateral ventricle. Note the
subfalcine herniation and little
surrounding oedema. (c) MRI
coronal T1 with contrast:
heterogeneously low signal
with peripheral contrast
enhancement
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Fig. 2.2 (a) Axial CT Brain:
temporal mass with large
cystic component and
surrounding high attenuation
solid component with some
calcification, with midline
shift and compression of the
left lateral ventricle and
dilatation of the right.
(b) FLAIR axial MRI: well
defined solid component
surrounding the cyst is
isointense to cortex ( ), with
minimal perilesional
edema ( ). (c) Diffusion
weighted axial MRI:
increased signal in solid
component around cyst.
(d) Apparent diffusion
coefficient map MRI:
restricted diffusion in
peripheral solid components
of the tumor

cortex on FLAIR sequence MR scans (Fig. 2.2b).
In addition, the solid components of sPNETs were
found to have a high signal on diffusion-weighted
MR imaging (Fig. 2.2c) (Klisch et al. 2000) with
restricted diffusion on apparent diffusion coefficient
map (Fig. 2.2d).

Prognosis

Prognostic factors of sPNETs have been under stud-
ied in comparison to medulloblastoma/PNETs. Since
sPNETs are rare tumors, controversy surrounding their
histological and pathological classification again fac-
tors in, making it difficult to understand fully the
natural history of this disease. This is a major reason
that the long-term survival in sPNET patients is so poor
(Li et al. 2005). Survival is also influenced by differ-
ent prognostic factors, both intrinsic and extrinsic to

the tumor itself. Identifying these factors is crucial as
it has an important role in treatment planning (Yang
et al. 1999).

There are several other factors that influence out-
come in sPNET patients. Age, for instance, is a prog-
nostic factor known to influence the survival quite
significantly. The 2 and 5 year survival rates were
found to be 28 and 5.8% for those under age 3. They
were much improved in comparison for those aged 3
and older at 72 and 29% (Li et al. 2005). It is important
to think about the use of radiation therapy in treatment
when considering age as a prognostic factor. While it is
possible that younger age may equal more aggressive
disease, the limited use of radiation in young children,
which is a proven effective treatment, is likely a con-
founding factor (Johnston et al. 2008). Location may
also play a role in prognosis, as pineal region tumors
have shown to fare better than non-pineal and deep
sPNETs (Dirks et al. 1996; Jakacki 1999). However
this result is debated by a more recent study showing
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a higher 4 year survival rate, 41–24%, for hemi-
spheric versus pineal tumors respectively (Johnston
et al. 2008). Evidence of dissemination is usually a
reliable factor indicating a poor prognosis in patients
(Mueller and Chang 2009).

Histological differentiation of the tumor has not
been shown to be a reliable significant prognos-
tic marker (Jakacki 1999). Also, although molecular
genetics are the new frontier in developing a better
understanding of sPNETs, little is known about how
the implicated proteins and pathways affect prognosis.
For example, studies analyzing the loss of chromo-
some 17p or abnormalities in p53 are poor prognos-
tic factors in medulloblastoma, but the results can-
not be extrapolated to sPNETs (Burnett et al. 1997).
The treatment method used influences prognosis of
sPNETs. Patients with sPNETs have a significantly
worse prognosis than those with medulloblastoma,
despite very similar therapies (Fangusaro et al. 2008).
Surgical resection along with chemotherapy and radi-
ation have been used in various combinations. A
closer look at the different modalities of treatment for
sPNETs and their effectiveness is explored in the next
section.

Treatment

A multimodality approach including maximal safe
surgical resection, chemotherapy and radiation is asso-
ciated with the most favorable cure rate, however this
may need to be modified depending on size, location
and age of the patient.

Surgery

Surgical resection is the initial approach in patients
presenting with sPNET (Mueller and Chang, 2009).
Yang et al. (1999) examined treatment outcomes and
prognostic factors in 28 cases of sPNETs. The degree
of resection along with presence of tumor necro-
sis is statistically significant in determining risk of
recurrence. More specifically, gross total resection and
near total resection patients faired better than patients
with subtotal, partial or biopsy type resections. The
CCG–921 trial showed that children with residual

tumor of 1.5 cm2 or less had a survival of 40% after 4
years, those with tumor size greater than 1.5 cm2, post-
operative survival was only 13% after 4 years (Albright
et al. 1995).

There is however some controversy surrounding the
extent to which surgical excision of tumor dictates sur-
vival for patients. A retrospective clinical analysis of
different regimens used to treat sPNETs in Canada for
the past 10 years was recently completed (Johnston
et al. 2008). The results showed no difference in out-
come survival or event free survival in patients who
had complete resection compared to those with incom-
plete resection. The authors concluded this was due to
the effectiveness of adjuvant chemotherapy and radia-
tion used post operatively. In addition a SIOP study of
68 patients with pineal or non pineal sPNETs did not
demonstrate a statistically significant improvement in
survival in those that had a gross total resection (Pizer
et al. 2006). This observation held true regardless of
tumor location and extent of metastases.

Radiation

Most evidence for the effectiveness of radiation comes
from retrospective studies. Dosing, timing and target
volume are still topics of debate. Radiation is typically
used in children older than 3 years of age, and prefer-
ably older (Mueller and Chang, 2009). Age is carefully
considered because it is important to avoid or limit
radiation-induced damage to the developing brain, in
particular its impact on neurocognitive development.
Currently the dose of radiation recommended for chil-
dren greater than 3 years old 36 Gy of craniospinal
radiation plus a suggested total dose of 54–56 Gy to
the focal tumor bed (Mueller and Chang, 2009; Pizer
et al. 2006).

Some important knowledge regarding the role of
radiation therapy in sPNET treatment comes from the
German HIT 88/89 and HIT 91 trials (Timmermann
et al. 2002). The purpose of these studies was to
evaluate the role played by surgery, radiation and
chemotherapy in treating children with sPNETs. In
the HIT 88/89 trials patients were treated postoper-
atively with preirradiation chemotherapy (ifosfamide,
etoposide, methotrexate, cisplastin, cytarabine). The
chemotherapy was given starting 14 days after surgery.
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External beam radiation then followed 4 weeks after
chemotherapy in HIT 88/89. In the HIT 91 trial radia-
tion was given 3 weeks following surgery, with main-
tenance chemotherapy (cisplastin, vincristine, lomus-
tine) given 6 weeks after finishing radiation treatments.
All patients were to be treated with fractionated recom-
mended dosages of irradiation to the neuraxis, 35.2 Gy
with additional boost provided to the supratentorial
region involved, to 20 Gy.

The results of the HIT trials showed that immediate
radiotherapy followed by maintenance chemotherapy
was better than delaying radiation with preirradia-
tion chemotherapy. There was an increased rate of
early progression, 22% in the preirradiation group ver-
sus 4% in the immediate radiation with maintenance
chemotherapy group. The study also showed the only
significant prognostic factor for progression free sur-
vival was the dose and volume of radiation given. In
fact, the progression free survival was noted to be
6.7% versus 49.3% for 15 of the 63 patients in these
trials that had major violations in their radiotherapy
(Timmermann et al. 2002). These major violations in
radiotherapy were defined as craniospinal dose less
than 35 Gy or local dose less than 54 Gy, or if no
craniospinal irradiation was administered, or if no
irradiation at all was performed.

The results of the HIT study were significant in
reinforcing the importance of dose, volume and role
of radiation in treating sPNETs. Similar results have
been found in more recent studies as well. In the
Canadian clinical analysis discussed above, the effects
of adjuvant radiation and chemotherapy were studied
in 48 pediatric patients (Johnston et al. 2008). This
study found that when chemotherapy and radiation
therapy were used concurrently, there was a signif-
icant improvement in survival rates. However, when
multiple regression analysis was conducted, radiation
therapy used according to recommended doses was
found to be the only independent significant factor
associated with improved survival (p = 0.002).

A recent look at the effectiveness of radiation ther-
apy comes from Yale University, Mcbride et al. (2008)
studied 15 children under 18 years old with non-
pineal sPNETs. Initial treatment with surgery and
chemotherapy was given to all patients. Radiation ther-
apy was delivered as follows: upfront radiation (RT) in
five patients, RT given at time of progression in five
patients and five were given no RT. The results at fol-
low up showed that all patients receiving the upfront

RT were alive without any evidence of disease at a fol-
low up averaging 4 years. However, only five of ten
patients not receiving upfront RT were alive at fol-
low up. There was a statistically significant difference
in overall survival between the group of patients that
received up-front RT and the group that did not (P =
0.048).

The retrospective SIOP/UKSSCG PNET-3 study
looked at the effects of radiation therapy alone com-
pared to pre radiation chemotherapy (alternating cycles
of vincristine, etoposide, carboplatin and vincristine,
etoposide and cyclophosphamide) for adjuvant treat-
ment. Radiation was delivered in standard fractionated
format, consisting of a craniospinal radiation dose of
35 Gy in 21 daily fractions. Followed by 20 Gy total
dose to the primary tumor in 12 fractions (55 Gy total
dose to the primary tumor) (Pizer et al. 2006). The
results show no significant improvement for event free
survival, 54% or outcome survival, 48% when compar-
ing the pre chemotherapy plus radiation group to the
radiation therapy alone group respectively. This study
supports the value of radiation therapy as the mainstay
of treatment in sPNET therapy.

The studies highlighted have shown there is a
decrease in relapse rate with radiation use. It is impor-
tant to consider however, that there is variation in
tumor histology and molecular genetics of sPNET.
With this in mind, there are cases that will respond
well to chemotherapy without need for radiation. There
is also the very important consideration of injury to
developing brain cells of younger children with radi-
ation. It is these factors that have lead to the increased
development of chemotherapy and recent improve-
ments in its effectiveness with increased intensity. The
definite and important role of chemotherapy in treating
sPNETs is discussed in the next section.

Chemotherapy

The most current review of the literature states
that chemotherapy is effective in sPNETs as they
are chemo-sensitive tumors. Chemotherapy is rec-
ommended as adjunctive therapy for newly diag-
nosed sPNETs. Intensive chemotherapy with autolo-
gous stem cell rescue is also beneficial in children
of younger age to delay or avoid radiation therapy
(Mueller and Chang, 2009).
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As discussed in the previous section, various stud-
ies have tried to study the benefits of chemotherapy
alone as well as in combination with radiation therapy.
The combination of radiation and chemotherapy has
shown to be effective in sPNETs in more recent stud-
ies (Fangusaro et al. 2008; Mueller and Chang, 2009).
However, there were many disappointments in combi-
nation treatments before positive results were seen. A
significant study highlighting the difficulty of finding a
chemotherapy protocol to delay radiation treatments in
infants and young children was conducted in Germany.
The HIT-SKK87 and HIT-SKK 92 trial examined 29
pediatric patients studied under the age of 3. In the
HIT-SKK87, children were divided into low risk (com-
plete resection, no dissemination) or high risk (subtotal
resection or metastases) (Timmermann et al. 2006).
Low risk patients received maintenance chemother-
apy until RT was administered after age 3, while
high risk patients received induction chemotherapy
post surgery followed by maintenance chemotherapy
until age 3. For those in the HIT-SKK92, three cycles
of methotrexate based chemotherapy was given after
surgery.

The results of this study were not very encourag-
ing. The progression-free survival (PFS) and overall
survival (OS) rates after 3 years were 17 and 15%,
for the SKK87 and SKK92 trials respectively. Twenty-
four of twenty-nine children relapsed. There were a
total of 15 patients in these trials that did not receive
RT, of these, only one survived. These discouraging
results led the authors to conclude that RT was vital
to treatment of infants in sPNETs and that delay of RT
be limited to a maximum of 6 months during initial
therapy (Timmermann et al. 2006).

With continuing research however, there have been
some positive and more effective findings in postpon-
ing radiation with chemotherapy in young patients.
The Head Start I and II protocols explored delaying
radiation by using intensive induction chemotherapy
followed by consolidative chemotherapy and autolo-
gous hematopoietic cell rescue (AuHCR) in children
newly diagnosed with sPNET. There were 43 patients
studied in this study, with upper age limits of 6 years
old for HS I trial and 10 years old for the HS II trial.
Patients on HS I and patients with local disease on HS
II received induction chemotherapy, five cycles every
3 weeks (vincristine, cisplastin, cyclophosphamide and
etoposide) post surgery (Fanguraso et al. 2008).

Patients on HS II with evidence of metastatic dis-
ease were treated with high dose methotrexate and

leucovorin rescue. If there was evidence of disease
response (defined as tumor remission on MRI and
clearance of malignant cells in CSF) patients received
a single cycle of high dose consolidative chemother-
apy (carboplatin, thiotepa and etoposide), which was
followed by AuHCR. Post chemotherapy, the patients
were then offered radiation if they were 6 years old at
the time of diagnosis.

The results of the Head Start trials were encourag-
ing. The estimated 5-year outcome survival and event
free survival for the entire study for HSI was 39% and
HSII was 49% respectively. Twenty-seven patients did
not receive RT initially. At follow up times of 6.7 and
7.8 years respectively it was found that 12 out of 20
survivors in this category remained alive without any
exposure to RT (Fanguraso et al. 2008). The Head Start
study shows the possibility of successful deferral or
even avoidance of radiation therapy in some patients
with sPNET.

There are additional recent studies that support
the role of chemotherapy in treating sPNETs. Using
HDCT as first line chemotherapy post surgery and
craniospinal radiation was investigated in an American
study by Strother et al. (2001). Fifty-three patients with
medulloblastoma and sPNET were enrolled, 19 with
high-risk disease (presence of metastasis or >1.5 cm2

residual tumor) and 34 with average risk disease
(absence of metastatic disease and gross total resection
of tumor or <1.5 cm2 residual tumor), were exam-
ined. All patients were treated surgically to remove
the maximal amount of tumor possible. Patients in
the high-risk group were then treated with topote-
can (topoisomerase I inhibitor) therapy for six weeks
followed by standard craniospinal irradiation therapy.
Low risk patients went straight to standard craniospinal
irradiation post surgery. All patients were then started
on four, 4 week cycles of high dose cyclophosphamide,
cisplatin and vincristine, each followed by stem cell or
bone marrow rescue. Forty-nine patients completed all
four cycles. The median time to completion was 16.9
weeks and the median delivered dose intensities were
1014, 1023, 974, 991 mg/m2/wk for cycles 1 through
4. The results showed the 2-year progression free sur-
vival for the 34 average risk patients to be 93.6% (±
4.7%). Of the 19 high-risk patients, the 2-year progres-
sion free survival was found to be 73.7% (± 10.5%)
(Sung et al. 2007). This study shows the role as well
as the effectiveness of HDCT in pediatric patients post
craniospinal radiation, however the results of longer
followup from this study are awaited. These results
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do need to be interpreted with some caution as it is
unclear what proportion of the cohort was represented
by sPNET, as medulloblastoma is known to have a
better prognosis than sPNET.

Chemotherapy continues to be the area of focus for
major studies on sPNET today. The above studies have
determined there is a response to chemotherapy; the
latest research is evaluating which combination and
at what intensity can offer the best response. This
is exemplified in the CCG protocols 99701, 99703
and Trilateral Retinoblastoma studies discussed below.
In the CCG 99701 protocol now closed to accrual,
the main purpose of the study was to determine a
dose and duration of carboplatin to be used during
radiation in children aged 3–21 years with embry-
onic brain tumors. Eligible patients were those with
high risk (M1–M3 or >1.5 cc residual tumor remain-
ing) PNET (supra/infra tentorial). Patients received
carboplatin in a dose escalation format. This was
given with daily craniospinal and local boost radio-
therapy. Patients were then treated with vincristine and
cyclophosphamide or vincristine, cyclophosphamide
and cisplatin for maintenance chemotherapy. Although
the EFS and OS for sPNETs are currently unavailable,
carboplatin during radiation is being evaluated further
in the randomization process of the current COG high
risk protocol for CNS PNET tumors ACNS 0332.

In the CCG 99703 study, the main objectives were:
to determine the dose limited toxicity of the drug
thiotepa, as well as the viability of giving three
cycles of high dose chemotherapy followed by periph-
eral blood stem cell rescue in infants with malig-
nant brain tumors (6–35 months old). In this study,
patients underwent six cycles of chemotherapy post
surgery. The induction regimen of cisplatin, etoposide,
cyclophosphamide, and vincristine followed by three
cycles of consolidation with carboplatin, thiotepa and
PBSC rescue. The results of this study are awaited with
interest. The current COG study for infant PNET is
the ACNS 0334 which is randomizing between the use
of intravenous methotrexate or not during three cycles
of induction followed by three cycles of consolidation
therapy with stem cell rescue.

Trilateral retinoblastoma has historically had a very
poor prognosis with only 5% long term survival in
meta-analyses of the published literature of 94–104
patients (Paulino 1999; Kivelam 1999), those diag-
nosed on screening and smaller than 15 mm in size at
diagnosis had a better prognosis. The median time to
diagnosis of retinoblastoma was 6 months; the median

time to diagnosis of intracranial sPNET was 21 months
(range 0–84 months). The trilateral site is most com-
monly pineal. A recent study suggests the potential to
cure these patients with a high intensity chemother-
apy approach including stem cell harvest. Dunkel et al.
(2010) report 5/13 patients surviving a median of
77 months (range 36–104 months) with this type of
approach without radiation.

Conclusion

There has been tremendous expansion of knowledge
in the area of sPNETs. The discovery that sPNETs
are their own molecular entity, different from medul-
loblastomas, has lead to improvement in our under-
standing of their different biological behavior. With
current studies also evaluating the molecular genet-
ics of these tumors prospectively, there is promise to
better understand what makes their prognosis so dev-
astating in children. Advances in neurosurgical and
radiological techniques have allowed improved resec-
tion with reduced morbidity. Delaying radiation in
older children should be avoided. In recent years, the
biggest advances have come in the form of optimiz-
ing chemotherapy regimens and doses to delay the use
of radiation in young children and add to the benefits
of radiation in older children to improve survival and
overall function in the long-term. It will be important to
evaluate functional outcome of these children as well
as survival to adequately determine optimal therapy in
future studies.
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Chapter 3

Epileptic Seizures and Supratentorial Brain Tumors
in Children

Roberto Gaggero, Alessandro Consales, Francesca Fazzini, Maria Luisa Garrè,
and Pasquale Striano

Abstract Brain tumors represent about one third of
the pediatric tumors. Epilepsy is overall associated
with supratentorial brain tumors, that prevail in chil-
dren under 3 years and over 10 years. Prevalence of
seizures as first tumor symptom is 15–20%. In chil-
dren under the 3 years of life, epilepsy is more frequent
(until 70%), it can persists after the surgical interven-
tion and in some cases an epileptic encephalopathy
occurs. Epilepsy can began after surgery in other
cases (10–40%), as a consequence of brain damage.
Moreover, brain tumors are in a relevant percentage of
cases (26–50%) the cause of a drug-resistant epilepsy,
that can be successfully treated by surgery. The post
surgical evolution is more favorable for patients with
some particular tumor types (DNT, gangliogliomas).
Pharmacological therapy of the epilepsy related with
tumors is difficult, for an high frequency of side effects
and of interactions with chemotherapy. The new AED
are particularly promising not only for the favorable
effect, but also for the lower incidence of side effects
and of interactions.
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Introduction

Brain tumors represent a relevant clinical problem in
children and the most frequent cause of death for
malignancy under the 16 years of life (Wilne et al.
2007). The incidence of brain tumors in children
ranges from 2.5 to 18/100,000 cases and makes up
one third of all cases of pediatric tumors (Porter et al.
2010). The incidence is higher in the age from 4 to
9 years (Makino et al. 2010), with some differences
related to the age. In fact, in children between 3 and 11
years infratentorial tumors are more frequent (57.5%),
whereas in younger infants there is a predominance of
supratentorial tumors.

The most frequent supratentorial tumor is astrocy-
toma (35–40%), followed by medulloblastoma (15–
20%), anaplastic astrocytoma, glioblastoma (15%),
ependymoma (10%), and craniopharyngioma (5%)
(Rosemberg and Fujiwara 2005). Other tumor types
include germ cell tumors (4.4%), gangliogliomas,
meningiomas (2.5%), primitive neuroectodermal
tumors (PNET) (1.9%), choroid plexus tumors (0.9%),
and dysembryoplastic neuroepithelial tumor (DNT)
(0.6%). Among infratentorial tumors, astrocytoma is
the more frequent type (38%), followed by pilocytic
astrocytomas, medulloblastomas, and ependymomas
(Rosemberg and Fujiwara 2005).

As in adults, epilepsy may be the initial present-
ing features of a primary brain tumor in children
(Liigant et al. 2001; Khan et al. 2006; Riva et al.
2006). However, it can also emerge during the course
of therapy or as a late effect of tumor treatment (e.g.,
surgery, chemotherapy, radiotherapy) (Ullrich 2009),
thus adding substantial morbidity to the patients (van
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Breemen et al. 2007). In addition, the medical man-
agement of epilepsy is often difficult in this age group,
particularly due to the risk of side-effects deriving from
use of AEDs as well as to their potential interactions
with chemotherapy drugs (Khan and Onar 2006; van
Breemen et al. 2007).

The mechanisms involved in the pathophysiology
of tumor-related epilepsy are multiple, complex, var-
ied, and-at least in part-not yet well defined. Several
hypothesis have been proposed: the direct effects of the
tumor, a focal cortical hyperexcitability, neurotrans-
mitters abnormalities, and even the effect of metabolic
products of the tumor itself (Ullrich 2009). Indeed,
at level of peri-tumoral brain tissue, morphological
changes and Ph variations, abnormalities in ion levels
and amino acids, alterations of glutaminergic recep-
tors, enzymatic modifications, and alterations of inter-
cellular communication have been widely documented
(Shaller et al. 2003). Moreover, several other mecha-
nisms can influence the expression of epilepsy in brain
tumors, including genetic changes, tumor malignancy,
location, and age of onset (Kim et al. 2001; Khan et al.
2006; Riva et al. 2006).

Epilepsy as First Sign of the Tumor

The frequency of seizures in adults with brain tumors
is generally high, ranging from 23 to 86% (Liigant
et al. 2001; Riva et al. 2006), with highest percentages
in low-grade tumors and lower in secondary tumors
(Liigant et al. 2001) and in glioblastomas (Riva et al.
2006). Seizures occur as the first presentation symp-
tom in about 85% of the cases (Riva et al. 2006).
Association of epilepsy and brain tumors in children
is lower: seizures occur in 15–20% of children with
a cerebral tumor (Khan et al. 2006), most likely due
to the fact that infratentorial tumors are more frequent
in the pediatric age. Seizures represent a rare clinical
onset of brain neoplasm, ranging from 10 to 15% in
different series (Wilne et al. 2007).

A recent review on the clinical presentation of pae-
diatric brain tumors (Wilne et al. 2007) reports that
most frequent early symptoms of brain tumors are
headache (33%), nausea and vomiting (32%), abnor-
malities of gait (27%). Seizures are reported only in
13% of cases and are more frequent (38%) as ini-
tial symptoms in tumors with supratentorial location.

In a group of 98 children (Shady et al. 1994) with
supratentorial brain tumors, mainly of glial type, 18
subjects (18.3%) were affected by seizures. In half of
them seizures occurred at the onset and in 30% they
were the unique symptom. Seizures were focal in 77%
and EEG showed lateralized abnormalities in 88% of
cases. In patients with seizures, tumors were cortical
in 59%, whereas only 15% of cases with infratento-
rial lesions presented seizures. Epilepsy was associated
with temporal and frontal localization of the lesion and
with some particular type of tumors (in cases of gan-
gliogliomas and oligoastrocytomas the prevalence of
seizures was 88 and 86%, respectively). The cases with
seizures as first sign of the tumor showed a favorable
evolution.

Another paper (Gilles et al. 1992) investigated a
large population of children and adolescents with brain
tumors and showed that among 3291 cases only 14%
presented seizures before the diagnosis. Prevalence
was higher in patients with supratentorial lesions
(22%) and in particular in subjects aged more than
14 years. In 50% of cases the period from the first
seizure and the surgery was >1 year. In 89% of cases
with seizures other symptoms were observed: con-
sciousness disorder, mental impairment, gait and motor
abnormalities. The main tumors characteristics were
supratentorial and cortical localization, histology type
(astrocytomas of different grade, ependymoma).

A particular and different condition is represented
by brain tumors in very young children (under 3 years
of life). They represent a particular clinical problem
since their histological type and the immature stage
of evolution of the nervous system (Michasky and
Garrè 2004). The clinical presentation of the tumors
in this period is peculiar; the prevalence of supraten-
torial localization (Rutledge et al. 1987; Chung et al.
1998; Mehrotra et al. 2009; Gaggero et al. 2009) can
explain the high frequency of seizures as first symp-
tom. The prevalent tumor types in this age are astro-
cytoma, primitive neuroectodermal tumor, papilloma
or carcinoma of the choroid, teratoma, medulloblas-
toma, dermoid tumor, embryonal rhabdomyosarcoma
(Gaggero et al. 2009).

In a group (Rutledge et al. 1987) of very early onset
tumors (<1 year), 25–40% of the cases with a supraten-
torial location presented seizures at the onset and con-
tinue to suffer of epilepsy in 10–15% of cases. Mainly
temporal mesial tumors were associated with seizures.
In our experience (Gaggero et al. 2009), among 28
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children evaluated, 20 (71.4%) suffered from epilepsy.
Mean age at seizure onset was 18.7 months. In all
cases, seizures recurrence was high, generally with a
daily or weekly frequency. In fifteen (75%) children,
epilepsy was an early manifestation or the present-
ing symptom of the tumor. In this group, seizures
were focal with or without secondarily generaliza-
tion in eight cases (53.3%) and generalized (spasms,
tonic-clonic seizures, atypical absences) in the other
seven individuals. Seizures remitted in 11 of these
cases (73%) after surgical treatment, whereas in the
other 4 epilepsy persisted and presented a long last-
ing severe course. Five (25%) subjects from this group
suffered from occasional episodes of convulsive status
epilepticus needing benzodiazepines rescue treatment.
During the post-surgical evolution, other two (13%)
children featured the clinical picture of an epilep-
tic encephalopathy with stagnation in development,
speech difficulties, and continuous spike-waves during
sleep (CSWSS). Post-surgical follow-up ranged from
4 to 10 years. In this series, the outcome of epilepsy
was generally good, with most children (76.4%) being
seizure free or showing >90% improvement in seizure
frequency after surgery. However, in about 20% of the
cases, epilepsy persisted despite surgery and different
antiepileptic drugs (AEDs) regimen. Best epilepsy out-
come was observed in patients with low-grade tumors
and without neurological deficits after surgery.

Epilepsy After Surgery or Other Tumor
Treatments

In a significant number of patients (up to 45%) with
brain tumors, epilepsy stars after the diagnosis and
the treatment, often as consequence of the therapeu-
tical procedures (Glantz et al. 2000). Part of them is
represented by post-surgical seizures, that occur in the
immediate period post-surgery (days or weeks). These
cases are not frequent (12%) (Wang et al. 1994). In
other cases, the seizures appear before the diagno-
sis and the treatment and they persist after surgery
(Gaggero et al. 2009). In our experience (Gaggero
et al. 2009), concerning epilepsy associated with brain
tumors in infants (under 3 years), seizures began after
surgery in 5 out of 20 cases (25%) and they became
severe and drug resistant. Of these five children, four

had focal seizures, with or without secondarily gener-
alization. All these patients were affected by a serious
neurological impairment (hemiplegia, mental disor-
ders). Also one of these cases presented an epileptic
encephalopathy with a continuous spike waves dur-
ing slow sleep (CSWSS) EEG. So, in these cases the
epilepsy is probably due to the brain damage.

A review of the neurological sequelae of brain
tumors in children (Ullrich 2009) considers the effects
of the different treatment: the lesions secondary to
the surgery, the side effects of the chemotherapy,
the consequences of the radiation. All these condi-
tions can determine an epilepsy. Surgical resection
remains the mainstay of therapy for most primary brain
tumors, both for reduction of tumor burden and to
provide histological diagnosis. For many tumors, sur-
gical resection is the most important mode of therapy.
The deficits and long-term effects resulting from neu-
rosurgery are multifactorial and depend on the tumor
location, the attempted degree of resection, the age
of the patient, and the presurgical performance status.
Direct neurological sequelae from surgical removal
can include localized lesions, hydrocephalus and peri-
operative stroke, with consequent clinical symptoms
(ataxia, hemiparesis, and persistent neurosensorial and
neurocognitive deficits).

As regards chemotherapy, it should be kept in
mind that some drug treatments may increase the
risk of seizure occurrence. Thus, cyclosporine can
be cause seizures and leucoencephalopathy (Gaggero
et al. 2006) in 10% of the cases whereas cisplatin, vin-
cristine and methotrexate are associated with seizures
in 1% of the patients (Ullrich, 2009). Radiotherapy
can determine a vasculopathy, especially in infants. In
fact, in children under 3 years, these effects are more
severe. The risk of developing severe brain damage
after surgery and irradiation are peculiar in this sub-
group of patients due to incomplete brain development
(Michasky and Garrè 2004).

Neurosurgery and Drug-Resistant
Epilepsy Secondary to Brain Tumors

Drug-resistant epilepsy can be secondary to brain
tumors with a significant number of patients, including
children. The surgical treatment of the drug-resistant
epilepsy in pediatrics has become frequent in the last
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decades. The results of this therapy are generally
good. The tumors types vary in the different series.
Prevalence of dysembryoplastic neuroepithelial tumors
(DNT) ranges from 16 to 39% (Kim et al. 2001; Cossu
et al. 2008; Zentner et al. 1997). Gangliogliomas fre-
quency was 25–56% (Cossu et al. 2008; Zentner et al.
1997). Gangliocytomas: 8% (Cossu et al. 2008); oly-
godendrogliomas 26% (Kim et al. 2001); low grade
astrocytomas 18% (Zentner et al. 1997; Cossu et al.
2008). The results of the surgery on the epilepsy were
reported to be positive with high frequency of seizures
free patients: from 67 to 74% (Van Oijen et al. 2006;
Benifla et al. 2006; Cossu et al. 2008; Benifla et al.
2008).

The results are more favorable in the cases with
brain tumors in comparison with the other etiologi-
cal factors: the percentage of seizure free patients class
was 71% (Zentner et al. 1997), 90% (Kral et al. 2001),
89% (Cossu et al. 2008). The favorable prognostic
factors are an unique lesion, a temporal location, a
complete lesionectomy, an older age at onset (Benifla
et al. 2006; Van Oijen et al. 2006; Benifla et al.
2008; Cossu et al. 2008). Some specific tumors are
in particular related with a more favorable outcome
after surgery. Several series of dysembryoplastic neu-
roepithelial tumors (DNT) operated for a drug resis-
tant epilepsy show a very high frequency of seizures
free patients in childhood and adolescence: 83–100%
(Nolan et al. 2004; Chang et al. 2010; Ozien et al.
2010). In some reports, after a more prolonged fol-
low up, the percentage of remission trends to decrease
(from 85 to 62% after 4 years) (Nolan et al. 2004). Also
gangliogliomas are related with a favorable outcome
in children: 90% seizure free (Ogiwara et al. 2010),
87.5% (Ozien et al. 2010).

In a high percentage of cases, tumors are associ-
ated with other cerebral lesions, that can represent
a concomitant epileptogenic factor: mesial temporal
sclerosis 13% (Benifla et al. 2006), cortical dysplasia
7% (Benifla et al. 2006) and 16% (Cossu et al. 2008),
astrogliosis 12% (Benifla et al. 2006).

Antiepileptic Treatment

The use of chronic antiepileptic drugs (AED) for the
treatment of the seizures is very frequent in patients
with epilepsy secondary to brain tumors. The AED can

be use after the first seizures before the tumor diagno-
sis or in the occasion of the surgical intervention or
for the treatment of post-surgery epilepsy. In a recent
paper (Sogawa et al. 2009), it has been reported that
AED were used in 10% of 334 pediatric brain tumors
patients. The most frequently used AED drugs were
phenytoin and oxcarbazepine. Initial therapy was fre-
quently changed because lack of efficacy and adverse
effects. At last follow up the most common antiepilep-
tic drugs were oxcarbazepine and levetiracetam. The
patients started on newer-generation AED (levetirac-
etam, oxcarbazepine, lamotrigine) tended to remain on
the same treatment more than did patients on older
generation antiepileptic drugs: valproate, phenytoin
and phenobarbital. Recently, several other reports con-
firm the prevalent efficacy and tolerability of the new
AED, as levetiracetam, but the studies were performed
mainly in adults and in small groups (Van Breemen
et al. 2007).

A specific problem concerns the interference of
the AED with the chemotherapeutic drugs. Several
old AEDs (phenytoin, phenobarbital, carbamazepine)
are metabolic inductors and they reduced the blood
levels and the efficacy of the chemotherapy. So,
enzyme inducing anticonvulsants drugs are gener-
ally not recommended because they can lead to
insufficient serum levels of concomitant chemother-
apeutic drugs (Vecht et al. 2003). However, because
many AEDs and chemotherapeutics share common
metabolic pathways via the hepatic cytochrome P450
(CYP) isoenzymes, there is potential for drug interac-
tions. Likewise, chemotherapeutics can alter the phar-
macokinetics of AEDs, resulting in decreased seizure
control. Other agents, such as valproate, are enzyme-
inhibiting AEDs that can impede the metabolism of
other drugs, potentially increasing the serum concen-
tration of chemotherapeutics (Vecht et al. 2003). A new
generation of AEDs that are not metabolized by the
CYP pathway is currently being developed. Among
these, gabapentin and levetiracetam show the most
promise in treating epileptic seizures in patients with
brain tumors. Interactions between these newer AEDs
and chemotherapeutic agents have not been reported.
Thus far several drugs without enzyme induction effect
are preferred (Vecht et al. 2003). The absence of inter-
action has been proved also in children with epilepsy
and brain tumors (Ruggiero et al. 2010).

From a general point of view, the use of AED in
patients with epilepsy secondary to brain tumors has
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not been the object of specific studies. Their efficacy
appears to be limited, their mechanisms of action are
not specific for the epileptogenesis related with tumors.
Some other actions of AED can be useful for the tumor
treatment. For instance, it has been proposed an apop-
tosis effect on the tumoral cells by valproate, with a
positive therapeutic result, but this observation remains
controversial (Blaheta et al. 2005).

Another aspect concerning the use of AED in
patients with epilepsy associated to brain tumors is rep-
resented by the anticonvulsant prophylaxis prescribed
after surgery. For a long time it has been believed that
preventing seizures with antiepileptic drugs (seizure
prophylaxis) was effective and necessary, but the sup-
porting evidence was little and mixed. The incidence
of postoperative epilepsy following a subfrontal cran-
iotomy did not exceed 12% when examined at vari-
ous time periods during a 3-year postoperative course
(Wang et al. 1994). Antiepileptic drugs were not war-
ranted to reduce the incidence of postoperative seizures
after the 1-month postoperative period and should not
be used for long-term prophylactic therapy in children
following a subfrontal craniotomy.

Ten years ago the Quality Standards Subcommittee
of the American Academy of Neurology (Glantz et al.
2000) published the results of a meta-analysis of 12
studies, that have examined, either in randomized con-
trolled trials or cohort studies, the ability of prophylac-
tic anticonvulsants to prevent first seizures in patients
with brain tumors. All these studies were dedicated
to adult population. None have demonstrated efficacy.
Only one of the 12 studies reported a significant differ-
ence in seizure frequency between the anticonvulsant
prophylaxis and nonprophylaxis groups, and this dif-
ference favored the non-prophylaxis group. In contrast,
deleterious interactions with cytotoxic drugs and cor-
ticosteroids are a major concern, and the incidence
and severity of anticonvulsant side effects appear to be
appreciably higher (20–40%) in brain tumor patients
than in the general population of patients receiving
anticonvulsants.

Despite the lack of definitive evidence, many physi-
cians at that time continued to administer anticonvul-
sant medication prophylactically for preventing first
seizures in patients with brain tumors, both adults and
children (Stevens 2006).

Two years ago the conclusions of a study on
antiepileptic drugs for preventing seizures in peo-
ple with brain tumors (Tremont-Lukats et al. 2008),

carried out according to Cochrane Criteria talked that
here was no difference between the treatment inter-
ventions and the control groups in preventing a first
seizure in participants with brain tumors. The evidence
is neutral, neither for nor against seizure prophy-
laxis, in people with brain tumors. The decision to
start an antiepileptic drug for seizure prophylaxis is
ultimately guided by assessment of individual risk fac-
tors and careful discussion with patients. New AED
as levetiracetam represent a new opportunity for the
prevention of seizures.

In summary, AEDs usually show a modest effi-
cacy; they can be useful for preventing seizure after
surgery during the chemotherapy, whereas the long
term action is less sure. They have to be employed
in cases with partial tumor resection, cortical loca-
tion, disseminated tumors and concomitant hemor-
rhages (Glantz et al. 2000; Tremont-Lukats et al.
2008; Ullrich 2009). Also the interruption of the
therapy, after surgery and a favorable outcome, is
possible (Khan et al. 2006). Sixty-two patients dis-
continued AEDs at a median time of 5.6 years from
the first seizure. Median time since AED withdrawal
was 2.3 years. Seizures recurred in 17 (27%) patients.
Median seizure free period before AED withdrawal
was 1.3 years. More than one tumor resection and
whole-brain radiation treatment were associated with
seizure recurrence. At seizure recurrence, control was
re-established in 15 patients with AED reinstitution.
Two patients with poor drug compliance continue to
have seizures. In conclusions, AED withdrawal can be
successfully achieved in majority of carefully selected
patients.

Conclusion

The prevalence of brain tumors is elevated (about one
third of pediatric tumors). Supratentorial tumors rep-
resent more than 50% of them and they are more
frequent in children under 3 years and over 10 years.
Epilepsy is overall associated with supratentorial brain
tumors. Seizures can be the initial symptom of a brain
tumor or they can occur during the evolution. In other
cases, tumors of particular type can be the cause of
a drug-resistant intractable epilepsy, that can be suc-
cessfully treated by surgery. Seizures occur in 15–20%
of children with brain tumors. Globally, seizures are
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the first sign of a brain tumor with a low prevalence
(only 10–15%). Seizures are focal in the majority of
the cases. A particular problem is represented by the
children under 3 years old. In this group, epilepsy is
more frequent (up to 70%); it can persists after the
surgical intervention and in some cases it evolves into
an epileptic encephalopathy. Epilepsy can began after
surgery in other cases (10–40%), as a consequence
of brain damage. The prevalence is higher in children
over 3 years old.

Drug-resistant epilepsy is secondary to a brain
tumor in 26–50% of cases in the pediatrics. The results
of the surgery is more favorable in children with brain
tumors and epilepsy. The prevalence of seizure-free
cases after surgery is 80–90%, compared with 60–70%
of the cases with other etiology. The post surgical evo-
lution is also more favorable for patients with some
particular tumors (DNT, gangliogliomas). The pharma-
cological therapy of the epilepsy related with tumors is
difficult with many side effects and interactions with
chemotherapy. The new AED are particularly promis-
ing for the lower incidence of side effects and a good
efficacy.
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Chapter 4

Breast Cancer Metastasis to the Central Nervous System

Marc R. Matrana and Nuhad K. Ibrahim

Abstract As breast cancer patients live longer, the
development of central nervous system (CNS) metas-
tases has become more prevalent. Clinically symp-
tomatic breast cancer metastasis to the CNS is asso-
ciated with significant morbidity and mortality. The
blood-brain barrier (BBB) and the unique microen-
vironment and pathophysiology of the CNS create
treatment challenges in this unique population. New
therapeutic approaches are advancing the limits of the
management of metastatic breast cancer to the CNS.
Enhancements in surgical techniques and in targeted
radiation are allowing better control of CNS metas-
tases, while chemotherapy and targeted agents con-
tinue to play a major role in the treatment and research
efforts. In addition to brain metastases, leptomeningeal
carcinomatosis, spinal metastases and ocular metas-
tases present particular challenges to clinicians and
researchers. Future research efforts aimed at breast
cancer patients with CNS metastases may focus on
identifying patients at greater risk, enhancing treat-
ment options, and identifying new diagnostic and
predictive markers.

Keywords Breast cancer · CNS metastasis ·
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Introduction

Rates of breast cancer have remained relatively sta-
ble since sharp increases in the 1980s related to the
institution of widespread mammographic screening
programs. Mortality has been steadily decreasing since
the early 1990s. As patients live longer, the develop-
ment of central nervous system (CNS) metastases has
become more prevalent. Clinically symptomatic breast
cancer metastasis to the CNS is associated with sig-
nificant morbidity and mortality, and the CNS is often
a site of disease progression even when other sites
respond to treatment. The blood-brain barrier (BBB)
and the unique microenvironment of the CNS consti-
tute a biologically distinct milieu in which metastatic
breast cancer exists. Although such cases are chal-
lenging to treat, new diagnostic advances and novel
therapeutic approaches are advancing the limits of
the management of metastatic breast cancer to the
CNS. Enhancements in surgical techniques and in tar-
geted radiation are allowing better control of CNS
metastases, while chemotherapy and targeted agents
continue to have negligible effect. The main goals
of prolonging life, preserving neurological and cog-
nitive functioning, and, most importantly, improving
quality of life should continue to guide individualized
treatment plans, taking into account patient and tumor
variables.
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Epidemiology

Rates

The American Cancer Society estimated an incidence
of nearly 1.4 million new cases of breast cancer world-
wide in 2008. Female breast cancer incidence rates
vary widely by geographic region, ranging up to 101.1
cases per 100,000 in the United States in 2002. In the
United States, an estimated 192,370 women were diag-
nosed with invasive breast cancer in 2009. Over 1910
cases of male breast cancer were diagnosed the same
year. Breast cancer is the second most common can-
cer associated with brain and other CNS metastases,
after primary lung carcinoma (Barnholtz-Sloan et al.
2004). Although melanoma has a higher propensity for
metastasis to the brain, the sheer volume of breast and
lung cancer cases in the population makes CNS metas-
tases from these cancers of a larger magnitude. Recent
studies estimate that 8–10% of adult cancer patients
will develop symptomatic brain metastases during their
lives (Schouten et al. 2002), and 15–25% of these
metastases will be from breast cancer. Moreover, breast
cancer is the most common disease associated with
leptomeningeal colonization.

Brain metastasis is rarely the presenting sign of
breast cancer. The median latency between initial
diagnosis and the development of clinically apparent
brain metastasis is 2–3 years. The incidence of brain
metastasis is also increasing, as survival for patients
with breast cancer increases and detection improves
with higher quality imaging technologies (Lin et al.
2004). In recent studies, the prevalence of clinically
significant brain metastasis in breast cancer patients
has ranged from 10 to 16%, although autopsy stud-
ies have found prevalence rates as high as 30–35%
when accounting for those metastases not presenting
clinically (Tsukada et al. 1983).

Risk Factors

A number of clinical risk factors for the development
of CNS metastasis from breast cancer have been iden-
tified. Disease stage is an important risk factor. Less
than 3% of patients presenting with early-stage breast
cancer develop brain or other CNS metastases. Age is

also an important risk factor. Patients younger than 40
years often have more aggressive disease and are more
likely to develop CNS metastasis. The presence of pul-
monary metastasis has also been shown to increase
the risk of brain metastases from breast cancer. Race
disparity in the development of brain metastasis in
breast cancer has also been suggested. Barnholtz-Sloan
et al. (2004) reported incidence proportions of brain
metastases in patients from the Metropolitan Detroit
Cancer Surveillance System. They found incidence
percentages for brain metastasis of 4.6% for white
patients with breast cancer compared with 7.4% for
African American patients. The effects of confounders
such as socioeconomic status, access to healthcare, and
education on this observation are unknown.

The biological variability among individual tumors
also creates differences in risk. Estrogen receptor-
negative tumors metastasize to the brain at a higher
rate than do estrogen receptor-positive tumors. Breast
cancers that over express the oncogene Her2/neu have
been associated with shorter time to progression and
shorter overall survival. Amplification of this onco-
gene is also associated with a higher incidence of brain
metastasis. This risk seems to be independent of treat-
ment with trastuzumab, a large monoclonal antibody
that does not cross the blood-brain barrier.

Patients with triple-negative breast cancers (which
do not express estrogen or progesterone receptors
or exhibit amplification of the Her2/neu oncogene)
and often overlapping basal-like breast cancers also
develop brain metastases at a high rate. In a retrospec-
tive study by Lin et al. (2008), 46% of patients with
metastatic triple-negative disease developed clinically
apparent brain metastasis before death.

Pathophysiology

In 1889, Paget theorized that breast cancer metasta-
sis is ruled by both the “seed” (tumor cells) and the
“soil” (the microenvironment). His theory still holds
true today, as it did in his own time. It is understood
however, that several steps are essential for metastases
to form. First, tumor cells must invade the primary
tumor border and enter the circulatory system; the
cells need to survive in the circulation and success-
fully extravasate into the tissue of a distant site. Once
relocated, tumor cells must rebound from quiescence
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and form micrometastases. Progressive colonization to
form a life-threatening metastasis must then ensue.

The epithelial-mesenchymal transformation theory
(EMT) explains a set of events characterized by loss of
cell adhesion, repression of E-cadherin expression, and
increased cell mobility. EMT events are necessary for
embryonic processes (such as mesoderm development
and neural tube formation) but are also stimulated by
several oncogenic signaling pathways. In theory, EMT
processes may play an important role in the initiation
of metastases.

The theory of the BBB is the most important
construct for conceptualizing the underlying patho-
physiology of brain metastases and for understanding
the mechanisms of treatment resistance, which make
managing breast cancer brain metastases or their recur-
rence so difficult. The BBB is formed from capil-
lary endothelial cells that lack fenestrations and bind
together with continuous tight junctions. The endothe-
lial cells are further lined by pericytes, basement mem-
brane, and astrocyte foot processes. This barrier has
a high electrical resistance. Ions and small molecules
have low permeability across the BBB, and it is vir-
tually impossible for macromolecules and peptides to
cross. Pinocytosis, which facilitates the transport of
molecules through cells, is lacking in the BBB, further
contributing to the exquisite selectivity observed in this
microenvironment. While tumor cells often find a way
around the discriminating system, the BBB is impervi-
ous to most drugs, making treatment challenging.

The BBB and the blood-cerebrospinal fluid (CSF)
barrier protect the sensitive environment of the
CNS. Metastatic lesions are similarly surrounded by
endothelial cells to form a blood-tumor barrier, which
accounts for the solitary discreet lesions usually rep-
resented by brain metastases. Brain metastases from
breast cancer and other solid tumors are usually solid
and well-circumscribed. In contrast to primary brain
tumors, they tend not to infiltrate to surrounding brain
tissue. Very little is known of this blood-tumor barrier,
although a greater understanding may lead to the devel-
opment of more efficacious therapies aimed at brain
metastases.

Brain metastases from breast cancer and other solid
tumors principally arise from hematogenous spread via
arterial blood flow to the brain. Tumor cells most often
lodge at the junction between gray and white mat-
ter, where blood vessels decrease in caliber, and in
the distal vascular endpoint at the edges of arterial

territories. Tumor cells are thought to adhere to the
endothelial cells and escape into the brain tissue where
they divide to form a metastatic focus.

CNS metastases can also originate from the venous
circulation where individual cells may elude filtration
by the pulmonary capillaries and eventually become
trapped in the brain. Metastatic focuses in the lung
may also break off and shower into the brain, forming
nests of metastatic cells. It has further been postulated
that cells from pelvic or abdominal metastases may
even enter the posterior fossa or the leptomeninges via
Batson’s vertebral venous plexus, thereby bypassing
the pulmonary circulation. Direct extension from bone
and dural metastases and metastatic extension along
cranial nerves can also explain the etiology of some
breast cancer metastases into the brain.

Although metastatic brain lesions tend to be discrete
and well-circumscribed, as opposed to infiltrating, they
do tend to be numerous. A retrospective review by
Evans et al. (2004) found that of breast cancer patients
with brain metastases, 78% had multiple intracranial
metastases, whereas 14% had solitary lesions. The
remaining 8% had leptomeningeal disease.

Clinical Presentation

Breast cancer patients with brain metastases typically
present with neurological sign or symptoms. Common
presenting symptoms from brain metastases include
headache, focal weakness, altered mental status or per-
sonality, seizures, and ataxia. According to Tsukada
et al. (1983), the most common presenting symptoms
in their series were gait disturbances (24%), seizures
(23%), and headaches (16%). Less common present-
ing symptoms include cognitive disturbances (14%),
nausea/vomiting (11%), and cranial nerve dysfunction
(10%). Cerebellar symptoms and speech changes may
be the initial presenting symptom in 2% of cases.

Classically, symptoms worsen gradually as tumors
grow and edema worsens. Symptoms are typically pro-
gressive but can also occur acutely, especially in cases
of intrametastatic hemorrhage. The types of symp-
toms that may develop are dependent on their neu-
roanatomic location(s). Lesions in the cerebellum and
brain stem are less common than those in the cere-
bral hemispheres. Metastatic lesions in these areas can
cause ataxia, cranial neuropathies, and upper motor
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neuron dysfunction. Other signs of cerebellar lesions
may include symptoms related to hydrocephalus, such
as headache, memory problems, or behavioral changes.

There are no recommendations for formally screen-
ing neurologically asymptomatic breast cancer patients
for brain metastases on a routine basis, although some
physicians may occasionally order brain imaging as a
part of extent-of-disease evaluation in certain subsets
of patients with advanced, high-risk disease.

Diagnosis

Diagnosis of brain metastases is suggested by clinical
presentation and confirmed by imaging. Magnetic res-
onance imaging (MRI) is widely accepted as the best
diagnostic tool to detect brain metastases. T2-weigted
images along with pre- and post-gadolinium-enhanced
T1 sequences provide a more sensitive diagnostic tool
than standard non-enhanced MRI or contrast-enhanced
computed tomography (CT). Practitioners must weigh
the relative benefits versus the risk of imaging. MRI
is a fairly safe procedure, although gadolinium has
recently been implicated in the development of nephro-
genic systemic fibrosis, an often devastating condition
that develops in patients with chronic kidney disease
and end-stage renal disease exposed to gadolinium-
based agents.

Other studies, such as lumbar puncture or positron
emission tomography (PET), may be indicated in some
specific situations, especially those in which symptoms
such as headache, cranial neuropathy, or alterations
in cognition suggest leptomeningeal carcinomatosis,
when tumors have diffusely seeded the leptomeninges.
Sensitivity rates in detecting leptomeningeal carci-
nomatosis have raised with advances in MRI tech-
nology, particularly improved T1-weighted images
as well as the development of three-dimensional
T1-weighted sequences and postcontrast fluid attenu-
ated inversion recovery (FLAIR). Collie et al. (1999)
noted a 100% sensitivity for detecting intracranial lep-
tomeningeal carcinomatosis in 25 patients evaluated
with gadolinium-enhanced MRI. However, the gold-
standard diagnostic test for leptomeningeal metastases
remains CSF cytology.

In some situations a tissue diagnosis to con-
firm brain metastasis may be warranted. Solitary
brain lesions in breast cancer patients do not always

represent breast cancer metastases and may actually
be a primary parenchymal brain tumor, meningioma,
CNS lymphoma, brain abscess, or a metastasis from a
synchronous or metachronous malignancy. Excision of
solitary lesions in patients who are fit for surgery pro-
vides both a diagnostic as well as therapeutic approach.
Meningioma, in particular, should be ruled out in cases
where the diagnosis is ambiguous, because of the
unique higher incidence of meningioma seen in breast
cancer patients.

Prognosis

Generally, the prognosis for breast cancer patients with
brain metastasis is poor, but recent retrospective stud-
ies suggest that median survival is improving with
newer treatments. Historically, survival for breast can-
cer patients with brain metastasis treated with whole
brain radiotherapy (WBRT) was less than 6 months. A
retrospective study of 112 breast cancer patients diag-
nosed with brain metastasis between 1997 and 2007
showed a significant improvement over the decade,
with the median survival at 14.4 months in 2007
(Melisko et al. 2008). This is likely due to improved
surgical and radiation treatments.

Since the introduction of trastuzumab for the treat-
ment of HER2/neu-positive breast cancer, survival
in patients with Her2/neu-positive breast cancer with
brain metastasis has increased from an average of
3 months to a median of 23 months. Survival rates
in patients with triple-negative disease and the pres-
ence of brain metastasis continue to be short, with
survival ranging from 2.9 to 4.9 months in four recent
studies. Other factors that improve prognosis include
good performance status, stable or absent extra cranial
metastasis, and a limited number of lesions within the
CNS (Dawood et al. 2009; Nam et al. 2008).

Treatment Modalities

Surgery

Surgery provides rapid relief of symptoms and
improves mass effect of large tumors. Surgery also
improves local control of metastases and allows
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for the collection of tissue for pathologic examina-
tion and diagnosis confirmation. As neuroanesthesia,
neuroimaging, and neurosurgery have advanced, the
safety of surgical resection of brain metastases has
become a more effective approach in many patients.
Technologies such as image guidance, preoperative
and intraoperative functional mapping, and intraoper-
ative ultrasounds and MRI have all led to improved
outcomes.

In breast cancer patients with good performance sta-
tus and a single brain lesion, resection is preferred
when the lesion is located in area amicable to surgery.
The risks and potential benefits of surgery must be
considered in the ideal surgical candidate, as compli-
cations are common. Sawaya et al. (1998) reviewed
the outcomes of 400 craniotomies in 327 patients with
brain tumors (206 with glioma and 194 with metas-
tasectomy). They found that even in good surgical
candidates, 13% of patients suffered major compli-
cations including neurologic worsening and menin-
gitis. Other risks include neurological complications
(including stroke, seizure, or the development of focal
neurological deficits), hemorrhage, tumor seeding, and
infection. Other complications related to surgery, such
as allergic reactions to anesthesia, worsening of pul-
monary function, and long recovery times, must also
be considered. Owing to high morbidity and mortal-
ity, surgery is generally not recommended for patients
with a poor prognosis or those with rapidly progressive
disease.

Whole-Brain Radiation Therapy

Whole-brain radiotherapy (WBRT) has traditionally
been a mainstay of treatment for breast cancer patients
with brain metastases, especially those not eligible
for surgery due to tumor location, surgical risk fac-
tors, or the presence of multiple metastases. WBRT
produces symptomatic relief of headache and seizures
in 75–85% of patients. It also improves survival and
quality of life in many cases (Soffietti et al. 2002).
Although various dose-fractionation schedules have
been compared in randomized studies, none has proven
to be superior to another.

In patients with longer life expectancy (>6 months),
a fraction size of less than 3 Gy is usually preferred.
Lower doses reduce the incidence of late dementia,
which is an uncommon but most undesirable side

effect in long-term survivors (median latent period
4 months). The acute side effects of WBRT include
alopecia, mild skin toxicity, mild-to-moderate fatigue,
nausea and occasionally vomiting, and transient block-
age of ears, whereas ataxia, urinary incontinence, and
memory or cognitive disturbances are the known late
side effects. Late radiation-induced dementia is rare,
occurring in only 1.9–5.1% of patients.

The use of adjuvant (WBRT) following surgery is
controversial. While several retrospective studies have
failed to show a survival benefit in patients receiving
adjuvant WBRT following surgery, a randomized clin-
ical trial by Patchell et al. (1998) demonstrated that
whole-brain radiation in addition to surgery improved
local control and lengthened time to the development
of new brain metastases, while decreasing the number
of neurological deaths, but had no effect on overall
survival. Radiation expected potential effect on the
brain is even controversial. Some studies have shown
that adjuvant radiation is associated with worsening
neurocognitive function due to neurotoxicities; oth-
ers suggest that whole-brain radiation improves neu-
rocognitive function by controlling disease. Radiation
therapy can cause neurocognitive decline, but the pro-
gression of brain metastases can also lead to serious
deficits as well.

Stereotactic Radiosurgery

Stereotactic radiosurgery involves the delivery of pre-
cisely targeted and focal radiation to a single or
multiple well-defined intracranial lesions. It can be
used in the frontline or recurrent setting. The tech-
nique usually is performed with the use of a specif-
ically adapted linear accelerator or a Gamma knife
that can precisely target specific areas. Multiple well-
collimated beams converge onto a small lesion to
produce the treatment effect. The main advantage of
radiosurgery is the significant dose fall-off at the tar-
get edge, allowing a clinically significant dose at the
target while minimizing the dose to surrounding brain
tissue and potentially limiting damage to normal brain
parenchyma. Other advantages include a decreased
risk of hemorrhage, infection, and tumor seeding and
ultimately reduced costs, as there is no need for hospi-
talization. Radiosurgery can also often be performed
on patients who have surgically inaccessible lesions
or who are poor surgical candidates. Disadvantages of
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radiosurgery include a relatively limited target diam-
eter, usually no larger than 2.5–3 cm, slow tumor
shrinkage and resolution of mass effect (usually over
weeks to months), and the inability to obtain tissue for
a pathologic diagnosis.

Radiosurgery can be used alone or in conjunction
with other therapies. Adjuvant whole-brain radiation
therapy is often given after stereotactic radiosurgery.
In a Radiation Therapy Oncology Group (RTOG) trial,
patients with 1–3 brain metastases were randomized
to receive stereotactic radiosurgery with and with-
out WBRT. The study found a survival benefit in the
stereotactic radiosurgery group. Patients in the trial
receiving stereotactic radiosurgery and WBRT had
more stable or improved performance status than those
in the WBRT-only group (Andrews et al. 2004).

Isolated radiosurgery has been compared with
radiosurgery with adjuvant WBRT, and although
median survival times were similar, comparisons of
the development of new brain lesions and disease pro-
gression favored the combination of radiosurgery with
adjuvant WBRT (Aoyama et al. 2006). The inves-
tigators of this study further argue that most breast
cancer patients are even less appropriate candidates for
isolated radiosurgery due to poorer prognosis and a
greater likelihood of extra cranial metastases compared
with brain metastases patients with other primary can-
cers.

Several studies have retrospectively compared the
outcomes of patients with brain metastases who under-
went radiosurgery versus traditional surgery, with var-
ious combinations of adjuvant WBRT. Although some
mixed responses have been reported, overall the sur-
vival outcomes have been similar (Bindal et al. 1996).
A prospective, randomized trial is under way, to min-
imize the problems of selection bias and confounders
inherently found in retrospective reviews. Until more
convincing data have been published, the risk-benefits
ratio of individual patients taking into account co mor-
bidities and tumor respectability among other factors
should guide treatment.

Intracavitary and Interstitial Brain
Irradiation

The United States Food and Drug Administration have
approved the GliaSite Radiation Therapy System for

the intracavitary treatment of brain tumors. A prospec-
tive phase II study of GliaSite brachytherapy (pre-
scribed at a 60-Gy dose administered to a 10-mm
depth) after resection of a single brain metastasis
reported a local control rate, median patient survival
time, and duration of functional independence simi-
lar to those found in patients receiving resection plus
adjuvant WBRT (Rogers et al. 2006).

The use of the Photon Radiosurgery System (PRS),
a miniature x-ray generator that can stereotactically
irradiate intracranial tumors by using low-energy pho-
tons, has also been reported, but it has not been popu-
larized. The procedure is usually performed at the time
of biopsy, providing the advantage of combining diag-
nostic and treatment modalities during one procedure.
The system obtained local control of cerebral metas-
tases at rates that were comparable to those achieved
through open resection and external stereotactic radio-
surgery, but only two breast cancer patients were tested
(Curry et al. 2005).

Salvage Cranial Irradiation

Even when cranial irradiation provides good control
of brain metastases, metastatic lesions often recur and
new lesions form. The question of whether it is appro-
priate to repeat cranial irradiation either with stereo-
tactic radiosurgery or with WBRT in such patients
has been controversial. Traditionally, reirradiation has
been frowned upon as it is been thought to be
associated with high rates of radiation necrosis, a
dreaded adverse outcome that often leads to neu-
rocognitive and other defects. More recently, several
studies have evaluated repeated cranial irradiation in
select high-performing patients with limited systemic
disease.

Loeffler et al. (1990) treated 18 patients with 21
recurrent or persistent brain metastases with stereotac-
tic radiosurgery. All but one patient had received prior
radiotherapy. Inclusion criteria included a Karnofsky
performance status score of at least 70% and no evi-
dence of (or stable) systemic disease. They found that
most of these patients showed neurologic improvement
following treatment and had few complications. No
cases of radiation necrosis occurred

To define a maximum dose of single-fraction stereo-
tactic radiosurgery, the RTOG 90-05 trial analyzed
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over 150 patients who had either recurrent primary
brain tumors (36%) or recurrent brain metastases
(64%). This study noted that the maximum tolerated
doses of single-fraction radiosurgery were dependent
on tumor size and defined a maximum dose base on
the largest diameter of a lesion, as follows: 24 Gy for
tumors ≤20 mm, 18 Gy for tumors 21–30 mm, and
15 Gy for tumors 31–40 mm. The authors further noted
that CNS toxicity was more likely in patients with
larger tumors (Shaw et al. 2000).

When patients develop multiple recurrent brain
metastases after WBRT, salvage stereotactic radia-
tion may not be possible. In these cases, some have
argued that salvage WBRT may improve outcomes,
whereas others have cautioned against the neurotoxic-
ity related to this treatment strategy. A study by Wong
et al. (1996) examined the cases of 86 patients who
had repeated WBRT for recurrent CNS metastases.
They found that 27% had resolution of neurologic
symptoms, 43% had partial improvement of neuro-
logic symptoms, and 29% had either no change or
actually worsened after reirradiation. The median sur-
vival in this population following reirradiation was 4
months. The majority of these patients had no tox-
icity following reirradiation, although five patients
developed radiation necrosis and one developed
dementia

Radiation Sensitization

Numerous radiation sensitizers have been investi-
gated in preclinical and clinical studies in attempts
to increase the effectiveness of WBRT. Lonidamine,
metronidazole, misonidazole, motexafin gadolinium,
bromodeoxyuridine, and efaproxiral have all been
studied in randomized controlled trials in patients with
metastases from various types of cancer. All these
agents failed to show benefit in local tumor control
or overall survival, and all were associated with seri-
ous adverse events. Interestingly, a small subset of 42
breast cancer patients in the efaproxiral study showed
a doubling of the median survival time with the addi-
tion of efaproxiral (Suh et al. 2006). This prompted
a phase III randomized control study in breast can-
cer patients comparing WBRT with efaproxiral versus

WBRT. The trial failed to demonstrate improvement in
overall survival or any other endpoint (Suh et al. 2007).

Chemotherapy

Temozolomide

Temozolomide is an oral alkylating agent that crosses
the blood-brain barrier. It is the standard drug used to
treat grade IV astrocytoma (glioblastoma multiforme),
and it is used to treat other primary brain tumors as
well. Temozolomide achieves high concentrations in
the CSF, exceeding 30% of plasma levels. Although
often used in the treatment of brain metastases, temo-
zolomide has limited activity as single agent in brain
metastases of breast cancer, as shown in two different
trials (Abrey et al. 2001; Christodoulou et al. 2001).
In one of these trials, Abrey et al. treated 41 patients
with brain metastases of solid tumors with temozolo-
mide (5 days on, 23 days off), and none of the 10
patients with breast cancer responded. Christodoulou
et al. evaluated 24 patients treated with temozolomide
for brain metastases, four of whom had primary breast
cancer. These authors did not distinguish outcomes by
primary disease site. They found that 14 patients (58%)
died or had clinical progression after a median of 45.5
days. DNA damage caused by such alkylating agents
as temozolomide is repaired by O(6)-methyl-guanine-
DNA-methyl-transferase (MGMT). MGMT is highly
expressed in breast cancer tissue, which may account
for the lack of efficacy of single-agent temozolo-
mide in brain metastases in breast cancer patients.
Theoretically, a dose-dense regimen of temozolomide
may saturate available MGMT, thereby potentially
increasing the effectiveness of the drug (Tosoni et al.
2008). Two Phase II clinical trials have evaluated dose-
intensified temozolomide regimens in breast cancer
patients with brain metastases, who had a history of
WBRT (Friedman 2003; Trudeau et al. 2006). No
responses were reported in either trial. Temozolomide
with concomitant WBRT has also been tested in
patients with brain metastases from various solid
tumors. One study by Addeo et al. (2008) tested a
dose-dense regimen of temozolomide given concur-
rently with WBRT and followed by a maintenance
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dose. Twelve breast cancer patients and 15 lung can-
cer patients were enrolled in the study. The overall
response rate to this treatment protocol was 48.1%.
There was one complete response (CR) and six PRs
among the breast cancer patients (Addeo et al. 2008).
Treatment was well tolerated in most patients.

Temozolomide has been tested in combination
with various other therapeutic agents, yielding mixed
results. A study with temozolomide given in combina-
tion with capecitabine found an overall response rate
of 18% in breast cancer patients with brain metastases
previously treated with systemic chemotherapy. Half
the patients had stable disease on this regimen, and
the treatment was well tolerated (Rivera et al. 2006).
In a study by Christodoulou et al. (2005), a combi-
nation of temozolomide and cisplatin noted a PR in
40% of breast cancer patients with brain metastases.
When combined with irinotecan, temozolomide shows
some preliminary evidence of efficacy, although tri-
als are ongoing. In 17 patients with brain metastases
and/or leptomeningeal disease with a history of prior
treatments, Melisko et al. (2009) found that at 8 weeks,
nine patients had stable disease. One patient had a
partial response at 46 weeks, and a second patient
maintained stable disease for 56 weeks on this regi-
men. Adverse events were mostly mild and included
anemia, neutropenia, diarrhea, nausea, vomiting, and
fatigue. Pegylated liposomal doxorubicin given con-
currently with temozolamide has also been tested in a
similar population. Temozolomide in the treatment of
CNS metastases in breast cancer patients remains an
area of active research. More data are needed to fully
assess the benefits of this potentially promising agent.

Capecitabine

Capecitabine is an orally administered prodrug that
is enzymatically converted to 5-fluorouracil in tumor
cells, where it inhibits DNA synthesis. It has been
shown to cross the blood-brain barrier in animal mod-
els and has been hypothesized to achieve sufficient
concentrations in the brain to potentially reach clini-
cal significance. Ekenel et al. (2007) analyzed seven
breast cancer patients with brain metastases who were
treated with capecitabine, five of whom had unsuc-
cessfully undergone other treatments. Three patients
had CR, three others had stable disease, and the final
patient was not evaluated. The median overall survival

was 13 months. Naskhletashvili et al. (2009) treated
10 breast cancer patients with brain metastases who
had unsuccessfully undergone previous chemotherapy.
Six of these patients had partial responses, three had
stable disease, and one progressed. The median time to
progression was 6 months.

Taxanes

Taxanes block mitosis by interfering with micro-
tubules. They are most widely used in the treatment
of breast cancer. They have limited ability to cross the
blood-brain barrier. Patients have been shown to have
CNS progression even while systemic disease is under
control on taxanes, giving rise to the theory that the
CNS acts as a sanctuary site where cancer cells are
able to proliferate without being affected by the drug.
Furthermore, in CNS substudy intergroup Phase III
BIG 02-98 trial, researchers noted similar CNS relapse
rates in taxane-treated breast cancer patients compared
with controls (Pestalozzi et al. 2008). It has been sug-
gested that taxane penetrance into the CNS may be
improved after the blood-brain barrier is disrupted by
radiotherapy, but no data have been reported to confirm
this hypothesis. Little evidence is available to guide
practitioners on the use of taxanes in breast cancer
patients with CNS metastases, and much additional
research is needed in this area.

Topotecan

Topotecan is a semi-synthetic camptothecin deriva-
tive that inhibits topoisomerase I, thereby inhibiting
the repair of DNA super coiling and disrupting cell
division. It has been shown to cross the blood-brain
barrier, with continuous or prolonged infusions achiev-
ing higher concentrations in the CNS than standard
shorter infusions. Oberhoff et al. (2001) evaluated the
effects of topotecan in 16 patients with breast cancer
metastases to the brain. Patients in this study received
1.5 mg/m2 of daily topotecan for 5 days every 3 weeks.
Of the 16 patients treated, 38% had a partial response
and 31% had stable disease. Small studies of patients
with metastases from various cancers (including breast
cancer) have evaluated the simultaneous use of radio-
therapy and topotecan. Response rates ranging from
33 to 72% have been reported, although fewer than
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10 patients with breast cancer were treated in each
study (Kocher et al. 2005; Hedde et al. 2007). Further
studies with larger numbers of breast cancer patients
are needed to adequately evaluate topotecan’s initial
efficacy.

Platinum

Platinum-based chemotherapy offers an alternative
agent in metastatic patients who have been previously
treated with other compounds. Cisplatin has the advan-
tage of a low risk of bone marrow suppression, another
important concern in patients who have received pre-
vious therapies. An autopsy study by Stewart et al.
(1988) found that cisplatin crosses the blood-brain
barrier in sufficient quantities to achieve therapeutic
concentrations, especially when given in high doses.

A prospective study of 22 breast cancer patients
with brain metastases found that a regiment of cis-
platin plus etoposide achieved a response rate of 55%,
with a median survival of 13 months (Cocconi et al.
1990). A similar study that analyzed the response to
cisplatin plus etoposide in patients with brain metas-
tases from various cancers, including 56 with breast
cancer, found a 13% CR rate and 25% PR rate in those
with breast cancer. The median survival time was 8
months (Franciosi et al. 1999).

Other Chemotherapeutic Agents and
Combinations

Several other systemic chemotherapeutic agents have
been used to treat CNS metastases in breast can-
cer patients. Cyclophosphamide, methotrexate, vin-
cristine, doxorubicin, and 5-fluorouracil are among
those agents that have shown efficacy in small stud-
ies or case series. Various combinations of sys-
temic chemotherapy have been tested in breast cancer
patients with CNS metastases with varying success.
The combination of cyclophosphamide, methotrexate,
and 5-fluorouracil has shown potential efficacy in a
small study, which yielded a 76% response rate after
two cycles. A similar study investigated the combi-
nation of cyclophosphamide, 5-flurouracil, and pred-
nisone. A 52% response rate was noted using this
regimen (Rosner et al. 1986).

Among the more promising novel agents under inv-
estigation is patupilone, a water-soluble, 16-membered
macrocyclic polyketide that crosses the blood-brain
barrier and is a potent inducer of tubulin dimeriza-
tion. A study of 45 patients with brain metastases
from breast cancer who has progressed after WBRT
and were subsequently treated with patupilone found a
response rate of 48% (Arslan et al. 2010).

Endocrine Therapy

Endocrine therapy is a mainstay of treatment for estro-
gen and/or progesterone receptor positive breast can-
cer; however, the role of hormonal manipulation in
brain metastases from breast cancer is limited, and only
a few case reports have addressed this issue in the
literature. It has been determined that tamoxifen can
achieve high levels in the brain. Salvati et al. (1993)
reported three cases of prolonged stabilization of brain
metastases from breast cancer that were treated with
tamoxifen (5 years for two patients, and 6 years for the
other). Much more research is needed in this area.

Targeted Agents

Trastuzumab

A probable risk factor for the development of CNS
metastasis in breast cancer patients is the amplification
of the oncogene HER2/neu. Trastuzumab is a human-
ized monoclonal antibody that binds to the HER2
receptor and inhibits tumor cell growth. It is used to
treat breast cancer with HER2/neu amplification in
the adjuvant and metastatic setting. Its introduction
has changed the natural history of HER2/neu-positive
disease.

Trastuzumab therapy is not without controversy.
Some studies have reported higher rates of brain metas-
tases in breast cancer patients treated with trastuzumab.
The theory of the brain as a protected sanctuary site
has been proposed, and the fact that brain metas-
tases are seen at higher rates in breast cancer patients
treated with trastuzumab likely results from the effi-
cacy of the drug in the rest of the body. Improved
overall survival in HER2/neu-positive patients treated
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with trastuzumab allows more time for the develop-
ment of brain metastases in a site that eludes the drug.
Intrathecal formulation of trastuzumab is not available,
and safety data are lacking. Studies are in progress
of intrathecal administration and other CNS delivery
methods to potentially overcome trastuzumab’s inabil-
ity to cross the blood-brain barrier and therefore assess
its tolerability and efficacy.

Lapatinib

Lapatinib is an orally active tyrosine kinase inhibitor
that binds HER1 and HER2 receptors, inhibiting
downstream signaling. It can cross the blood-brain bar-
rier and is thought to achieve clinically significant lev-
els in the CNS. Lapatinib has the potential to be useful
in cases of trastuzumab resistance. Promising results
from animal models prompted wider-scale testing in
humans. Lin et al. (2009) undertook a phase II study
with single agent lapatinib in 242 patients with HER2-
positive disease and confirmed CNS metastases and
who had shown progression in their brain after WBRT.
Responses were observed in 6% of patients, and 21%
of patients experienced a ≥20% volumetric reduction
in their brain lesions. A lapatinib plus capecitabine
extension was undertaken in 50 study patients, and
20% experienced a CNS response, while 40% expe-
rienced a ≥20% volumetric reduction in their CNS
lesions. Many patients had significant improvement in
neurological symptoms.

Symptomatic and Supportive Treatment

While awaiting the effects of specific anti-tumor thera-
pies, treatment aimed at controlling symptoms is vital.
The control of intracranial pressure and edema, the
prevention of seizures, and prophylaxis against venous
thromboembolic disease are all important concerns.

Corticosteroids

Treatment with glucocorticoids to quickly alleviate
increased intracranial pressure and brain edema asso-
ciated with metastatic disease is usually initiated in
symptomatic patients while awaiting the effects of

treatments aimed at the cancer itself. Steroids are
often used alone for symptom management and pal-
liation or in combination with radiotherapy or other
treatments. Because of its minimal mineralocorticoid
effect and long half-life, dexamethasone is generally
the preferred agent, although any other corticosteroid
can potentially be effective. A starting daily dose of
4–8 mg/day divided into twice daily dosing is standard
and typically results in marked neurological improve-
ment within 24–72 h. More frequent dosing has been
suggested in cases of rising intracranial pressure and/or
impending herniation. Corticosteroids are associated
with significant side effects, especially when used
chronically. Most authors agree that, because of the
potential toxicities, corticosteroids should not be used
in asymptomatic or minimally symptomatic patients.
Most also agree that steroids should be tapered or dis-
continued as quickly as possible. A dose reduction
should be considered within 1 week of treatment ini-
tiation. In patients who have been on treatment for
extended periods, abrupt discontinuation may initiate
a rebound phenomenon, in which edema acutely wors-
ens. The routine use of post-operative corticosteroids
to reduce pain and edema is controversial, but it is clear
that steroids should generally be minimized as much
as possible unless brainstem, temporal, and cerebellar
edema is prominent.

Anticonvulsants

Intracranial metastatic lesions may predispose patients
to seizures, but given that brain metastases are more
circumscribed in nature and less infiltrative than pri-
mary brain tumors, such risk is significantly lower.
Although the question of whether to prophylactically
use anticonvulsants in an attempt to prevent seizures
has not been adequately addressed in the literature,
most guidelines shy away from recommending seizure
prophylaxis in this population. The morbidity and side
effects of anticonvulsants is substantial, and the risks
often outweigh potential benefits, especially in patients
with a history of prior seizures. In those patients who
are at higher risk for seizures or who have a history
of prior seizure, the benefits and risks must be prop-
erly considered. In patients with recurrent seizures,
standard treatment with anticonvulsants is warranted.
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Routine use of prophylactic anticonvulsants after neu-
rosurgery is debated, but generally, if anticonvulsants
are given after surgery their use should be limited in
the first few days to 1 week following the operative
procedure.

Anticoagulation

Venous thromboembolic disease (VTE) is diagnosed
in approximately 20% of patients with brain metas-
tases. Unlike in patients with brain metastases from
melanoma, choriocarcinoma, thyroid cancer, or renal
cell carcinoma, CNS hemorrhage is not common in
breast cancer patients with brain metastases. The use
of bevacizumab, however, may increase this risk.
The risks versus benefits of anticoagulation therapy
should be weighed in breast cancer patients with
brain metastases, but most patients can safely be
given anticoagulants if necessary. Comorbid risk fac-
tors for VTE including, age, surgery, immobilization,
and other features should be taken into account. Schiff
and DeAngelis (1994) found that anticoagulation is
more effective than Greenfield filters in most patients
with brain metastases and venous thromboembolism.
They further noted that recurrent VTE is diagnosed
in as many as 40% of patients with brain metastases
treated with inferior vena cava (IVC) filter alone.,

Venous thromboembolism is generally treated with
low-molecular-weight heparin, which is favored in
patients with brain metastases compared with warfarin.
Routine VTE prophylaxis is not recommended in all
patients with brain metastases, but in cases in which
primary prophylaxis is desired (high-risk patients, per-
sonal or strong family history of clot formation, etc.),
aspirin 325 mg daily is generally acceptable.

Leptomeningeal Disease

Leptomeningeal metastases are becoming more com-
mon in breast cancer patients as survival increases.
Lobular carcinoma has a particular propensity to
spread to the leptomeninges, and meningeal metastases
may develop even in the environment of controlled
systemic disease. Altundag et al. (2007) reviewed 420

cases of brain metastases originating from breast can-
cer. They found that 31.6% of patients with lobular
carcinoma presented with isolated leptomeningeal dis-
ease. The presentation of leptomeningeal metastases
varies but typically involves spinal symptoms such
as leg weakness, mental status changes, and other
neurologic signs. Multiple abnormalities involving dif-
ferent levels of the neuroaxis are highly suggestive
of leptomeningeal disease. MRI remains the diagnos-
tic imaging modality of choice when leptomeningeal
disease is suspected, and cerebral spinal fluid cytol-
ogy be the gold standard confirmatory test. For those
patients with a poor prognosis, palliative radiation
may be considered to lessen symptoms. In patients
with relatively better prognosis, radiation (to relieve
bulky disease or treat the obstruction of CSF flow)
followed by intrathecal or intraventricular chemother-
apy is preferred. Methotrexate and sustained-release
cytarabine (DepoCyt) are the agents of choice, but
other agents have been shown efficacy in small series
or case reports. Two trials that compared DepoCyt and
intrathecal methotrexate found similar response rates;
however, DepoCyt seemed to have more toxicity but
patients who received this treatment also had a signif-
icantly greater time to progression (Cole et al. 2003).,

A number of additional agents are currently available
in clinical trials. These include novel immunotox-
ins and monoclonal antibodies, as well as commer-
cially available therapies such as temozolomide and
cytarabine.

Spinal Metastases

Intramedullary spinal cord metastases are rare but
can have devastating clinical consequences. Spread
of cancer to the spinal cord is thought to occur
through hematogenous routes from arteries and ver-
tebral venous plexuses, as well as via cerebral spinal
fluid, and direct invasion from contiguous structures
when tumors erode through the dura. Most patients
with spinal cord metastases present with rapid progres-
sive neurological deficits. Weakness, sensory loss, and
urogenital dysfunction are the most common symp-
toms. MRI with gadolinium is the diagnostic test of
choice when spinal cord metastases are suspected.
Patients with intramedullary spinal cord metastases
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have a median survival of 3–6 months from the time
of diagnosis, and there is significant morbidity asso-
ciated with this disease. Lee et al. (2007) reviewed
six cases of intramedullary spinal cord metastases
from primary breast cancer from their institution.
These patients were treated with radiotherapy and
had a median survival of 5.5 months. Treatment
should be individualized, but options include surgery,
radiotherapy, and chemotherapy. Steroids may be
added to reduce edema. Steroids provide no sur-
vival benefit, but as in brain metastases, may reduce
morbidity. Surgery aims at decompression of neu-
ral tissue and allows for pathological confirmation
of diagnosis. Data are limited regarding the effi-
cacy of surgery for intramedullary metastases, but it
is generally considered in selected cases of a focal
spinal mass in the face of limited systemic disease
and relatively good prognosis. Evidence of the effi-
cacy of chemotherapy for spinal metastases is sim-
ilarly lacking but is generally considered palliative,
rather than life prolonging. Radiotherapy remains the
preferred treatment option for spinal cord metas-
tases, providing various amounts of symptomatic
relief for a large percentage of patients with this
condition.

Ocular Metastases

Breast cancer has the highest rate of ocular metastasis
of all cancers. The choroid is the most common site
of involvement. Typically, patients present with visual
symptoms, including loss of visual acuity, diplopia,
the development of blind spots, and image distortions.
Diagnosis is usually made via fundoscopic examina-
tion. Retinal detachment or hemorrhage is often noted.
An MRI of the brain is indicated upon suspicion or
diagnosis of ocular metastasis in order to rule out
associated brain involvement, which occurs frequently.
For those patients with worsening symptoms, pallia-
tive radiation therapy is indicated. Both eyes should
be treated in bilateral disease. Maor et al. (1997)
reported on 42 cases of metastatic breast cancer to the
choroid treated by radiation therapy. Of the patients
reviewed, 36% had bilateral ocular involvement and
64% had unilateral involvement. In 12 patients the
choroid was the first site of metastasis. They noted
a median survival after choroidal metastases of 10

months. These authors observed good visual responses
in patients treated with radiation and recommended
short courses of radiotherapy to the choroid for
palliation.

Future Perspectives

Metastasis of breast cancer to the CNS continues to be
a challenge for patients, practitioners, and researchers
alike. Despite the available treatment approaches, it
remains a problem of unmet needs. The prognosis
gets poorer for patients who develop CNS metasta-
sis irrespective of how well their systemic disease
may be controlled. On the other hand, the seemingly
increased incidence of such a pattern of spread makes
it a problem of growing magnitude, as it directly com-
promises the survival of patients. Better control of
established metastasis to the brain remains a challenge
to be addressed. The benefits of total brain irradiation
or stereotactic versus open resection with or with-
out total brain radiation is well recognized; however,
the overall outcome remains short of patients’
objectives.

Newer approaches need to be developed. The CNS
remains a sanctuary for breast cancer cells because
the BBB prevents delivery of chemotherapy agents
past this barrier. Development of effective antitumor
agents that may enter the brain tissue may prove to be
an effective research strategy. Another approach may
be focused against the BBB itself to improve its per-
meability to chemotherapeutic agents. In tandem with
such approaches, focus should also be on identify-
ing patients who may be at higher risk of developing
CNS metastasis. Enriching the patient population may
enhance the research efforts in establishing both pre-
ventive and therapeutic approaches for such a problem.
A nomogram had been developed for the identification
of patients with metastatic systemic breast cancer who
may be at high risk for metastasis to the brain (Fig. 4.1)
(Graesslin et al, 2010). Its use may be a tool to iden-
tify patients at high risk and therefore enhance study
designs by limiting the number of patients needed to
test a therapeutic hypothesis. On the other hand, bio-
logic markers or genetic profiles may also be indicators
not only of high-risk patient population but also of
targeted therapeutic potential.
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Chapter 5

Melanoma to Brain Metastasis: Photoacoustic Microscopy

Xinmai Yang and Mark Cohen

Abstract Of skin malignancies, cutaneous mela-
noma carries the highest mortality due to its metastatic
potential. This malignancy is known to metastasize
to the brain, often leading to death. The ability to
image the growth of melanoma brain metastases in
vivo provides new insights into disease progression
and response to therapies. We have recently used a
reflection-mode photoacoustic microscopy (PAM) sys-
tem to detect the growth of melanoma brain tumor in a
small animal model. B16F10 murine melanoma tumor
cells were stereotactically implanted in the brains of
several Balb/C mice at the beginning of the study.
Then, PAM was used to scan the region of implantation
in the mouse brain, and growth of the melanoma was
monitored until the disease became fatal. Results of the
study demonstrated that PAM can be used to accurately
detect and monitor melanoma brain metastasis growth
noninvasively and transcranially in vivo.

Keywords Melanoma · Brain metastases · PAM ·
Metastatic brain tumor · Mouse brain · Orthotopic
tumor model

Introduction

Malignant melanoma is one of the most lethal cancers
and represents a significant public health problem
in the United States. For patients with stage IV
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melanoma, the incidence of brain metastases has been
reported to be as high as 10–40%, making melanoma
the third most common metastatic brain tumor in
the United States, following lung cancer and breast
cancer (Xu et al., 2007). With effective treatments,
survival time following central nervous system (CNS)
metastases is between 2 and 5 months (Tarhini and
Agarwala, 2004; Mori et al., 1998; Patchell et al., 1990;
Yu et al., 2002). Without treatments, deterioration is
enhanced leading to disease-related death. Recognition
of the onset and progression of melanoma brain metas-
tases in experimental models is necessary to identify-
ing new research strategies that would be useful for the
diagnosis and subsequent therapy of these fatal tumors
in humans. Hence, in vivo monitoring of the forma-
tion and growth of melanoma brain metastases in live
animals could have major applications to the design of
improved therapies.

In this study, we utilize the photoacoustic
microscopy (PAM) technique to detect the progress
of melanoma brain tumors in mouse models in vivo
(Staley et al., 2010). Photoacoustic (also called
optoacoustic or thermoacoustic) imaging is based
on the generation of photoacoustic waves by safely
depositing short-pulsed optical energy into tissue
(Wang, 2008a, b; Xu and Wang, 2006). Photoacoustic
imaging overcomes the limitations of other existing
optical imaging modalities and combines optical
contrast with ultrasonic resolution. Photoacoustic
imaging has demonstrated imaging depth up to 5 cm
(Ku and Wang, 2005) with enhanced imaging reso-
lution (from 2 to 500 μm) scalable to the imaging
depth (Song and Wang, 2007; Wang, 2008a). Because
photoacoustic imaging is based on optical absorption,
it can be implemented quickly and inexpensively, with
relatively simple instrumentation requirements and no

51M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 4,
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ionization. Formed photoacoustic images represent
the distributions of optical absorption. Since melanin
in melanoma has high optical absorption (e.g., about
1000 times of water at 700 nm wavelength), signif-
icant contrast between melanoma and background
tissue can be achieved using photoacoustic imaging.
Compared with other imaging modalities used to
detect melanoma brain metastases noninvasively in
vivo such as computed tomography (CT), magnetic
resonance imaging (MRI), and positron emission
tomography (PET) (Panigrahy and Bluml, 2009;
Mishima et al., 1997), photoacoustic imaging is low
cost, uses non-ionizing radiation and is based on
sharp optical contrast. In contrast to high-resolution,
purely optical imaging methods (Kienast et al., 2010),
photoacoustic imaging can image much deeper and
has no requirements for a cranial window.

Photoacoustic imaging has been applied to detect
skin melanomas in small animal models (Oh et al.,
2006; Zhang et al., 2006). Real-time detection of circu-
lating melanoma cells using photoacoustic flow cytom-
etry has also been proposed (Galanzha et al., 2008a, b;
Zharov et al., 2006, 2007; Olszewski and Tarnok,
2008). In this chapter, we demonstrate the capability
of photoacoustic imaging for noninvasive monitoring
of the growth of melanoma brain tumors in a mouse
model.

Methods and Materials

Our photoacoustic imaging system is identical to the
one presented by (Song and Wang, 2007) for deep pho-
toacoustic imaging. The system (Fig. 5.1) consists of
an ultrasound transducer, a laser system, and receiv-
ing electronics. A Q-switched Nd:YAG laser (Surelite;
Continuum, Santa Clara, CA) was used to pump a
tunable OPO laser (Surelite OPO PLUS; Continuum,
Santa Clara, CA) to obtain a 764 nm wavelength laser
with a 10-Hz pulse repetition rate. The produced laser
light forms a ring shape illumination after passing
through two prisms and a conical lens and then is
refocused inside the tissue sample by an optical con-
denser. At the tissue surface, the ring has a diameter
of ∼5 mm with a focal depth of ∼3 mm for the
current application. The subsequently generated ultra-
sonic waves are detected by a focused ultrasonic trans-
ducer (13-2506-R, Olympus-NDT, Waltham, MA),
delivered to a pre-amplifier (5072PR, Olympus-NDT,
Waltham, MA) with 30 dB gain, and finally col-
lected by a personal computer through an A/D Scope
Card (CS21G8-256MS, Gage, Lockport, IL) with a
500-MHz sampling rate. The conical and condenser
lenses are driven by a three-dimension scanning trans-
lation stage to enable the transducer to mechanically

Fig. 5.1 Schematic of the
PAM system
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scan the targeted region. Two prisms are used to enable
the optical beam-folding for a 2D mechanical scan-
ning. In Fig. 5.1, prism Y indicates that the prism
can move on the Y direction, while prism XY can
move on both X and Y direction. The ultrasound trans-
ducer (15 mm focal length; 9.4 mm aperture size) has
a central frequency of 25-MHz with 61% -6-dB frac-
tional bandwidth and exhibits lateral resolution of 150
μm and axial resolution of 100 μm when used for
photoacoustic imaging.

All in vivo imaging evaluations were done using
an orthotopic murine melanoma model for metastas-
tic melanoma to the brain on a stereotactic protocol
approved by the University of Kansas Institutional
Animal Care and Use Committee. B16F10 melanoma
tumor cells grown in DMEM supplemented by 10%
fetal bovine serum, 1% penicillin, and 1% strep-
tomycin were harvested by trypsinization, washed
in 1× phosphate-buffered saline, resuspended in 1×
phosphate-buffered saline at a concentration of 2500
cells/μL, and kept on ice until injected intracranially.
Balb/C mice were deeply anesthetized using a mix-
ture of 87 mg/kg ketamine and 13 mg/kg xylazine
through an intraperitoneal injection. The hairs on the
top of the animals’ heads were shaved to expose the
skin, and animals were then appropriately positioned
in a small animal stereotactic frame. Following liquid
tear application to the eyes to prevent octular dam-
age during anesthesia, povidone iodine was applied on
the skin covering the skull around the anticipated mid-
line incision site, and an alcohol pad was then used
to wipe down the skin to remove excess povidone
iodine and provide further sterilization. The calvarium
was exposed via a midline incision of the scalp about
∼5 mm in length, and a burr hole was drilled 1 mm
anterior and 2 mm lateral (right) from the bregma by a
Dremel 10.8 V 8000-03 with a rounded high speed cut-
ter bit. A 10 μL blunt-tipped Hamilton syringe loaded
with 2 μL was lowered into the hole. 3.3 mm from the
cortical surface but retracted 0.3 mm to form a small
pocket for the liquid to be injected, thereby introduc-
ing the cells into the right basal ganglia. The B16F10
cells were injected into the brain at a speed of 0.4
μL/min and a total volume of 2 μL (5000 cells injected
per mouse). The syringe was left in place for about 1
minute following tumor cell injection to allow for pres-
sure stabilization. After the intracranial injection, each
animal was removed from the stereotactic frame, and
the incision was closed with a surgical suture. Triple

antibiotic ointment was added to the incision to help
further prevent infection, and the animals were slowly
warmed on a heating pad and monitored until they
awakened.

Photoacoustic images of brain melanoma tumor
implants were first acquired on the fifth day after the
tumor cell injection. During the photoacoustic imag-
ing, melanoma brain tumor-bearing mice were initially
anesthetized with a mixture of 87 mg/kg ketamine
and 13 mg/kg xylazine, and then the anesthesia was
maintained with the inhalation of a mixture of pure
oxygen and 1% isoflurane. The brain region where
the melanoma cells were injected was then imaged.
It took about 40 min scanning time get one pho-
toacoustic image. The same process was repeated
in the following days, and the growth of the brain
melanoma tumor could be directly indicated from
the photoacoustic images as the size of the tumor
increased. The animals showed classic signs of mor-
bidity approximately 2 weeks following the tumor
injections.

Results and Discussions

Figure 5.2 highlights the depth profile referred to as a
“B-scan” obtained by PAM non-invasively for a mouse
brain. B-scans are line scans that contain the depth
profile along the axis of interest – in this case either
x or y. That is, using photoacoustics it is possible to
form images that depict the acoustic response along the
z-axis, allowing the visualization of a slice of data
depth wise. Figure 5.2c represents the B-scan shown
by the horizontal green line in Fig. 5.2b, running
from left to right. Figure 5.2d is the B-scan shown by
the blue vertical line, running from top to bottom, in
Fig. 5.2b.

Maximum amplitude projection (MAP) of the pho-
toacoustic images of the melanoma in mouse brain,
which are formed by projecting the maximum pho-
toacoustic amplitudes along z axis to its orthogonal
plane, are presented in Fig. 5.3a–e. Photoacoustic sig-
nals from the scalp and skull were removed in the MAP
images in order to clearly show the tumor inside the
brain. Figure 5.3a–e were taken from an experimental
animal on the day 5, day 8, day 10, day 13 and day
14 after the injection of tumor cells, respectively. On
day 5 and day 8, the brain tumor signals are relatively
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Fig. 5.2 Photograph and
depth profile of tumor 11 days
post-inoculation in mouse 2.
(a) photograph taken after
image acquisition and scalp
and skill removal, showing the
region of rumor growth in the
cortex. (b) MAP image of the
region in (a) obtained
non-invasively. (c) Horizontal
B-Scan along the green line in
(b). (d) Vertical B-scan along
the blue line in (b). Scale bar
is the same in all images

weak because the tumor is still small. From the pho-
toacoustic image, the signal to noise ratio (SNR) of the
tumor region is 15 dB at day 5, the tumor size is around
1 mm in diameter and 0.3 mm in depth. On day 10, the
photoacoustic signals from the melanoma brain tumor
becomes dominate. The SNR of tumor region increases
to 26 dB, and the size of the tumor increases to 2 mm
in diameter and 0.7 mm in depth. The tumor continues
to grow over the last two days before morbidity as the
SNR of the tumor region increases to 30 dB, and the
size is about 4 mm in diameter and over 1 mm in depth
on day 14.

The corresponding B-mode (cross-sectional) pho-
toacoustic images of the melanoma tumor from the
same mouse are in Fig. 5.3f–j. These clearly show the
depth of the melanoma tumor in the mouse brain on the
five separate imaging days after injection. The brain
melanoma was initially located about 2-3 mm deep
underneath the skull. As the time elapses, the thick-
ness of the melanoma brain increases. In the 14th day,
the mouse died from the brain melanoma and the open
skull photograph was taken and shown in Fig. 5.3k.
The final size of the tumor is about 4 mm in diameter
inside the brain. Both the size and depth informa-
tion of the brain tumors are important in planning
and verifying the treatment of primary brain tumors

(e.g., glioma). This study showed PAM can monitor
the brain tumor growth inside a small animal’s brain
noninvasively, and therefore, photoacoustic imaging is
capable of being as an imaging tool to in vivo track the
response of the brain tumor to therapies.

The ability of providing non-invasive brain tumor
detection by PAM offers an important tool for small
animal research. In addition, photoacoustic imaging
has demonstrated the ability to image intracranial
masses through a much thicker monkey brain (Yang
and Wang, 2008). Based on success with monkey
skulls and brains, this technique would likely be capa-
ble to perform human brain imaging, especially in
the area of pediatric brain imaging where the skull
is thinner and more easily penetrable by ultrasound
waves. Although the current study only used one opti-
cal wavelength to detect brain tumors, photoacoustic
imaging technique can be used to measure oxygenated
hemoglobin (HbO2) and de-oxygenated hemoglobin
(Hb) separately when two or more optical wavelengths
are used (Wang et al., 2006). The separated measure-
ments of HbO2 and Hb will shed more lights on the
brain tumor imaging through the added detection of
changes in brain function.

In conclusion, we have used a PAM system
with a 25-MHz focused ultrasonic transducer and
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Fig. 5.3 Noninvasive MAP images of the brain melanoma in
day 5 (a), day 8 (b), day 10 (c), day 13 (d), day 14 (e) after the
injection of tumor cells, respectively. (f)–(j) The B-scan images
corresponding to the dashed lines in (a)–(e), respectively. (k)
Invasive anatomical photograph after the mouse death. All pho-
toacoustic images are in the same intensity scale. M: melanoma
brain tumor

demonstrated the capability of successfully detect-
ing the growth of brain melanoma tumors in an
orthotopic murine model of melanoma brain tumors.
This technique has demonstrated successful evalua-
tion of melanoma brain tumors and their response to
therapy in a small animal model noninvasively and in
real-time.
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Chapter 6

Extraaxial Brain Tumors: The Role of Genetic
Polymorphisms

Luciana Oliveira de Almeida

Abstract Extraaxial tumors of the nervous system
are extra-cerebral and often benign. Meningiomas,
schwannomas and metastasis are the part of this group.
The onset of a tumor occurs from the accumulation of
genetic and epigenetic alterations in cells. To under-
stand the molecular mechanism of tumor progression
and metastasis formation is essential to identify the
genes that accumulate these alterations. This study
aimed at evaluating, through a case-control study, the
influence of SNPs TP53 Pro47Ser and Arg72Pro, EGF
+ 61 and GSTP-1 Ile105Val on the development and
prognosis of these tumors. Through the analysis of the
polymorphisms Pro47Ser and Arg72Pro of the gene
TP53, it was noticed that the polymorphic variant
Ser47 is strongly associated with patients with extraax-
ial tumors and the presence of the variants Ser47 and
Pro72 increase the risk of these tumors. Regarding the
gene GSTP-1, it was concluded that the Val105 allele
was more frequent among subjects with cancer and
the presence of this allele in the population studied
increased the risk of cancer in almost 6-fold. Finally,
it was observed that the frequency of wild geno-
type G/G of the polymorphism EGF + 61 was higher
among patients (particularly among those with low
grade tumors) than among the control group and the
presence of this allele may influence the risk of devel-
oping meningiomas, schwannomas and metastases in
the subjects studied.
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Introduction

Nervous system tumors constitute exclusive and het-
erogeneous populations of neoplasms including benign
and malignant tumors. Although the incidence of these
tumors is low compared to other cancers, tumors of
the nervous system are among the most serious human
malignancies, since they affect the organ responsible
for coordinating and integrating all the vital activi-
ties in humans (Ohgaki and Kleihues 2005). Extraaxial
tumors of the nervous system are extra-cerebral. They
are often benign and their location can affect the
treatment and prognosis. Meningiomas, schwannomas,
metastases, dermoid and epidermoid cysts represent
the vast majority of extraaxial tumors of the brain
(Drevelegas 2005).

Meningiomas are the most common type of extraax-
ial tumors, originating in the meninges that cover the
brain and spinal cord. They represent about 25% of
all primary brain tumors, with an estimated annual
incidence of six new cases per 100,000 subjects.
However, the real incidence is probably higher since
many benign meningiomas do not show the symp-
toms. In studies based on autopsies, 2.3% of subjects
presented asymptomatic meningiomas which had not
been diagnosed, suggesting that this type of tumor is
more common than it is clinically detected (Lusis and
Gutmann 2004).

According to the classification of nervous system
tumors established by the World Health Organization

59M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 4,
DOI 10.1007/978-94-007-1706-0_6, © Springer Science+Business Media B.V. 2012



60 L.O. de Almeida

(WHO), meningiomas present three grades of malig-
nancy: benign meningiomas (Grade I), atypical menin-
giomas (Grade II) and anaplastic meningiomas (Grade
III). About 90% of all meningiomas are benign, atypi-
cal meningiomas represent from 6 to 8% of cases and
are defined histologically by an increase in the mitotic
activity and a high risk of recurrence. Approximately
2–3% of meningiomas present malignant character-
istics such as high mitotic activity and/or histolog-
ical appearance similar to sarcomas, carcinomas or
melanomas. They are associated with a poor prognosis
and a survival lower than two years after the diagnosis
(Wrobel et al. 2005).

Meningiomas show an increased incidence in rela-
tion to age, being more common in the sixth and
seventh decade of life. Among adults, there is an inci-
dence ratio of 3:2 between female and male, whereas in
women, the annual incidence is estimated at 2.7 cases
per 100,000 subjects, and among men, the incidence is
1–5 cases in 100,000. Anaplastic and atypical menin-
giomas are more common among men, which may be
related to high rates of proliferation observed in menin-
giomas of male patients. In children and teenagers,
meningiomas are equally rare in both genders with
a tendency for developing more aggressive subtypes,
usually associated with hereditary syndromes such
as neurofibromatosis type 2, Gorlin syndrome and
Cowden syndrome (Marosi et al. 2008).

Schwannomas (neurilemmomas or neurinomas) are
benign tumors composed entirely of Schwann cells.
They represent the second type of most common
extraaxial tumor, constituting 5–10% of all intracra-
nial tumors and approximately 29% of spinal tumors.
Regarding its macroscopic appearance, schwannomas
are typically well defined and often present a globu-
lar configuration. In small injuries, the nerve can be
detected in the tumor, but in larger tumors the rela-
tionship between nerve and tumor becomes obscure.
This type of tumor may develop at any age, but most
frequently between 40 and 60 years there is a greater
tendency for the occurrence in females in a ratio of 2:1
compared to men (Drevelegas 2005).

The presence of schwannoma is a very common
feature in patients with neurofibromatosis type 2, a
dominant hereditary disease with an incidence of one
in 33–40 thousand subjects. It was recently discov-
ered a new molecular and clinical syndrome distinct
from NF2, observed in the onset of schwannomas,
the Schwannomatosis. Patients with Schwannomatosis

present multiple schwannomas. There are other rare
genetic diseases in which multiple schwannomas may
be present, as in Carney Complex. Based on this infor-
mation, the schwannomas are classified into sporadic
Schwannomas – occurring only once in a subject or
schwannomas that occur multiple times in a single
subject (Hanemann and Evans 2006). Genetic, chro-
mosomal and molecular studies have provided some
information on alterations related to the development
of schwannomas. Schwannomas can be caused by the
loss of function of the gene NF2 located in chromo-
some 22, responsible for encoding a protein whose
product, named Merlin, is necessary for Schwann cells.

Metastases are the most feared features, more lethal
and less effectively treated than a cancer can present,
being also complex to be studied in detail. Studies
which began in the mid-50s and are extended until the
present day have shown that the process of metastatic
formation depends on a sequence of uniform processes
(Stafford et al. 2008). The first step required for the
formation of metastasis is that cells of primary tumor
detach from tumor stroma and migrate through the vas-
cular system. These cells must survive to the transport
and to blockages as the recognition of foreign cells pre-
sented by many tissues. In veins, these cells can cross
the basement membrane and enter a totally unknown
place. Occasionally, these cells may leave the veins,
being protected from attacks of specific tissues (Rufini
et al. 2007). Finally, the cells that complete all steps in
the metastatic proliferation pathway colonize ectopic
tissues. In recent years, this last step of the metastatic
pathways, the colonization, has become the focus of
several researches, since it offers the possibility to cul-
tivate metastatic cells in a latent phase in a secondary
site and then transform the place into a potential area
for the development of therapeutic targets (Stafford
et al. 2008).

Brain metastases are common complications in
patients with systemic cancers. The tumor types most
likely to expand to regions of the brain are lung, breast
and melanoma. The survival of patients with brain
metastases is less than one year (Chen 2007). Brain
metastases are found most frequently in the supra-
tentorial compartment, and can be calvarial, dural or
leptomeningeal, and constitute the second form of the
most common extraaxial cancer. Calvarial metastasis
can develop in many patients with malignant tumors.
Lung carcinomas, breast, liver and prostate are the
most frequent primary neoplasias in which metastases
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are derived. Metastases in the dural region are derived
from breast, lung, prostate, melanoma and neuroblas-
toma tumors and less frequently from lymphomas and
leukemias. Leptomeningial metastasis or meningeal
carcinomatosis is usually the result of the progression
of tumors of the nervous system, such as anaplastic
astrocytoma, glioblastoma multiforme, ependymoma
and medulloblastoma (Drevelegas 2005).

Single Nucleotide Polymorphisms

With the Human Genome Project completed, a large
number of sequences located in “generic portions” of
the genome is available. This fact may lead to the
identification of all possible genetic variations in dif-
ferent human populations, as well as to associate its
presence in individual phenotypes, including suscepti-
bility to diseases and also to determine the functional
impact of these variations. The most abundant source
of variations in the human genome is SNPs – Single
Nucleotide Polymorphisms (Suh and Vijg 2005). SNPs
are substitutions of single base pairs occurring in the
genomic DNA, generating different sequence alterna-
tives (alleles) in normal subjects, and whose mini-
mum allele frequency in the population may be 1%
or greater. SNPs can be bi, tri or tetra-allelic poly-
morphisms, however in human populations, tri and
tetra-allelic polymorphisms are rare or nonexistent.

Occurring approximately at each 500–1000 base
pairs, SNPs are among the most common genetic vari-
ations. Initially, expectations were that SNPs were only
a few thousand across the genome, but in the beginning
of this century, the number of SNPs found increased
about a thousand fold. Of the most known genes, 93%
contain SNPs and 98% of these genes are at least 5 kb
away from a SNP. Almost all genes are marked by
one of these variable sequences (Sachidanandam et al.
2001). Because they are found throughout the genome,
SNPs produce functional alleles or physiologically rel-
evant, since in a coding region they may have an impact
on the protein, in an intron they may influence the
splicing mechanism and, in the promoter, they may
modify the gene transcription.

Currently there is a great interest in large-scale
study of SNPs which may be associated with genetic
diseases, in order to be used in the pharmaco-
genomic research, studies on genetic populations and

evolutionary biology, positional cloning and physical
mapping (Smigielski et al. 2000). The association of
SNPs with phenotypes of human diseases has great
potential to direct clinical applications, through the dis-
covery of novel and more specific genetic markers, for
purposes of diagnosis and prognosis and possibly new
therapeutic targets.

Methodology

Ninety subjects were studied and histopathological
tests showed 48 meningiomas, 23 schwannomas and
19 metastasis. Sixty-eight were benign (grade I and
II) and 22 malignant (grade III and IV). One hundred
healthy subjects were included as control group. DNA
extraction from tumor tissue and peripheral blood
was performed using the phenol/chloroform technique.
DNA was quantified and stored at –20◦C until analy-
sis. The primers were constructed from the genomic
sequences obtained from the database SNP (dbSNP)
NCBI (http://www.ncbi.nih.gov/SNP). With the target
sequences, the primers were constructed with the Gene
Runner Software (Version 3.05, Hasting Software,
Inc.) to outflank the SNPs of interest and avoid the
other polymorphic bases evidenced in the previous
procedure. PCR was performed in a total volume of
25 μL with: 50 ng DNA, 1× buffer, 2 mM of MgCl2,
0.4 μM of each primer, 50 μM of dNTPs, 0.5 U of Taq
polymerase. The reaction consisted of 1 cycle at 95◦C
for 3 min and 35 cycles of 95◦C (30 s), 54–60◦C (30 s)
and 72◦C (30 s). The products obtained were submitted
to the RFLP (restriction fragment length polymor-
phisms), incubated in the presence of enzymes Msp I,
BstU I, Alu I, Pml I or BsmA I. The reactions were sub-
mitted to electrophoresis on polyacrylamide gel and
stained with silver nitrate. For the statistical analysis
Qui-square test, Fisher exact test, Kaplan–Meier and
Log-rank test were used.

Epidermal Growth Factor (EGF)
Polymorphism

The proliferative activity of cancer cells can be main-
tained through key mechanisms, including lack of
autocrine control, which causes the cells to present

http://www.ncbi.nih.gov/SNP
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a decline in the need for exogenous growth factors.
This independence is due to the ability of cancer cells
to produce high levels of growth factors, and this
ability depends on the activation of proto-oncogenes.
Thus, the involvement of growth factors in the sur-
vival of cancer cells and in the induction of tumor
proliferation through neoangiogenesis and the loss of
apoptotic capacity contributes to the progression of
various tumor types (Araujo et al. 2007).

The epidermal growth factor (EGF) is a member
of the superfamily EGF of growth factors, which also
includes TGFα, epiregulin, betacellulin and amphireg-
ulin. EGF, like all growth factors, is related to the DNA
synthesis, cell proliferation and mitogenic stimuli in
epidermal tissues. EGF can induce the expression of
cyclin D, a protein required for cell cycle progres-
sion, from phase G1 to S. EGF also acts as a survival
factor to inhibit apoptosis and consequent promotion
of tumor growth, and also along with TGFα, acts as
angiogenic stimuli factor (Harari et al. 2007). As a
mitogenic signal, EGF can activate DNA synthesis
and cell proliferation. Thus, overexpression of EGF
can increase levels of differentiation and proliferation,
inhibit apoptosis and enhance the invasiveness capac-
ity of cancer cells in several types of tumors, including
nervous system tumors. It is suggested that both the
expression of EGF and the cell division are regulated
by the promoter of EGF. Thus, common genetic varia-
tions in the promoter region of EGF may contribute to
differences in the expression of EGF and therefore to
the susceptibility to diseases (Wang et al. 2008).

At present, only one polymorphism described in the
EGF gene appears to be functional and it is associated
with different types of tumors. Identified in 2002 by
Shahbazi et al. (2002), this polymorphism is located in
the region 5′UTR of the gene. It consists of a substitu-
tion of guanine (G) for adenine (A), which leads to an
increase in the expression of EGF in mononuclear cells
of the peripheral blood in culture. This SNP is located
in 61 base pairs downstream of the EGF promoter
and it was observed in 44% of the Caucasian popu-
lation in Europe and in nearly 66% of patients with
melanoma. Heterozygous subjects, carrying only one
G allele had an increase of 2.7 fold in the susceptibility
of developing melanoma compared with the homozy-
gous population AA, in GG homozygous subjects, the
increase observed was 4.9 fold (Shahbazi et al. 2002).

EGF protein is involved in nervous system devel-
opment, including processes of growth, differentiation

and maintenance of central nervous system. In brains
of rodents, EGF production begins early in the embry-
onic development and after birth the expression of EGF
is widely distributed throughout the brain, including
brainstem, cerebral cortex, hippocampus, hypothala-
mus and thalamus. EGF protein is responsible for stim-
ulating the proliferation of ectodermal and mesodermal
cells besides regulating the development of neurons.
Researches on the influence of EGF the human nervous
system are very scarce, however, the EGF polymor-
phism 61G/A appears to be associated with an increase
in the expression of EGF observed in biopsies of pri-
mary and secondary glioblastoma multiforme. This
overexpression may be responsible for the develop-
ment and progression of this type of cancer and may
also be associated with increased aggressiveness of the
disease (Puttonen et al. 2007).

In a case-control study, were observed signifi-
cant differences in the genotypic frequencies between
patients and controls (p < 0.0001). When compared
to genotypic frequencies and gender of subjects,
the G allele was more frequent in females than in
males (p = 0.021). In relation to tumor subtypes and
grade, the genotype A/A was present in metastasis
(p = 0.026) but in low grade tumors (p = 0.001).
People who carried G allele had 13 fold more chance
to develop tumors than those who had A allele
(Table 6.1). On the other hand, the survival did not
affect this genotype (Fig. 6.1a).

Glutathione S-Transferase P1 (GSTP1)
Polymorphism

The glutathione S-transferases (GSTs) constitute a
superfamily of ubiquitin, multifunctional enzymes that
play a fundamental role in cell detoxification of a
large number of endogenous and exogenous chemi-
cals with electrophilic functional groups. The process
is performed through a combination of enzymes with
a tripeptide glutathione. This reaction neutralizes the
electrophilic sites of the toxins making their product
more soluble in water. Additionally, these enzymes act
to protect DNA against damage by mutagens (Ryberg
et al. 1997).

In humans, five classes of GSTs enzymes were iden-
tified (GSTT-1, GSTM-1, GSTP-1, α and σ). Allelic
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Table 6.1 EGF A61G polymorphism

A/A (%) G/A (%) G/G (%) p-value

Genotype and allele frequency Case 2.3 23.3 74.4 <0.0001
Control 23 45 32

G frequency Case (0.86) 0,153
Control (0.54)

Gender of patients Male 65.7 28.6 5.7 0.021
Female 80 20 0

Age of patients Until 50 61.8 29.8 2.1 0.129
Over 50 81.4 16.3 2.3

Tumor subtype Meningioma 75 20.8 4.2 0.026
Schwannoma 78.3 21.7 0
Metastasis 68.4 31.6 0

Tumor grade High 54.2 29.1 16.7 0.001
Low 75.8 21.2 3

Cancer risk
OR (95% CI)

1.0 0.18 (0.04–0.86) 24.07 (5.34–32.5)

p value 0.02 <0.0001
G frequency 13.14 (3.00–27.56) <0.0001

Fig. 6.1 Polymorphisms studied are not involved in the
survival of patients with extraaxial brain tumors. (a) EGF
A61G polymorphism, (b) GSTP-1 Ile105Val polymorphism,

(c) TP53 Arg72Pro polymorphism and (d) TP53 Pro47Ser
polymorphism
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Table 6.2 GSTP-1 Ile105Val polymorphism

Ile/Ile (%) Ile/Val (%) Val/Val (%) p-value

Genotype and allele frequency Case 53.3 41.1 5.6 <0.0001
Control 87 13 0

Val frequency Case (0.26) 0,037
Control (0.07)

Gender of patients Male 54.2 43 2.8 0.423
Female 52.7 40 7.3

Age of patients Until 50 57.4 34 4.6 0.313
Over 50 48.8 46.5 5.7

Tumor subtype Meningioma 50 41.7 8.3 0.042
Schwannoma 52.2 43.5 4.3
Metastasis 63.1 36.9 0

Tumor grade High 54.2 37.5 8.3 0.637
Low 53 42.4 4.6

Cancer risk
OR (95% CI)

1.0 0.19 (0.09–0.39) 0.5 (0.02–0.93)
p-value <0.0001 0.006

Val frequency 5.93 (2.93–11.98) <0.0001

variants present in different genes can result in the
absence or reduced efficiency of detoxification capac-
ity, thereby increasing the susceptibility to cancer. The
role of GSTs enzymes in detoxification mechanisms
of carcinogenic components have led to the hypothesis
that if the genotype of an individual encodes defi-
cient levels of GSTs enzymes, or encodes a modified
product that has lower affinity for its substrate, this
may result in increased risk of cancer development.
Polymorphisms in the genes GSTP-1, M-1 and T-1 are
related to the loss or reduction of the enzymatic activ-
ity directed to important substrates, including those
found in tobacco. Variations in expression and activ-
ity of GSTP-1 have been frequently associated with a
large number of human tumors. GSTP-1 can metab-
olize and inactivate several anti-neoplastic drugs and
also activate antineoplastic prodrugs. The gene product
of GSTP-1 acts not only as an enzyme that metabolizes
drugs, but also as a regulator of MAPKs, as a result of
non-enzymatic activity (Moyer et al. 2008).

GSTP-1 has two not synonymous SNPs, resulting
in genotypes Ile105Val and Ala114Val. These SNPs
are associated with a variation in cancer risk and clin-
ical response to therapy with anti-neoplastic agents.
Val105 substitution results in a reduction in H site of
the enzyme and, consequently, this variant can only
bind to substrates less bulky than the variant Ile105
and thus, their specificity involves substrates different
from those related to wild protein. Another difference

among genotypes is the thermal stability. These char-
acteristics may, in part, be responsible for the associ-
ation observed among the variants and the process of
carcinogenesis as well as the differences in response to
antineoplastic drugs (Moyer et al. 2008).

In the present study, the Val allele (p = 0.037)
and Val/Val genotype (p < 0.0001) were more fre-
quently observed in patients than in controls. When
they were grouped in the tumor subtypes, the Val allele
was more frequent in the meningiomas and schwan-
nomas (p = 0.042). It was not observed significant
differences among genotypes and gender, age, tumor
grade (Table 6.2) and survival of patients (Fig. 6.1b). In
relation to the risk of cancer, subjects who showed Val
allele had 6 fold more chance of developing extraaxial
tumor.

TP53 Polymorphisms

TP53 gene represents one of the most studied tumor
suppressor in Biology. Its product, the protein p53, is
known as the “guardian of the genome”, and repre-
sents a key regulator of cell growth. In response to
stress signals such as genotoxic stress, hypoxia and
oncogene activation, the protein p53 is stabilized after
transcription. This stability can guide it through differ-
ent pathways, depending on the origin of the cell or
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cellular context, including cell cycle arrest, senescence
or apoptosis. TP53 is the tumor suppressor gene most
frequently mutated in human cancers, inactivated in
50% of tumors. In gliomas, TP53 presents mutations
in 25% of cases. Somatic mutations occur mainly in
astrocytomas and are less common in non-astrocytic
brain tumors (Biros et al. 2002).

It is possible that the existence of natural vari-
ants of p53 may be related to the development of
specific diseases, for example, by differences in the
activity of these variant proteins in their pathways.
Natural variants of p53 are studied in an attempt to
understand their inter-individual differences in cancer
risk and response to therapies. A critical region of
p53 for signaling apoptosis, located between codons
64 and 92, encodes a gene region rich in proline,
where there is a common polymorphism at codon
72, exon 4, in which a proline (CCC) or an arginine
(CGC) originates three different genotypes: homozy-
gous for arginine (Arg/Arg), homozygous for proline
(Pro) and heterozygous (Arg/Pro). This SNP seems to
affect the protein functions. The polymorphic allele
arginine has an increased capacity to induce apopto-
sis when compared to the proline allele. This great
apoptotic potential of the variant Arg appears to be
related to its location in mitochondria (Hadhri-Guiga
et al. 2007). It was observed that in homozygous
the Arg allele has the capacity to induce apopto-
sis 15 fold larger than the Pro allele. Several results

indicate that the Pro allele, with lower apoptotic
efficiency is associated with an increased risk of tumor
development.

Considering a risk factor for cancer and prognosis,
there are controversies regarding this polymorphism.
Some studies show that there is influence of polymor-
phism TP53 codon 72 on cancer risk whereas others
indicate the opposite. A recent study suggested a pos-
sible association between this polymorphism and the
susceptibility to high-grade adult and pediatric astro-
cytomas. Major research groups found an association
between the variant Arg and increased risk for gas-
tric cancer, breast, esophagus, skin, lung, and bladder.
In contrast, other studies have demonstrated a rela-
tionship between the Pro allele (less apoptotic) and
increased risk for other types of tumors such as thy-
roid, prostate, and nasopharynx (Hadhri-Guiga et al.
2007).

Analyzing extraaxial brain tumors, it was observed
an increased number of patients carrier the Pro/Pro
genotype (p = 0.05) and this genotype was more
frequent in advanced age (more than 50 years old,
p = 0.011). The presence of the Pro allele increases
3 fold the chance of tumor development (Table 6.3).
However, the Pro allele is not involved in the survival
of the subjects (Fig. 6.1c).

More recently, another polymorphism at codon 47
of the same exon 4 of TP53 showed also a significant
decrease in the ability to induce apoptosis. The codon

Table 6.3 TP53 Arg72Pro polymorphism

Arg/Arg (%) Arg/Pro(%) Pro/Pro (%) p-value

Genotype and allele frequency Case 22.2 53.3 24.5 0.05
Control 48 42 10

Pro frequency Case (0.5) 0,385
Control (0.31)

Gender of patients Male 20 51.4 28.6 0.535
Female 23.6 54.5 21.9

Age of patients Until 50 29.8 44.7 25.5 0.011
Over 50 14 62.8 23.2

Tumor subtype Meningioma 25 54.2 20.8 0.595
Schwannoma 17.4 52.2 30.4
Metastasis 21 52.6 26.4

Tumor grade High 25 54.2 20.8 0.641
Low 21.2 53 25.8

Cancer risk
OR (95% CI)

1.0 3.55 (1.82–6.94) 2.08 (0.85–5.08)
p-value 0.03 0.005

Pro frequency 3.23 (1.71–6.08) 0.003
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Table 6.4 TP53 Pro47Ser polymorphism

Pro/Pro (%) Pro/Ser(%) p-value

Genotype and allele frequency Case 73.3 26.7 0.001
Control 99 1
Ser frequency Case (0.26);

Control (0.01)
<0.001

Gender of patients Male 82.8 17.2 0.143
Female 67.3 32.7

Age of patients Until 50 72.3 27.7 1.00
Over 50 74.4 25.6

Tumor subtype Meningioma 79.2 20.8 0.264
Schwannoma 60.8 39.2
Metastasis 73.7 26.3

Tumor grade High 72.7 27.3 0.748
Low 75 25

Cancer risk
OR (95% CI)

1.0 1.28 (0.03–2.1)
p-value 0.01

47 encodes proline (CCG) in p53 wild, but in a small
number of subjects, it can encode serine (TCG). The
polymorphic variant serine 47, which replaces the pro-
line necessary in the recognition by kinases directed
to proline, is a poor substrate for phosphorylation of
p38 MAPK (Leite et al. 2006). Studies indicate that
the variant Ser is a less effective substrate for phospho-
rylation of p38 MAPK, therefore, it presents 2–5 fold
less capacity to induce apoptosis in vivo. In contrast,
studies show no difference in its efficiency to bind to
DNA, induce cell cycle arrest in G1 or its location in
mitochondria compared to wild p53 (Li et al. 2005). In
the present study, it was not found any Ser/Ser geno-
type carriers, although the Ser allele was frequently
observed in patients (p < 0.001) and the presence of
this allele increases in 1.28 fold the risk of extraaxial
brain tumor development (Table 6.4).The survival of
patients are not influenced by the Ser allele (Fig. 6.1d).

Discussion

Genes involved in tumorigenesis are considered poten-
tial molecular markers associated with susceptibility to
cancer. The predisposition to important types of human
cancers have been associated to genetic polymor-
phisms, which may present, along with other genetic
changes, significant contributions to the origin and
development of cancer and tumor behavior. Through a
case-control study, this work aimed at investigating the

relationship between single nucleotide polymorphisms
GSTP-1 Ile105V, TP53 Pro47Ser and Arg72Pro and
EGF+61 with and a susceptibility to extraaxial tumors
of nervous system (meningiomas, schwannomas and
metastases).

One of the most common polymorphisms of TP53
is located at codon 72 in exon 4, and refers to the sub-
stitution of an arginine (CGC) for a proline (CCC).
It is proposed that the polymorphic variant at codon
72 introduces a potential susceptibility to the can-
cer development. The functional difference described
in this polymorphism is that the genotype Arg/Arg
induces apoptosis more efficiently than the genotype
Pro/Pro. It was observed that the Pro72 allele appeared
more frequently among subjects of the population who
had cancer (frequency of 0.5) than among the control
population (0.31). Statistical analyses suggested that
the presence of Pro72 genotype can increase the risk of
extraaxial tumors of the nervous system (OR = 3.23;
IC = 1.71–6.08; p = 0.003), which may be explained
by the reduced ability to induce apoptosis than the Pro
allele has in comparison to the Arg allele. Biros et al.
(2002) analyzed the Tp53 Arg72Pro polymorphism
in meningiomas and astrocytomas, but no significant
difference was observed regarding the distribution of
genotype frequencies between case and control pop-
ulations. Idbaih et al. (2007) studied the influence of
SNP arg72Pro of TP53 on the risk of developing oligo-
dendroglial tumors. They analyzed a group of 275
patients and found that the allele and genotype fre-
quencies of codon 72 were similar between patients
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and controls, suggesting an absence of relationship
between this SNP and oligodendrogliomas.

There are few studies regarding the TP53 Pro47Ser
polymorphism and susceptibility to cancer. Felley-
Bosco et al. (1993) were the first group of researchers
to demonstrate a significant decrease in the ability
of allele Ser to induce apoptosis. Pinto et al. (2008)
investigated the association between TP53 Pro47Ser
polymorphism and the susceptibility to the develop-
ment of gliomas, and found no association between
them. Different results were obtained in this study, it
was observed a significant difference in the frequency
of allele Ser47 between case and control groups (0.26
and 0.01 respectively, p < 0.001) and also a slightly
increase in the risk of developing extraaxial tumors
of the nervous system between Ser47 allele carriers
allele (OR = 1.28; IC = 0.03–2.10; p = 0.01). The
process of apoptosis is essential for maintaining the
balance between birth and cell death in tissues under-
going renovation, and the resistance to apoptosis is one
of the most important characteristics of cancer cells,
since it confers them a great power of survival and
multiplication.

GSTP-1 is the family member of GSTs gene whose
gene product is highly expressed in the brain. It
presents a single-base polymorphism currently stud-
ied in cancer, the substitution A313G, which results
in a change of amino acid Ile to Val at position 105.
The substitution Ile105Val GSTP-1 is located near the
substrate binding site, which can cause a reduction of
enzymatic activity of GSTP-1. In this study, the geno-
type frequencies observed among patients were: 53.3%
Ile/Ile, 41.1% Ile/Val and 5.6% Val/Val, however, sig-
nificant differences were found when comparing these
frequencies with those obtained in the control group:
87% Ile/Ile and 13% Ile/Val (p < 0.0001), and the
occurrence of the polymorphic variant Val/Val was
not observed among controls. Differences in allele
frequencies were obseved, the frequency of Val105
was 0.26 among patients and 0.07 among controls
(p = 0.037), suggesting that polymorphic allele Val105
may be involved in susceptibility to the development of
meningiomas, schwannomas and metastasis.

There are few studies relating the GSTP-1 Ile105Val
polymorphism to the risk of nervous system tumors
and the results obtained are controversial. De Roos
et al. (2003) analyzed 422 patients with glioma, 172
patients with meningiomas and 79 schwannomas and
they observed that the presence of Val/Val genotype

was associated with increased incidence of gliomas
and schwannomas, and this risk increased according
to the number of Val alleles (1.3-fold in Ile/Val and 2.1
fold in Val/Val). Schwartzbaum et al. (2007) analyzed
329 cases of glioblastomas and 546 meningiomas and
found no association between the risk of nervous sys-
tem tumors and the presence of polymorphism GSTP-1
Ile105Val. In this study, it was observed that the
presence of Val105 allele is associated mainly with
meningiomas (p = 0.042), but it showed no relation
to schwannomas and metastases.

The most studied polymorphism of EGF consists
of the substitution of a guanine (G) for adenine (A)
in region 5′UTR of the gene. Studies indicate that this
polymorphism is associated with the risk of developing
some types of tumors such as melanoma, glioblastoma
multiforme and gastric cancer. In glioblastoma multi-
forme and gastric cancer was also observed that the
presence of G allele is a risk factor for carcinogenesis.

In this work it was evaluated the relationship
between EGF polymorphism and the risk of develop-
ing extraaxial tumors of the nervous system. It were
evaluated a total of 90 patients and 100 controls and
the differences in genotype frequencies between the
groups analyzed (p < 0.0001) were observed. Among
patients, the frequencies were 74.4% for G/G, 23.3%
for G/A and 2.3 for A/A, and among the control
group the frequencies were 32% (G/G), 45% (G/A)
and 23% (A/A), indicating that the presence of the
G allele may be associated with the development of
tumors. When evaluating the presence of the G allele
and its association with cancer risk, it was found that
G allele carriers had 13 times more chance of devel-
oping cancer (p < 0.0001) and, when it refers to the
G/G genotype, these subjects had a chance even higher
(OD = 24.07; IC= 5.34–32.50; p < 0.0001). A signifi-
cant difference between the variants and tumor grade
was also observed in which the G allele was found
more frequently among patients with low grade tumors
(p = 0.001) and the same allele was found in lower
proportion in meningiomas (p = 0.026).

Among the nervous system tumors, EGF + 61 poly-
morphism is widely studied in glioblastomas, however,
there are no studies relating this polymorphism to the
extraaxial tumors. Vauleon et al. (2007) evaluated 209
patients with glioblastoma and 214 controls and found
the presence of G/G in 21.1% of patients and 14%
of controls. Costa et al. (2007) evaluated the associ-
ation between EGF polymorphism + 61 and the risk
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of gliomas, their results showed that the presence of
the G allele confers a high risk of developing this type
of tumor and the presence of G/G genotype increases
in approximately 1.50 fold the risk of developing
gliomas, glioblastomas and oligodendrogliomas.

In summary, genetic polymorphisms, as analyzed in
this study, can influence the development and progres-
sion of extraaxial brain tumors and it might be used, in
the future as tumor markers in a diversity of cancers.

Translated by Alessandra Almeida
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Chapter 7

Central Nervous System Germ Cell Tumor

Takamitsu Fujimaki

Abstract Central nervous system germ cell tumors
(CNSGCTs) are tumors of children and young adults.
They affect mainly the pineal body, neurohypoph-
ysis (“suprasellar” area) and basal ganglia, but can
arise in any other CNS location. Histologically, they
are divided into germinoma and non-germinomatous
germ cell tumors (NGGCTs), the latter including ter-
atoma, embryonal carcinoma, choriocarcinoma, and
yolk sac tumor. Teratomas are further subclassified
into mature teratoma, immature teratoma, and teratoma
with malignant transformation. Except for mature ter-
atoma, all of these tumors are biologically malig-
nant. Histologically, they resemble reproductive cells,
fetal tissues, or related tissues such as placenta, and
mixtures of these tumor subcategories are not rare.
Initial symptoms include increased intracranial pres-
sure due to obstructive hydrocephalus, abnormality
of ocular movement and endocrine disorders. Some
tumors of these subclasses produce humoral tumor
markers, beta-human chorionic gonadotropin, alpha-
fetoprotein or other markers, which can be used for dif-
ferential diagnosis or clinical follow-up. Only mature
teratoma can be cured with surgery alone, and the other
tumors require adjuvant therapy for complete remis-
sion. Germinomas respond well to irradiation and can
be cured, but platinum-based chemotherapy combined
with reduced-dose irradiation has been recently used to
minimize radiation-related toxicities or complications.
As the other tumors cannot be cured by irradiation
alone, more intensive platinum-based chemotherapy
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Department of Neurosurgery, Saitama Medical University,
Moroyama 350-0495, Japan
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and radiation therapy including whole-neuroaxis irra-
diation are employed. Although better disease control
and longer survival can now be achieved, the results of
treatment are still not satisfactory. Therefore, develop-
ment of new treatments, and improvements to existing
ones, are needed for CNSGCTs.

Keywords CNSGCT · Germinoma · Teratoma ·
Embryonal carcinoma · Choriocarcinoma · Yolk sac
tumor · Teratoma

Introduction

Central nervous system germ cell tumors (CNSGCTs)
are malignant neoplasms affecting children and young
adults. They show considerable histological variation
and resemble germ cell tumors of the gonads or other
extragonadal locations. In the Dictionary of Cancer
Terms of the National Cancer Institute, the term “germ
cell tumor” is used to define “a type of tumor that
arises in the cells that give rise to sperm or eggs. Germ
cell tumors can occur almost anywhere in the body,
and can be either benign or malignant”. In the CNS,
these tumors arise chiefly in the pineal body, neuro-
hypophysis (“suprasellar” area) and basal ganglia, but
can affect any other area or structure.

Historically, tumors arising in the pineal region
were referred to as “pinealoma” and were consid-
ered to arise from the pineal body. Tumors showing
similar histology arising in other locations, especially
near the pituitary gland, were called “ectopic pinealo-
mas”. Russel (1944) pointed out that these tumors
resemble atypical teratoma of the testis and should be
regarded as atypical teratomas. Friedman (1947) was
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the first to call these tumors “germinoma” and con-
sidered that they arose from primordial germ cells.
The terms “intracranial germ cell tumor” and “CNS
germ cell tumor” have gradually been adopted since
the 1970s in place of “pinealoma”.

Epidemiology

The incidence of CNSGCTs is higher in Asian coun-
tries than in Europe or the United States, being 2.6%
in the Japan Brain Tumor Registry, compared with
0.6% in the United States (The Committee of the Brain
Tumor Registry of Japan 2009; Surawicz et al. 1999).
In the pediatric population, its incidence among all
intracranial neoplasms is 15% in Asian countries and
3% in Western countries.

CNSGCTs are most frequent in the second decade
of life, followed in order by the first decade and
the third decade. Boys are affected 2.5–3 times more
frequently than girls. The pineal region is the most fre-
quently affected site, followed by the neurohypophy-
seal (suprasellar) region and the basal ganglia, but
these tumors can arise anywhere in the CNS including
the spinal cord. Multiple locations, for example pineal
and neurohypophyseal tumors, are not uncommon and
tumor dissemination is also sometimes observed at the
time of diagnosis. Most patients with pineal germ cell
tumors are male, but both sexes are affected almost
equally by neurohypophyseal (suprasellar) germ cell
tumors (Matsutani et al. 1997).

Signs and Symptoms

Hydrocephalus due to compression of the aqueduct is
the most common initial symptom of CNSGCTs, and
approximately two thirds of affected patients present
with it. Most patients with hydrocephalus show signs
of increased intracranial pressure. Parinaud syndrome
or upward gaze palsy is also frequent, and present in
one third of the affected patients. Argyll Robertson
pupils, characterized by bilateral myosis and lack
of a light reflex with preservation of the accom-
modation reflex, is also observed (Fujimaki 2009).
Visual field defect due to compression to the optic
nerve has also been reported. Diabetes insipidus is

often present before a diagnosis of neurohypophy-
seal GCT is made. Pan-hypopituitarism may also be
present. Neurohypophyseal or hypothalamic GCT can
cause symptoms mimicking anorexia nervosa (Berek
et al. 1991). Pseudo-precocious puberty is a symp-
tom caused by elevation of the level of hCG pro-
duced by GCTs (Fujimaki 2009). In GCT affecting
the basal ganglia, hemiparesis or involuntary move-
ments are initial symptoms, but the diagnosis may be
delayed because neuroimaging features can be obscure
in the initial stage (Sonoda et al. 2008) (see also
Neuroimaging).

Histology and Classification

CNSGSTs have a wide variety of histological sub-
classes, including germinoma, embryonal carcinoma,
choriocarcinoma, yolk sac tumor, and teratoma.
Teratomas are further categorized into mature ter-
atoma, immature teratoma, and teratoma with malig-
nant transformation. Germinoma with syncytiotro-
phoblastic giant cells is a variant of germinoma
(germinoma with STGC). Often CNSGCTs show a
mixed histology comprising the aforementioned sub-
categories, and pure forms are relatively rare except
for germinomas (Table 7.1). These tumors are con-
sidered to mimic elements of fetal and related tissues
(Fujimaki 2009).

Germinomas show typical histological patterns,
being similar to seminoma of the testis or dysgermi-
noma of the ovary. They are composed of two cell
types: large polygonal or round cells with clear cyto-
plasm, round nuclei and clear nucleoli, and lympho-
cytes. The stroma may show a desmoplastic response.
This histological appearance is known as the “two-cell

Table 7.1 Histological classification of central nervous
system germ cell tumors

Germinoma
Germinoma with syncytiotrophoblastic giant cells

(STGCs)
Embryonal carcinoma
Choriocarcinoma
Yolk sac tumor
Teratoma

Mature teratoma
Immature teratoma
Teratoma with malignant transformation
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Table 7.2 Tumor markers used for immunohistochemistry

Alpha-FP hCG Placental alkaline phosphatase c-kit CD30

Germinoma − − + + −
Germinoma with STGC − +a + + −
Embryonal carcinoma − − + + +
Choriocarcinoma − + ± − −
Yolk sac tumor + − ± − −
Teratoma + − − − −
aSTGC cells.

pattern” (Sano et al. 1989). Germinoma with STGC
contains large multinucleated cells with irregular cyto-
plasmic extensions resembling syncytiotrophoblasts.
These cells are immunohistochemically positive for
beta-hCG. Some investigators consider that these
tumors show more aggressive clinical behavior than
usual germinomas, but the true clinical significance of
this germinoma variant is still not clear.

Embryonal carcinomas contain pleomorphic imma-
ture cells, forming sheet-like, papillary or tubular
patterns. These cells sometimes resemble the large
cells of germinoma. Choriocarcinomas are composed
of cytotrophoblast-like and syncytiotrophoblast-like
cells. Yolk sac tumors mimic endoderm of the yolk sac.
They are composed of ovoid or flat cells with relatively
small nuclei, forming a sinusoidal pattern and some-
times containing glomerulus-like structures known as
“Schiller-Duval bodies”.

Teratomas contain all three of the tridermic ele-
ments, i.e., cutaneous tissues or less frequently
brain-like tissues as ectodermal elements, fatty tis-
sue, cartilaginous tissue or muscle-like structures as
mesodermic elements, and alimentary tract-like tis-
sue or bronchus-like tissue as endodermic elements.
Immature teratoma or teratoma with malignant trans-
formation contains immature tissues or malignant
elements, like those of sarcoma or adenocarcinoma
(Rosenblum et al. 2007).

Tumor Markers

Some germ cell tumors produce tumor markers
that can be helpful for differentiating the histolog-
ical types. Typically, choriocarcinoma produces the
beta subunit of human chorionic gonadotropin (beta-
hCG), and yolk sac tumor produces alpha-fetoprotein.
Germinoma with STGC also produces beta-hCG,

although its level is usually <100 mIU/ml, whereas in
choriocarcinoma it is >500 mIU/ml (Fujimaki 2009).

The serum levels of tumor markers are useful for
differential diagnosis, monitoring the response to treat-
ment, or detection of recurrence. Moreover, the level of
beta-hCG in CSF is usually higher than that in serum,
and is a sensitive marker for monitoring the clinical
status of GCTs. Recently, it has been pointed out that
very low but measurable levels of beta-hCG are also
produced by usual germinoma (Katakami et al. 2003).
Other than the aforementioned markers in body fluid,
some proteins, such as placental alkaline phosphatase,
c-kit or CD 30, are used for immunohistochemical
differentiation of germ cell tumors (Table 7.2).

Neuroimaging

Differential diagnosis of pineal masses is limited.
CNSGCT is the most probable diagnosis (Fig. 7.1),
but rarer pineal parenchymal tumors such as pineo-
cytoma or pineoblastoma need to be differentiated.
For neurohypophyseal tumors, differential diagnosis
includes craniopharyngioma, pituitary adenoma, pilo-
cytic astrocytoma, or rarer lesions such as Langerhans
cell histiocytosis. However, because the first three
aforementioned tumors show a characteristic pattern,
a possible diagnosis of “neurohypophyseal germ cell
tumor” is not difficult. Basal ganglia germ cell tumors
are invasive and sometimes difficult to diagnose ini-
tially because they are poorly enhanced with gadolin-
ium (Sonoda et al. 2008). Ipsilateral hemispheric or
peduncular atrophy has also been reported at locations
for this tumor. Pineal tumors are usually accompanied
by hydrocephalus. On CT scan, germinomas appear as
relatively homogeneous masses with slightly high to
high density, and sometimes with small cysts. The mar-
gins are somewhat obscure, and a calcified area may
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Fig. 7.1 (a) Gadolinium enhanced axial MR image of 14-year-old boy with pineal immature teratoma. (b) Gadolinium enhanced
sagittal MR image of 18-year-old boy with pineal germinoma

be present, although this is not very large. On MRI
images, germinomas show a clearer border with T1
low and T2 high signal intensity. Teratomas present as
a heterogenous mass with a clear margin on both CT
and MRI scans. They may contain fatty tissues, cysts or
calcifications and show a characteristic pattern. Other
subtypes, or mixed germ cell tumor, are difficult to
diagnose on the basis of neuroimaging alone, but spec-
ulative diagnoses are possible with the aid of humoral
tumor markers (Fujimaki et al. 1994; Fujimaki 2009).
Differential diagnosis between pineal germ cell tumor
and pineal parenchymal tumor is not easy, but if a
tumor shows expansion to the cisternal space dorsal
and caudal to the quadrigeminal plate, it may be a
pineal parenchymal tumor.

Treatment

All CNSGCTs except for mature teratomas are
malignant tumors requiring adjuvant radiation and/or
chemotherapy. However, responsiveness to such adju-
vant therapies varies among the histological sub-
classes, and the treatment strategy thus varies accord-
ingly. To establish a diagnosis, surgery is the first
step. Following advances in modern neurosurgery,
biopsy or partial removal of a CNSGST can be done
safely in most cases by an experienced neurosurgeon.

Endoscopic biopsy at the time of third ventriculostomy
to treat obstructive hydrocephalus provides another
opportunity to acquire histological samples, but it
has been reported that although samples obtained
in this way are adequate for germinomas, they
are not satisfactory for non-germinomatous GCTs
(Luther et al. 2006). Instead of taking histologi-
cal samples, provisional diagnosis can be made for
tumors associated with a very high titer of beta-hCG
(2000 mIU/ml or more, choriocarcinoma) or alpha-
fetoprotein (2000 ng/ml or more, yolk sac tumor),
and adjuvant therapy can be started (Kochi et al.
2003).

Hereafter the basic concepts for treatment strategies
will be described for three groups: mature teratoma,
germinoma, and non-germinomatous GCT.

Mature Teratoma

Mature teratomas are benign tumors that can be cured
by surgery alone. However, except for true congeni-
tal teratomatous tumors of the newborn, pure mature
teratomas are rare, and most are immature teratomas
or teratomas with malignant transformation. Mixed
histology with other germ cell tumors is also fre-
quent. Treatments for these tumors are described
later.
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Germinoma

Germinomas respond well to radiation treatment, and
long-term survival can be expected after radiation
treatment alone. Pineal germinomas are often associ-
ated with increased intracranial pressure due to hydro-
cephalus, and affected patients can be well managed by
ventriculo-peritoneal shunt followed by radiation ther-
apy. Irradiation with a dose of 45–60 Gy, ranging from
the involved field to the whole brain, can achieve long-
term remission in many patients (Jennings et al. 1985).
However, this radiation dose can cause late seque-
lae such as hypopituitarism, stenosis of major vessels
including the intracranial carotid artery, or develop-
ment of secondary tumors or cavernous malformations.
Cognitive dysfunction as a long-term complication has
also been reported.

In the 1980s, after the establishment of platinum-
based chemotherapy for gonadal germ cell tumors,
chemotherapy for intracranial germinomas was also
introduced. Good responses were reported, but the
recurrence rate was higher than that for radia-
tion therapy (Yoshida et al. 1993; Kellie et al.
2004). Accordingly, a combination of irradiation and
chemotherapy has since been employed for germi-
nomas to reduce side effects (radiation) or enhance
treatment efficacy (chemotherapy). The Japanese
Pediatric Brain Tumor Study Group conducted a
multi-institutional clinical study using this approach.
After confirmation of the histological diagnosis,
patients were given carboplatin-etoposide or cisplatin-
etoposide combination chemotherapy followed by
involved field irradiation with a dose of 24 Gy
(Matsutani 2001). The 5-year overall and progression-
free survival rates were 97.5 and 84.7%, respec-
tively (Matsutani 2010). Silvani et al. (2005) treated
germinoma patients with cisplatin-vinblastine and
bleomycin followed by 30 Gy (germinoma) and 35 Gy
(germinoma with STGC) of radiation to the tumor
site, and reported a 48-month survival rate of 89.2%.
Khatua et al. (2010) treated germinoma patients
with carboplatin-etoposide chemotherapy followed by
whole-ventricular irradiation to 21.6–25.5 Gy and a
primary site boost to 30–30.6 Gy. The 3-year over-
all survival and event-free survival rates were 100 and
89.5%, respectively, with preserved cognitive function.
Similar results were reported from a Korean group, but
they stated that the recurrence rate was higher than for

whole-neuroaxis irradiation. However, in that study,
most of the chemo-radiation group received irradiation
to the primary site, and not to the whole ventricle (Eom
et al. 2008). Recurrence in the ventricular wall beyond
the irradiation field has also been reported by the
Japanese group (Matsutani 2010). It seems important
to cover the whole ventricular system if chemotherapy
followed by radiation is planned. For the basal ganglia,
the planned irradiation field should certainly be wider.

For the management of hydrocephalus, endoscopic
third ventriculostomy (ETV) has also been employed
recently, and this allows endoscopic biopsy of pineal
tumors to be done at the same time. If the tumor is a
germinoma, endoscopic biopsy yields enough material
for histological diagnosis (Luther et al. 2006).

There is some argument regarding the radiation
field that should be used for germinomas. Because
cerebrospinal fluid cytology is sometimes positive
in germinoma patients, some have argued that they
require whole-neuroaxis irradiation (Maity et al.
2004). However, many authors have stated that tumor
control can be achieved by whole-ventricular-field irra-
diation alone (Shikama et al. 2005). This issue is still
being debated among clinicians and investigators.

Non-germinomatous Germ Cell Tumor

These tumors include embryonal carcinoma, chorio-
carcinoma, yolk sac tumor, immature teratoma, ter-
atoma with malignant transformation, and tumors
showing a mixture of these histologic types. Unlike
germinoma, the results of radiation therapy alone for
these tumors have not been satisfactory, most patients
dying within 2 years (Jennings et al. 1985). Spinal dis-
semination is also not rare. Therefore, various combi-
nations of intensified radiation and chemotherapy have
been tried for this type of tumor. The Japanese study
group have tried ICE (ifosfamide-cisplatin-etoposide)
chemotherapy and whole-neuroaxis irradiation fol-
lowed by maintenance chemotherapy for embry-
onal carcinoma, choriocarcinoma, yolk sac tumor
and their histologic mixtures (Matsutani 2001). The
5-year survival rate for this highly malignant group
was 60%. The German Cooperative Trial of “pro-
tocol MAKEI89” for non-germinomatous germ cell
tumors involved cisplatin-based chemotherapy and
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craniospinal irradiation, and a 5-year event-free sur-
vival of 59% was reported (Calaminus et al. 2004).
Using intensified cisplatin-based chemotherapy fol-
lowed by neuroaxis and local boost irradiation, the
Children’s Oncology Group reported that 11 of 14
patients with non-germinomatous germ cell tumors
were progression-free after a median follow-up period
of 58 months (Kretschmar et al. 2007). Thus, although
intensified chemo-radiotherapy seems to be effective
for non-germinomatous germ cell tumors, the results
are still less than ideal, since the disease control rate is
still insufficient and the side effects and treatment- or
disease-related sequelae are still problematic. An opti-
mal treatment strategy for these patients has not yet
been established.

In conclusion, the biology, responsiveness to treat-
ment, and prognosis of CNSGCTs vary according
to their histological class. Although recent advances
in treatment have resulted in better disease control
and survival of CNSGCT patients, overall survival
is still less than satisfactory for some subcategories,
aside from treatment side effects, recurrences and late
sequelae. Methods for achieving earlier diagnosis, less
invasive treatment and better management should be
developed.
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Chapter 8

Microvascular Gene Changes in Malignant Brain Tumors

Matthew L. Dashnaw, Kevin A. Walter, and Eleanor B. Carson-Walter

Abstract Glioblastoma multiforme (GBM) is the
most common primary brain tumor, and is associated
with very poor survival. GBMs are known to elicit a
strong angiogenic response from the host central ner-
vous system (CNS) as they grow. As in other forms of
cancer, this microvascular network delivers nutrients
to the proliferating tumor and represents an attrac-
tive therapeutic target to impede tumorigenesis. In the
CNS, however, the importance of the vascular network
as a mediator of tumor morbidity and mortality is even
more significant. Abnormal microvessels induced by
the growing tumor lack a functional blood brain bar-
rier, give rise to vasogenic edema and are prone to
intracranial hemorrhage. Much work has been done
to delineate the biochemical factors such as VEGF,
PDGF, SF/HGF and others, responsible for inducing
microvascular proliferation. Now, molecular studies
using modern techniques for gene expression analy-
sis have begun to determine the downstream changes
induced in the microvascular endothelial cells them-
selves. Identification of the novel proteins specifically
expressed by the tumor microvasculature promises to
reveal additional targets that may one day be exploited
for anti-angiogenic based therapies.

Keywords Glioblastoma multiforme · Brain
tumor · Tumorigenesis · Intracranial hemorrhage ·
Microvasculature · Blood brain barrier
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Introduction

GBMs account for approximately 60–70% of malig-
nant gliomas. Despite optimal treatment, the median
survival of affected patients is only 12–15 months. The
GBM microvascular structure is markedly abnormal
when compared to that of normal brain due to tumor
specific angiogenic and vasculogenic processes. These
microvascular changes directly contribute to the patho-
logic, imaging, and clinical characteristics of these
tumors. Much work has been done to attempt to elu-
cidate the mechanisms responsible for these microvas-
cular changes. In particular, various pro-angiogenic
factors have been identified and multiple clinical trials
are currently underway that aim to block the signaling
between these tumor factors and their endothelial cell
targets. However, while these approaches are promis-
ing, there has been a paucity of data regarding the dif-
ferences induced in the target endothelium itself. Now,
endothelial specific studies of gene expression using
techniques such as Serial Analysis of Gene Expression
(SAGE) and gene microarrays have identified genes
specifically expressed by glioma associated endothe-
lial cells as compared to normal brain endothelial cells
and raise the possibility that the proteins encoded by
these genes represent novel therapeutic targets.

Microvasculature of Normal Brain – The
Blood Brain Barrier

Within the CNS, the blood brain barrier (BBB)
serves as an essential interface between the CNS and
the peripheral circulatory system and functions as

79M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 4,
DOI 10.1007/978-94-007-1706-0_8, © Springer Science+Business Media B.V. 2012



80 M.L. Dashnaw et al.

a dynamic regulator of ion balance, a facilitator of
nutrient transport, and a barrier to potentially harm-
ful molecules. A detailed discussion of BBB biology
is beyond the scope of this chapter. In brief, the
BBB exists primarily as a selective diffusion barrier
at the level of the cerebral microvascular endothe-
lium, characterized by the presence of tight cell–cell
junctions and a lack of fenestrations. Attached at
irregular intervals to the abluminal membrane of the
endothelium are pericytes. Pericytes and endothelial
cells are ensheathed by the basal lamina, a membrane
30–40-nm thick composed of collagen type IV, hep-
arin sulfate proteoglycans, laminin, fibronectin, and
other extracellular matrix proteins. The basal lamina
is contiguous with the plasma membranes of astrocyte
end-feet, which surround the cerebral capillaries.

Angiogenesis in Malignant Glioma

Formation of new blood vessels occurs by one of three
methods: angiogenesis, vasculogenesis, or arteriogene-
sis. Angiogenesis is the formation of new blood vessels
by rerouting or remodeling of existing ones, and is
believed to be the primary method of vessel forma-
tion in malignant gliomas. The hypothesis that tumor
growth is angiogenesis dependent was first proposed in
1971 (Folkman 1971). Sufficient exchange of nutrients
and waste can be achieved by diffusion if tumor cells
are situated within about 100 μm of blood vessels.
Growth of tumors beyond this limit necessitates the
recruitment of a new blood supply and consequently
leads to the emergence of an angiogenic phenotype.

The fundamental stages of angiogenesis are well
understood and can be summarized by the following
steps. (1) Angiogenesis is initiated by breakdown of
the existing blood vessels via degradation of the extra-
cellular matrix (ECM). This allows for migration of
endothelial cells and formation of new blood vessels by
placement and alignment of endothelial cells via tubu-
lar morphogenesis and formation of a lumen (2). (3)
Maturation of the vessel wall begins with the recruit-
ment of pericytes and/or smooth muscle cells, which
assemble along the endothelial cells outside the new
vessel to stabilize it. (4) The process concludes with
the formation of new basement membrane.

A histological examination of glioma tissues
demonstrates that the tumor blood vessels are usu-
ally structurally and functionally different from vessels
in the adjacent normal brain tissue. Malignant glioma
vasculature is disorganized, tortuous, dilated, leaky,
and hemorrhagic, often displaying dead-end structures.
This abnormal new vasculature contributes to the per-
itumoral edema associated with malignant gliomas,
as well as the contrast enhancement characteristic of
malignant glioma on neuroimaging.

Initiation of Angiogenesis in Malignant
Glioma

Angiogenesis in malignant gliomas is tightly reg-
ulated by the dynamic balance of pro- and anti-
angiogenic factors. When the expression of pro-
angiogenic molecules is balanced with that of anti-
angiogenic molecules, angiogenesis does not take
place. Most normal physiologic angiogenesis occurs
only during embryonic development, wound healing
or in naturally regenerating tissues such as the corpus
luteum. During tumor angiogenesis, the tight regula-
tion of the balance of expression of these molecules
is disrupted and the resultant unregulated expression
of pro-angiogenic molecules leads to uncontrolled and
disorganized promotion of vessel proliferation.

Angiogenesis is believed to be triggered by low oxy-
gen concentrations (hypoxia) resulting from deficits in
the blood supply caused by the tumor’s fast growth, or
as a result of genetic alterations. In the setting of clini-
cal hypoxia, glioma cells first accumulate around exist-
ing cerebral blood vessels and lift off the astrocytic foot
processes, leading to the disruption of the normal con-
tact between endothelial cells and the basement mem-
brane. Affected endothelial cells express angiopoietin-
2 (Ang-2) resulting in destabilization of the vessel wall
and decreased pericyte coverage. Subsequently, these
blood vessels become apoptotic and undergo invo-
lution. This vascular collapse leads to the death of
neighboring tumor cells and the formation of a necrotic
area. Exposure of brain tumor cells to hypoxia induces
expression of hypoxia-inducible factor-1 (HIF-1α), a
transcription factor that activates the transcription of
VEGF and other proangiogenic factors in gliomas.
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Mediators of Angiogenesis in Malignant
Glioma

Much work has been done to identify the different
growth factors and cytokines that are able to induce
angiogenesis and trigger microvascular gene alter-
ations in tumors. In addition, some of these proteins are
upregulated in the tumor endothelium itself in addition
to the surrounding tumor cells.

Vascular Endothelial Growth Factor
(VEGF)

Over the past 20 years a large body of evidence has
accumulated to support the role of the VEGF fam-
ily of growth factors and their receptors as the most
important mediators of tumor, including glioma, angio-
genesis. The VEGF family includes six glycoproteins
referred to as VEGF-A, VEGF-B, VEGF-C, VEGF-D,
VEGF-E, and placental growth factor, which mediate
their effects via several different receptors. VEGF-A
(or VEGF165) and its receptors are the best character-
ized signaling pathway in angiogenesis. In vivo, VEGF
expression has been demonstrated to be temporally
and spatially associated with key events in physiologic
vasculogenesis and angiogenesis including endothelial
cell proliferation, permeability, invasion, migration,
survival and activation. It is generally agreed that
VEGFR-2 (also known as KDR in humans) is the
major receptor mediating the mitogenic, angiogenic
and permeability-enhancing effects of VEGF-A.

The biological effects of VEGF are mediated
through diverse signaling pathways. Through the
Ras/mitogen-activated protein kinase (MAPK) signal-
ing cascade, VEGF promotes endothelial proliferation,
enhances vascular permeability and mediates endothe-
lial migration. The phosphatidylinositol-3′ kinase
(PI3K)/Akt is also of central importance in VEGF
signaling. Activated VEGFR-2 mediates the phospho-
rylation of Akt, which potently inhibits endothelial
cell apoptosis by interfering with downstream apop-
totic signaling pathways. Akt also promotes endothe-
lial cell migration and increases the expression of
HIF-1α, contributing to a positive feedback loop
of enhanced VEGF expression (Morales-Ruiz et al.
2000). Activation of endothelial nitric oxide synthase

(eNOS) by Akt leads to the production of nitric oxide,
which in turn promotes endothelial cell survival pro-
liferation, migration and ECM remodeling. Among
other effects, VEGF stimulates endothelial production
of urokinase plasminogen activator (uPA), tissue-type
plasminogen activator (tPA) and plasminogen activator
inhibitor-1 (PAI-1). Plasminogen activators induce the
conversion of plasminogen to plasmin, which breaks
down ECM components, directly contributing to ECM
remodeling.

Angiopoietins

Angiopoietin-1 (Ang-1) and Ang-2 are important
endothelial growth factors implicated in glioma angio-
genesis that signal via the Tie2 receptor tyrosine kinase
(RTK) expressed on endothelial cells. Blood vessel
stabilization, remodeling and maturation are mediated
by Ang-1 activation of Tie-2. Ang-1 is also involved
with enhanced endothelial cell survival, migration, and
vessel sprouting by various mechanisms (Wong et al.
2009).

Ang-2 can act as an antagonist to Tie2 phosphory-
lation, which leads to destabilization of blood vessels
and thus represents a checkpoint on Ang-1/Tie2-
mediated angiogenesis. However, the biological effect
of Ang-2 may depend on VEGF level. In the presence
of endogenous VEGF, Ang-2 promotes vessel dilata-
tion, remodeling of the basal lamina, proliferation and
migration of endothelial cells, and stimulates sprout-
ing of new blood vessels. In the absence of VEGF
activity, Ang-2 becomes anti-angiogenic by promoting
endothelial cell death and the regression of vessels.

Fibroblast Growth Factor (FGF)

Binding of FGF to its receptor causes transphosphory-
lation and activation of intrinsic tyrosine kinase, which
results in signal transduction (Wong et al. 2009). Both
acidic FGF (αFGF) and basic FGF (βFGF) are upreg-
ulated in GBM. These factors have an anti-apoptotic
effect on endothelial cells and can induce proliferation
and migration of the endothelium. Furthermore, FGF
activation leads to remodeling of ECM and degradation
of the basement membrane by inducing production of
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plasminogen activator, collagenase and matrix metal-
loproteinases (MMPs) in endothelial cells.

Platelet-Derived Growth Factor β

(PDGF-β)

PDGF-β and platelet-derived growth factor receptor
β (PDGFRβ) have important roles in the develop-
ment and differentiation of the vessel wall. PDGF-β
is required for recruitment of pericytes and matura-
tion of the microvasculature. The angiogenic effects of
PDGF are mediated through PI3K/Akt, MAPK/ERK
and STAT3 signaling (Sun et al. 2005). PDGF-β can
also induce the expression of VEGF (Reinmuth et al.
2001).

Transforming Growth Factor-β (TGF-β)

In malignant gliomas, TGF-β and its receptors are
highly expressed in areas of vascular hyperplasia and
around necrotic regions. TGF-β induces endothelial
production of PDGF-α and PDGF-β and promotes
angiogenesis via the integrin signaling pathway (Dunn
et al. 2000). TGF-β up regulates expression of αVβ3
integrin that, in turn, binds to MMP-2, which leads to
degradation of the ECM and enhanced endothelial cell
invasion (Platten et al. 2001).

Epidermal Growth Factor/Transforming
Growth Factor-α

EGF and TGF-α are potent mitogenic factors for
endothelial cells mediated by binding to the epidermal
growth factor receptor (EGFR). EGFR and TGF-α are
frequently expressed specifically on tumor endothelial
cells (Maxwell et al. 1991). EGF also stimulates VEGF
production in glioma cells. Furthermore, the constitu-
tively active EGFR mutant, EGFRvIII, induces VEGF
expression through Ras/MAPK and NF-kB signaling.

Scatter Factor/Hepatocyte Growth Factor
(SF/HGF)

Expression of SF/HGF and its receptor c-MET is
increased in both tumour and endothelial cells in

GBM specimens. An autocrine or paracrine loop is
believed to exist between glioma and endothelial cells,
contributing to tumour progression and angiogenesis
(Kunkel et al. 2001). Higher levels of SF/HGF corre-
late significantly with angiogenic activity in malignant
glioma.

Interleukin-6 (IL-6) and Interleukin-8 (IL-8)

IL-6 and IL-8 are produced by gliomas and their
expression correlates with the malignant behaviors
in these tumors (Brat et al. 2005; Rolhion et al.
2001). IL-6 induces transcriptional activation of VEGF
and regulates VEGF promoter activity (Loeffler et al.
2005).

IL-8 stimulates angiogenesis via the interaction
with the C-X-C chemokine receptor 1 (CXCR1),
CXCR2 and Duffy antigen receptor for cytokines
(DARC) (Brat et al. 2005; Rolhion et al. 2001). IL-8
expression is upregulated during hypoxia in glioblas-
tomas likely an independent inducer of endothelial cell
tubular formation.

Tumour Necrosis Factor-α (TNF-α)

TNF-α is a potent inflammatory cytokine that is
found in malignant gliomas. The TNF-α receptor
(TNFR) is expressed by glioma and glioma endothelial
cells (Chambaut-Guerin et al. 2000). TNF-α induces
tumor angiogenesis indirectly via the activation of
other angiogenic factors, including VEGF. In addition,
TNF-α enhances VEGF, IL-8 and βFGF production
by human microvascular endothelial cells and induces
tubular morphogenesis in vitro.

Insulin-Like Growth Factor-1 (IGF-1)

Work by Hirano et al. (1999), suggests an association
between microvascular proliferation and IGF-1 expres-
sion in glioma cells. This work showed that IGF-1
immunoreactivity is more intense in the tumor cells
surrounding microvascular hyperplasia and in reac-
tive astrocytes at the margins of tumor infiltration. In
addition, glioma-associated endothelial cells are also
immunopositive for IGF-1.
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Neurotrophins

Signaling by neurotrophins and their receptors
supports neuronal proliferation, differentiation and
synapse formation. The neurotrophin family consists
of four structurally related proteins: nerve growth fac-
tor (NGF), brain-derived neurotrophin factor (BDNF),
neurotrophin-3 and neurotrophin-4. In addition to their
neuronal effects, NGF and BDNF enhance endothelial
cell survival and proliferation (Nico et al. 2008). NGF
and BDNF bind primarily to the receptor kinases TrkA
and TrkB, respectively, to mediate their effects.

Matrix Metalloproteinases (MMP)

The MMP family consists of four groups accord-
ing to their substrates: collagenases, gelatinases,
stromelysins and membrane associated MMP. MMPs
are involved in the proteolytic degradation of ECM
components and facilitate cell motility during inva-
sion and angiogenesis. Gelatinases-A (MMP-2) and
gelatinases-B (MMP-9) are highly expressed in astro-
cytomas and their levels correlate with histological
grade. MMP-2 and MMP-9 proteolytically cleave and
activate latent TGF-β, and promote angiogenesis (Yu
and Stamenkovic 2000).

Gene Expression in Glioma Endothelial
Cells

The endothelial cell response to tumor cell influ-
ence is clearly an important facet of GBM malignant
progression. Targeting the tumor endothelial cells is
likely to have several advantages over conventional
cytotoxic approaches aimed at the tumor cells them-
selves. Endothelial cells are easily accessible via the
bloodstream, obviating many of the pharmacokinetic
difficulties associated with targeting the tumor cells.
Second, each endothelial cell supports the growth of
multiple surrounding tumor cells, so there is likely to
be a significant bystander effect. Third, studies have
shown that although the mutations that drive tumori-
genesis are diverse, the vascular alterations associated
with brain tumor progression are relatively conserved,
suggesting that endothelial targeted therapy may be
applicable to both primary and secondary, metastatic

brain tumors (Liu et al. 2010). With these advantages
in mind, there have been significant advances in the
understanding of tumor associated endothelial cells.
Genomic studies of glioma endothelial cell specific
transcription have been completed using techniques
including SAGE and laser capture based gene microar-
ray analysis (Madden et al. 2004; Beaty et al. 2007;
Pen et al. 2007). Endothelial cell gene expression pat-
terns from glioma and nonneoplastic brain tissue have
revealed distinct gene expression patterns and consis-
tent up-regulation of certain glioma endothelial genes
(Madden et al. 2004; Beaty et al. 2007; Pen et al. 2007).
Of these genes, many encode cell surface proteins that
hold particular promise for facilitating both therapeutic
and diagnostic targeting.

Plasmalemmal Vesicle Associated
Protein-1 (PLVAP)

Madden et al. (2004) identified PLVAP (also known
as PV-1) as an upregulated endothelial gene tran-
script in malignant glioma using SAGE. PLVAP
was one of 21 unique genes that were significantly
induced in the microvasculature of high grade malig-
nant glioma as compared to non-neoplastic brain
vessels. PLVAP encodes a transmembrane protein
that is associated with the caveolae of fenestrated
microvascular endothelial cells and likely contributes
to transendothelial transport. It is normally expressed
in the lung, liver, kidney, and immature brain of
rodents. However, intracerebral expression of PLVAP
is silenced during normal differentiation of the blood–
brain barrier, where transendothelial transport is inhib-
ited. PV-1 expression, normally silenced in non-
neoplastic human brain, is dramatically upregulated in
highly vascularized, human malignant brain tumors in
vivo and can be stimulated by VEGF in microvascular
endothelial cells in vitro (Carson-Walter et al. 2005).
Downregulation of PLVAP via PLVAP targeted siRNA,
decreases endothelial tubule formation (Carson-Walter
et al. 2005). Tumor-specific vascular induction of this
protein is conserved in pre-clinical mouse models and
it is hypothesized that this protein may play a func-
tional role in BBB disruption, transendothelial traffick-
ing and remodeling seen in malignant gliomas (Shue
et al. 2008). A recent report demonstrated the ability of
the anti-PLVAP antibody, MECA-32, to block leuko-
cyte migration in vivo using a murine model of acute
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peritonitis, suggesting that blocking PLVAP in brain
tumor models via antibody mediated mechanisms may
be blunt BBB leakiness as well (Keuschnigg et al.
2009).

Endosialin

Endosialin, also known as CD248 or tumor endothe-
lial marker 1 (TEM1), was originally identified
and characterized by St. Croix and colleagues in
an analysis of genes specifically expressed by the
tumor microvasculature of human colon carcinomas
and murine tumor xenografts (St. Croix et al. 2000;
Carson-Walter et al. 2001). Madden and coworkers
further found that endosialin was specifically induced
in the microvasculature of GBM (Madden et al. 2004).
Since then multiple studies have confirmed its induc-
tion in malignant brain tumors (Brady et al. 2004;
Simonavicius et al. 2008; Carson-Walter et al. 2009).
Endosialin encodes a cell surface protein with signifi-
cant structural homology to the thrombomodulin-like
family of C-lectin domain proteins. However, the
absence of endosialin from normal mature vessels
differentiates it from thrombomodulin and its exact
function remains unknown. When human GBM
xenografts were implanted in endosialin KO mice, the
resultant tumors had significantly increased numbers
of vessels, suggesting that endosialin may play a
role in the maturation or pruning of the proliferating
microvasculature (Nanda et al. 2006; Carson-Walter
et al. 2009). Interestingly, conflicting reports have
suggested that endosialin is expressed by tumor
pericytes, a subset of vascular leukocytes (CD45+
VE-cadherin+P1H12+CD34+CD31+TEM1+TEM7+
leukocytes), bone marrow derived mesenchymal stem
cells and endothelial precursor cells, all of which may
contribute to abnormal tumor vessels (Simonavicius
et al. 2008; Bagley et al. 2009). All considered,
targeting endosialin, perhaps via an antibody-toxin
conjugate, may represent an attractive strategy for
GBM therapy.

Chemokine (CXC Motif) Receptor 7
(CXCR7)

CXCR7 was another gene identified by SAGE anal-
ysis of GBM endothelium (Madden et al. 2004).

Originally named RDC1, it was long classified as
an orphan receptor. It is now known to serve as a
receptor, along with CXCR4, for chemokine (CXC
motif) ligand 12/stromal cell derived growth factor
1 (CXCL12/SDF-1) and CXCL11/interferon-inducible
T cell alpha chemoattractant (I-TAC) (Burns et al.
2006). Upregulation of CXCR7 in both tumor and vas-
culature of aggressive primary and secondary brain
tumors has since been confirmed by several groups
(Liu et al. 2010; Hattermann et al. 2010). Though
the function of CXCR7 in glioma progression and
angiogenesis is unclear, it appears to physically cycle
between the cell surface and the cytoplasm and may
serve as a sink for the sequestration of CXCL12,
mediate anti-apoptotic effects and potentially pro-
mote neural progenitor cell survival (Nauman et al.
2010; Hattermann et al. 2010; Bakondi et al. 2010).
Structurally, CXCR7 is a G-protein coupled receptor,
one of a family of proteins that has proven highly
amenable to targeted drug development and, encour-
agingly, small molecular inhibitors of CXCR7 have
already been reported (Burns et al. 2006).

Plexin Domain Containing 1 (PLXDC1)

PLXDC1 was identified in a separate SAGE-
based genome-wide expression screen of glioblastoma
endothelium (Beaty et al. 2007). Beaty and colleagues
compared gene expression in glioma endothelial cells
to normal brain endothelial cells and then further sub-
tracted transcripts from blood cells and additional nor-
mal tissues. These analyses resulted in three gene tran-
scripts, ANAPC10, CYP27B1 and PLXDC1, which
were highly specific to GBM endothelial cells. Tumor
vessel specific overexpression of the PLXDC1 protein
was confirmed by immunohistochemistry. PLXDC1,
also known as TEM7, likely encodes a type I trans-
membrane protein expressed on the endothelial cell
surface, rendering it highly accessible to molecular
targeting (Carson-Walter et al. 2001). While its exact
function is unknown, it appears to interact and bind to
components of the ECM, including the proteins cor-
tactin and nidogen (Nanda et al. 2004; Lee et al. 2006).
This interaction contributes directly to endothelial cell
morphogenesis into microvessels. The identification
PLXDC1 as well as potential ligands for the protein
provides new opportunities for the design and delivery
of therapeutic or imaging agents to GBMs.
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Insulin-Like Growth Factor Binding
Protein-7 (IGFBP7)

Pen et al. (2007) identified IGFBP7 in microarray
study of laser-captured glioblastoma vessels as a selec-
tive marker of GBM vessels. IGFBP7 is a cell-adhesive
glycoprotein with structural homology to insulin-like
growth factor binding proteins but with lower binding
affinity to IGF than other IGFBPs. The immunohis-
tochemical analyses by Pen et al. (2007) suggest that
IGFBP7 is produced by GBM endothelial cells and
secreted into the ECM where it likely interacts with
other components of the basal lamina and forms pro-
tein deposits that separate the vascular and parenchy-
mal strands of the basement membrane. IGFBP7 could
feasibly play a role in new vessel stabilization in GBM
and targeting of IGFBP7 might promote tumor ves-
sel regression. Interestingly, IGFBP7 has also been
shown to stimulate endothelial production of the potent
vasodilator PGI2 (Hata et al. 2000), which may con-
tribute to the increased permeability of GBM vessels.
In this case, therapeutic blockade of IGFBP7 function
may be beneficial to the treatment of vasogenic edema
and increased intracranial pressure.

Conclusion

There continues to be substantial excitement surround-
ing the promise of vascular-targeted therapies for
the treatment of malignant brain tumors. In order to
achieve improved clinical outcomes, however, it is crit-
ical to understand the biology of the tumor endothelial
cells. Signaling pathways involving VEGF and other
pro-angiogenic factors stimulate and maintain newly
formed brain tumor blood vessels. But, while capable
of supporting continued tumor growth, these imma-
ture vessels are structurally and functionally abnormal.
Modern techniques for gene expression analysis pro-
vide the methods to identify new gene products that are
associated with and/or contribute to the biology of this
aberrant tumor endothelium and will provide unique
targets for anti-angiogenic and anti-vascular therapies,
as well as proteins that may prove to be useful diag-
nostic or imaging agents. Furthermore, insight into the
genetic alterations induced in the tumor microvascu-
lature will facilitate a better molecular understanding

of the mechanisms of neoplastic progression, vaso-
genic edema and increased intracranial pressure char-
acteristic of malignant brain tumors. Ultimately, these
approaches will lead to a more complete comprehen-
sion of brain tumor angiogenesis and the development
of rationally designed therapies for the treatment of
CNS neoplasia.
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Chapter 9

Role of MicroRNA in Glioma

Yongping You, Ning Liu, Chunsheng Kang, Peiyu Pu, and Zhen Fu

Abstract Gliomas are the most common type of
malignant primary brain tumors. Despite the advances
in surgery, radiation therapy, and chemotherapy, the
prognosis of patients with gliomas has not improved
significantly. MicroRNAs (miRNAs) are a class of
21–25 nucleotide long, non-coding RNAs that neg-
atively regulate the expression of target genes by
interacting with specific sites of mRNA. They con-
trol a wide array of biological processes, including cell
differentiation, proliferation, and apoptosis. Recent
studies show that miRNAs are aberrant expressed
in gliomas and play a critical role in the develop-
ment of gliomas, indicating a novel way to investigate
the tumorigenesis, diagnosis and therapy of gliomas.
Here we focus on recent findings of miRNA study in
gliomas to emphasize the important and new highlights
of miRNA involved in gliomas.

Keywords miRNA · Glioma · Brain tumors ·
Tumorigenesis · Gliomagenesis · Genome

Introduction

We are in the beginning of a new era in glioma research
that started with the identification of a novel category
of genes, the microRNAs (miRNAs). Regarding the
history of these novel genes we can briefly mention
that the important function of miRNAs was not known
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until the miRNA (let-7) was identified in a variety of
organisms such as C. elegans, and most importantly in
humans (Reinhart et al. 2000; Takamizawa et al. 2004).
Since that time, miRNA-related research has become
one of the most challenging fields in biomedical sci-
ence and more than 1000 miRNAs have been identified
and being added in miRNA databases. MiRNAs are
short noncoding RNA located in noncoding regions or
the introns of the genome, and regulate gene expres-
sion by interaction with complementary target sites
in mRNAs. MiRNAs have been implicated in vari-
ous biological processes including developmental tim-
ing, patterning and embryogenesis, differentiation and
organogenesis, immune response, growth control and
apoptosis. Each type of cell is likely to have a spe-
cific miRNA milieu to control gene expression. And
each miRNA has the potential to regulate about 200
target genes according to recent computational predic-
tions. Extensive studies have indicated that the alerted
miRNA profile is identified in kinds of human disease.
MiRNA expression signatures have been used to clas-
sify human disease and define miRNA markers that
might predict a favorable prognosis.

MiRNA Process

MiRNAs are generated by a multistep process. The
biogenesis of miRNAs involves a complex protein
system, including members of the Argonaute family,
Pol II-dependent transcription and the RNase IIIs
Drosha and Dicer (Kim and Nam 2006). The primary
miRNA transcripts (pri-miRNAs) are transcribed from
the genome by RNA polymerase α, folding into a stem-
loop structure which is essential for the maturation
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process. In animals, the pri-miRNAs are then cleaved
by Drosha, in association with DGCR8/Pasha (Denli
et al. 2004). The cleaving site is near the base of the
stem-loop (Lee et al. 2003), generating the precur-
sor miRNAs (pre-miRNAs). Then, pre-miRNAs are
transported to cytoplasm by the RNA GTP-dependent
transporter exportin 5.

In the cytoplasm, pre-miRNA is recog-
nized by Dicer, and TAR RNA-binding protein
(TRBP/TARBP2). Dicer cleaves pre-miRNA, gen-
erating a 21–25 nucleotide mature miRNA duplex.
Generally, only one strand is selected as the biolog-
ically active mature miRNA and the other strand is
degraded. The mature miRNA ultimately gets inte-
grated into the RNA-induced silence complex(RISC),
which is a trimeric complex composed Dicer, TRBP
and a protein of the Argonaute superfamily (Ago2 in
humans) (Gregory et al. 2005).

MiRNA-Mediated Gene Expression

In the canonical mode, miRNAs negatively regulate
gene expression by base-pairing to target mRNAs
with the miRNA 5′-proximal “seed” region (posi-
tions 2–8). Mature miRNAs allow RISC to recognize
the mRNA 3′untranslated region (3′UTR) through the
sequence complementarity with it in two ways, (1)
perfect complementarity, followed by mRNA degra-
dation; (2) imperfect complementarity, blockading
mRNA translation. More recently, it has been demon-
strated that miRNAs also can regulate target mRNAs
by binding to coding sequence (CDS) region. Qin et al.
(2010) showed that miR-24 can regulate human FAF1
(hFAF1) expression through binding to the CDS region
of hFAF1 mRNA. All of them lead to the target gene
repression at the post-transcriptional level. In addition,
Tan et al. (2009) have reported that miR-10a targets
a homologous DNA region in the promoter region of
the hoxd4 gene and represses its expression, indicat-
ing that miRNA can inhibit gene expression in a novel
transcriptional manner by binding the promoter region
of the target. In the non-canonical mode, miRNAs
can enhance gene expression through base-pairing
to the mRNA 5′UTR. Tsai et al. (2009) found that
miR-346 targets the 5′UTR of receptor-interacting pro-
tein 140 (RIP140) mRNA and up-regulates its protein
expression.

Mirna Involvement in Glioma

An increasing body of literature has identified that a
group of miRNAs are dysregulated in gliomas and
involved in modulation of glioma development. The
first study about miRNA expression profile of gliomas,
reported by Ciafre work team (2005), found that
some microRNAs were significantly altered in both
glioblastoma tissues and glioblastoma cell lines using
microarray, including up-regulated miR-21, miR-22,
and down-regulated miR-181a and miR-181b, et al
(Ciafre et al. 2005). In recent years, more and more
researchers have been attracted to explore the biolog-
ical significance of miRNAs in glioma progression.
Here, we summarized the special expressed miRNAs
identified from other independent expression profil-
ing studies in gliomas (Table 9.1) (Godlewski et al.
2008; Guessous et al. 2010; Jiang et al. 2010; Kefas
et al. 2010; Silber et al. 2008). Several altered miRNAs
that have been characterized with regard to their bio-
logical function and mechanism in gliomagenesis are
discussed in the following sections.

MiR-21

MiR-21, one of the most common up-regulated miR-
NAs, has been identified a key oncogenic miRNAs
in gliomagenesis. Compared to normal brain tissue,
miR-21 expression was seven to eleven folds in
low grade astrocytomas, anaplastic astrocytomas and
glioblastomas (Conti et al. 2009). Our and other studies
confirmed overexpression of this miRNA in gliomas,
indicating a critical role of miR-21 in glioma progres-
sion using miRNA oligonucleotide arrays, Northern
blot and quantitative RT-PCR. In the first study explor-
ing miR-21 function in gliomas, Chan et al. (2005)
demonstrated that knockdown of miR-21 in cultured
glioblastoma cell lines triggered the caspase activa-
tion and associated apoptotic cell death. Our recent
data showed that reduction of miR-21 led to cas-
pase 9 and 3 mediated mitochondrial apoptosis in
glioma cell (Zhou et al. 2010b). Further study showed
that miR-21 repressed p53-mediated apoptosis in
response to chemotherapeutic agents such as doxoru-
bicin and induced DNA damage, contributing to drug
resistance in glioblastoma cells (Papagiannakopoulos
et al. 2008). Knockdown of miR-21 enhanced the
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Table 9.1 Special expressed miRNAs in glioma

Up-regulation Down-regulation

miRNA Chrom. miRNA Chrom. miRNA Chrom. miRNA Chrom. miRNA Chrom.

miR-123 1 miR-210 11 miR-101 1 miR-29b 7 miR-299 14
miR-10b 2 miR-16 13 miR-137 1 miR-129 7 miR-323 14
miR-26a 3 miR-21 17 miR-181a 1 miR-124 8 miR-190 15
miR-425 3 miR-451 17 miR-181b 1 miR-7 9 miR-328 16
miR-9-2 5 miR-516-3p 19 miR-128-1 2 miR-31 10 miR-132 17
miR-25 7 miR-519d 19 miR-149 2 miR-511-1 11 miR-133a 18
miR-383 8 miR-125b-2 21 miR-153 2 miR-139 11 miR-187 18
miR-486 8 miR-155 21 miR-128-2 3 miR-483 13 miR-181c 19
miR-107 10 miR-185 22 miR-138 3 miR-17-92 14 miR-330 19
miR-125b-1 11 miR-221 X miR-218 4 miR-154 14 miR-185 22
miR-130a 11 miR-222 X miR-133b 6 miR-203 miR-326 11
miR-182 7 miR-34a 1

chemo-sensitivity of human glioblastoma cells to taxol
by inhibiting STAT3 expression and phosphorylation
(Ren et al. 2010). In addition, miR-21 also pro-
moted glioma cell migration and invasion by activating
MMPs (Gabriely et al. 2008). These studies suggest
that targeting miR-21 have a great therapeutic oppor-
tunity in glioblastomas.

Update, emerging studies have confirmed that
miR-21 negatively regulates some specific targets
which function as tumor suppressors, to modulate
glioma pathogenesis. (1) PDCD4 (Programmed cell
death 4): Chen et al. (2008) identified that reduc-
ing miR-21 increases PDCD4 and over-expression of
miR-21 inhibits PDCD4-dependent apoptosis by tar-
geting PDCD4 3′UTR in glioma cells. (2) PTEN:
Zhou et al. (2010a) identified PTEN as a target of
miR-21 in gliomas. Further, compared response of
U251 (PTEN mutant) and LN229 (PTEN wild) cells
to miR-21 antisense, similar growth and EGFR/Akt
signal inhibitory in both of them by MTT assay, sug-
gested that miR-21 could regulate EGFR/Akt pathway
in a PTEN-independent manner, however, it would
warrant further investigation. (3) LRRFIP1: Li et al.
(2009b) revealed that miR-21 contributed to VM-26
resistance through depression LRRFIP1 (an inhibitor
of NF-kappaB signaling), leading to the reduction of
the cytotoxicity of chemotherapy drugs. (4) RECK and
TIMP-3: miR-21 regulated MMP activities by target-
ing MMP inhibitors RECK and TIMP-3 to contributing
glioma malignant phenotype (Gabriely et al. 2008).
Other targets of miR-21 validated in other cancers
included TPM1 (Zhu et al. 2007), FasL (Sayed et al.
2010) and MARCKS (Li et al. 2009a).

Regulation of miR-21 expression involves upstream
factors that modulate miRNA biological process to
affect levels of mature miRNAs, especially transcrip-
tional regulatory. Computational analysis has identi-
fied several conserved enhancer elements were found
in the consensus sequence upstream of the transcrip-
tion start site of the pri-miR-21, including Foxo3a,
STAT3, activator protein-1, CAAT/enhancer-binding
protein-α and p53. Direct transcriptional regulation
of miR-21 by Foxo3a, STAT3, activator protein-1
has been reported. In glioma cells, STAT3 negatively
regulated miR-21 transcription in response to IFN-β
treatment. However, the role of STAT3 activation is
debatable because its overactivation has been reported
to be oncogenic in glioma cell lines (Wang and Li
2010; Yuki et al. 2009). Loffler et al. (2007) showed
that IL-6-dependent STAT3 activated the transcription
of miR-21 in multiple myeloma cells. This discrepancy
may arise from the difference in cytokine stimulus and
cell type. Thus, the functional identification of regu-
latory genes which are responsible for controlling the
spatial and temporal expression of specific miRNAs is
in its early stages.

MiR-221/222

MiR-221/222, located in a cluster on chromosome
Xp11.3, are overexpressed in glioblastomas (Zhang
et al. 2009a). Our and other studies showed that sin-
gle suppression of miR-221 or miR-222 induced lower
glioma growth inhibition in vivo than co-suppression
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of miR-221/222. As they share the same ‘seed’
sequence, short regions at their 5′ ends through which
they bind their target sites in mRNA 3′UTRs, they
have the same targets to regulate the same path-
way synergeticly. According to bioinformatics analysis
using 3 different target prediction programs (PicTar,
TargetScan and miRanda) and Pathway Studio soft,
about 70 common target genes of miR-221/222 were
generated and 16 of them represented direct or indi-
rect interaction with Akt (Zhang et al. 2010). Several
genes have been evidenced, such as p27 (Zhang et al.
2009a), p57 (Medina et al. 2008), kit (He et al. 2005)
and PTEN (Chun-Zhi et al. 2010). Recently, we have
proved that miR-221/222 inhibited cell apoptosis by
targeting proapoptotic gene PUMA in human glioma
cells, indicating PUMA as a novel target of miR-
221/222 that functions as apoptosis regulator (Zhang
et al. 2009b). Additionally, overexpression of miR-
221/222 cooperated to enhance malignant phenotype
of U251 and C6 glioma cells by activating the Akt
pathway. These findings suggest that the modulation of
the mechanism responsible for miR-221/222 in glioma
could be used as a therapeutic strategy to treat glioma.

MiR-181a and MiR-181b

MiR-181 family (miR-181a, miR-181b and miR-181c)
was reported to be down-regulated by Ciafre et al.
(2005). Our data showed that miR-181a and miR-181b
were down-regulated in human glioma tissues and cells
lines (U87, TJ950 and U251), and functioned as tumor
suppressors to exert a great biological effect on glioma
cells growth, invasion and apoptosis. Overexpressed
miR-181a significantly sensitized glioma cells to radi-
ation treatment concurrent with Bcl-2 down-regulation
(Chen et al. 2010). However, little direct evidence
exists to show the targets and mechanism of miR-181
involved in gliomagenesis.

MiR-7

As another tumor suppressor, miR-7, has been identi-
fied down-regulated in glioma tissues by Kefas et al.
(2008). MiR-7 expression is decreased in glioblas-
tomas through reduced processing of precursor miR-7

(Kefas et al. 2008). Further, miR-7 reduced viabil-
ity and invasiveness of glioblastoma cells by directly
targeting EGFR. In addition, miR-7 also suppressed
the Akt pathway activation by repressing IRS-1 and
IR S-2 proved to be another direct target of miR-7
independent of its EGFR inhibition.

MiR-26a

MiR-26a is another oncogenic miRNA in gliomas tar-
geting critical cancer signaling pathways. Huse et al.
identified miR-26a overexpression in a subset of high-
grade gliomas (Huse et al. 2009). It has been shown
that overexpression of miR-26a in glioma primarily
was a consequence of amplification at the miR-26a-
2 locus, a genomic event strongly associated with
monoallelic PTEN loss. Further, miR-26a reduced
PTEN levels and facilitates glioma formation in a well-
characterized murine model system, and functionally
substituted for loss of heterozygosity at the PTEN
locus. Akt was also activated due to an upstream signal
of PTEN.

MiR-128

MiR-128, was enriched in brain but down-regulated
in glioma tissues and cell lines. Zhang et al. (2009c)
demonstrated that miR-128 inhibited the proliferation
of glioma cells through negatively regulating one of
its targets, E2F3a. Moreover, knocking down of E2F3a
had similar effect as overexpression of miR-128, and
overexpression of E2F3a could partly rescue the pro-
liferation inhibition caused by miR-128. In addition,
Godlewski et al. (2008) showed that miR-128 caused a
striking decrease in expression of the oncogene Bmi-1
by direct regulation of the Bmi-1 mRNA 3′UTR, with
Akt phosphorylation, and up-regulation of p21levels.

MiR-124 and MiR-137

Silber et al. reported that the expression levels of
microRNA-124 and microRNA-137 were significantly
decreased in anaplastic astrocytomas and glioblastoma
multiforme (Silber et al. 2008). Transfection of
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Fig. 9.1 The summary of
miRNAs and
EGFR/PTEN/AKT pathway
involved in gliomas. Particular
EGFR/PTEN/AKT signaling
pathway affected by miRNAs
is described in detail in the
review

microRNA-124 or microRNA-137 induced G1 cell
cycle arrest by inhibiting CDK6 expression in glioma
cells.

Other miRNAs

Gal et al. demonstrated that transfection of glioblas-
toma cells by miR-451 can inhibited the cell growth
(Gal et al. 2008). miR-10b is overexpressed in malig-
nant glioma and associated with tumor invasive factors,
uPAR and RhoC (Sasayama et al. 2009). MiR-10a
is also found upregulated in glioblastomas (Ciafre
et al. 2005; Silber et al. 2008). However, the function
of these altered miRNAs remains unknown, and the
expression levels of a few miRNAs in gliomas should
be validated on larger, more representative cohorts of
glioma patients.

Conclusion

In conclusion, since the discovery of miRNAs as a new
class of gene regulators, lots of studies have emerged
correlating altered expression levels and functions of

particular miRNAs with the glioma. Interestingly and
importantly, further analysis have identified that key
signal components of the EGFR/PTEN/AKT pathway
are the direct targets or downstream molecules of
these specific miRNAs, indicating that these miRNAs
participate in regulating EGFR/PTEN/AKT pathway,
one of the most important signal pathways involved
in gliomas (Fig. 9.1). However, molecular regulation
of miRNAs in glioma, including miRNA upstream
and downstream regulators and miRNA signal net-
work, is comprehensive and still unclear, and a massive
wealth of information is embedded and waiting to
be discovered and extracted. Overall, we believe that
these special miRNAs demonstrate a unique poten-
tial to result in a novel aspect of glioma progression
and therapy, driving the field closer to the ultimate
goal of improving patient survival rates and quality
of life.
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Chapter 10

Glioblastoma Multiforme: Cryopreservation of Brain
Tumor-Initiating Cells (Method)

Tan Boon Toh, Yuk Kien Chong, Beng Ti Ang, and Carol Tang

Abstract Tumor-initiating cells isolated from
glioblastoma multiforme (GBM) have been shown
to possess the ability to self-renew and contribute
to tumor recurrence following chemo- and radiation
therapies. In many instances, clinical material is
limited, compounded by a lack of methods to pre-
serve such cells at convenient time points. Although
GBM-initiating cells grown in spheroid manner
have been shown to maintain their integrity through
serial transplantation in immune-compromised mice,
practically, it is not always possible to have access
to suitably-aged animals to continuously maintain
these cells. We therefore explored vitrification as a
cryopreservation technique for GBM-initiating cells.
An efficacious cryopreservation technique would have
to rely on unique assays to measure the behavior of
bona fide tumor-initiating cells in the heterogeneous
neurospheres. We show evidence that essential traits
such as stemness, multipotentiality profiles and kary-
otypic hallmarks were maintained with vitrification.
Transcriptome analysis showed that vitrified and non-
vitrified samples in either of stem-like or differentiated
states clustered together, providing evidence that vitri-
fication did not alter the transcriptome profile of frozen
cells. Importantly, our vitrified cells reformed serially
transplantable glioma xenografts that recapitulated the
human disease morphology. Our work demonstrates
that vitrification of tumor neurospheres preserves the
biological phenotype and genetic profiles of these
cells, supporting its use as a cryopreservation method.

C. Tang (�)
Department of Research, National Neuroscience Institute,
Singapore 308433, Singapore
e-mail: carol_tang@nni.com.sg

Keywords Glioblastoma multiforme · Neurospheres ·
Glioma xenografts · Cryopreservation · Cancer stem
cells · Vitrification

Introduction

There is compelling evidence demonstrating that the
bulk of tumor cells is generated by a subpopula-
tion of self-renewing, multipotent, and tumor-initiating
cells, commonly termed cancer stem cells (CSCs)
(Reya et al. 2001). The first evidence of CSCs came
from a study on acute myeloid leukaemia (Bonnet
and Dick 1997). Subsequently, various groups have
demonstrated the existence of CSCs through transplan-
tation studies using prospectively isolated tumor cells
in a variety of solid tumors including breast, colon and
brain (Al-Hajj et al. 2003; O’Brien et al. 2007; Ricci-
Vitiani et al. 2007; Singh et al. 2003). Glioblastoma
multiforme (GBM) is the most prevalent primary
tumor of the adult central nervous system, with a
median survival of approximately 12 months after
diagnosis. In brain tumors, stem-like cells termed brain
tumor stem cells (BTSCs) have been identified. BTSCs
are largely undifferentiated, multipotent, and possess
the ability to reform tumor xenografts with charac-
teristics of the original parental tumor. Furthermore,
BTSCs can be maintained and propagated as tumor
neurosphere cultures in defined serum-free condition,
a paradigm that is adopted from the traditional neu-
rosphere culture (Reynolds and Weiss 1992, 1996).
In addition, Lee and colleagues have shown that
tumor stem-like cells grown in serum-free condition
closely mimic the genotype, gene expression profile
and biology of their parental tumors (Lee et al. 2006).
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Thus, the establishment of a tumor neurosphere repos-
itory with preservation of essential features of tumor
heterogeneity would provide an invaluable resource
to investigate the disease. Such a method would also
allow us to return to the same experimental cell line
passages in order to reduce variability in experimental
replication.

Vitrification: Biology

Vitrification is a process of glass-like solidification in
which an aqueous solution is prevented from crystal-
lization by rapid cooling (Rall et al. 1987). Vitrification
has been commonly used for the cryopreservation of
embryos at different developmental stages from vari-
ous species such as murine, rabbit, sheep and bovine
(Ali and Shelton 1993; Kasai et al. 1990, 1992; Saha
et al. 1996). Furthermore, human and mouse multi-cell
embryos have been successfully cryopreserved using
this strategy (Mukaida et al. 1998). This highlights
the feasibility of cryopreserving cell aggregates. In
addition, it has been demonstrated that vitrified embry-
onic stem cells retained their pluripotency and viability
upon thawing (Reubinoff et al. 2001). Taken together,
vitrification could provide an effective means of stor-
age of brain tumor-initiating cells cultured as spherical
structures.

In many studies involving the prospective isolation
of tumor-initiating cells, only small amounts of clinical
material are available, and this limitation is com-
pounded by lack of appropriate methods to preserve
such cells at convenient time points. In brain tumors
for instance, it has been demonstrated that in vivo serial
passaging of tumor neurospheres can provide a means
to reliably maintain such primary cell lines (Galli et al.
2004); however in practice, it is not always possible
to have access to suitably-aged immune-compromised
mice. Cryopreservation of spherical structures with
10% dimethyl sulfoxide (DMSO) using conventional
slow freezing methods has been reported to yield low
cell viability (Chong et al. 2009; Tan et al. 2007). On
the other hand, utilizing a high content of fetal bovine
serum (FBS) as cryoprotectant increases cell viabil-
ity but induces cellular differentiation, resulting in the
loss of stem-like traits (Chong et al. 2009; Ha et al.
2005). The preservation of stemness quality is impor-
tant as previous work has shown that tumorigenicity

is abrogated when BTSCs are induced to differenti-
ate (Piccirillo et al. 2006). To define vitrification as
an effective tool, we investigated several properties
with unique assays to probe the cellular heterogeneity
of tumor cells. We show evidence that specific BTSC
properties are maintained by vitrification.

Vitrification and Thawing of Human
Glioblastoma-Derived Neurospheres
(Methodology)

Materials and Solutions Preparation

Borosilicate glass capillaries (0.78 mm in diameter)
Cryotubes (4.5 ml) with holes punched in the upper

section through the lid and middle section across the
vial to allow liquid nitrogen movement

Liquid Nitrogen
DMEM-HEPES (Holding medium): 20% FBS, 1 M

HEPES in DMEM medium (filtered solution
through a pre-wet 0.22 μm pore-size filter).

1 M sucrose solution: 1 M sucrose, 20% FBS in
DMEM-HEPES medium (filtered solution through
a pre-wet 0.22 μm pore-size filter).

10% Vitrification Solution (VS1): 10% DMSO, 10%
ethylene glycol in DMEM–HEPES medium.

20% Vitrification solution (VS2): 20% DMSO, 20%
ethylene glycol, 30% of the 1 M sucrose solution in
DMEM–HEPES medium.

0.2 M sucrose solution (SS1): 20% of the 1 M sucrose
solution in DMEM–HEPES medium.

0.1 M sucrose solution (SS2): 10% of the 1 M sucrose
solution in DMEM–HEPES medium.

Vitrification Procedure

The following procedure is applicable for vitrifying
tumor neurospheres (50–100 μm) from one T75 cul-
ture flask. See Fig. 10.1 for illustrations.

1. Collect the tumor neurospheres from the T75 cul-
ture flask and transfer to a 15-ml disposable cen-
trifuge tube (Fig. 10.1a).

2. Centrifuge for 5 min at 150g, at room temperature.
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Fig. 10.1 Outline of vitrification procedure. (a) Tumor neu-
rospheres are collected in pellet form by centrifugation. (b)
Tumor neurospheres in DMEM-HEPES are transferred into
VS1 solution for 1 min and subsequently into VS2 solution
for an additional 25 s. (c) Suspension of tumor neurospheres

in vitrification solution is drawn into a fine borosilicate cap-
illary using a micropipettor fitted with a 200 μl pipette tip.
(d) Capillary filled with suspension of tumor neurospheres is
immediately plunged into a cryovial containing liquid nitrogen

3. Aspirate and discard the supernatant. Gently tap
the base of the tube to disperse the pellet of tumor
neurospheres.

4. Resuspend the tumor neurospheres in 200–300 μl
of DMEM–HEPES medium.

5. Transfer 100 μl of well-suspended spheres in
DMEM–HEPES into a well containing 100 μl of
10% vitrification solution (VS1). Incubate the sus-
pension for 1 min at room temperature (Fig. 10.1b).

6. Transfer the total contents in the well to the next
well containing 100 μl of 20% vitrification solution
(VS2). Incubate the suspension for 25 s at room
temperature (Fig. 10.1b).

7. Immediately contact one end of the borosilicate
capillary with the suspended solution at a 30o angle
to the plane of the flask. The solution should be
drawn up by capillary action. Fill up the entire straw
using a micropipettor fitted with a 200 μl pipette tip
containing the solution (Fig. 10.1c).

8. Plunge the capillary into the cryotube containing
liquid nitrogen (Fig. 10.1d).

Comments: It takes an experienced operator 2 min
to freeze a capillary. Taking up to 3 min per cap-
illary is still acceptable. The viability of the cells
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may be affected with prolonged duration to freeze the
capillary. Freezing is the critical step in the storage
process.

Thawing Procedure

(1) Collect the cryotube containing the capillaries in
a receptacle with liquid nitrogen. Remove the
capillary using a forcep from the storage cry-
otube.

(2) Immediately, submerge one end of the capillary
containing the vitrified liquid column (containing
the tumor neurospheres) into the well containing
100 μl of 0.2 M sucrose solution (SS1).

(3) As soon as the liquid column melts (almost
immediate), reverse capillary action will draw out
the liquid into the well containing SS1. Residual
liquid trapped in the capillary can be retrieved
by inserting a micropipettor fitted with a 200 μl
pipette tip to draw out remaining liquid.

(4) After 1 min, transfer the total contents in the
well to the next well containing 100 μl of 0.1 M
sucrose solution (SS2).

(5) After 5 min, transfer the total contents in the well
to the next well containing 100 μl of DMEM–
HEPES media.

(6) After 5 min, transfer the total contents in the
well into a 15 ml centrifuge tube containing 5 ml
of DMEM–HEPES. Repeat steps 1–5 if more
capillaries are to be thawed.

(7) Collect the tumor neurospheres by centrifugation
for 5 min at 200g, at room temperature.

(8) Discard supernatant and gently tap the tube to
disperse the pellet of tumor neurospheres.

(9) Wash the cells with 5 ml of serum-free DMEM-
F12 medium and repeat step 7 to collect the tumor
neurospheres.

(10) Resuspend the tumor neurospheres in serum-free
DMEM-F12 medium supplemented with growth
factors (20 ng/ml each of EGF, bFGF and hLIF,
1× B27 growth supplement and 5 μg/ml heparin)
and transfer into culture flask.

(11) Place the culture in a humidified 37◦C, 5% CO2

incubator. Inspect for viable tumor neurospheres
after 24 h.

Vitrification Maintains the Biological
Profiles of Brain Tumor Neurospheres

An important criterion for efficacious vitrification is
the preservation of cellular properties upon thawing
after long-term cryopreservation. We analysed essen-
tial properties such as viability, expression of stem cell
markers, multipotentiality, karyotypic hallmarks, tran-
scriptome profiles and the ability to recapitulate glioma
pathophysiology in immune-compromised mice. Our
data show that vitrification best maintained the mor-
phology and initial frozen tumor neurosphere size
(50–100 μm) with little or no cell death (Fig. 10.2a(i)).
In addition, no visible differentiation was observed at
the initial phase of culture establishment. However,
although tumor neurospheres cryopreserved in 90%
FBS yielded the best viability, clear signs of differ-
entiation were observed upon 5–10 days post-thawing
(Fig. 10.2a(ii), arrowhead).

We carried out quantitative real-time RT-PCR and
immunofluorescence studies to assess the preserva-
tion of stemness and multipotentiality of cryopre-
served tumor neurospheres. Our results show that gene
expression of stemness state markers such as Nestin,
SRY-box containing gene-2 (Sox-2), Complementarity
Determinant 133 (CD133), Musashi-1 (Msi-1), Bmi-1,
Nanog and Octamer-4 (Oct-4) were widely pre-
served after vitrification. Immunofluorescent staining
of stemness and multipotentiality profiles of vitri-
fied and non-vitrified samples demonstrated preserva-
tion of stem-like markers such as Nestin, Msi-1 and
Oct-4. Induction of differentiation of vitrified cells and
their non-vitrified counterparts displayed similar abil-
ity to form neurons, astrocytes and oligodendrocytes
(Fig. 10.2b), supporting that vitrification preserves the
multipotentiality property of the cells. Interestingly,
differentiated tumor neurospheres displayed high per-
centages of Nestin and Msi-1 markers, indicating
the retention of self-renewal potential in otherwise
normally terminally differentiated cells. In addition,
some of the differentiated tumor stem cells displayed
co-staining for GFAP (glial fibrillary acidic protein,
astrocytes) and TuJ1 (neuronal class III β-tubulin, neu-
rons; Fig. 10.2b(ii)). These observations may reflect
an aberrant regulatory pathway that characterizes the
abnormalities in tumor-initiating cells (Hemmati et al.
2003; Yuan et al. 2004).
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Fig. 10.2 Vitrification maintains the biological profiles of brain
tumor neurospheres. (a) Morphology of viable tumor neuro-
spheres 5–10 days of initial thawing after (i) vitrification and (ii)
90% FBS (note signs of differentiation, arrowhead). Scale bar:
100 μm. (b) Immunofluorescent staining of multipotentiality
markers in vitrified cells showing the ability to form (i) neu-
rons (TuJ1, green and Msi-1, red), (ii) astrocytes (GFAP, red and
TuJ1, green) and (iii) oligodendrocytes (O4, green) upon differ-
entiation with serum. Scale bar: 20 μm. (c) Spectral karyotyping

of (i) non-vitrified and (ii) vitrified cells demonstrate the preser-
vation of karyotypic hallmarks (polysomy of chromosome 7 and
loss of chromosome 10, arrows) of glioblastoma multiforme. (d)
Vitrified tumor neurospheres form tumor xenografts that recapit-
ulate the extensive infiltration nature of glioma pathophysiology
as seen in patients (i and ii, arrowhead) whereas commercially
procured glioma cell lines generate tumors with well-defined
margins (iii, arrowhead). (c) and (d) (i, ii) were reproduced
(Chong et al. 2009) with permission from John Wiley and Sons
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To ascertain that vitrification preserves the kary-
otypic integrity and hallmarks of GBM, we karyotyped
all vitrified and non-vitrified tumor neurospheres. Our
spectral karyotypic data show that all tumor neuro-
spheres were of tumor origin and that they preserved
karyotypic hallmarks of GBM, specifically polysomy
of chromosome 7 (containing epidermal growth fac-
tor receptor, EGFR) and loss of chromosome 10
(containing phosphatase and tensin homolog, PTEN;
Fig. 10.2c(i) and (ii), arrows). Interestingly, we also
observed aneusomy of chromosomes 12 and 13 across
all tumor neurosphere samples (Fig. 10.2c(i) and (ii),
asterisks).

A major difficulty in the understanding of GBM
classification is the inability to predict different
patient outcomes on the basis of histopathological
features. Gene expression-based molecular classifica-
tion of GBM into four distinct subtypes, each with
unique genomic aberrations has been demonstrated,
highlighting the need to develop different therapeu-
tic approaches that target these different subtypes
(Verhaak et al. 2010). In addition, intrinsic gene
expression profiling of glioma subtypes has shown that
different genetic changes drive gene expression pro-
files and that molecular classification may prove to be
a better predictor of patient outcome than histology
(Gravendeel et al. 2009). Hence, the gene expression
of tumor-initiating cells is an important property to
analyse. We show by unsupervised gene expression
clustering that vitrified tumor neurospheres clustered
closely with its respective non-vitrified counterpart,
indicating that vitrification preserves the genetic pro-
files of tumor neurospheres. Unexpectedly, one of the
tumor neurosphere lines which showed changes in
karyotype due to prolonged in vitro serial passaging
continued to cluster with its non-vitrified form. This
highlights that the quality of tumor sphere lines must
rely on a combination of assays aimed at measuring
tumor stem cell frequency, and that vitrification pro-
vides a reliable means to preserve biological properties
of low passage cells.

A key feature in identifying bona fide brain tumor-
initiating cells is the ability to create serially trans-
plantable xenografts that recapitulate glioma patho-
physiology. We orthotopically implanted our vitrified
tumor neurospheres that were grown in defined serum-
free medium into non-obese diabetic/ severe combined
immunodeficiency (NOD-SCID) mice and examined
the histology of the gliomas formed. We observed

intracranial tumors with extensive cerebral infiltra-
tion (Fig. 10.2d(i) and (ii), arrowhead), a pathog-
nomonic feature of human GBMs that is distinct
from the spatially constrained, well-delineated tumors
(Fig. 10.2d(iii), arrowhead) generated by commer-
cially procured serum-grown cells. Our results demon-
strate that vitrification preserves the biological pheno-
type and genetic profiles of the cells.

Discussion

Traditionally, clinical tissue specimens are maintained
either as frozen samples stored in liquid nitrogen or
embedded in paraffin wax blocks. These conventional
ways of storage do not allow for isolation and subse-
quent cultivation of live cells. Here, we propose the
use of a modified vitrification method for human brain
tumor neurospheres that enrich for tumor-initiating
cells. Vitrification is a process involving the use of
high cryoprotectant concentration in combination with
high cooling rates. As such, ice crystal formation that
causes cell injury during cooling and warming are
minimised. We have carefully investigated the genetic
profiles and the preservation of stem cell-like char-
acteristics of vitrified neurospheres. Our method may
also be applicable to other tumor types where neoplas-
tic stem-like cells can be grown in spheroid manner
e.g. mammospheres and prostaspheres from breast and
prostate cancers respectively (Chen et al. 2007; Lang
et al. 2001; Lawson et al. 2007; Woodward et al.
2007). We envisage that a combination of vitrification
and in vivo serial passaging in immune-compromised
mice will provide a convenient means of preserving the
tumor-initiating population and facilitate subsequent
experimental designs.
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Chapter 11

Relationship Between Molecular Oncology and
Radiotherapy in Malignant Gliomas (An Overview)

Filippo Alongi, Arturo Chiti, Pierina Navarria, and Marta Scorsetti

Abstract Radiotherapy is currently in the midst of
new developments both in technology and radiobio-
logy. Recent papers have greatly enriched the cur-
rent knowledge of radiation oncology, especially
radiobiology and molecular oncology, and this has
changed the oncology practice in radiation therapy in
just a few years. The long-term objective of the trans-
lational research program in radiation oncology, also
for central nervous system tumors such as glioblas-
toma multiforme (GBM), is to improve the therapeutic
window, minimizing the damage to normal tissue and
increasing the efficacy of radiation in eradicating can-
cer. The correct determination of the single patient
profile as well as single tumor behaviour, with mul-
tidisciplinary approach is one of the next challenges
in radiation oncology. This conceptual revolution will
derive from the stronger correlations between new
radiobiological data and experimental results in molec-
ular oncology that are increasingly becoming available
and ready to be translated into clinical practice. Some
of the most interesting issues regarding relationships
between molecular oncology and radiotherapy are:
the availability of new, more effective drugs to pre-
scribe in conjunction with radiation, the possibility to
reduce intrinsic radioresistance or, on the contrary, to
enhance radiosensitivity with innovative molecular tar-
geted agents, the increasing potential application of
cancer stem cells with radiotherapy, the impact of new
molecular tracers for functional imaging of brain in
radiotherapy treatment planning and in response eval-
uation. These issues are analysed and discussed in the
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present overview in regard to the recent literature on
the topic.

Keywords Glioblastoma multiforme · Molecular
oncology · Stem cells · Grade IV astrocytoma ·
Temozolomide · Cytotoxic agents

Introduction

Recent investigations have gradually enriched the cur-
rent knowledge of cancer behaviour before, during
and after radiotherapy treatments, especially in the
field of radiobiology and molecular oncology. This
confirms the growing interest of radiation researchers
in conducting preclinical studies at their centres and
translating the results as soon as possible to clinical
radiotherapy practice.

GBM is the most common and malignant type
of tumour in the central nervous system, classi-
fied as grade IV astrocytoma by the World Health
Organisation (WHO). Radiotherapy after surgery, or
exclusively in selected cases considered unsuitable for
surgery, is the treatment of choice combined with new
generation chemotherapy.

Despite initial treatment with surgical resection,
radiotherapy, and chemotherapy, GBM virtually recurs
in all cases. Both the tumour feature and its therapeu-
tic multidisciplinary approach often result in profound
impact on quality of life. This frustrating issue forced
scientists to improve translational research efforts in
molecular oncology and also in radiation therapy
in a series of investigational preclinical and clinical
studies.
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The most interesting data to emerge from recent
preclinical and clinical research into relationships
between molecular oncology and radiotherapy in
GBM, are: the advent of novel, more effective drugs
to be used in conjunction with radiotherapy, molecu-
lar targeted agents as modulation factors of intrinsic
radioresistance/radiosensitivity, the potential applica-
bility of cancer stem cells in radiotherapy, the role of
the new molecular tracer in functional brain imaging.
In particular, newer imaging methods which explore
the biological and molecular characteristics of brain
tumour tissue by positron emission tomography (PET)
represents a promising approach to integrate into treat-
ment planning for high precision radiotherapy and
post-treatment evaluation, even when radiation is com-
bined with new targeted molecules.

In brief, brain tumors, especially those with high-
grade histological behaviour, can represent one of
the most challenging malignancies because of their
anatomical location, aggressiveness, and high radial
infiltrative capacity. Thus, more consolidated clin-
ical results will probably require improvements in
molecular oncology regarding combined approaches,
particularly of radiation with innovative agents.

Chemotherapy, Targeted Agents
and Radiation Therapy

More than three decades ago, the role of some
basic mechanisms was established through which
radiotherapy and chemotherapy might interact to
improve their combined efficacy (Steel et al. 1979).
In diffusely infiltrating high-grade gliomas, the real
role of combined radiation and chemotherapy has
remained historically controversial. Based on recent
studies and developments, various types of further
potential interactions between radiotherapy and drugs
could become the object of preclinical and clinical
investigations.

In GBM patients, Temozolomide, an alkylating
agent with simple oral administration and a favorable
toxicity profile, has been largely used in conjunction
with and after radiotherapy. In fact, the addition of
Temozolomide concomitant with radiotherapy, and for
the 6 months following the radiotherapeutic course,

proved superior to radiotherapy alone (Stupp et al.
2005). With this new combined approach, the expected
median survival is established around 15 months, with
a 2-year survival rate of 26.5%.

Prior to the Temozolomide era, many cytotoxic
agents, most often nitrosoureas and other alkylating
agents, have been added to surgery and radiotherapy
since the 1970s. However, after publication by Stupp
et al. of encouraging efficacy results from a phase II
trial in patients with GBM (Stupp et al. 2005), most of
clinical trials were addressed prevalently to different
temozolomide administration schedules, in addition to
radiotherapy.

Recently, research has increased our knowledge into
the molecular pathways fundamental for gliomato-
sis and aggressiveness of malignant gliomas. Newer
agents have been developed against these tar-
gets, including receptor tyrosine kinases, intracel-
lular signalling molecules, epigenetic abnormalities,
and tumor vasculature and cancer microenvironment.
Some of these new targeted agents, could have a
potential impact on improving clinical results in
GBM, especially if prescribed synergistically with
radiotherapy.

Several signalling pathways are frequently over-
expressed in glioblastoma: some of them are vascu-
lar endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), fibroblast growth factor, and
epidermal growth factor.

Based on an improved knowledge of tumour vascu-
lature biology, many new agents are being developed
in preclinical models. Angiogenesis inhibitors are able
to interrupt the process of angiogenesis to prevent
new tumor blood-vessel formation. Vascular disrupting
drug agents aim to cause direct damage to the exist-
ing tumor endothelium. Lead agents in both categories
have now advanced into clinical trials. At the same
time, it has been established that radiotherapy may
achieve vasculature damage on endothelium in solid
tumours (Garcia-Barros et al. 2003). Indeed, the appli-
cation of such new combined approaches, by means of
vascular target agents with radiation, could offer new
more effective treatment opportunities.

In recent years, antiangiogenesis agents have been
evaluated mainly in the treatment of GBM. Because
VEGF plays has a fundamental role in the process of
angiogenesis, therapeutic approaches targeting VEGF
and VEGFR signalling are rational. The use of such
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molecules in brain tumor treatment has been devel-
oped. Currently, there are several clinical studies dedi-
cated to this approach, including the better definition of
molecules that bind specifically to VEGF ligands and
those that directly target VEGF receptors.

Bevacizumab, an anti-VEGF monoclonal antibody,
was the first antiangiogenic therapy approved for use
in cancer by the Food and Drug Administration for
the treatment of recurrent GBM in 2009, the first new
drug for Malignant Gliomas in over a decade. Several
prospective trials are ongoing into Bevacizumab in
recurrent GBM patients. To date, in patients with recur-
rent/refractory GBM, Bevacizumab, alone or in combi-
nation with other drugs and/or radiation, has produced
good response rates and an encouraging improvement
in median survival (7–9 months). However the role of
Bevacizumab in the combined modality first-line treat-
ment of patients with GBM has not been definitively
assessed.

The feasibility and safety of concurrent administra-
tion of Bevacizumab and radiotherapy has already been
demonstrated (Gruber et al. 2009). Because continued
efforts are needed to confirm and increase these good
early results, ongoing phase 3 studies are evaluating
the combination of Bevacizumab with Temozolomide
and radiotherapy.

To better explore new molecular oncology pathways
to improve radiation in GBM patients, other targeted
molecules, already applied in other cancers, are cur-
rently under investigation in clinical studies. Sorafenib,
is an oral vascular endothelial growth factor recep-
tor tyrosine kinase inhibitor recently prescribed with a
good rate of response in renal cell carcinoma. It was
hypothesized that, when Sorafenib is added to stan-
dard radiotherapy and Temozolomide in the first-line
treatment, it could optimize the opportunity to improve
therapy of patients with GBM. However the addition of
this new target tailored molecule did not clearly appear
to improve treatment efficacy when compared with
the standard therapy approaches of malignant gliomas
(Hainsworth et al. 2010).

From these and other data, our emerging knowl-
edge of the molecular pathophysiology of malignant
gliomas will improve therapeutic target selection in
the future. Rigorous pre-clinical evaluation will be
essential to better define the correct strategy regarding
combinations of drugs that are most likely to be more
effective and sufficiently tolerable with radiotherapy.

Modulation Factors of Radioresistance
and Radiosensitivity

Malignant gliomas are typically defined as radio-
resistant tumours. This behaviour was clinically
confirmed with the high rates of recurrence after
radiotherapy.

To modulate radio-resistance of GBM, and enhance
the possible radio-sensitivity of some cancer cell sub-
populations in the tumour mass, several strategies in
preclinical and clinical research have been initially
evaluated.

From a purely radiobiological point of view, par-
ticular types of fractionation and dosage has been
explored in GBM patients. Survival advantage has
been demonstrated with post operative radiation ther-
apy to doses of 50–60 Gy and, to date, standard
radiotherapy of GBM is a total dose of 60 Gy in
30–33 fractions. Whether there is any benefit in admin-
istering doses >60 Gy using conventional treatment
has not been demonstrated and increasing doses up
to 90 Gy has not proven to alter the course of
this disease significantly (Fitzek et al. 1999). Dose
intensification with new radiation techniques using
three-dimensional conformal radiotherapy or Intensity
Modulated Radiation Therapy (IMRT), or boosting
with Stereotactic Radiotherapy has still not demon-
strated to improve results.

Several studies have used hyperfractionation or
accelerated fractionation to escalate dose, hypothesiz-
ing a possible radiation sensitivity of GBM to low
dose per fraction, without real significant improve-
ments (Payne et al. 1982; Deutsch et al. 1989). Only
one single experience achieving better survival results,
using multiple daily fractionation combining radio-
therapy with misonidazole in malignant astrocytoma
patients, has been reported (Shin et al. 1985).

New fractionation schemes have been recently
applied and validated in subsets of GBM patients
treated with radiotherapy. A group of 100 patients with
GBM over 60 years of age were randomized to receive
standard radiotherapy of 60 Gy in 30 fractions or a
shorter course of 40 Gy in 15 fractions. Overall sur-
vival between the two arms was not different, assessing
that the short course of RT seems to be a reasonable
treatment option for older patients with GBM (Roa
et al. 2004).
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Particle beam therapy is a fascinating new challenge
in physical and biological application of radiotherapy.
Despite theoretical gain with respect to better radiation
dose conformity and/or radiobiologic advantage espe-
cially in radio-resistant tumors, particle beam therapy
has been investigated in most trials, but this inno-
vative approach has failed to demonstrate improved
survival in high grade brain tumors compared to stan-
dard high energy X-ray radiation therapy. A Recent
meta-analysis suggested that neutron beam therapy
did not improve the survival of high-grade glioma
patients, while there is no definitive conclusion regard-
ing carbon therapy (Maucort-Boulch et al. 2010).

A way to enhance intrinsic radiosensitivity of high-
grade gliomas could be represented by the combination
with radio sensitizer molecules. To be able to signifi-
cantly enhance cure rates by modulating the response
of malignant gliomas to radiation is a fascinating
possibility. The increased use of new drugs, able to
literally “enhance” the effect of radiation, will even-
tually become a reality in the near future for patients
with GBM.

As already reported, the standard of care for GBM
patients remains the multidisciplinary approach with
extensive surgery followed by radiotherapy with con-
comitant and adjuvant Temozolomide. Other combi-
nations including molecular factors combined with
radiotherapy, newer chemotherapeutic agents, radio
sensitizers, and other agents are the most interest-
ing target of ongoing studies. The good response rate
of radiation with Temozolamide in malignant glioma
could be due to the radio sensitizing activity of the
alkylating agent and it would appear to establish that
radio sensitization can improve clinical results.

Hypermethylation of methylguanine methyltrans-
ferase (MGMT) gene has been extensively shown as
correlated with better results in GBM. The protein
derived from MGMT gene has in fact a crucial role
in repairing of alkylated DNA and it is either absent
or greatly impaired in some types of GBM tumors.
One study has shown that MGMT methylation status
seems to have a predictive role in estimating sensi-
tivity to alkylating molecules such as Temozolamide
(Hegi et al. 2005). However, the predictive usefulness
of MGMT status has not been rigorously analysed
with regard to sensitivity to other treatments, such as
radiation. To address this issue, MGMT methylation
status was analyzed in a cohort of 225 patients with
GBM treated with radiotherapy (Rivera et al. 2010).

In patients who received radiotherapy alone follow-
ing resection, methylation of the MGMT promoter was
correlated with an improved response to radiotherapy.
Unmethylated tumors were twice as likely to progress
during radiation treatment. From this data it was sug-
gested that MGMT promoter methylation appears to be
a predictive biomarker of radiation response.

Some promising radio sensitizer agents have been
explored in other anatomical districts such as head
and neck tumours, in which radiotherapy is more
effective when associated with chemotherapy. Prior to
the Temozolamide era, misonidazole, a hypoxic cell
radio sensitizer or bromodeoxyuridine, a halogenated
pyrimidine that incorporates into DNA to radio sensi-
tize cells, failed to obtain additional survival in GBM
patients compared to patients treated with radiation
and carmustine or radiation and vincristine, lomustine,
and procarbazine.

However, recent preclinical and clinical data has
provided a rationale to further investigate the com-
bination of new targeted molecules with radiation,
especially to modulate the known radio-resistance of
high grade gliomas.

A reduction of EGFR signalling inducted in Glioma
cells in vitro resulted in a modulation of response
to radiation with greater radio sensitivity expression
(O’Rourke et al. 1998). Inversely, a mutant expres-
sion, constitutively active EGFR was found to pro-
duce radioresistance primarily through activation of
the PI3K pathway (Li et al. 2004).

Imatinib, an inhibitor of alpha- and beta-platelet-
derived growth factor receptors (PDGFR) and other
tyrosine kinases, is a well established treatment in
gastrointestinal stromal cancer and chronic myeloid
leukemia. In other malignant tumours, such as malig-
nant gliomas protein kinases are usually involved in
mutations or can alter their up-down regulation.

It was evaluated in an in vitro study whether
radiation could sensitize astrocytoma cell lines to
the effects of imatinib. For this purpose, T98G and
MOG-G-UVW astrocytoma cells were treated with
imatinib alone or in combination with gamma radiation
(Ranza et al. 2009). The authors achieved that Imatinib
conferred greater radio sensitivity on the astrocytoma
cells in vitro giving a significant drop in colony forma-
tion compared with radiation alone. However the com-
bination of Imatinib and radiation may result in unex-
pected toxicities that are not observed with treatment
alone.
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Based on improved knowledge of the tumour vas-
culature features, new molecular agents are being
developed that exhibit these effects in preclinical mod-
els. Some experiences suggesting that caspase-2 was
acting upstream of mitochondria after irradiation in
several tumors, such as GBM. The rationale of this
potential radio sensitizer is that inhibitor of apoptosis
proteins, which are expressed at high levels in a series
of tumors, block apoptosis at the core of the apop-
totic machinery by inhibiting caspases. So therapeutic
modulation of inhibitor of apoptosis proteins could tar-
get a key control point in resistance and can represent
a promising strategy to enhance radio sensitivity in
human cancers.

To enhance radio sensitivity of malignant glioma
further interesting molecular pathways involving apop-
tosis and repair mechanisms after radiation are in
the initial phase of preclinical exploration. In irradi-
ated cells irreversible radiation damage is definitively
expressed by the DNA chain double strand break.
The hepatocyte growth factor/Met signalling pathway
is up-regulated in several tumors, with downstream
mediators playing a role in DNA double strand break
repair. The effect of the anti-hepatocyte growth fac-
tor monoclonal antibody, AMG102, on the response
to ionizing radiation in a model of glioblastoma mul-
tiforme in vitro and in vivo was partially investigated.
Initial results seem to be promising, assessing for mod-
ulation of Met signalling with AMG102 the role of a
new radiation sensitizer (Buchanan et al. 2010).

Signal transducer and activator of transcription
pathways serve to block the apoptosis process, keep-
ing cells alive in very toxic environments such as
chemotherapy or ionizing radiation. Recent promising
experimental data indicate that Phosphatidyl-inositol
3-kinase/protein kinase B (Akt) is a signal transducer
modulating apoptosis with a potential role for radio
sensitizing human malignant glioma (Chautard et al.
2010). This type of mechanism modulating apopto-
sis, to decrease the high tumor radio resistance, is a
fascinating issue still under preclinical investigation.

The COX-2 protein is frequently overexpressed in
human malignant gliomas, thus targeting the COX-2
pathway might improve glioma therapy. COX-2
expression is low in most normal tissues and can be
up-regulated under various pathological conditions and
also by irradiation. In a preclinical study, the effects of
the selective COX-2 inhibitor meloxicam alone and in
combination with irradiation on human glioma cells in

vitro were recently investigated. The conclusion was
that selective COX-2 inhibitor exerted COX-2 indepen-
dent growth inhibition and radiosensitization of human
glioma cells, leading the way toward a new fashionable
type of targeted drug therapy to combine with radiation
in malignant glioma patients (Bijnsdorp et al. 2007).

However, more established elements regarding clin-
ical application modality of these new agents are
expected in the near future.

Cancer Stem Cells and Radiotherapy

The selective inactivation of tumor cells in a solid mass
is the most important finding related to the eradica-
tion of tumors by means of radiation without severely
damaging healthy surrounding tissue. Radiotherapy
has been the most effective nonsurgical treatment, but
recent experimental research reports that tumors can
be expected to recur after ionizing radiation treatment
even if only one cancer stem cell survives (Meyn et al.
2009). Cancer stem cells are a specific subpopula-
tion of cancer cells with high tumorigenic potential. It
should be investigated in terms of clinical application,
how cancer stem cells can be selectively destroyed,
and whether they may respond differently to more
selective radiotherapy and a more selective combined
radio-pharmacological modality.

Glioblastoma is the most common brain tumor in
adults. The mechanisms leading to glioblastoma are
not well known but preclinical studies support that
inactivation of tumor suppressor genes in neural stem
cells is needed and sufficient to induce glial can-
cers. According to the cancer stem cell hypothesis, all
cancer stem cells must be destroyed in order to defini-
tively cure cancer. In particular, in the human brain,
the subventricular zone represented by the 3–5 mm
thick lateral periventricular region of the lateral ven-
tricles, and the subgranular layer, a subregion of the
hippocampal formation, have been shown to harbor
normal brain stem cells (Singh et al. 2003). It was
suggested that the neural stem cell niches in the
brain that may harbor cancer stem cells, can provide
innovative targets for therapy approach; researchers
have hypothesized that higher radiation doses to these
neural stem cell niches improve patient survival by
eradicating potential cancer stem cells. In a retrospec-
tive radiation dose-distributional analysis of 55 adult
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patients with Grade 3 or Grade 4 glial cancer treated
with radiotherapy and temozolamide at UCLA, it was
showed that patients whose bilateral subventricular
zone received greater than 43 Gy had a significant
improvement in progression-free survival when com-
pared to patients who received a minor dose (Evers
et al. 2010). This study permitted authors to hypoth-
esize that the prescription of a defined dose to the
periventricular region, targeting the stem cell niches,
may be a way to improve treatment responses in
patients with high-grade gliomas.

To investigate the possibility that cancer stem cells
may represent the source of the radio-resistant sub-
population, the effect of ionizing radiation on human
glioma models was investigated using both patient sur-
gical specimens and human glioma xenografts main-
tained in immunocompromised mice. A resistance to
radiation was shown to be due to increased activation
of the DNA damage checkpoint (Rich et al. 2007).
It was also discovered that these subpopulations of
tumor stem cells can stimulate tumor angiogenesis
through increased expression of vascular endothelial
growth factor. The exploitation of this pathway will
probably provide therapeutic targets to sensitize cancer
stem cells to cytotoxic therapies in combination with
radiation, to improve cancer patient treatment and not
exclusively for brain tumours.

Molecular and Biological Imaging
for Radiotherapy

Molecular oncology in functional imaging has become
fundamental for tumor staging, for biologic defini-
tion, and for delineation of target volumes in radiation
oncology.

Biological heterogeneity of neoplastic cells is an
important factor in the variable radiosensitivity within
a tumor mass. Selective dose escalation with mod-
ern types of radiotherapy to the more radioresis-
tant parts of the lesion is considered feasible after
the use of dose painting based on increased avail-
ability of molecular imaging technologies such as
PET (Positron Emission Tomography), SPECT (Single
Photon Emission Tomography) and MR imaging/
spectroscopy.

High metabolism, high proliferation, and increased
hypoxia now represent the targets for higher doses of
radiation. New biological molecules, fundamental in

the tumor profile, are being studied to reveal these
and other features in detail. Hypoxia, for example,
is known to be involved in the radioresistance of
cancer. Hypoxia can be measured using 18F-FDG,
18F-labeled nitroimidazoles, and 64Cu-ATSM, and
has been demonstrated as a prognostic factor in many
clinical studies. When using 18F-FMISO PET, it was
shown that malignant gliomas seem to have a differ-
ent level of oxygenation (Valk et al. 1992). However,
the real influence of hypoxia in the combined treat-
ment of high-grade gliomas is unclear and still under
evaluation.

“Theragnostic imaging” in radiotherapy is a new
term to describe the introduction of molecular images
to define and more selectively treat each voxel of tumor
volume with dose painting based on biological and
functional characterization (Bentzen 2008).This type
of approach is currently being routinely applied in sev-
eral radiotherapy centres, prevalently for some solid
cancers, such as tumors of the head and neck district,
or in the thorax.

In the brain, PET can also give molecular infor-
mation that can influence Radiation therapy practice.
FDG PET has been largely used in several types of
neoplasm but is still problematic for brain cancers due
to high background signal which comes from the cen-
tral nervous system tissue. A study reported the real
impact of FDG PET for GTV delineation in malig-
nant gliomas in 18 patients. Although FDG uptake was
regionally related to anaplastic areas, it was shown to
be of limited value in target volume (Gross et al. 1998).

Many new PET radiopharmaceuticals do not have
this functional limit and are currently at various stages
of clinical development. Amino acids are the pre-
dominant molecules used for the imaging of central
nervous system tumours. Cancer cell uptake of radio-
labelled amino acids is established as increased com-
pared to normal tissues. In normal brain cells, amino
acid uptake is lower, due to their nearly exclusive
glucose metabolism. Currently available PET tracers
are 11C-labelled methionine (MET) and 18F-labelled
fluoroethyl-L-tyrosine (FET).

MET PET can provide useful information in initial
diagnosis and differentiating tumor recurrence from
radiation necrosis. Sensitivity, specificity, and accuracy
of MET PET has been reported as around 80–85%. The
use of MET PET was estimated to impact the treatment
program in 50% of the brain cases. It has been reported
that, with the integration of MET PET, the intended
management was changed in half of the cases (Yamane



11 Relationship Between Molecular Oncology and Radiotherapy in Malignant Gliomas (An Overview) 109

et al. 2010). The main message was that the accuracy
of MET PET for tumour detection and tumour tissue
extension seems to be significantly higher in com-
parison to MR, CT or FDG-PET. However, ongoing
randomized multicenter studies with MET PET will
allow to assess the benefit for patients resulting from
the molecular imaging approach.

In early detection, radiation treatment response in
glioma patients is uncertain: contrast enhancement
in magnetic resonance imaging can mimic tumor
resistance or progression because influenced chemo-
radiation treatment. In several settings, PET using
the amino acid tracer 18F-fluoroethyltyrosine (FET)
seems to be a promising method for treatment volume
definition, response evaluation and monitoring in
patients with glioblastomas at an early stage (Piroth
et al. 2010).

In PET imaging, another issue of increasing
interest for radiotherapy and molecular oncology
is the possibility to accurately define tumor biol-
ogy, also in Gliomas. The thymidine analogue 18F-
fluorothymidine (FLT) levels seems to be strictly
correlated with cell proliferation measured by Ki-67
(Ullrich et al. 2008).

The feasibility of 18F-Galacto-RGD PET for imag-
ing of avb3 expression on new vasculature was recently
reported in patients with squamous cell carcinoma of
head and neck (Beer et al. 2007). The avb3 integrin is
a cell receptor involved in tumour-induced angiogen-
esis and metastasis. A targeted molecule that interacts
blocking this receptor is currently under investigation
also for malignant gliomas. This type of molecular
imaging could be used in combined treatment when
radiation is prescribed with drugs targeted to this newer
neo-vasculature induction mechanism.

Biological mapping of the brain parenchyma is pos-
sible also through evaluation of oxygen modifications
in the local tissue with improved MR technologies.
The definition of functionally eloquent parts of brain
with MR allow surgeons to perform more accurate
surgical resection or radiation oncologists to define
better target volume to irradiate while avoiding injury
to critical areas. Functional MR modalities can pro-
vide unique metabolic, pathological and physiolog-
ical data not available in anatomic MR. Molecular
based MR techniques can also potentially improve
the treatment response of brain tumors. Choline (Cho)
to N-acetylaspartate (NAA) and Cho to creatine (Cr)
ratios are examples of values that can be used to grade
malignancy of gliomas. The possibility to increase

definition of the molecular aspect of brain tumour
behaviour can consequently influence volumes and
doses in radiotherapy planning.

Conclusion

The long-term objective of the translational research
program in radiation and molecular oncology is to
improve the therapeutic window, minimizing the dam-
age to normal tissue and increasing the efficacy of
radiation in eradicating cancer.

One of the issues of major interest is the research
into innovative drugs that could replace standard
chemotherapy or that could enhance its potential effi-
cacy, when used concomitantly with radiation.

Radiosensitizer agents combined with radiation in
GBM patients, as well as in other cancer patients, could
be a promising way toward reducing radioresistance
and improving radiation treatment response.

To assess definitively whether cancer stem cells can
represent the source of the resistant subpopulation of
tumors, future investigations should improve knowl-
edge and their potential application in radiotherapy and
molecular oncology, also for brain cancers.

New tracers have proven to be potentially useful for
imaging malignant gliomas. Molecular imaging appli-
cation in the central nervous system can overcome
the current limit of neuroimaging in brain and newer
molecules are currently under evaluation. The avail-
ability of new tracers will improve radiation therapy
and better define the entire treatment volume, or eval-
uate subvolumes of disease with different malignant
behaviour to irradiate selectively with different doses
during the same course of radiotherapy.

In summary, molecular oncology and radiotherapy
are currently in strict relationship and several develop-
ments in both are awaited over the next few years.
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Chapter 12

High-Grade Brain Tumours: Evaluation of New Brain Lesions
by Amino Acid PET

Robert Pichler, Sabine Spiegl-Kreinecker, and Gabriele Wurm

Abstract Amino acid PET provides very sensitive
means to detect brain tumours, especially gliomas, and
might therefore influence decision-making including
selection for active treatment. Malignant cells show
increased amino acid transport and are therefore a pos-
sible target for isotope labelled amino acid imaging,
whereas FDG PET does not provide optimal diagnostic
value in brain tumours due to high back-ground activ-
ity in brain. Most promising 18F-FET seems to require
the prerequisites for brain tumour imaging. FET PET
is a 18F-labeled amino acid (tyrosine) that can be pro-
duced in large amounts for clinical purposes. FET PET
may be used for evaluation of newly diagnosed brain
lesions including optimal guidance of biopsies, treat-
ment monitoring of high grade glioma and improved
treatment planning of radiotherapy. Sensitivity of FET
PET for high grade glioma can be estimated at 90% or
even higher, but cerebral gliomatosis may appear FET
negative. On the other hand FET PET is not useful to
exclude any brain glioma as many low grade gliomas
do not show marked uptake of this tracer. Low grade
gliomas without marked FET uptake have far better
prognosis in respect to malignant transformation and
death than have FET avid lesions. Evaluation of newly
observed brain lesions by FET PET will most probably
be included in the standard diagnostic approach.
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port · Brain lesions · Choline · Hemiplegia
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Introduction

Amino acid PET provides very sensitive means to
detect brain tumours, especially gliomas, and might
therefore influence decision-making including selec-
tion for active treatment. On the other hand, progress
in brain tumour treatment has been painfully slow
and prognosis for glioblastomas remains amongst the
worse of all cancer types (Herholz 2010). Hopefully
the future will bridge this gap between diagnostic and
therapeutic possibilities.

According to the broad access of MRI in the set-
ting of neurological patients intracerebral lesions being
consistent with primary brain tumour or at least of
unknown significance are rather frequently observed.
Thus, MRI has evolved as the most important diag-
nostic tool for initial assessment of pathologies of
the central nervous system. Morphological imaging
techniques are usually able to demonstrate precisely
the presence of a brain lesion, in terms of its size
and its relation with surrounding brain structures (Del
Sole et al. 2004), however, this technique lacks speci-
ficity in the non-invasive assessment of histopathology.
Metabolic imaging of brain tumours with radiolabeled
amino acids has been shown to be a valuable method to
improve the diagnostic accuracy in combination with
anatomic radiological methods (Pauleit et al. 2004;
Jager et al. 2001), especially after diagnosis to accu-
rately delineate the extension of tumour for initial
staging or during follow-up after therapy.

111M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 4,
DOI 10.1007/978-94-007-1706-0_12, © Springer Science+Business Media B.V. 2012
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Isotope Labelled Amino Acids in Nuclear
Medicine and Neurooncology

Amino acids enter cells mainly via specific transport
systems. Malignant cells show increased amino acid
transport and are therefore a possible target for iso-
tope labelled amino acid imaging. Although PET with
FDG is proven to be useful for diagnosis and therapeu-
tic management in a variety of tumours, in tissues with
high background, such as brain, difficulties in image
interpretation occur (Haberkorn 2004). Additionally,
many brain tumours including even glioblastoma do
no capture FDG sufficiently (Pötzi et al. 2007; Pichler
et al. 2010a).

Historically 123I labelled tyrosine has been used for
brain tumour imaging since 20 years (Langen et al.
1990; Biersack et al. 1989) as a marked accumulation
of tracer was reported in human brain tumors. Langen
and coworkers demonstrated tracer uptake in about
80% of investigated gliomas. So 123IMT was consid-
ered a suitable SPECT tracer of amino acid uptake.
Some advantage of SPECT gamma camera systems is
the broad availability – on the other hand the poor spa-
tial resolution of SPECT compared to PET represents
a major disadvantage. With growing numbers of PET
and PET/CT cameras especially in and nearby neu-
rosurgical centres the use of 123I and 99mTc labelled

compounds – as MIBI – or 201Tl will loose relevance
further on.

Comparably long 11C labelled methionine for PET
imaging is available, the method has also been com-
pared on a patient basis to 123IMT (Langen et al. 1997).
The diagnostic impact of 11C-MET on brain tumour
imaging and the technical superiority of a PET resolu-
tion system have been published since the 1980s, so the
main pro of this compound is a large body of evidence
of usefulness in clinical practice. The short half-life
of 11C of 20 min which enforces the presence of an
on-site cyclotron is rather unpractical. Additionally the
specificity of the compound for tumour imaging might
not be optimal compared to others as accumulation in
inflammatory tissue may occur.

The development of 18F labelled amino acid com-
pounds has helped to overcome these restrictions.
18F-DOPA is available since about 1985 mostly for
evaluation of Parkinson’s disease (Calne et al. 1985)
and was also shown to detect brain tumours (Heiss
et al. 1996). Some regional centres as Graz in Austria
still rely on this compound for brain tumour imaging.
But it has to be concerned that the marked physio-
logical striatal uptake is undesirable for glioma imag-
ing. Also rather strong and persistent uptake can be
observed in inflammatory processes and hyperaemia
e.g. after stroke – see Fig. 12.1. Last but not least

Fig. 12.1 The 71 year old male patient suffered from acute
stroke involving the right posterior cerebral artery. We present
the MRI and DOPA PET images (subacute) from September

2010, the tracer is accumulated markedly in hyperaemic area sur-
rounding yet unviable brain tissue of the right temporo-occipital
lobe. There was no brain tumour
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technical reasons limiting the production of larger
radiotracer quantities impeded that this compound
became first choice in amino acid glioma imaging.

Most promising 18F-FET seems to require the pre-
requisites for brain tumour imaging. FET PET is a
18F-labeled amino acid (tyrosine) that can be produced
in large amounts for clinical purposes (Langen et al.
2006). This amino acid is not incorporated into pro-
teins, the uptake by tumor cells is mediated by amino
acid transporters (Heiss et al. 1999). Weber et al.
(2000) published a series of patients with intracerebral
tumorous lesions comparing 11C-MET and 18F-FET
in 2000. For all lesions there was a close correla-
tion between MET and FET uptake. It is likely that
the clinical experience with 11C-MET in brain tumour
imaging can be partly extrapolated to FET. Further on
the discussion is focused upon the data already avail-
able for FET in glioma imaging. In Central Europe
this tracer has become commercially available since
2005, in the meanwhile FET can be obtained in most
European countries.

A valid alternative to this compound seems to be
18F-FLT. This 18F labelled thyronine compound has
effect fully been used for glioma diagnosis. A signif-
icant correlation between kinetic modelling and the
percentage of Ki-67-positive cells has been observed
(Backes et al. 2009). This finding might qualify this
tracer especially for the use in clinical trials, at least in
high grade gliomas. Nevertheless, comparative evalua-
tion concluded that 18F-FLT should not be considered
for evaluation of recurrent low grade gliomas (Tripathi
et al. 2009), as only one third of low grade gliomas pre-
sented any relevant tracer uptake. Therefore caution is
recommended in respect to this radiopharmakon when
evaluating brain lesions of unproven histology.

It has to be mentioned, that 11C or 18F labelled
choline, a small molecule that represents a substrate for
phospholipids metabolism in the cell membrane, has
also been introduced for brain glioma imaging.

The Role of FET PET in Glioma Imaging

FET PET may be used for evaluation of newly diag-
nosed brain lesions including optimal guidance of
biopsies, treatment monitoring of high grade glioma
and improved treatment planning of radiotherapy.

Tumour or Not To Be Tumour

Nonspecific incidental brain lesions are being detected
more frequently because of an increasing number of
screening MRI scans of the brain (Floeth et al. 2008).
Combined use of MRI and FET PET in patients with
cerebral gliomas significantly improves the identifica-
tion of cellular glioma tissue (Pauleit et al. 2005).

Our group evaluated 88 patients with leading clini-
cal symptoms of seizures, headache and neurological
deficits as hemiplegia, generally of new onset. MRI
presented a new diagnosed lesion possibly compati-
ble with brain tumour. Overall 51/60 operated persons
had positive FET PET imaging and 86% of neoplastic
brain lesions were FET positive, including three cases
with brain metastasis and one intracerebral lymphoma.
Among the low grade brain tumours (WHO I–II) 13/19
were FET positive, this indicates a sensitivity of 68%.
The diagnostic approach for non-operated persons was
based upon longitudinal observation by clinical obser-
vation or re-MRI examination. Ours study presented
high sensitivity of FET PET for high grade glioma
(sensitivity was 93% for all malignant entities) – for
example see Fig. 12.2 – but cerebral gliomatosis may
appear FET negative. On the other hand FET PET
is not useful to exclude any brain glioma as many
low grade gliomas do not show marked uptake of this
tracer. But there seems to be a place in the primary
diagnostic approach of lesions with unknown signifi-
cance, because FET-PET is able to avoid unnecessary
invasive diagnosis in lesions without uptake and to
advocate a wait and see strategy (Pichler et al. 2010a).

What is the prognostic impact of a FET negative
lesion? Floeth et al. (2008), showed that low grade
gliomas without marked FET uptake had far bet-
ter prognosis in respect to malignant transformation
and death than had FET avid lesions. Combining the
metabolic data with MRI criteria additionally helped
to estimate individual prognosis.

The intensity of uptake may help to differentiate
tumour grading, but there exists substantial overlap so
the impact for individual patient management is very
limited. It was intended to overcome this problem by
measurement of FET tumour kinetics (Pöpperl et al.
2007), but these promising results did not lead to broad
acceptance in other centres.

Of course parallel use of radiological imaging by
MRI – ideally including spectroscopy (Stadlbauer et al.
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Fig. 12.2 A huge tumour in the corpus callosum was observed in this 61 year old female patient, FET PET presented marked uptake
in the lesion with a central defect indicating necrosis (sagittal and transversal images). Biopsy revealed a glioblastoma

2008) – is necessary. It has to be stressed that fusion
imaging with MRI should be done in all patients and
that bimodal image interpretation should represent an
essential part of medical report analysis.

Target selection for diagnostic biopsies is a major
point of imaging. Combined use of MRI and FET
PET in patients with cerebral gliomas significantly
improves the identification of cellular glioma tis-
sue and allows definite histological tumour diagnosis
(Pauleit et al. 2005).

Anyhow, some pitfalls of false FET-positive benign
lesions have been described, as brain abscess (Floeth
et al. 2006), stroke (Pichler et al. 2010a) and radiation-
induced astrogliosis (Pichler et al. 2010b). It has to

be mentioned that also by MR imaging benign lesions
mimicking supratentorial tumours can be observed
(Wurm et al. 2003).

Monitoring Therapy Response

Besides surgery, radiotherapy, chemotherapy and
combined radiochemotherapy that are the essential
therapeutic options for high-grade glioma experi-
mental therapy as convection-enhanced delivery of
cytotoxic or radiation-emitting substances may be
available. Glioblastoma still has very poor prognosis,
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but a broader range of therapeutic alternatives as anti-
angiogenetic factors go in line with a demand for early
and precise monitoring of therapeutic success and/or
detection of recurrence.

The extent of magnetic resonance imaging contrast
enhancement has been used as an early post radiother-
apy indicator of therapeutic response, but this approach
is limited by the difficulty of distinguishing tumour
and unspecific treatment effects (Piroth et al. 2011).
This dilemma might be solved by the combined imag-
ing with FET, as Rachinger et al. (2005), could show
a sensitivity of 100% and a specificity of 93% for
tumour recurrence using FET, whereas the specificity
of MRI was only 50%. A shorter time gap for FET-PET
examination after e.g. radiotherapy compared to MRI
might be considered advantageous. Quantification of
FET uptake in tumour lesions seems mandatory in lon-
gitudinal observation to objectify tumour progress or
treatment response.

Prognostic data might be obtained early by
FET imaging (Piroth et al. 2011), especially in
combination with information about immune-histo-
chemical tumour characteristics as Ki67. Another
example of utmost prognostic importance is the O6-
methylguanine DNA methyltransferase protein expres-
sion in tumor cells (Spiegl-Kreinecker et al. 2010)
which influences response to chemotherapy.

FET PET Guided Radiotherapy

Using FET PET-CT planning, the size and geometri-
cal location of gross and biological tumour volumes

differs in the majority of patients compared to con-
ventional methods (Weber et al. 2008). Vees et al.
(2009), also showed that gross tumour volumes defined
on PET-based techniques are usually smaller (but add
tumour extension in one third of patients) compared to
MRI guided volumes. Hopefully the information pro-
vided by metabolic images will help to optimize the
therapeutic success of radiotherapy which still has to
be proven.

Further Developments

Somatostatin-Receptor Imaging

It is evident that not all brain tumours are gliomas,
some entities – preferably in knowledge of tumour
histology – can be considered as candidates for
other PET imaging modalities than amino acid PET.
Most promising are the 68Ga labelled compounds
DOTATOC and DOTANOC for somatostatin recep-
tor imaging. PNET and medulloblastoma as well as
meningiomas (see Fig. 12.3) present a high density
of somatostatin receptors and are therefore candidates
for imaging with those compounds. Some usefulness
for PET/CT radiotherapy planning has already been
published (Nyuyki et al. 2010).

Imaging of Angiogenesis

Angiogenesis is a critical process in many patholog-
ical processes including cancer. Vascular endothelial

Fig. 12.3 E 68Ga-
DOTANOC PET (and fusion
images with MRI) from
August 2010 present a high
tracer uptake in this
meningioma originating from
the left sphenoid bone and
infiltrating the temporal lobe.
Due to high
somatostatin-receptor density
possible specific therapeutic
approaches for the 75 year old
male patient were discussed
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growth factor receptor signalling pathway plays a piv-
otal role in regulating angiogenesis. Quantitative PET
imaging of VEGF receptor expression is possible via a
64Cu labelled PET radiopharmacon (Chen et al. 2009),
other markers of angiogenesis can be labelled by
radioiodine. Such imaging methods could be helpful
for monitoring antiangiogenic treatment.

Conclusion

MRI still represents the principal and essential imag-
ing method in brain tumours, especially for anatomy
and morphological tumour information. But metabolic
nuclear medicine imaging con provide useful addi-
tional information about viability, treatment response
and tumour extension in brain tumours especially in
high grade gliomas. It can be estimated that amino acid
PET by FET will become the most popular nuclear
medicine imaging option for brain tumour. Evaluation
of newly observed brain lesions by FET PET will
most probably be included in the standard diagnostic
approach.
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Chapter 13

Cyclic AMP Phosphodiesterase-4 in Brain Tumor Biology:
Immunochemical Analysis

B. Mark Woerner and Joshua B. Rubin

Abstract Cyclic AMP plays a significant role in the
biology of brain tumors and represents an important
therapeutic target. Intracellular levels of cAMP are reg-
ulated through its synthesis via adenylyl cyclases and
its degradation by phosphodiesterases (PDEs). There
are eleven families of PDEs (1 through 11) as well as
multiple sub-families from which numerous isoforms
are generated by alternate mRNA splicing. We, and
others have found that specific PDE isoforms exhibit
tumor promoting qualities and that PDE inhibitors pos-
sess potent anti-tumor activity. In order to investigate
the molecular basis for PDE actions in brain tumor
biology, we rigorously examined the patterns of PDE
isoform expression. In the following chapter we focus
on the PDE4 sub-family of cAMP specific hydrolases
and discuss several challenges that arise when exam-
ining their patterns of expression by western blotting,
immuno-histochemistry and immuno-fluorescence.

Keywords Cyclic AMP · PDE inhibitors · Adenylyl
cyclases · PDE4 · Neoplasms · Rolipram

Introduction

Central to advancing the care for patients with malig-
nant neoplasms are efforts to delineate how can-
cer cells differ from their normal counterparts, and

J.B. Rubin (�)
Division of Pediatric Hematology/Oncology, Department
of Pediatrics, Washington University School of Medicine,
St. Louis, MO 63110, USA
e-mail: Rubin_J@kids.wustl.edu

the identification of biological targets whose activ-
ity, when normalized, corrects the cancer phenotype
and re-establishes normal growth control. In this
regard we and others have described the tumor pro-
moting actions of cyclic adenosine monophosphate
(cAMP) phosphodiesterases and the antitumor effects
of phosphodiesterase inhibitors. In the following chap-
ter we will focus on the unique biology of the cAMP
phosphodiesterase-4 (PDE4) family of cAMP hydro-
lases as it pertains to brain tumors and the experimental
challenges that arise when studying patterns of PDE4
expression.

Furman and Shulman (1977) first recognized the
relationship between abnormally low levels of cAMP
and brain tumor growth. They found that both the
activity of the cAMP synthetase, adenylate cyclase,
and cAMP levels were inversely correlated with the
degree of malignancy of brain tumors. The impor-
tance of PDE4 to tumor biology was first suggested by
the antitumor activity of the PDE4 inhibitor Rolipram
when tested in vitro against breast and lung carci-
noma cell lines (Drees et al. 1993; Merz et al. 1998).
More recently, McEwan et al. demonstrated Rolipram
activity against colon carcinoma cells (McEwan et al.
2007), and we found that decreased cAMP lev-
els stimulate brain tumor growth in vivo and that
drugs that can elevate cAMP, including Rolipram,
exhibit significant antitumor effects (Goldhoff et al.
2008; Yang et al. 2007). These studies strongly sug-
gest that the PDE4 family of enzymes and PDE4
inhibitors be vigorously evaluated as vital targets to
oncology.

Phosphodiesterases hydrolyze intracellular cAMP
and cGMP to their respective 5’ monophosphate
forms, and thereby function as negative regulators of
multiple cyclic nucleotide-dependent processes. The

119M.A. Hayat (ed.), Tumors of the Central Nervous System, Volume 4,
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PDE superfamily contains 11 subfamilies that are
distinguished by sequence homology, substrate affin-
ity, enzyme kinetics, and modulation by specific reg-
ulators (Conti and Jin 1999). The PDE4 subfamily
is highly specific for cAMP and abundant in the
brain (Cherry and Davis 1999). PDE4 was found to
be the predominant isoform expressed in approxi-
mately two-thirds of 60 human tumor cell lines (Marko
et al. 2000), and expression correlated with malig-
nancy in mouse keratinocyte derived carcinoma lines
(Marko et al. 1998). PDE4 expression was also eval-
uated in six human glioblastoma multiforme (GBM)
cell lines where it was found to be present, but at
lower levels than PDE1, a combined cAMP/cGMP
hydrolase (Marko et al. 2000). We found that sev-
eral histological subtypes of brain tumors expressed
high levels of PDE4 and that PDE4 inhibition, in
combination with standard radiation and chemother-
apy, promoted a unique tumor regression in an

intracranial xenograft model of GBM (Goldhoff et al.
2008).

The PDE4 family of phosphodiesterases can be fur-
ther subdivided into four subfamilies derived from
separate genes (A–D). From these four genes at least
35 different functional isoforms are generated (Lugnier
2006). Through distinct combinations of localization
motifs, regulatory sites and protein–protein interact-
ing domains, the multiplicity of PDE4 isoforms per-
forms a wide array of tissue and subcellular com-
partment specific functions (Lynch et al. 2006). For
instance, only PDE4D5 regulates PKA-dependent het-
erotrimeric G protein switching by β2 – adrenergic
receptors (Lynch et al. 2005). Similarly, PDE4D3 and
PDE4C2, but not PDE4A4 or PDE4B1, are required
for basal AKAP450-tethered protein kinase type II
activity (McCahill et al. 2005).

The range of function and form within the PDE4
family constitutes an experimental challenge for those

Fig. 13.1 PDE4 exists as multiple isoforms. (a) Chromosomal
location of the four PDE4 genes (A–D). (b) Domain organization
of PDE4 isoforms consisting of unique isoform specific amino
terminus, upstream conserved regions (UCR) 1 and 2, catalytic
domain and subfamily (A–D) specific carboxy terminus. Long
forms contain all five domains. Short and supershort forms do
not contain UCR1. Supershort forms contain a truncated UCR2.
(c) Western blots of U87 glioblastoma cells probed with the
human specific antibody for PDE4A (Houslay) and with PDE4

subfamily specific antibodies from FabGennix lanes B through
D. U87 cells express PDE4A isoforms of 66 and 80 kDa likely
corresponding to PDE4A1 and PDE4Ax. The PDE4B antibody
also reveals a band at 66 kDa indicating that U87 cells also
express PDE4B4. Two isoforms of PDE4C are evident in U87
cells at 64 and 73 kDa. These correspond PDE4C2 and PDE4C3,
respectively. Finally, the PDE4D antibody reveals a high molec-
ular weight doublet corresponding to PDE4D3 at 95 kDa and
PDE4D5 at 105 kDa
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interested in evaluating changes in expression or local-
ization as a basis for a difference in PDE4 activ-
ity. It is likely that functionally significant varia-
tions in PDE4 activity result from modulation in
the expression or localization of a limited num-
ber of isoforms. Thus, antibody reagents that cannot
distinguish between isoforms may, in some circum-
stances, be less useful than those that can. In this
regard some consideration for the domain organiza-
tion of the PDE family is warranted. The fundamental
domain organization of PDE4 includes unique, iso-
form specific amino-terminal regions, two regulatory
domains referred to as upstream conserved regions
(UCR1 and UCR2), a highly conserved catalytic unit,
and a subfamily or gene specific carboxy terminal
domain (Fig. 13.1). The multiplicity of PDE4 iso-
forms arises from splice variants that are derived
from the four PDE4 genes (A–D). This results in
three groups of PDE4 molecules: the long isoforms
which include complete UCR1 and UCR2, the short
isoforms which contain only UCR2, and the super-
short isoforms which contain a truncated UCR2. Thus,
while the potential exists to utilize isoform specific
reagents directed against the unique amino termini,
most commercially available antibodies are directed
against the carboxy-terminus and recognize all the
members of one PDE4 subfamily without further dis-
tinction. Finally, while the carboxy-termini of PDE4B,
PDE4C, and PDE4D are conserved between humans
and rodents, the carboxy termini of human and rodent
PDE4A diverge considerably.

Materials and Methods

Phosphodiesterase function is dependent upon which
PDE4 isoforms are expressed, what their subcellu-
lar localization is, and what other proteins they are
in complex with. Each of these elements of PDE4
function can be assessed with immunochemical meth-
ods. It is imperative that only the appropriate antibody
reagents be utilized. Commercially available antibod-
ies include those directed against a synthetic peptide
common to most of the PDE4 subtypes and belong-
ing to the PDE4A and D subfamilies. Alternatively,
there are antibodies directed against the carboxy-
terminus that can distinguish between members of
different subfamilies. Furthermore, there are some

isoform specific antibodies as well as antibodies
against phosphorylated PDE4, such as the phospho-
PDE4A-selective antibody. Finally, while many com-
mercial antibody specifications indicate cross-reaction
between human and animal PDE4, the sequence diver-
gence between murine and human PDE4A can make
this less likely, and caution should be used when
identification of the immunizing peptide is treated
as proprietary information. In the following sections
we provide detailed protocols for investigating PDE4
protein expression.

Western Blotting

Materials

1. Cell lysates were obtained from U87 cells, an
established human brain tumor cell lines (ATTC)

2. Phosphate buffered saline (PBS), pH 7.35
3. RIPA buffer: 150 mM NaCl, 10 mM Tris (pH 7.2),

0.1% SDS, 1.0% Triton X-100, 1% deoxycholate
and 5 mM EDTA

4. Protease inhibitor cocktail: (1 mM phenylmethyl-
sulfonyl fluoride, 10 mM benzamidine, aprotinin
5 μg/ml, leupeptin 5 μg/ml)

5. Protein Assay Bio-Rad DC Bradford system
6. NuPAGE LDS Sample Buffer (4X) Invitrogen

(NP0007)
7. NuPAGE DTT Sample Reducing Agent Invitrogen

(NP0004)
8. Molecular weight marker SeeBlue Plus2

Invitrogen (LC5925)
9. NuPAGE 10% Bis-Tris Gel Invitrogen (NP0301)

10. NuPAGE MOPS SDS Running Buffer Invitrogen
(NP0001)

11. Gel running apparatus
12. Nitrocellulose Membrane Amersham
13. Transfer apparatus
14. NuPAGE Transfer Buffer Invitrogen (NP0006)
15. Tris buffered saline with 0.01% Tween-20 in

TBST (pH 7.6)
16. Bovine serum albumin (BSA)
17. Antibodies used and their concentrations were as

follows:

a. hPDE4A-PDE-46 noncommercial polyclonal
antibody made against human PDE4A (GST
788-886) used at a dilution of 1:400 (kind gift
from M.D. Houslay)
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b. PDE4B- FabGennix (PD4-201AP) made
against undisclosed synthetic peptides corre-
sponding to N- & C-terminal region common
to all PDE4B subtypes, used at a concentration
of 1 μg/ml

c. PDE4C-FabGennix (PD4-301AP) made
against an undisclosed synthetic peptide
common to all PDE4C subtypes, used at a
concentration of 1 μg/ml

d. PDE4D-FabGennix (PD4-401AP) made
against an undisclosed synthetic peptide
common to all PDE4D subtypes, used at a
concentration of 1 μg/ml

18. Goat anti-Rabbit-HRP Biorad (170-6515) used at
a dilution of 1:25,000

19. Chemiluminescent Detection SuperSignal West
Pico Pierce (34080)

Methods

Western blotting is a method for quantifying protein
expression in cell or tissue lysates. Under the dena-
turing conditions described below, electrophoresis of
proteins through an acrylamide gel will result in their
separation based on size. Immunolabeling of sepa-
rated protein bands provides a reliable method for
identification of individual proteins such as specific
isoforms of PDE4. The coupling of antibody labeling
to photon-emitting reactions or fluorescent tags sup-
ports the quantitation of relative protein abundance.
Thus, Western blotting can identify which PDE4 iso-
forms are expressed and provide information regarding
relative levels of expression between different cell lines
or tissues as well as information regarding up- or
down-regulation of specific isoforms under different
growth conditions or in response to different stimuli
(Fig. 13.1).

(1) Human astrocytoma cells (U87) are grown in
serum supplemented media on 10 cm plates.
When the cells are confluent, the plates are
removed from the incubator and placed onto ice
and rinsed two times with ice cold PBS.

(2) Remove the PBS and add 0.5 ml RIPA lysis
buffer supplemented with protease inhibitor
cocktail to each 10 cm plate.

(3) Scrape cells with a cell scraper into the RIPA
buffer and transfer to microfuge tube.

(4) Incubate on ice for 10 min. Vortex every few min-
utes to dissolve cell membranes. Alternatively,
cells and tissue can be solubilized in a sonicator.

(5) Centrifuge samples at 10,000 rpm for 5 min in a
microfuge to pellet insoluble material.

(6) Remove supernatant and discard the pellet.
(7) Determine protein concentration of the super-

natant with an assay kit according to manu-
facturer’s instructions. We typically utilize the
Bradford Assay (Bio-Rad).

(8) Take a volume of supernatant that corresponds to
25 μg of protein, add 4X concentrate of sample
buffer and 10% by volume of DTT and heat to
70◦ C in boil proof Eppendorf tube for 10 min.

(9) Load cooled mixture onto a 10% Bis-Tris gel.
Load 5 μl of molecular weight markers into a
separate lane.

(10) Run gels at 100 V for 115 min or until a 17 kDa
marker has run off the gel.

(11) Prepare the gel and nitrocellulose membranes for
transfer by equilibrating in transfer buffer for
10 min.

(12) Gels and nitrocellulose paper are then mounted
into a transfer apparatus.

(13) Transfer of proteins occurs at 150 V for 120 min.
(14) Membranes (now blots) are removed from trans-

fer apparatus. Non-specific antibody labeling is
reduced by soaking the membrane for 1 h at room
temperature (R.T.) in 4% BSA in TBST.

(15) Primary antibodies are added to blots for
overnight incubation at R.T. in 5 ml plastic seal-
able baggies and placed onto a nutator.

(16) The next day, blots are rinsed in TBST 3 times
for 10 min/wash.

(17) Secondary antibody conjugated to HRP is added
to blots at a concentration of 1:25,000 for 90 min
at R.T. on the nutator.

(18) Blots are rinsed in TBST 3 times for 10 min/wash
and then developed in chemiluminescent reaction
system according to manufacturers instructions;
we prefer the West Pico Substrate from Pierce.

(19) Blots are finally wrapped in Saran wrap, placed
into a light tight cassette and developed with
X-ray film in the dark room. Start with a 2 min
exposure and change time as appropriate to
develop bands on film.

(20) Use molecular weight marker lane to gauge
molecular weights of the bands.

(21) To quantify protein expression, scan blots and
quantify bands using Image J software from the
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NIH, a free imaging software that can be down-
loaded at http://rsbweb.nih.gov/ij/download.html

Immunohistochemistry

Materials

1. Tissue sections were obtained from archival tissue
blocks sectioned to 5 μm and placed onto posi-
tively coated (+) slides. Slides were dried in an
oven for 1 h at 35◦C.

2. Antigen Retrieval Solution Citrate buffer (pH 6.0)
DAKO (S1699).

3. PAP Pen hydrophobic marker Vector (H-4000).
4. Tris buffered saline with 0.01% Tween-20 in

TBST (pH 7.6).
5. Hydrogen peroxide 30 wt% solution in water

Sigma-Aldrich (216763)
6. Avidin/Biotin Blocking Kit Vector (SP-2001)
7. Antibody diluent: 1% Milk in TBS (pH 7.6) heated

to and held at 60ºC for 1 hour. After cooling, add
2% BSA, 0.1% Triton X-100, and 0.01% sodium
azide

8. Normal swine serum Jackson ImmunoResearch
(014-000-121)

9. Antibodies used and their concentrations were as
follows:

a. hPDE4A-PDE-46 (GST 788-886) used at a
dilution of 1:400

b. Swine anti-Rabbit Biotin Conjugate DAKO
(E0431) used at a dilution of 1:450

10. Streptavidin-HRP DAKO (P0397) used at a dilu-
tion of 1:450

11. Diaminobenzidine Chromogen DAKO (K4366)
12. Hematoxylin Counterstain Gill 2 Richard-Allan

Scientific (72504)
13. Permount Fisher Scientific (SP15)
14. Xylenes and alcohols found in a typical histology

staining system

Methods

Immunohistochemistry is a method for detecting
and localizing proteins of interest in tissue sections.

Investigators can determine which cell types express
a particular protein through colocalization of that pro-
tein and a second protein whose expression is limited
to a specific cell type. As an example (Fig. 13.2), we
found that hPDE4A was localized to cells that had been
found to express glial fibrillary acidic protein (GFAP)
in serial sections (data not shown). In this fashion we
were able to conclude that astrocytoma cells express
PDE4A.

(1) Deparaffinize slides and bring to H2O (2 washes
in xylene 5 min/wash, 2 washes in 100% EtOH
5 min/wash, 1 wash in 90% EtOH for 5 min and
then place into 100% dH2O. All washes are done
at R.T.

(2) Antigen Retrieve in 0.01 M sodium citrate (pH
6.0) at 95◦C for 10 min, cool down on desktop
for 10 min.

(3) Rinse slides briefly in dH2O, circle tissue with
PAP Pen.

(4) Block endogenous peroxide with H2O2 (3% in
TBST for 15 min at R.T.).

(5) Wash briefly in TBST.
(6) Block with avidin/biotin for 15 min at R.T., each

reagent following manufacturers instructions.
(7) Wash briefly in TBST after each block.
(8) Block with 10% normal swine serum in diluent

for 1 h at R.T.
(9) Drain blocking solution and incubate in primary

antibody overnight at R.T.
(10) The next day, wash three times in TBST for

10 min/wash at R.T.
(11) Incubate in Secondary Swine α Rabbit-Biotin

conjugate for 90 min at a dilution of 1:450 at R.T.
(12) Wash 3 times in TBST for 5 min/wash at R.T.
(13) Incubate in streptavidin–HRP for 60 min at a

dilution of 1:450 at R.T.
(14) Wash three times in TBST for 5 min/wash at R.T.
(15) Develop in DAB following manufacturers

instructions for 5 min or until there is sufficient
staining.

(16) Counterstain with hematoxylin.
(17) Dehydrate through a series of alcohols and

xylenes.
(18) Mount with Permount, allow to dry overnight and

photograph.

http://rsbweb.nih.gov/ij/download.html
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Fig. 13.2 Astrocytomas of
all grades express PDE4.
Immunohistochemical
staining of human tumor
specimens. PA – Grade I
Pilocytic Astrocytoma;
A-II – Grade II Astrocytoma;
AA – Grade III Anaplastic
Astrocytoma; GBM – Grade
IV Glioblastoma stained using
a human specific PDE4A
antibody. In all cases positive
staining for PDE4A appears
brown. Scale bar is 20 μm

Immunocytochemistry

Materials

1. DAOY cells, an established human medulloblas-
toma cell line (ATCC) engineered to express murine
PDE4A1.

2. Fixative, Prefer, an aqueous glyoxal fixative
obtained from Anatech Ltd.

3. Tris buffered saline with 0.01% Tween-20 in TBST
(pH 7.6)

4. Antibody Diluent: pH 7.6 Tris Buffered
Saline (TBS) with 2% IgG free BSA Jackson
ImmunoResearch (001-000-161), 0.1% Triton
X-100 and 0.01% sodium azide

5. Normal Donkey serum Jackson ImmunoResearch
(017-000-121)

6. Antibodies used and their concentrations were as
follows:

a. PDE4A-Abcam (ab 14607) C-terminal region
specific antibody raised against an undisclosed
peptide, used at a concentration of 4 μg/ml

b. 58 K Golgi Protein- Abcam (ab27043) made
against full length purified native rat protein and
used at a concentration of 1 μg/ml

c. Donkey anti-Rabbit AlexaFluor 555 Molecular
Probes (A-31572) used at a dilution of 1:2000

d. Donkey anti-Mouse AlexaFluor 488 Molecular
Probes (A-21202) used at a dilution of 1:2000

7. DAPI 4’, 6-diamidino-2-phenyl-indole dihy-
drochloride Molecular Probes (D-1306) 14.3 mM
stock at a dilution of 1:10,000

8. Immu-Mount mounting media Thermo Scientific
(9990402)

Methods

Immunocytochemistry is a method for detecting and
localizing proteins of interest in cells grown in cul-
ture. Through the use of multiple antibodies and flu-
orophore detection techniques, more than one protein
can be detected simultaneously. Thus, co-localization
of a protein of interest with a marker of a subcellu-
lar organelle can identify that organelle as a domain
in which the protein functions. As an example, the
subcellular localization of virally encoded murine
PDE4A1 to the Golgi membranes of Daoy cells was
achieved by double labeling cells with an antibody
directed against murine PDE4 and a second antibody
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Fig. 13.3 PDE4A1 is localized to the Golgi. Daoy medul-
loblastoma cells were infected with lentivirus encoding murine
PDE4A1. Immunofluorescent co-localization of murine PDE4A
(red) and a 58 kDa Golgi Marker (green) reveals that the two

proteins are co-localized as evidenced by yellow appearance
when the color channels are combined. Nuclei are stained with
DAPI. Scale bar is 20 μm

directed against the 58KD Golgi Marker. The use of
green and red fluorophores allows for the detection of
protein colocalization through the merging of the green
and red images and the generation of a yellow signal in
the regions of co-localization (Fig. 13.3).

(1) Human DAOY medulloblastoma cells expressing
murine PDE4A1 are grown on coverslips.

(2) Rinse with ice cold TBS twice briefly.
(3) Fix with ice-cold fixative for 15 min on ice.
(4) Wash 2 times with TBST for 1 min/wash at R.T.
(5) Permeabilize cells with 0.5% Triton X-100 for

10 min at R.T.
(6) Wash three times in TBST for 10 min/wash

at R.T.
(7) Block with 5% normal donkey serum in diluent

for 60 min at R.T.
(8) Remove blocking solution without rinsing.
(9) Incubate in both primaries overnight at 4◦C.

(10) The next day, wash three times in TBST for
10 min/wash.

(11) Incubate in both secondary Alexafluors for
90 min at R.T.

(12) Remove antibody solution and incubate with
DAPI for 10 min at R.T.

(13) Wash three times TBST for 10 min/wash at R.T.
(14) Mount with Immu-Mount.

Results and Discussion

A strong relationship exists between malignant brain
tumor growth and low levels of cAMP (Furman and
Shulman 1977; Racagni et al. 1983). In general, low
levels of cAMP may be attained through either inhi-
bition of adenylate cyclase as occurs downstream of
Gi-coupled G protein coupled receptors (Sunahara and
Taussig 2002), or through increased action of phos-
phodiesterases (Lugnier 2006). We have generated
data to support both mechanisms for maintaining low
levels of cAMP (Goldhoff et al. 2008; Warrington
et al. 2007; Yang et al. 2007) and present data
here that indicate PDE4 is highly expressed in both
astrocytomas and medulloblastomas (Figs. 13.1, 13.2,
and 13.3).
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It is not realistic to speak of cAMP levels as if a
single level applies to the entire cell. Indeed, fluores-
cent probes for cAMP levels have made it clear that
cAMP levels change within microdomains suggesting
that it is microdomains of cAMP that regulate cellu-
lar function (Ponsioen et al. 2004). In this regard the
described functions of the PDE4 family are particu-
larly relevant. The extended family of PDE4 isoforms
allows not only for tissue specific expression of PDE4
activity but subcellular localization of different iso-
forms, which support the spatial resolution of cAMP
signaling. As an example, we have found that PDE4A1
stimulates brain tumor growth (Goldhoff et al. 2008;
Yang et al. 2007). This particular isoform of PDE4 is
localized to the Golgi (Fig. 13.3). Thus, the cAMP-
sensitive mediators of PDE4A1 effects must also be
localized to this domain.

Utilizing the methods described above it is possible
to detect individual PDE4 isoforms in tissue and cells
and to localize PDE4 to particular cells and to subcel-
lular compartments (Figs. 13.2 and 13.3). These stud-
ies provide the foundation for generating hypotheses
about specific PDE4 isoforms and function. Coupled
with techniques to generate mutant PDE4 isoforms in
which localization, catalytic and protein–protein inter-
acting domains are disrupted, these kinds of studies
allow investigators to dissect out the dependence of
specific PDE4 functions on particular PDE4 domains
(Huston et al. 2006; Scotland and Houslay 1995;
Shakur et al. 1993).

Among the most attractive aspects of PDE4 inquiry
is the number of clinically available PDE4 inhibitors.
Currently there is an active program for the evaluation
of PDE inhibition in the treatment of chronic obstruc-
tive pulmonary disease (Spina 2008). There are nearly
twenty clinically available, some with known isoform
specificity. This has the advantage of efficacy for spe-
cific indications without excessive toxicity or off target
effects. Ample preclinical investigation, demonstrating
a potential application would stand the chance of rapid
translation.

Rolipram, a pan-PDE4 inhibitor, was developed
as an anti-depressant (Wachtel and Schneider 1986)
and has also been evaluated as an anti-inflammatory
in multiple sclerosis (Dyke and Montana 2002). It
is relatively well tolerated with nausea and emesis
the limiting toxicities. Rolipram penetrates into the
central nervous system and does not induce its own
metabolism. Based on the activity of cAMP analogues

as antitumor cell agents, Rolipram has been evaluated
for antitumor cell activity in a limited number of in
vitro studies. Antitumor activity has been described for
chronic B-cell leukemia cells (Siegmund et al. 2001),
acute lymphocytic leukemia (Ogawa et al. 2002) as
well as for an astrocytoma cell line (Chen et al. 2002).
Further, we have evaluated Rolipram in an extensive
in vivo study in which we compared the antitumor
effect of Rolipram alone to Rolipram in combination
with conformal radiotherapy and temozolomide in an
intracranial xenograft model of glioblastoma multi-
forme. Rolipram, in combination with radiation and
temozolomide was observed to promote significant
tumor regression (Goldhoff et al. 2008). These data
again emphasize the importance of cAMP to brain
tumor growth and the importance of PDE4 to cAMP
regulation in brain tumors.

The scope of investigations into identifying indi-
vidual PDE4 isoforms, their physiological roles, their
subcellular localization, associated interacting proteins
and the impact of specific inhibitors on numerous
biological functions and in diseases will be a richly
promising and rewarding line of work for some time
to come.
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Chapter 14

Molecular Imaging of Brain Tumours Using Single Domain
Antibodies

Abedelnasser Abulrob, Umar Iqbal, Boguslaw Tomanek, and Danica Stanimirovic

Abstract Glioblastoma multiforme (GBM) is the
most malignant type of brain neoplasm with an average
patient survival of 15 months under the current treat-
ment regime. The failure of therapeutic approaches
including surgical resections is due to multiple fac-
tors, including molecular diversity of GBMs, invad-
ing micro-metastases, presence of tumor stem cells,
molecular drug resistance, as well as difficulties of
delivering therapeutics across the vascular brain-tumor
barrier. Non-invasive imaging of molecular make-up
of GBM could facilitate the identification of critical
disease features and tailoring of treatments to indi-
vidual disease variants, respectively. Development of
such molecular imaging agents requires integration
of tumor biomarker discovery with the development
of biomarker-targeting molecular imaging agents,
and their validation in pre-clinical disease models.
This chapter will describe processes and techniques
involved in the pre-clinical development of molecu-
lar imaging agents for brain tumors, with the particular
emphasis on workflows leading from biomarker selec-
tion to developing single-domain antibody-targeted
imaging probes to visualize and evaluate biomarker
expression by in vivo imaging using various imaging
modalities.

Keywords Magnetoencephalography · Molecular
imaging agents · Brain neoplasm · Single-domain
antibody · BOLD technique · Biomarker expression

A. Abulrob (�)
Institute for Biological Sciences, National Research Council
of Canada, Ottawa, ON, Canada
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Introduction

Molecular Imaging

The Society for Nuclear Medicine broadly defines
molecular imaging as the visualization, characteriza-
tion, and measurement of biological processes at the
molecular and cellular levels in humans and other
living systems. Molecular imaging agents are probes
used to visualize, characterize, and measure biolog-
ical processes in living systems. Both endogenous
molecules and exogenous probes can be molecular
imaging agents.

The broader definitions of molecular imaging sep-
arate anatomy from function and equate molecular
imaging with functional studies that use contrast media
and radiopharmaceuticals whose biodistribution does
not have a strong mass dependency, and include mea-
surements of blood flow, blood volume, perfusion,
glomerular filtration, phagocytosis, hepatocyte clear-
ance and bone adsorption. A recent publication by
Thakur and Lentle (2006) narrowed the definition of
molecular imaging by eliminating several of these
approaches such as MRI using the blood oxygen level
dependent (BOLD) technique, MR diffusion tensor
sequences, and magnetoencephalography among oth-
ers. A further refinement of the scope of molecular
imaging addresses specific and saturable binding of
a probe to a target protein. This implies low capac-
ity targets such as enzymes and receptors. In the
post genomic era, approaches involving proteomics,
genomics, antisense mRNA, reporter genes, protein–
protein interactions, and others expanded the inven-
tory of potential targets for molecular imaging probe
development from less than a hundred to thousands,
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particularly in the field of oncology. In this chap-
ter, molecular imaging will be interpreted as in vivo
imaging of the expression, abundance or activity of
a specific biomarker (protein) using contrast agents
specifically targeted/designed to bind/recognize this
biomarker.

Molecular imaging instrumentation comprises tools
that enable visualization and quantification in space
and over time of signals from molecular imaging
agents. The techniques used include radiotracer imag-
ing/nuclear medicine, magnetic resonance (MR) imag-
ing, MR spectroscopy, optical imaging, ultrasound,
and others. The combination of multiple imaging
modalities often offers synergistic advantages over any
modality alone, such as improved sensitivity, better
spatial resolution, and access to combined molecular,
anatomical and functional information. Many hybrid
systems that combine two or more imaging modali-
ties, such as PET-CT or PET-MRI, are often used in
molecular imaging.

In the last decade, the strong impetus for the devel-
opment of molecular imaging diagnostics came from
the quest for personalized medicine – therapy tai-
lored to patient populations exhibiting specific molec-
ular characteristics. This was made possible through
genome-scale biomarker discovery efforts, as well
as advancements in enabling technologies for con-
trast agent design and synthesis. This chapter will
review recent progress in developing targeted probes
for molecular imaging of brain tumors that combine
biomarker selection with molecular imaging agent
design and validation using a spectrum of enabling
technologies ranging from antibody engineering to
nanotechnology.

Brain Tumor Biomarkers

A biomarker is defined as a physical sign or labora-
tory measurement (in body fluids or by non-invasive
imaging) that occurs in association with a patholog-
ical process and that has putative diagnostic and/or
prognostic utility. A biomarker that is expected to pre-
dict the effect of a therapeutic intervention and is
intended to serve as a substitute for a clinical end-
point is called a surrogate end point. For brain tumors

clinically useful biomarkers should be able to pro-
vide information on: (a) early presence or spread of
the disease; (b) differential diagnosis based on molec-
ular characteristics, (c) prognosis based on progres-
sive or invasive nature of the disease, (d) choice of
treatment protocols (e.g., drug resistance), (e) tumor
response to selected treatment, and (f) early disease
recurrence.

Over last decade, efforts to discover useful GBM
biomarkers have been focused on identification of
‘typical’ or common gene mutations as well as on
the application of gene microarrays to identify differ-
entiating molecular signatures of GBMs derived by
biopsy or surgery. Several growth factors and their
cognate receptors were found to be up-regulated or
mutated in gliomas including platelet-derived growth
factor (PDGF)-A, -B/PDGFR-α, -β, and epidermal
growth factor (EGF)/EGFR (Wong et al. 1987). The
EGFR gene is amplified in 40% of GBMs and these
tumors often acquire additional genomic rearrange-
ment of EGFR gene resulting in the expression of trun-
cated receptor that shows constitutive tyrosine kinase
activity, aberrant receptor signaling and processing
(Nagane et al. 2001). The most common rearrange-
ment of the EGFR gene (occurs in 50–60% of those
that have the amplified EGFR) is an in-frame deletion
of 801 bp, which make up exons 2–7 in the mRNA
(known as EGFRvIII) that confers a dramatically
enhanced tumorigenicity to GBM cells (Nishikawa
et al. 1994). EGF- or PDGF-receptor activation results
in stimulation of downstream signals including the PI3
kinase/AKT pathway, RAF/MAPK/ERK pathway and
PLC-γ/PKC pathway. Activation of AKT causes a loss
of function of the tumor suppressor gene PTEN (phos-
phatase and tensin homologue on chromosome 10),
which is frequently found in GBMs. Other commonly
seen gene mutations in human GBMs are deletion of
INK4A-ARF (occurs in 60% GBMs) and alteration
of p53 and MDM2 protein, all involved in the reg-
ulation of cell cycle. Primary and secondary GBMs
are clinically and genetically different. Whereas de
novo GBMs are characterized by EGFR amplifica-
tion/overexpression, deletion of PTEN and INK4A-
ARF, and over-expression of MDM2 protein, sec-
ondary GBMs occur in younger patients and involve
serial accumulation of genetic alterations often asso-
ciated with PDGFR amplification/overexpression and
p53 hyper-activation.
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The vasculature of GBM is heterogeneous, disorga-
nized and tortuous with irregular diameter (Jain et al.
2007) and abnormalities in cellular (endothelial cells
and pericytes) and acellular constituents. Endothelial
cell hyperplasia is accompanied with increased ves-
sel wall thickness, wide interendothelial junctions
and ‘openings’ such as endothelial fenestrae, vesi-
cles and transcellular holes, abnormal pericyte cover-
age and discontinuous basement membrane that often
projects into the tumor parenchyma. The tumor vas-
cular network exhibits erratic branching patterns and
lacks hierarchy; tumor vessels are often described
as immature. Structural abnormalities are associated
with the aberrant function including a heterogeneous
blood-brain barrier (BBB) disruption and vasogenic
brain edema leading to increased interstitial fluid
pressure.

Abnormal vascular gene expression is a key signa-
ture of tumor vessels. For example, VEGF/VEGFR-
2 signaling is responsible for the increase in tumor
vessel permeability (Machein et al. 1999), while
down-regulation of anti-thrombotic molecules, such as
antithrombin III, and overexpression of thrombomod-
ulin cause intratumoral haemorrhage and intravascular
thrombosis (Isaka et al. 1994). While GBM vessels
lose the expression of several junctional molecules
including VE-cadherin, claudin-1, -3, -5, and occludin,
they show increased expression of the ATP bind-
ing cassette transporters, including P-glycoprotein and
ABCG2, therefore, limiting the delivery of drugs
into the brain. VEGF/VEGFR-2 complexes, inte-
grins αvβ3, α5β1, endoglin (CD105), thrombospondin-
1 receptor (CD36), Thy-1, prostate-specific mem-
brane antigen (PSMA) and tumor endothelial markers
(TEMs) (St Croix et al. 2000) have all been docu-
mented at higher levels in tumor compared to normal
vessels. Genomic profiling technologies have con-
tributed to the identification of novel markers in tumor
endothelium that could be exploited for diagnostic or
therapeutic purposes (St Croix et al. 2000). In a recent
study (Pen et al, 2007), 69 differentially expressed
genes were identified in the laser-capture microdis-
sected vessels from human glioblastomas; one of
these biomarkers, IGFBP7, was shown to be robustly
and selectively upregulated in glioblastoma vessels,
secreted by tumor endothelium and deposited in the
tumor vessel basal lamina.

Brain tumor vascular biomarkers are particularly
suitable for developing molecular imaging approaches.

The rate of angiogenesis in brain tumors is prognos-
tic and can differentiate between lower grades astro-
cytomas and glioblastomas. Furthermore, a major-
ity of vascular antigens that are ‘phenotypic’ of
tumor vessels could be accessed systemically, with-
out need to cross the blood-tumor barrier (BTB).
Tumor vessels (over)express a variety of drug efflux
transporters important for choosing chemotherapeu-
tics to circumvent drug resistance. Specific vascular
imaging biomarkers can also aid differential diagno-
sis between radiation necrosis and tumor recurrence.
Finally, tumor vessels can be targeted therapeutically
to either inhibit angiogenesis or ‘stabilize’ vessels to
enable better delivery of chemotherapeutics; responses
to these therapies could be evaluated using vessel-
targeted molecular imaging. In addition, molecular
vascular changes assessed by molecular imaging tech-
niques could be combined and correlated with func-
tional vascular responses using blood oxygen level
dependent (BOLD) technique, perfusion imaging, or
neurovascular coupling by fMRI.

Despite notable progress in brain tumor biomarker
discovery using gene and protein screening tech-
niques, challenges remain in translating these biomark-
ers/biomarker signatures into tools useful in clinical
decision-making. Critical features of the brain tumor
biomarker exploitable for molecular imaging include
selectivity to diseased tissue, enabling good contrast-
to-noise ratio, specificity to the disease, enabling accu-
rate diagnosis of the disease, abundant expression so
that it can be reliably detected even with less sensitive
techniques, such as MRI, and accessibility to sys-
temically injected molecular imaging contrast agents.
For example, for intratumoral biomarkers that have
good predictive value (e.g., mutated/deleted EGFR),
the imaging agent has to cross the brain–tumor bar-
rier to access the biomarker; although dysfunctional,
the brain-tumor barrier is restrictive for some small
molecules and chemotherapeutics due to upregula-
tion of efflux pumps, as well as for biologics due to
preservation of relatively tight junctional complexes.
Furthermore, high interstitial pressure within the tumor
due to edema restricts free diffusion of therapeu-
tic/imaging agents within the tumor. In contrast, some
brain tumor vascular biomarkers are accessible from
the systemic compartment and could be targeted by
both small molecules and biologics; however, most of
these biomarkers lack selectivity and their prognos-
tic/predictive link to disease remains obscure.
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Application of Domain Antibodies in
Molecular Imaging

After selecting appropriate and informative biomarker
conforming to criteria outlined in the previous section,
its detection by non-invasive imaging necessitates the
development of ‘targeting’ molecules that bind to the
biomarker with sufficient specificity and affinity. These
targeting molecules should be functionalized with the
contrast appropriate for a specific imaging modality,
e.g., fluorescent label for optical imaging, radiochem-
ical for PET/SPECT, paramagnetic molecule for MRI,
or a combination of these for multimodal imaging.

Biomarker targeting molecules have typically been
small molecule radiopharmaceuticals or small organic
probes developed as agonist/antagonist of specific
brain receptors, neurotransmitters or misfolded pro-
teins. During the last decade, biologics, including
peptides and antibodies, have expanded the field of
molecular imaging agent design for various indica-
tions including cancer and atherosclerosis. With the
help of sophisticated bioconjugation and radiolabeling
techniques, numerous peptide-based agents have been
developed and evaluated for delivery of PET radionu-
clides to the specific molecular targets in preclinical
and clinical studies. As compared to macromolecules,
such as proteins or antibodies, low-molecular-weight
peptides are advantageous for in vivo molecular imag-
ing applications due to favorable pharmacokinetics.
A relatively new class of cell penetrating peptides
(CPPs) has opened the possibility of targeting con-
trast agents to intracellular and intranuclear targets,
by introduction of membrane-transducing peptides in
the design of new contrast agents. Whereas antibodies
have higher specificity and affinity than peptides, the
implementation of antibodies in molecular imaging has
been limited by their extended circulation persistence,
which is responsible for increased background activity.
More recently, recombinant antibody fragments have
been produced that retain high affinity for target anti-
gens, and display a combination of rapid, high-level
tumor targeting with concomitant clearance from nor-
mal tissues and the circulation in animal models. They
also provide a useful building block for intermediate-
sized recombinant fragments that can be tailored for
improved targeting, clearance properties and avidity.

Single domain antibodies (sdAbs) are variable
domains (VHH) of heavy chain antibodies, naturally

occurring in camelid species (Hamers-Casterman et al.
1993). These antibody fragments have MW of 13 kDa,
the 10th of the size of IgG (150 kDa), generally
display high solubility and stability and can be read-
ily produced in yeast, plant, and mammalian cells.
Recombinant sdAbs have several advantages over con-
ventional antibodies and the single chain variable
fragments (scFv) derived from the V-domains of con-
ventional antibodies, including high thermal stability,
high refolding capacity, and good tissue penetration
in vivo (Iqbal et al. 2010b; Dumoulin et al. 2002;
Doyle et al. 2008). They often recognize targets inac-
cessible to conventional antibodies, such as sites in G
protein-coupled receptors, protein cavities and active
sites of enzymes (Lauwereys et al. 1998; Dumoulin
et al. 2002). sdAb are typically isolated from non-
immune camelid libraries by process of bio-panning
against specific antigen, when they often have lower
(nM–μM) affinities, or by clonal expansion of B-cells
in the lymphoid organs of the immunized animals,
when their affinities range from pM to nM. sdAbs can
be readily cloned into various formats by fusion to
other proteins or peptides, thereby tailoring their utility
for certain diagnostic and/or therapeutic applications.
Tandem cloning of two identical sdAbs connected by
a linker peptide yields a bivalent reagent with higher
avidity for the antigen (Roovers et al. 2007). Tandem
cloning to an sdAb with a distinct specificity, e.g., for
serum albumin, can help target the reagent to a partic-
ular compartment and/or help to increase the in vivo
half life of the reagent (Roovers et al. 2007). A biva-
lent hcAb can be reconstituted by genetic fusion to the
Fc-domain of any conventional antibody, e.g., mouse
or human IgG1. sdAbs exhibit fast pharmacokinetic
profiles (Iqbal et al. 2010b), desirable in molecular
imaging applications where fast clearance from the
circulation in combination with appropriate specificity
and affinity can result in high signal/background ratios
within reasonable time after contrast agent injection.

In examples described in this chapter, sdAbs iso-
lated against two glioblastoma biomarkers, one intra-
tumoral and one vascular, were evaluated in preclinical
in vivo molecular imaging applications. The studies
involved the design and recombinant production of
sdAbs and various fusion molecules to tailor their
affinity and pharmacokinetics, their bioconjugation
with the optical contrast agent and their subsequent
evaluation in the orthotopic glioblastoma model in
mice using time-domain optical imaging. One of these
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Fig. 14.1 Schematic of the approach used to develop single-domain antibody-targeted molecular imaging agents for brain tumors
and conceptual drawings of described targeted imaging probes for optical and MR imaging modalities

antibodies was further evaluated as targeting agent for
various nanoparticle formulations designed to exhibit
contrast properties in MRI. The schematic of the devel-
opment, optimization and bioconjugation workflow to
develop sdAbs – targeted molecular imaging probes
for various imaging modalities and their conceptual
drawings are shown in Fig. 14.1.

Molecular Imaging Using Single Domain
Antibodies Against EGFR

As discussed in “Brain Tumor Biomarkers” section,
over-expression of EGFR and the presence of
EGFRvIII has been considered one of molecular hall-
marks of glioblastoma tumors. Because this biomarker
is found in >50% of GBMs, has low expression
in normal brain, is prognostic (i.e., correlates with
tumor invasiveness), and is cell-surface expressed, it
is considered an attractive target for molecular imag-
ing purposes. However, the blood-tumor barrier limits
the access to this parenchymal target. The study by

Iqbal et al. (2010a), describes the development and
characterization of the camelid sdAb, EG2, that rec-
ognizes both EGFR and EGFRvIII, as well as two
additional recombinant formats of this sdAab, pen-
tameric EG2 (V2C-EG2) and fusion with the human
Fc-domain (EG2-hFc). All three antibody formats
were bioconjugated with the near-infrared optical con-
trast, Cy5.5, and evaluated in the orthotopic GBM
model (over-expressing both EGFR and EGFRvIII) in
nude mice using time-domain in vivo optical imag-
ing. The molecular size, apparent affinity and plasma
half-lives of tested constructs are shown in Table 14.1.
It is important to note that, although V2C-EG2 has
higher molecular weight than EG2-hFc, its circulation
half-life is shorter due to lack of Fc region and the
susceptibility of the sdAb pentamerizing scaffold to
proteolytic degradation in the circulation. Among the
three constructs, EG2-hFc demonstrated the highest
accumulation and retention in orthotopic GBM over a
72-h prospective imaging protocol (Fig. 14.2a), com-
pared to early and transient tumor signal enhancement
1h after injection observed with V2C-EG2 and EG2.
Whereas the short circulation half-lives of EG2 and
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Table 14.1 Characteristics of three single-domain antibody constructs evaluated for in vivo imaging of orthotopic glioblastoma
tumors

Construct MW (kDa) Apparent affinity Plasma half-life

EG2 (monomeric) 15 55 nM (EGFR)–97 nM (EGFRvIII) 5 min
V2C-EG2 (pentameric) 128 10–40× greater than EG2 70 min
Fc-EG2 (dimeric) 80 50–600× greater than EG2 12 h

Fig. 14.2 Molecular imaging of vascular and tumor-cell
biomarkers in orthotopic glioblastoma model in nude mice using
single-domain antibody ligands coupled to the near-infrared flu-
orescent probe, Cy5.5. (a) Conceptual schematic (left) of a
molecular imaging probe developed against tumor cell-specific
biomarker, EGFR. Representative whole body image (middle
panel) of a mouse bearing orthotopic glioblastoma tumor 72 h
after intravenous injection of the probe (Cy5.5-Fc-EG2sdAb;
Table 14.1). Fluorescence microcopy analysis of excised tumor
(right panel) shows Cy5.5-Fc-EG2sdAb-originating fluores-
cence (red) localized to tumor parenchyma (blue-cell nuclei),

suggesting that brain-tumor barrier in this model is disrupted
sufficiently to allow passage of a biologic-based molecular
imaging agent. (b) Conceptual schematic (left) of a molecu-
lar imaging probe developed against the tumor vessel-specific
biomarker, IGFBP7. Representative whole body image (middle
panel) of a mouse bearing orthotopic glioblastoma tumor 4 h
after intravenous injection of the probe (Cy5.5-IGFBP7sdAb).
Fluorescence microcopy analysis of excised tumor (right panel)
shows Cy5.5-IGFBP7sdAb-originating fluorescence (red) local-
ized selectively to brain tumor vessels (blue-cell nuclei)

V2C-EG2 enabled fast post-injection detection of the
tumor-accumulated contrast, the combined effects of
moderate molecular size, increased apparent affinity
due to bivalent display, and longer circulation half-life
of EG2-hFc produced a superior tumor targeting and
retention as well as good signal-to-noise ratio as early
as 24 h after injection. Similarly, high tumor target-
ing by EG2-hFc (at 24–44 h) compared to EG2 and
V2C-EG2 has also been observed in PET/microCT
imaging of xenograft (subcutaneous) pancreatic tumor

(Bell et al. 2010). These experiments also indicated
that the blood-tumor barrier in the orthotopic GBM
model used in the study is non-restrictive for penetra-
tion of molecules as large as 80 kDa, which is not the
case in clinical GBMs, where the blood–tumor barrier
is largely intact, and requires an invasive osmotic dis-
ruption for delivery of even small molecular weight
therapeutics. Therefore, although studies described
here show successful single-domain antibody tailor-
ing to the imaging application, the interpretation of the
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data was largely driven by the characteristics of the
model and could not be directly translated to the clini-
cal realm. Given the more restrictive BTB, high inter-
stitial tumor pressure (Jain 1994) and high tumor vol-
ume compared to experimental GBM, smaller antibody
formats may actually be beneficial due to facilitated
tumor penetration and better intratumoral diffusion.

Molecular Imaging Using Single Domain
Antibody Against Vascular Target
IGFBP7

Recently, Pen et al. (2007) described insulin-like
growth factor binding protein-7 (IGFBP7) as a highly
specific vascular biomarker of GBM. IGFBP7 is a
31 kDa secreted protein overexpressed in various
tumor blood vessels with little or no expression in nor-
mal blood vessels (Akaogi et al. 1996; St Croix et al.
2000). In GBM vessels, IGFBP7 is induced in tumor
endothelial cells by TGFβ-1 released by glioblastoma
cells, and is deposited in the vascular basal lamina
(Pen et al. 2007; Pen et al. 2008). Subsequent stud-
ies indicated that IGFBP7 is involved in late phase
of angiogenesis in GBM tumors (Pen et al. 2008).
Interestingly, IGFBP7 deposition was found in virtu-
ally all GBM vessels in both tissue sections of surgi-
cally removed human tumors, as well as in host vessels
in orthotopic human GBM tumors implanted into nude
mice (Pen et al. 2007; Iqbal et al. 2010a). Most impor-
tantly, IGFBP7 expression was not detectable in ves-
sels in non-tumor brain tissue. Furthermore, vascular
IGFBP7 expression/deposition was a good differentia-
tor between GBM and lower grade gliomas (unpub-
lished observation from the same laboratory). Since
IGFBP7 has been implicated in GBM angiogenesis,
it could provide a measure of the intensity of angio-
genesis in the tumor, or the response of the tumor to
anti-angiogenic treatments.

From IGFBP7-immunized llama sdAb library (gen-
erated using protocols shown in Fig. 14.1), an IGFBP7
sdAb with a moderate 40-nM affinity was selected and
its binding to GBM vessels in human and orthotopic
GBM confirmed by immunochemistry. The antibody
was then bioconjugated with the near-infrared probe,
Cy5.5, and evaluated in vivo by optical imaging in
orthotopic GBM model in nude mice. IGFBP7 sdAb
injected i.v. produced a fast (as early as 10 min) and

persistent (up to 4 h) tumor signal with high contrast
to noise ratio (Fig. 14.2b), which was not detectable
in animals injected with either a 100-fold excess of
unlabeled IGFBP7 sdAb, or with control isotypic
sdAb (Iqbal et al. 2010a). The subsequent evalua-
tion of excised tumors by in situ fluorescence imag-
ing (Fig. 14.2b, right), revealed exclusive localization
(binding) of injected IGFBP7 sdAb to virtually all
glioblastoma vessels with no presence in peritumoral
vessels or vessels of the contralateral hemisphere.
These studies indicated that the affinity of IGFBP7
sdAb was sufficient to allow an efficient ‘capture’ by
antigen-expressing glioblastoma vessels despite its fast
pharmacokinetics (circulation half-life of 7 min). The
antibody also displayed high selectivity to pathologi-
cal vessels and specificity to its antigen, and achieved a
rapid and robust contrast enhancement in experimental
orthotopic GBM in whole-body imaging, emphasiz-
ing the importance of biomarker characteristics (listed
in Section 1.2) for achieving successful molecular
imaging detection.

This has been underscored further by previous
attempts to develop methods for molecular imaging
of tumor vessels. 64Cu-labeled vascular endothelial
growth factor 121 (VEGF121), a ligand for the endothe-
lial target, VEGFR-2, up-regulated in angiogenic ves-
sels, has been developed for noninvasive imaging of
VEGFR expression in small animals (Cai et al. 2006).
Similar to anti-IGFBP7 sdAb, VEGF121 has a low
nanomolar affinity for VEGFR and fast clearance from
the body due to its small size (25 kDa). In pre-clinical
studies, it became evident that VEGFR expression was
heterogenous in a mouse subcutaneous tumor model of
GBM, as well as that targeting ligand had to compete
with endogenous tumor-expressed VEGF for binding
to VEGFR (Cai et al. 2006). Another well-studied
biomarker of GBM tumor vessels, αvβ3 integrin, has
been targeted by a variety of RGD containing pep-
tide ligands for non-invasive imaging of tumors. In
a recent study where [18F]Galacto-RGD peptide was
used for noninvasive PET assessment of αvβ3 integrin
expression in patients with GBM (Schnell et al. 2009),
the GBMs had very heterogeneous tracer uptake that
correlated well with immunohistochemically deter-
mined αvβ3 expression. However, in contrast to both
VEGFR and IGFBP7, the αvβ3 integrin expression
is associated with both sprouting vessels and with
tumor cells (Schnell et al. 2009), making it diffi-
cult to differentiate the origin of molecular imaging
signal.
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Single Domain Antibody-Targeted Small
Unilamellar Vesicles

Whereas various formats of sdAbs can be optimized
for optical and PET molecular imaging by bioconju-
gation to appropriate tracers, MR molecular imaging
remains challenging due to limited sensitivity of its
probes (Gupta and Weissleder 1996). As the major
determinant of the contrast in 3H-MR images are
the relaxation times, T1 and T2, of the tissue pro-
tons, paramagnetic substances are necessary for con-
trast enhancement. Paramagnetic complexes of metal
ions, such as Gd(III) or Mn(II) have been success-
fully used as MRI contrast agents since the late 1980s.
However, the main obstacle to their use in molecular
imaging is high sensitivity required when biological
targets are present in low concentrations. The chal-
lenge of high relaxivity has been tackled using the
vast armory of nanotechnology tools, including den-
drimers, nanotubes, micelles, nanovesicles and metal-
based nanoparticles (Cormode et al. 2010). The use
of liposomes capable of carrying high payloads of
Gd has been suggested as a viable strategy (Glogard
et al. 2002). Furthermore, to achieve targeting to
specific molecular recognition sites, a variety of tar-
geting peptides or antibodies attached to liposome-
based imaging reporters have been developed to date
(Zhang et al. 2009; Strijkers et al. 2010). However,
these formulations often had pharmacokinetic proper-
ties unsuitable for imaging applications due to poly-
dispersity and bulky size (∼100–400 nm). Recently,
we reported that a long- and short-chain phospho-
lipid mixture (e.g., dimyristoyl phosphatidylcholine,
DMPC, and dihexanoyl phosphatidylcholine, DHPC,
respectively), doped with a long-chain charged lipid
(dimyristoyl phosphatidylglycerol, DMPG) sponta-
neously forms small unilamellar vesicles (sULV) with
a low-polydispersity (Nieh et al. 2003, 2004, 2005).
The size (diameter) of these sULVs ranges from 10
to 40 nm, and can be obtained in a controlled manner
without multistage filtration (Nieh et al. 2003, 2004;
Yue et al. 2005). In subsequent studies, sULVs were
used as nanoscaffolds to achieve a high load of Gd(III)
by incorporating PEGylated phospholipid, distearoyl
phosphoethanolamine-N-[amino (polyethylene glycol)
2000] (DSPE-PEG2000-Amino) and Gd DTPA-bis-
oleate (Gd-DTPA-BOA). Furthermore, these Gd-sULV
were bioconjugated with the anti-IGFBP7 sdAbs to

target the payload to GBM vessels, as well as the
near infrared dye, Cy5.5, to achieve multi-modality
applications (Fig. 14.1, conceptual drawing).

Gd load was estimated at 30,000 Gd per ULV
nanoparticle; the T1 relaxivity in water at 9.4T was
2220 + 280 and 23800 + 5270/mM/sec for the 20 and
40 mol% Gd-DTPA-BOA in ULV contrast formula-
tion, respectively. In vivo pharmacokinetic analysis of
Gd-sULV’s indicated a plasma half life of 1.67 h and
an apparent volume of distribution (Vss) of 1.004 ml.
Therefore, the PK parameters of the Gd-sULV indi-
cate a full clearance of nanoparticles within 8 h (∼5
half-lives).

In vivo optical imaging experiments in orthotopic
GBM model, showed peak tumor signal at 2–4 h
with IGFBP7 sdAb-targeted Gd-ULVs, whereas non-
targeted Gd-sULVs-Cy5.5 demonstrated a negligible
passive accumulation. In both groups, the highest opti-
cal signal originated from the liver, followed by the
kidneys and spleen. Brain sections analyzed by flu-
orescent microscopy at the peak tumor signal (4 h)
showed the exclusive presence of the injected anti-
IGFBP7 sdAb- Gd-sULV-Cy5.5 in GBM vessels. This
was further confirmed in T1 weighted MRI images
obtained at 9.4T, where intracranial tumors became
more enhanced 2 h after the injection of IGFBP7 sdAb-
Gd-sULV, but not the nontargeted Gd-sULV. These
studies established that nanoscale lipid vesicles opti-
mized to sizes between 10 and 40 nm exhibit good
pharmacokinetic profiles for imaging applications.
These vesicles can carry high load of paramagnetic
contrast, and exhibit high target avidity when func-
tionalized with multiple targeting sdAbs, sufficient
to improve MRI detection sensitivity for molecular
imaging applications.

Single-Domain Antibody-Targeted Iron
Oxide Nanoparticles

Progress in mMRI has been further propelled by
advances in nanosynthesis leading to reproducible pro-
duction of nanoparticles with controlled physical and
chemical properties including size, shape, core and
shell type, as well as surface modifications (Di Marco
et al. 2007). Superparamagnetic iron oxide nanoparti-
cles (SPIO) have been often utilized as MR imaging
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probes able to efficiently shorten T2 and particularly
T2∗ of water protons. While the NPs’ core reduces
T2, the coating (shell) is added to prevent aggregation
and sedimentation of the particles in aqueous solution,
provide chemical stability, allow functionalization and
reduce potential toxicity. Therefore, the iron oxide core
has been coated with gold and silica (Tromsdorf et al.
2009), creating core/shell NP. Furthermore Fe3O4 and
Fe3O4/Au NPs have been synthesized with a poly-
meric shell, such as poly(ethylene glycol) or dextran
to enable binding of targeting moieties. Recently, tar-
geted contrast agents comprising superparamagnetic
nanoparticles bioconjugated with biological objects,
such as antibodies (Suwa et al. 1998) or liposomes
(Hamzah et al. 2009) have been reported; these con-
trast agents found recent applications in diagnosis of
cancer and inflammation (Reimer and Tombach 1998).

Targeting of iron-oxide nanoparticles with sdAbs
raised against the vascular GBM target, IGFBP7, has
been recently described (Iqbal et al. 2010a). Iron-oxide
NPs were synthesized, PEGylated and functionalized
with Cy5.5 and IGFBP7 sdAb as described (Iqbal et al.
2010a; see conceptual drawing in Fig. 14.1), yield-
ing stable and water soluble NPs with a hydrodynamic
diameter of 33 nm, polydispersity of 0.17, and a circu-
lation half-life of approximately 24 h. Bioconjugation
of sdAb to the iron oxide NPs increased the average
hydrodynamic diameter to 42 nm with a polydispersity
of 0.375. Proof-of-concept studies using optical imag-
ing as surrogate, demonstrated a progressive increase
in GBM tumor vs. contralateral brain signal ratio,
peaking at 72 h after anti-IFGBP7sdAb-PEGylated
NPs-Cy5.5 injection, and no specific accumulation of
non-targeted NPs in the tumor. Sections from GBM
tumour-bearing mice receiving anti-IGFBP7sdAb-
PEGylated NPs-Cy5.5 demonstrated co-localization
of Cy5.5 fluorescence with tumor vessels, compared
with virtual absence of Cy5.5 fluorescence in the con-
tralateral healthy brain or in tumour sections from
animals injected with non-targeted PEGylated NPs-
Cy5.5. Preliminary MRI data using a commercially
available iron oxide NP coated with dextran and tar-
geted with the anti-IGFBP7 sdAb displayed stable and
measurable MRI contrast of the brain tumour for up
to 24 h, whereas the nontargeted NP had no mea-
surable contrast at 24 h and had cleared completely
from the brain tumor. T2 relaxation times were signif-
icantly lower (p < 0.005) for the anti-IGFBP7 single
domain antibody-targeted iron oxide nanoparticle in

the tumor than in the healthy brain 10 min, 2 and
24 hour after contrast injection when compared to non-
targeted contrast agent. Although further optimization
of this targeted nanoparticle is necessary to adjust
circulation half-life and evaluate general and organ
toxicity, the example provides an initial demonstration
of successful targeting of T2 contrast nanoparticles
with single-domain antibodies raised against a vascular
glioblastoma biomarker.

In both examples of targeted ULVs and iron oxide
nanoparticle described in sections above, a success-
ful transition between optical and MRI modalities has
been achieved using developed multimodal imaging
agents. Multimodality imaging using small-molecule-
based probes is challenging due to the limited number
of attachment points for alternative modalities and
potential interference with its receptor binding affin-
ity. In contrast, use of large surface nanoparticles in
molecular imaging affords attachment of hundreds or
even thousands, of imaging labels or a combination
of labels for different imaging modalities leading to
signal amplification, as well as multiple, potentially
different, targeting ligands providing for enhanced
binding affinity and specificity. Single domain antibod-
ies against molecular GBM targets were shown in our
studies to be versatile targeting ligands that can be used
to functionalize various contrast-bearing nanoparticles.

Challenges and Perspectives

Although conceptually feasible, many obstacles
remain in developing molecular imaging agents for
brain tumors. The first and the most critical element is
the selection of the biomarker that could be exploited
for the development of molecular imaging agent.
Whereas parenchymal tumor biomarkers, cell surface
or intracellular, could potentially be accessed by small
molecule (radio)ligands provided that they escape
multiple and usually overexpressed efflux transporters
at both blood-tumor barrier and tumor cells them-
selves, these targets would not be readily accessible
for targeting biologics or biologics-functionalized
imaging nanoparticles due to the restrictive nature
of brain-tumor barrier. In contrast, tumor vascular
targets/biomarkers are better suited to biologics-based
molecular imaging probes, provided that they are
selective, specific and sufficiently abundant. Although
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many different targeting molecules could be used
to recognize such biomarkers, the body of work
summarized here demonstrates that domain antibodies
have some distinct advantages for this application
due to their small size and stability as well as relative
ease with which they can be engineered to optimize
affinity, avidity, and circulation life-times to specific
application.

Even when a solid proof of concept for imaging
application has been obtained in animal studies, trans-
lation into clinical applications remains a challenge.
The principal reasons are lack of animal models that
well recapitulate characteristics of human glioblas-
tomas as well as ‘transition’ from preclinical imaging
modalities (usually optical and microPET/SPECT) to
accessible and widely used clinical imaging modali-
ties (MRI and PET-CT). The advantage of approaches
presented in this chapter is the ability to introduce
multimodality early on in the targeted contrast agent
development to accomplish target validation and agent
optimization in animal models using optical imaging,
while enabling translation to clinically more relevant
MRI and PET modalities.

Since currently most molecular imaging agents are
injectable small molecules, the ‘transition’ of the field
to targeting biologics will remain a challenge for the
near future. Biologics may be inherently costly for
such applications, although in the paradigm of person-
alized medicine they in the end may reduce overall cost
of treatment. Furthermore, regulatory issues associated
with approval of injectable contrast agents, essentially
treating them as a ‘drug’, remain sufficiently restrictive
to allow their fast penetration into clinical practice.

Notwithstanding these challenges, the future
promise of molecular imaging providing a clinician
or neurosurgeon with information critical for success-
ful management of deadly brain tumors, including
identification of micro-metastases and stem cells,
presence/enrichment in specific proteins or enzymes,
molecular aberrations (e.g., gene methylation) that
can be therapeutically targeted, as well as observing
‘drug in action’ on particular target, remains exciting.
The advancement in enabling technologies necessary
to develop clinically useful molecular imaging probes
has already reached a critical mass, and preclini-
cal proof of concept for few such agents has been
obtained; the ultimate challenge in the near future will
remain translating these promising approaches into
clinical realm.
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Chapter 15

Quantitative Analysis of Pyramidal Tracts in Brain Tumor
Patients Using Diffusion Tensor Imaging

Rubén Cárdenes, Emma Muñoz-Moreno, Rosario Sarabia-Herrero,
Daniel Argibay-Quiñones, and Marcos Martín-Fernández

Abstract Diffusion Tensor Imaging (DTI) is an
image modality that provides information about the
nerve fiber tracts in the brain white matter. In this chap-
ter, we describe the use of DTI to quantify the damage
in fiber tracts due to brain tumors. A quantification
method for this modality is useful to understand the
neurological effects of the tumor in a given patient,
such as motor and/or sensitive disorders, as well as
to help in surgical planning for the resection of the
tumor. The quantification of the state of fiber tracts
and its comparison with the values obtained before
resection and with healthy tracts, is also of paramount
importance for the follow-up of the patient after tumor
resection. As an example, we show the quantification
of the pyramidal tract using two measures: integrity
and connectivity. The fiber tract is automatically iden-
tified in any subject by means of a specific fiber
tracking algorithm, so robust comparison between con-
trol subjects and patients can be performed, as well as
comparison between the two hemispheres of a same
subject. Diffusion tensor based measures are defined to
quantify the state of fiber bundles, taking into account
both the intrinsic properties of the fibers and the sim-
ilarity to healthy control fibers. A 2D mapping of the
tracts is also provided to perform comparisons among
a given population, and to visually analyze the tract
damages. Experiments show the results obtained in a
set of 10 tumor patients, and 10 control subjects.
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Introduction

Quantification of Diffusion Tensor Imaging (DTI) data
sets has become a demanding practice in clinical envi-
ronments for the evaluation of neurological diseases
(Smith et al. 2006), due to its capability to identify
and measure the fiber structure of the brain white mat-
ter, which is not possible to obtain using conventional
magnetic resonance imaging (MRI). Some works have
increased the interest in using this imaging modality,
providing evidence that changes in the structure of the
brain white matter in specific areas could be directly
related to some diseases such as multiple sclerosis
(Audoin et al. 2007; Pagani et al. 2005; Roosendal
et al. 2009), epilepsy (Diehl et al. 2008; McDonald
et al. 2008), or schizophrenia (Kubicki et al. 2005).

If a robust and automatic method to measure the
state of the fiber tracts is available, it could be possible
to measure how affected is a specific fiber bundle of the
brain due to the presence of a tumor, and also to know
its evolution and the level of success of a resection pro-
cedure in follow up studies. Moreover, such a quantifi-
cation method could also give a better understanding
of the state of important fiber tracts for a better sur-
gical planning. Furthermore, due to the information
provided by this modality, these techniques will also
give a measure related to the connection between two
or more areas of the brain. Additionally, comparing
the differences between both hemispheres, and differ-
ences against healthy patients, these techniques could
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give more objective measures of the amount of injury
produced by brain tumors. Despite the efforts already
made to correctly quantify DTI data, there is still low
agreement on what is the best methodology to compare
different DTI data sets. Although quantification meth-
ods along fiber tracts have become important and have
been shown to be reproducible (Partridge et al. 2005),
the measures proposed up to date to quantify DTI
data are limited to isolated standard tensor properties
such as the anisotropy and the diffusivity. However, in
(Cárdenes et al. 2010a) a more global study that takes
into account several properties involved in the fiber
tracts, is used to better characterize bundles of interest.

Background

Diffusion Tensor Imaging

Conventional neuroimaging modalities allow identi-
fying different kinds of tissues in the brain, such as
gray and white matter, but the complex fiber structure
that makes up the white matter cannot be visual-
ized. Diffusion Imaging techniques provide informa-
tion about such fiber structures based on the measure
of the molecular diffusion in the tissues, that is mainly
in the direction of the neuron axons that form the nerve
fiber tracts (Basser et al. 1994). Thus, if this direc-
tion can be identified, the nerve fiber trajectories can
be estimated by means of a technique known as trac-
tography or fiber tracking (Mori and van Zijl 2002). In
this way, 3D representations of the fiber bundles can be
visualized, and the connectivity within the brain can be
studied. Besides, measures along the fiber bundles can
also be done, in order to analyze, for instance, if they
have been damaged due to a given pathology.

To measure the diffusion in the brain a MRI acqui-
sition protocol is defined. The DTI is computed from
a set of Diffusion Weighted MRIs (DW-MRI). Each
of these images is acquired by exciting the tissue
with a specific pulse sequence named Stejskal-Tanner
sequence (Stejskal and Tanner 1965), that applies a
pulse gradient in a given direction. In this way, an
image representing the molecular diffusion in such
direction is obtained, where darker areas correspond
to regions where diffusion is higher and brighter areas
involve lower diffusion. In order to obtain information

about the diffusion in all the 3D space, a set of gra-
dients must be applied, so the diffusion in a set of
directions is measured. At each point of the image,
these measures are combined into a Diffusion Tensor
(DT), that is a mathematical entity describing the dif-
fusion in every direction. DT is a symmetrical second
order positive definite tensor, and can be represented
by a 3×3 symmetric matrix. From the eigen-analysis
of this matrix, the shape, magnitude and principal
directions of the diffusion can be analyzed. Thus, DT
can be viewed as an ellipsoid whose axis directions
are defined by the eigenvectors, and the axis length is
described by the corresponding eigenvalues.

In DTI, the anisotropy of the diffusion processes
in the brain tissues can be quantified, for instance by
means of a quantity called fractional anisotropy (FA)
that is related to the relative amount of diffusion in a
predominant direction, and which allows distinguish-
ing between gray and white matter. The myelin coat
and cell membranes of the axons constrain the diffu-
sion, and force it to be parallel to the axon direction.
Thus, in the white matter, which is composed by nerve
fibers, the diffusion is clearly anisotropic, while in the
gray matter, there is no preferred direction for diffu-
sion, that is, diffusion is isotropic. Therefore, if a DT is
represented as an ellipsoid, as aforementioned, when it
is mostly isotropic, that is, in absence of fibers, the DT
would become a sphere, since diffusion is equal in any
direction of the space. On the other hand, in the white
matter, where there are fiber tracts, DTs are represented
by cigarette-shape ellipsoids. Other information that
can be extracted from the diffusion tensor, is the mean
diffusivity (MD) that is related to the overall amount of
diffusion, (independently on the direction). Changes in
MD or FA have been associated to some pathologies,
such as epilepsy, multiple sclerosis or brain ischemia
(Sundgren et al. 2004). The shape of the diffusion
also provides information about the fiber structures. In
(Westin et al. 2002) a set of geometrical coefficients
are defined, that distinguish between linear, planar or
spherical diffusion: linear is related to fiber tracts, pla-
nar occurs when two or more fiber tracts are crossing
in the same voxel of the image, and spherical diffusion
appears in the gray matter.

Regarding the diffusion direction, if the axons are
aligned to form a fiber bundle, it can be assumed
that the main eigenvector of the tensor describes the
fiber tract orientation at each voxel. If we follow the
path indicated by these vectors along the image, the
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fiber trajectories can be identified, and images as the
one shown in Fig. 15.2 can be obtained. The rela-
tion between these fiber tracts and the anatomical
nerve structures previously described has been shown
in (Mori et al. 2005). To identify anatomically the
fiber tracts computed from DTI, manual selection of
the fibers is usually performed. However, to avoid this
tedious task, automatic segmentation algorithms, as
the one described here, have been proposed. Thus,
the damage in a given tract can be easily measured
and related to the neurological problems observed in
a particular patient.

Quantification Methods based
on Diffusion Tensor Imaging

The most common way to perform quantification of
DTI data, has been the use of scalar magnitudes related
to the diffusion tensor. In particular, the FA and the
MD have been used, see for instance (Pierpaoli and
Basser 1996). However, due to the advance in com-
puter fiber tracking techniques, a more recent trend has
been to search for differences in relevant anatomical
fiber tracts (Correia et al. 2008), measuring the length,
the weighted length, the number of fibers in a tract,
etc. Then, a more sophisticated approach is to quantify
the connectivity between brain regions (Hagmann et al.
2003; O’Donnell et al. 2002; Skudlarski et al. 2008)
usually regarded as the amount of fibers joining these
regions. The main problem of fiber tract based measure
techniques is that the same tract has to be identified
in every data set under study to make robust com-
parisons. Therefore, some atlas-based approaches have
been proposed (Hagler et al. 2009; Hua et al. 2008;
Lawes et al. 2008; Pagani et al. 2005) to overcome this
problem.

On the other hand, there also exist some specific
studies of brain tumors using DTI. For instance the
works in (Inoue et al. 2005; Kinoshita et al. 2008; Price
et al. 2003) explore tumor characteristics using FA and
MD, but they do not analyze how the tumor affects spe-
cific fiber structures. There exist however other works
that use tractography to study brain tumors, quantify-
ing along fiber tracts instead of using standard voxel
based measures. That is the case of the work proposed
by (Yu et al. 2005) who studied the pyramidal tract,

corpus callosum and optic radiation for surgical plan-
ning and post operative evaluation. In that work, they
propose to classify the tracts affected by tumors in
three different groups: those whose fibers have been
displaced by the tumor (simple displacement), those
with disrupted fibers due to the tumor (single dis-
rupted) and those whose fibers were displaced and also
disrupted (displacement with disruption). As we will
see later, the anatomical tracts are usually generated
from some regions of interest or seeds. The location
of these regions are studied in the work proposed by
(Schonberg et al. 2006) in the pyramidal tract and
the superior longitudinal fasciculus of tumor patients,
using functional information from functional Magnetic
Resonance Imaging (fMRI) in order to obtain fibers
with the same functional relationship. In this chap-
ter, a proposal to perform DTI quantification in the
pyramidal tract is described more thoroughly. This
methodology consists in the automatic identification of
the fiber tract of interest from the DTI and the defi-
nition of specific magnitudes to measure the integrity
of the fibers, their deviation from an average popula-
tion and finally their connectivity. To show an example
of the performance of this proposal, the proposed
method is applied in a dataset of 10 patients harbor-
ing brain tumor, whose pyramidal tract is analyzed and
compared with healthy subjects.

Materials and Methods

Materials and Participants

For this study, 10 tumor patients have been selected.
Selection criteria included adult patients diagnosed of
harboring a brain tumor affecting the pyramidal tract
of only one hemisphere, either cortically or subcor-
tically, for which they were subsequently operated
upon. We will refer to these 10 patients as P1 to
P10. The pathological diagnosis of the patients’ tumors
corresponded to two anaplastic astrocytomas located
cortico-subcortically in the motor area in the two cases,
in P4 (left), and in P7 (right); four astrocytomas:
parieto-occipital left in P1, in the motor area subcorti-
cally right in P2, parietal right in P5 and temporal right
in P8; one left parietal meningioma, in P3; one multi-
form glioblastoma located in the left internal capsule
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and cerebral peduncle in P10, and two cerebral breast
metastasis located cortico-subcortically in the left pos-
terior frontal lobe in P6, and parieto-occipital left in P9.
All these patients underwent a preoperative tractog-
raphy to identify the distortion of the pyramidal tract
induced by the tumor. Additionally, two groups of 30
and 10 control subjects have participated in this work.
The first group of 30 subjects, aged from 24 to 62 years
old, with mean age of 32.4, was used to build a DTI
model, and the second one of 10 subjects, aged from
23 to 56 years old, with mean age of 32.9, was selected
to perform comparison studies with the patients. All
the controls that participated in this study were right
handed healthy volunteers, without any known neuro-
logical disorder nor image artifacts encountered after
scanning.

Automatic Fiber Tract Extraction

The quantification method analyzes the fiber tracts
affected by the tumor. Therefore, the first step is the
extraction of the fiber tract of interest. To do that, an
automatic algorithm is proposed, that first computes
the fibers in all the brain and then selects the ones
that belong to a given anatomical tract. The compu-
tation of the fiber tracts is made by means of a fourth
order Runge-Kutta algorithm to interpolate the vector
field composed by the major eigenvector of the diffu-
sion tensor at each voxel. Each of the image voxels
belonging to the white matter (that is, those whose FA
is higher than a given threshold) are considered as a
seed for fiber trajectory estimation. Once all the fiber
tracts have been computed, the bundle of interest must
be selected. To do that, each anatomical tract is defined
based on a set of regions through which it must pass or
not. These regions are identified on a model of a DTI
brain taking into account the Mori’s atlas in (Mori et al.
2005).

To build the model, the set of 30 healthy subjects
described previously has been considered. One of the
volumes has been selected as reference, and all the oth-
ers have been aligned with it. The transformation that is
applied to each of the DTI volumes to become aligned
to the reference is computed by means of a registration
algorithm based on DTI, as described in (Muñoz-
Moreno and Martin-Fernandez 2009). To obtain the

optimum alignment of the images, the registration
takes into account the physical interpretation of the
DT, and searches for matching in shape, direction and
amount of diffusion. Once all the volumes are aligned,
the value at each voxel is averaged, so an average
healthy brain DTI is obtained. Afterwards, the regions
of interest required to identify the fiber tracts are
selected in the model. In this case, the fibers belonging
to the pyramidal tract are selected as the ones passing
through the posterior limb of the internal capsule, so
this region is selected in the image as the seed region.
To identify the anatomical tract of interest in a patient,
the image from the patient (data image) is registered
against the model image previously described, so a
geometrical transformation is obtained. The applica-
tion of this transformation to the model will align it to
the data image. Therefore, the regions that correspond
to each of the anatomical fiber tracts in the model are
transformed and aligned to the analogous region in the
image under analysis. Then, tractography is computed
on the data image, and the anatomical fiber bundles are
identified as the fibers crossing the regions that now are
identified over the data image. Since the fiber track-
ing is performed over the image under analysis, this
method is robust in the presence of tumors that can
displace fibers with respect to their normal (healthy)
trajectories. One of the advantages of the automatic
identification of the fiber bundles, besides avoiding the
tedious task of manual segmentation, is that the tracts
identified in the different images are comparable and
measures can be performed along the fibers and their
variability between different datasets can be analyzed.
Below, a proposal to carry out this quantification is
described.

Quantification

Here, some measure indices are described for the quan-
tification of fiber tracts, that therefore can be used to
know to what extent these fibers are affected by the
presence of a brain tumor. First, an integrity measure
of fiber bundles is defined, and then a mapping of
the fibers to a 2D plane is described to define more
robust measures among subjects. Finally a tract con-
nectivity measure, which includes several fiber tract
features is defined to perform more global and robust
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comparisons. For further details, see (Cárdenes et al
2010a).

Tract Integrity Measure

The integrity of fiber tracts is defined here using two
intrinsic features of the tensors: the FA and the radial
diffusivity. The first quantity is an anisotropy mea-
sure, limited between zero and one, which increases
with the directionality of the tensors involved in the
fiber tract. A high FA value means that the diffusion
is produced in a predominant direction, meaning that
a high number of axons are aligned in that direction.
Consequently, low FA values can be associated to a
low number of aligned axons involved. On the other
hand, diffusivity is a measure of the magnitude of the
diffusion produced at each voxel. MD is the average
diffusivity produced in a voxel, i.e. in all directions
and is often used in the literature (Pagani et al. 2005;
Audoin et al. 2007; McDonald et al. 2008). Diffusivity
can be divided into more descriptive values which are,
diffusion in the direction parallel to the fibers, called
axial diffusivity Dax = λ1, and in the direction perpen-
dicular to the fibers: perpendicular or radial diffusivity
Drad = 1/2 (λ2 + λ3), where λ1, λ2 and λ3 are the ten-
sor eigenvalues ordered in descending order. Therefore
a high value of Dax is related to a high diffusion along
the fiber, and a high value of Drad is related to a high
diffusion in the perpendicular direction to the fiber. The
relation between these quantities is already included in
the FA, so only one of them is used in the integrity
measure. For this reason only Drad is used, whose high
values are associated to loss of myelin as stated by
(Song et al. 2003). It can be stated that FA and Drad are
good descriptors to characterize the inherent proper-
ties of the fibers, and can be used to define an integrity
measure for a given tract. Taking these properties in
mind, a fiber tract presents more integrity when its
amount of anisotropy is high, and the diffusion along
the perpendicular direction of the fibers is low. Thus,
the integrity measure can be defined as the total amount
of FA computed at the points involved along the fiber
paths, divided by the total amount of radial diffusivity,
or equivalently the relation between the average FA and
the average Drad:

I = FA

Drad

2D Tract Mapping

The integrity measure can be defined as a longitudi-
nal measure in the sense that it is computed along a
given fiber trajectory and does not use the transverse
direction or information between neighboring fibers.
Hence, a 2D tract mapping can be used to add infor-
mation about the direction transversal to the fiber and
to visualize and obtain additional measures from the
fiber profiles in a two dimensional way. The mapping
consists in projecting the fiber tracts into a plane, start-
ing from the seeds. The FA values along the fibers are
stored in a 2D matrix where the rows represent the
longitudinal dimension and the columns represent the
transverse dimension. The implementation of this map-
ping is easy in the pyramidal tract, because the fibers
can be ordered from anterior to posterior direction, and
the longitudinal dimension is ordered from inferior to
superior. Then, the 2D mapping is done by represent-
ing the fibers points in a 2D image, as if the fibers
were individually transformed into straight lines, and
placed one beside the other in an anterior to posterior
ordering. Notice that all fibers points are represented in
the map, and only transverse spatial relations of such
points are altered to fit into a 2D image. The 2D maps
obtained by means of this procedure are illustrated in
Fig. 15.1 for a patient with a tumor that affects the
left hemisphere. From top to bottom on each map it is
represented the superior to inferior direction, and from
left to right the anterior to posterior direction of the
fibers. In this figure it is also shown the filtered maps
obtained using Gaussian filtering to homogenize areas
of different integrity in the maps. The representation
of the FA using this procedure simplifies the analysis
of the tracts and provides useful visual information of
the global state of the pyramidal tracts. It is possible
for instance, to observe zones with a particular low FA,
and to analyze the shape and size of affected zones. For
this reason, the information provided by these maps is
extremely useful to make quantitative analysis of the
pyramidal tracts.

In order to quantify the state of a fiber tract robustly
using these maps, a new measure is defined comparing
the map of an individual subject with an average map
constructed from healthy volunteers. To better illus-
trate this idea, in Fig. 15.1 it is also shown the error
maps in the two hemispheres, representing the differ-
ences of this subject with respect to an average one.
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Fig. 15.1 2D FA maps, filtered maps, and error maps, for a patient (P6) with a tumor in the left hemisphere. Left: maps
corresponding to the left hemisphere. Right: maps corresponding to the right hemisphere

To construct the average maps (one for each hemi-
sphere), that we will denote as model maps, a group
of 10 healthy subjects are used. Therefore for each of
the 10 healthy subjects the 2D FA map is obtained, and
then filtered and resized to a common image size, to
finally average them all. Based on these model maps
it is possible to measure the deviation of a given sub-
ject map from the map of an average population, by
computing the average difference of the subject maps
points that are below the FA value in the model map,
as follows:

Em =
∑L

i=1 (Mi − Xi) u (Mi − Xi)
∑L

i=1 u (Mi − Xi)

where Mi are the values of the model map, Xi the values
of the subject map, u(x) is the Heaviside step function,
and L is the total number of pixels in the map. Notice
that using u(Mi − Xi) only the points with FA values
lower than the model are considered because higher FA
values indicate a normal behavior of the fiber, which is
not relevant in pathological cases. We will refer to this
measure as the deviation from the model or Em.

Figure 15.2 shows the pyramidal tracts of the same
patient as in Fig. 15.1, with a tumor in the left hemi-
sphere. The tracts are colored using the FA values
between 0.2 and 0.7 (top row) and using the diffusiv-
ity between 0.065 and 0.125 (bottom row). This figure
shows clearly the reduction of FA in the right pyra-
midal tract, especially in the posterior area, which is

more affected by the tumor, and the increase in the
diffusivity in that area.

Tract Connectivity Measure

Due to the intrinsic nature of fibers, which are neu-
ronal connections, a natural way of measuring these
structures is accounting for their connectivity. A con-
nectivity measure should give us a way to measure the
degree of connection between two or more regions of
the brain. The connectivity can be defined based on
three contributions: one corresponding to the global
intrinsic properties of the fiber tract, a second one
derived from the deviation with respect to the healthy
model, and a third one based on the number of fibers
of the bundle:

C = I + α1(1 − βEm) + α2N

where I is the integrity measure, Em is the deviation
from the model, and the parameters α1 and α2 and
β are weight factors used to sum comparable magni-
tudes. In the experiments performed in this work the
values used are 5, 0.01 and 10 respectively. The rea-
son to choose a low value for α2 with respect to α1

is because N has a high variability, near 20% in the
control group, and therefore its contribution has to be
limited with respect to the others in order to avoid
a high bias. The connectivity measure defined here
increases with the anisotropy FA and the number of
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Fig. 15.2 Tractography images, showing the pyramidal tract of
a patient (P6) harboring a tumor in the left hemisphere. Left
column: top left view, right column: left view. Top row: fibers

colored according to FA values. Bottom row: fibers colored
according to MD values

fibers N, and decreases with the radial diffusivity Drad

and the deviation from the model Em.

Experiments

The experiments reported here have been carried out
on the data sets of 10 patients (numbered from P1
to P10) selected as described before, previous to the
intervention, as well as on 10 control subjects. The
measures reported here are the integrity I, and the con-
nectivity C, but other measures such as the deviation
from the model Em, as well as the classic measures
such as average FA, average radial diffusivity Drad, and
number of fibers N have been also computed to obtain

the first two. These measures, together with all the pro-
cessing made on the tensor datasets, have been carried
out using SATURN software (Cárdenes et al. 2010b).

In Fig. 15.3 (top row) the integrity and connectiv-
ity measures are shown for the control and the patient
groups, distinguishing between the two hemispheres.
It is clear from these figures how the control group
differentiate from the patient group, where asym-
metry between left and right hemisphere values are
clearly noticeable, showing how the pyramidal tracts
are affected by the tumor, compared to the controls
and also compared to the contralateral hemisphere.
This is especially clear for patients P7, P8, P9 and
P10 in the I measure, and P4, P6, P7, P8, P9 and
P10 in the C measure. It is also noticeable that the
control group presented very similar values between
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Fig. 15.3 Top row: integrity and connectivity measures for the
control (C1 to C10) and patient (P1 to P10) groups, in blue the
values for the right hemisphere and in red for the left hemisphere.
Bottom row: mean and std of the integrity and connectivity

measures in the control group (C), the patient group with tumor
in the right (PR), and patients with tumor in the left (PL), divided
by hemispheres

both hemispheres in all the measures, and also simi-
lar values among different subjects. In this study, only
patients P1, P2, P3 and P5, did not have significant dif-
ferences between both hemispheres, due to the small
pyramidal tract zone affected by the tumor. However,
their integrity and connectivity values were below the
mean values obtained in the control group. In Fig. 15.3
(bottom row) it is also shown the mean and standard
deviation (std) obtained for the two groups. This time
the patient group is divided into two groups: PL which
are patients with the left hemisphere affected (P1, P3,
P4, P6, P9 and P10) and PR, patients with the right
hemisphere affected (P2, P5, P7 and P8). It is clear
from this figure that I and C measures present higher

average values and lower std values in the control
group than in the pathological groups (PL left and PR
right).

Discussions and Conclusions

The quantification methodology based on DTI can
effectively characterize the pyramidal tracts in tumor
patients, allowing to compare them against healthy
tracts, such as those obtained in control subjects and
against contralateral fiber bundles of the same patient.
The quantification method shows to be effective when
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it is based on key features extracted from the fiber
tracts, such as the anisotropy and diffusivity of the
regions involved in the fiber tract and the number of
fibers of the tract. Moreover, it turns out to be even
more useful if a population based measure is included,
such as the difference between the patient’s tract and
a model extracted from the tracts of a set of control
healthy subjects. It has been shown that the combina-
tion of intrinsic properties of the fibers such as FA and
Drad, in the integrity measure, provides values that dis-
criminate better between pathologic and healthy fiber
tracts than using single FA or single MD.

The experiments carried out here show that this
methodology is valid to quantify correctly the pyra-
midal tracts of tumor patients, in the sense that these
measures distinguish clearly healthy pyramidal tracts
from affected ones. Two main comparison experiments
have been carried out in this work. First, a compari-
son between hemispheres of the same patient shows
clear differences between the healthy and the affected
side of the same patient as shown in Fig. 15.3. Second,
comparison with controls is shown to be useful to
detect affected tracts, which are related to reduced
connectivity values, as shown also in Fig. 15.3. Such
information has proven useful for clinicians not only
to plan surgery but also for counseling patients in
the preoperative period, and the method can also be
employed successfully to evaluate the evolution of
patients.

The 2D mapping technique used in this method-
ology, has been useful to normalize the tract to a
standard space in which measures can be done eas-
ily. Therefore, comparison between individual subjects
and data coming from control population becomes eas-
ier using these maps. The measure derived from them,
called deviation from the model Em, provides useful
information about the state of the tract, and can per-
form more robust fiber tract quantification than other
classic methods. This 2D mapping of the pyramidal
tract has also clear advantages for visual inspection
of tracts, obtaining a new insight of the state of the
fiber tract, providing information about the global state
of the fibers, and local abnormalities such as holes
or bands located at particularly important anatomical
regions. The integrity measure, the deviation from the
model measure and the number of fibers of the bundle,
are finally combined to define a connectivity measure
which gives an aggregate measure about the degree of
connection of the pyramidal tract. This quantity is a

connectivity measure because its values are increased
as they approach to the ideal pyramidal tract provided
by the model, when the number of fibers increase, and
when the axons in the fibers are strongly aligned in
the fibers directions. The measures reported here also
correlate well with the clinical state of the patients con-
sidered in this work. Taking advantage of the simplicity
of the procedure, and its ability to account for most
of the information obtained from the DTI data, this
methodology can be used to study other fiber bundles
that could be affected by tumors, such as the corpus
callosum, the superior longitudinal fasciculus or the
inferior longitudinal fasciculus, for instance, and it can
be also used to quantify or detected fiber tracts that
are affected by other neurological disorders such as
multiple sclerosis, epilepsy, etc.
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Chapter 16

Differentiation Between Gliomatosis Cerebri
and Low-Grade Glioma: Proton Magnetic Resonance
Spectroscopy

Virginie Callot, Damien Galanaud, and Patrick J. Cozzone

Abstract The distinction between gliomatosis cere-
bri (GC) and low-grade glioma (LGG), based on his-
tological and MR criteria, is a matter of debate. In this
chapter, the diagnostic and prognostic value of proton
MR Spectroscopy in the characterization of infiltrating
gliomas is illustrated.

Keywords Gliomatosis cerebri · Neuroepithelial
neoplasms · Glial tumor · Astrocytic tumor ·
Oligodendroglial · Low-grade glioma

Introduction

Gliomatosis cerebri (GC) is a rare tumor – less
than 300 cases have been reported in the literature
(Taillibert et al. 2006) – considered as a malignant
lesion of poor prognosis.

In the 1993 World Health Organization (WHO)
classification, GC has been classified as a type of neu-
roepithelial neoplasms of unknown origin (Kleihues
et al. 1993) and it has been defined as a diffuse
glial tumor infiltrating the brain extensively, involv-
ing more than two lobes, frequently bilaterally and
often extending to infratentorial structures, with typi-
cal absence of features such as vascular proliferation
and necrosis. GC has been classified as a type of astro-
cytic tumor in the 2007 WHO classification (Louis
et al. 2007); however an oligodendroglial or mixed cell
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type proliferation is commonly found at the biopsy. It
should be noted that no clear histological feature can
differentiate a GC from a more common WHO grade
II or III glioma.

The diagnosis of GC is usually made on the basis
of both histology and neuroimaging. However, biopsy
specimens are often difficult to evaluate because of het-
erogeneous tumor process, which makes difficult the
precise quantification of tumoral and normal elements
and thus the assessment of the degree of aggressiveness
of the tumor.

Magnetic resonance imaging (MRI), which is the
radiologic method of choice, is also often nonspecific.
Infiltration of two lobes or more, absence of contrast
enhancement and necrosis are indeed common in infil-
trative gliomas and the differential diagnosis between
the two subtypes of tumors rely on more subtle find-
ings, reported by Peretti-Viton et al. (2002), such as
a predominant involvement of the white matter or the
absence of significant “focal” mass effect. To over-
come this problem, it has recently been suggested that
the use of proton MR spectroscopy (MRS) may aid
in the differential diagnosis of gliomatosis cerebri and
low-grade glioma (Galanaud et al. 2003).

Methodology

1H-MR Spectroscopy

MRS allows in vivo non invasive explorations of the
molecular constituents (metabolites) involved in the
physiopathology of the tumors. Clinical proton MRS
methods include single-voxel spectroscopy (SVS) and
multi-voxel 2D and 3D chemical shift imaging (2D
and 3D CSI). SVS produces a single spectrum from a
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single voxel, whereas CSI can be displayed as spectral
maps, colored metabolic images, and individual spec-
tra. MRS explorations are performed at short or long
echo times, which provide the ability to control the T2

contrast of spectral peaks (short T2 metabolite signals
decay faster and the corresponding peaks are therefore
not seen on long echo time spectra). Due to techni-
cal limitations, such as field strength and examination
time, only a few compounds can however routinely be
detected in a clinical context. The principal metabolites
of particular importance are:

– N-acetyl aspartate (NAA), detected at 2.02 and
2.6 ppm, which is an amino acid present almost
exclusively in neurons. Its decrease corresponds to
neuronal injury,

– choline-containing compounds (Cho), detected at
3.2 ppm, which are mostly involved in cell mem-
brane metabolism. They increase whenever there is
cellular proliferation, inflammation or demyelina-
tion,

– creatine/phosphocreatine (Cr), detected at 3.02 and
3.9 ppm, which is involved in energy storage. It is a
marker of overall cellular density and has often been
used as an internal standard for semi-quantitative
evaluation of metabolic changes of other brain
metabolites,

– glutamate/glutamine (Glx), detected at 2.05 and
2.5 ppm, which is involved in excitatory and
inhibitory neurotransmission,

– myo-inositol (mI), detected at 3.56 ppm, which is a
sugar only present in glia, that is reduced when there
is a specific suffering of these cells and increased in
cases of glial activation or proliferation,

– lactate (Lac), detected at 1.35 ppm, which is pro-
duced under conditions of anaerobic glycolysis. It
indicates hypoxic conditions as well as hyperme-
tabolic glucose consumption and in some cases
macrophagic invasion, and finally

– lipids (Lip) and macromolecules, detected between
0.9 and 1.3 ppm, which usually correlate to the
extent of tissue necrosis.

Patient Population

Nine patients with GC (mean age 52 ± 16 years) and
nine patients with LGG (mean age 54 ± 17 years)

were enrolled within a period of 20 months after
being referred to the Neurosurgery Department of the
Timone Hospital in Marseille. All patients were exam-
ined by conventional MR imaging shortly before being
included in the study.

Patients were considered to have GC (nine patients)
when they met the following criteria (Peretti-Viton
et al. 2002):

(1) the glial neoplasm infiltrated at least 2 lobes and
was documented by brain biopsy,

(2) the patient had no history of focal glioma,
(3) there was a lack of significant focal mass effect,
(4) the lesion involved mostly white matter and/or the

basal ganglia, and,
(5) there was a lack of significant contrast enhance-

ment (<1 cm2) on imaging studies at the time of
diagnosis.

When patients did not fulfill the last four cri-
teria, a diagnosis of infiltrating glioma was made.
The mean time between the first symptoms (seizures
(seven patients), psychomotor slowing (five patients),
intracranial hypertension (five patients), dysarthria
(two patients), hemiparesis (one patient) and ataxia
(one patient)) and the diagnosis was 1.5 ± 1.5 months.
Survival times ranged from 1 to 22 months. Treatment
consisted of nitrosourea-based chemotherapy (nine
patients) and radiotherapy (three patients). Among the
eight patients with adequate follow-up, two patients
sustained neurological improvement under therapy.
None exhibited a neuroimaging-verified decrease in
tumor volume.

The nine patients with LGG were documented by
stereotactic brain biopsy. The tumors were classi-
fied as oligodendroglioma (six patients), oligoastro-
cytoma (two patients) and astrocytoma (one patient).
Treatment consisted of nitrosourea-based chemother-
apy and radiotherapy. All but one of the patients were
alive without progression of their disease after 24
months of follow-up.

Eighteen healthy volunteers (mean age 24 ± 6
years) were additionally included to determine the
regional metabolite levels in different areas of the
normal brain.

All volunteers and patients gave informed consent
to participate to the study, which was approved by
the Ethics Committee of our institution. The first MR
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examination of the protocol was performed before any
treatment.

MR Protocol

All exams were performed on a 1.5-tesla system
(Magnetom Vision, Siemens, Erlangen, Germany).
The MRI protocol included at least one FLAIR acqui-
sition and one T1-weighted acquisition before and
after administration of a gadolinium-based contrast
agent (DOTAREM, Guerbet, Paris, France). The MRS
protocol included both SVS and CSI.

The SVS was performed using the manufacturer
STEAM sequence (TR/TE 1500/20 ms, voxel size
20 × 20 × 20 mm). Single-voxel acquisitions were
performed in the bulk of the gliomatosis infiltration
in seven of nine patients with GC and in contrast-
enhancing areas in the other two patients. In patients
with low grade glioma, the voxel was positioned in
an area of tumor infiltration which appeared homoge-
neous and non cystic on the FLAIR sequence.

The CSI acquisitions were performed in the axial
plane using a home-designed sequence (Galanaud et al.
2001), with the following parameters: TR 1500 ms,
slice thickness 15 mm, FOV 230 mm spectroscopic
volume of interest 20 × 20 × 15 mm3. The slice was
positioned in areas of maximum extension of tumor
and/or in contrast-enhancing areas. If these areas were
different, CSI was performed at both locations. An
echo time of 135 ms was used in all patients and
volunteers. Acquisition at short echo time (TE 22 ms)
was performed in 7 of 9 patients with GC, 4 of 9
patients with LGG and 9 of the 18 volunteers.

Data Analysis

The MRS data are analyzed using a dedicated software
(Le Fur et al. 2010), developed on IDL (Interactive
Data Language, Research System Inc., Boulder, CO,
USA) and adapted from the magnetic resonance user
interface software package (MRUI, http://sermn02.
uab.cat/mrui/). Automated packages, now available
on most of clinical systems, can also be used, as
well as the LCModel software (http://s-provencher.
com/pages/lcmodel.shtml). Resonances were assigned
according to those described in 1H-MR Spectroscopy

section. Signals from NAA, Cho, Cr and Lac were
recorded from both long and short echo time spectra,
whereas Ins and Glx signals were recorded on the short
echo time spectra.

Absolute quantification is not yet routinely per-
formed because it requires a determination of the
relaxation times of all metabolites, which is too time-
consuming to be clinically acceptable for the patient,
and water signal cannot be used as a reliable refer-
ence since the amount of water is variable among the
tumors due to the presence of edema and differences in
cellular morphology. In this study, the brain metabo-
lites were measured using relative quantitation and
data were displayed as ratios of the signal area of a
given metabolite over the sum (S) of signal areas of
all metabolites detected on the same spectrum. The
regions of interest for analysis the CSI spectra were:
(1) a homogeneous-appearing, non contrast-enhancing
part of the gliomatosis or low grade glioma infiltration
and (2) a normal-appearing whiter matter area of the
same tissue structure, usually located in the parieto-
occipital region. Acquisitions that could not be reliably
analyzed because of insufficient quality of the spec-
tra were discarded in 2 LGG. For the volunteers, only
normal-appearing white matter in the right and left
parieto-occipital regions were analyzed.

Statistical Analysis

Statistical analysis was performed using Statview soft-
ware (Abacus Inc., Berkeley, CA, USA) for classic uni-
variate analysis. Comparisons between patients with
GC or LGG and healthy volunteers for each metabo-
lite ratio were performed by applying a Kruskal–Wallis
analysis followed by a discriminating Scheffé test
with Bonferroni correction. The metabolic ratios indi-
vidually discriminating among groups by univariate
statistical analysis were selected to perform a prin-
cipal component analysis (PCA) with the objective
to separate GC, LGG and control populations. The
multivariate analysis by PCA was performed using
Excel software (Microsoft, Redmond, WA, USA) with
Statbox (Grimmersoft, Paris, France). All values are
reported as means ± standard deviations. P-values less
than 0.05 were considered significant. When the three
groups were compared (Bonferroni correction), p-
values lower than 0.0167 were considered significant.

http://sermn02.uab.cat/mrui/
http://sermn02.uab.cat/mrui/
http://s-provencher.com/pages/lcmodel.shtml
http://s-provencher.com/pages/lcmodel.shtml
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Results

Typical spectra recorded at short and long echo time
from patients with GC, LGG and an healthy volunteer
(NV) are displayed in Fig. 16.1. The tumor process in
the two patients harboring glial neoplasm was char-
acterized by markedly elevated Ins (Fig. 16.1b and e)
and reduced NAA levels (Fig. 16.1b, c, e, and f). The
Cho level was additionally more elevated and the NAA

more reduced in LGG (Fig. 16.1, middle) than GC
(top) and NV (bottom).

The metabolic ratios obtained in the different exper-
imental conditions (SVS, CSI) and the statistical dif-
ferences observed between groups (n = 9 GC, n = 9
LGG and n = 18 NV) are summarized in Table 16.1.

Overall, at short echo time, LGGs were character-
ized by lower NAA/S and higher Cho/S ratios than
GCs and higher Cho/S and Ins/S ratios and lower

Fig. 16.1 Short (b, e, h) and long (c, f, i) echo time spectra collected in patients with GC (top), LGG (middle) and a normal
volunteer NV (bottom)
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Table 16.1 Metabolic ratios in regions of GCs, LGGs and normal-appearing white matter of normal volunteers (NV). Values are
expressed as means ± standard deviation. A p-value lower than 0.0167 corresponds to statistically significant differences

MRS method GC LGG NV Statistical difference

SVS (TE 20 ms) N=7 N=5 N=18
NAA/S 0.178±0.052 0.169±0.063 0.278±0.056 GC vs. NV, LGG vs. NV
Cr/S 0.176±0.044 0.130±0.035 0.152±0.021 GC vs. LGG
Cho/S 0.114±0.039 0.208±0.053 0.126±0.022 GC vs. LGG, LGG vs. NV
Ins/S 0.217±0.060 0.184±0.095 0.109±0.017 GC vs. NV, LGG vs. NV
Glx/S 0.329±0.090 0.328±0.108 0.314±0.057

CSI (TE 22 ms) N=7 N=4 N=9
NAA/S 0.290±0.105 0.173±0.091 0.364±0.072 LGG vs. NV
Cr/S 0.217±0.058 0.222±0.057 0.167±0.043
Cho/S 0.125±0.065 0.258±0.062 0.111±0.024 GC vs. LGG, LGG vs. NV
Ins/S 0.176±0.048 0.130±0.046 0.068±0.022 GC vs. NV, LGG vs. NV
Glx/S 0.154±0.106 0.222±0.070 0.273±0.0101

CSI (TE 135 ms) N=9 N=9 N=16
NAA/S 0.365±0.075 0.256±0.073 0.535±0.036 GC vs. LGG, GC vs. NV, LGG vs. NV
Cr/S 0.346±0.083 0.234±0.081 0.244±0.022 GC vs. LGG, GC vs. NV
Cho/S 0.289±0.036 0.474±0.078 0.221±0.036 GC vs. LGG, GC vs. NV, LGG vs. NV

NAA/S ratios than healthy brain. GCs were charac-
terized by higher Cr/S and lower Cho/S ratios than
LGGs, and lower NAA/S and higher Ins/S ratios than
healthy brain tissue. From both short and long echo
time CSI acquisitions, it was verified that the Cr levels

in normal white matter in patients with GC, patients
with LGG and healthy volunteers, were similar (data
not shown), making thus the contralateral level of Cr a
suitable internal reference.

Fig. 16.2 FLAIR images
(a, c) and Cho/Cr maps (b, d),
obtained in a patient with GC
(top) and a patient with LGG
(bottom). By visual inspection
of the metabolic color maps,
the two tumor processes can
clearly been distinguished
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Fig. 16.3 Principal
component analysis of the
results performed at short (a)
and long (b) echo times. The
two axis (F1 and F2) explain
77% (a) and 99% (b) of the
total variance

At long echo time, LGGs were characterized by
reduced levels of Cr and NAA and a more elevated
concentration of Cho than GCs. Lactate was detected
in three patients. GCs were characterized by an ele-
vated level of Cr, a reduced level of NAA, an absence
of lactate and a less elevated level of Cho than LGGs.
Cho/Cr maps recorded from patients with GC and
LGG are illustrated on Fig. 16.2. These two patients,
who were not differentiated according to the WHO cri-
teria, displayed different Cho/Cr metabolic maps. The
level of Cho is only slightly elevated in the patient
with GC and the level of Cr is markedly elevated,
which leads to a reduction of Cho/Cr in the lesion com-
pared to normal white matter. On the contrary, because
the Cho concentration is elevated and the Cr level is
normal or reduced in the patient with LGG, an ele-
vated Cho/Cr ratio is observed in the tumor compared
to normal brain parenchyma. By using the metabolic
ratio, which undergoes opposite variations in GC and
LGG, the metabolic differences between GC and LGG

are enhanced, enabling thus their separation by visual
inspection of the metabolic maps. This capacity of
distinguishing the two tumor processes was further
emphasized by performing PCA and adding the NAA
information (Fig. 16.3b).

The PCA performed with the spectroscopic param-
eters derived from short echo time acquisitions (Cho,
Cr, NAA and Ins) clearly separated all individuals from
each of the three groups (NV, GC, and LGG), as shown
on Fig. 16.3a.

Discussion

Treatment of glial tumors has markedly improved in
the last 10 years. Availability of new chemotherapeutic
agents such as temozolomide and avastin has lead to an
increased survival of a significant subgroup of patients.
However, some patients still have a dismal prognosis
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and fail to respond to usual treatments. Some histolog-
ical markers, such as the oligodendroglial cell type or
methylation of the MGMT precursor have been shown
to be of prognostic value and/or predict the response
to treatment. They are however insufficient to reliably
determine the evolution of the patient at an individ-
ual level, and two subjects with a similar histology can
have very different outcomes.

Gliomatosis cerebri is a still poorly understood glial
neoplasm. Its histology is similar to the more com-
mon types of low-grade gliomas but its prognosis is
poor, comparable to a high-grade glioma. It more suc-
cessfully responds to chemotherapy regimens aimed at
grade III–IV tumors (temozolomide) rather than those
more classically used in grade II lesions (PCV regi-
men) (Levin et al. 2004). It can be seen as the most
infiltrative subtype of glioma and the radiologic criteria
used to define this tumor emphasize the combination
of extensive infiltration (two lobes or more) and low
tumor cell density (lack of focal mass effect).

MR spectroscopy shows marked differences
between low-grade gliomas and gliomatosis cerebri.
The former has the classical spectrum of a glioma,
with an elevation in choline, reflecting the prolifera-
tion of glial cells, associated to a marked reduction
of NAA, mirroring the replacement of neurons by
these tumor cells. Myo-inositol may sometimes be
slightly elevated depending on the dedifferentiation
of the tumor. On the contrary, gliomatosis cerebri has
a unique profile among intracranial tumors. Choline
is only marginally elevated reflecting the low tumor
cell density. On the contrary, there is a simultane-
ous increase in Creatine and myo-inositol. Other
authors have also reported similar results (Gutowski
et al. 1999). Elevated Creatine and myo-inositol
has previously been reported in pathologies such as
Steinert’s myotonic dystonia and been related to an
increased glial metabolism (Chang et al. 1998). It
appears unlikely that these metabolites originated
from the neoplastic cells, since their density is low
and their metabolism is usually abnormal, resulting in
a reduction in the resonance of Creatine (Negendank
et al. 1996; Ziegler et al. 2001). The most likely
explanation is an increased metabolism and/or an
increased density of the normal glia, which is present
within the tumor. Since the stereotactic biopsies used
to make the pathological diagnosis cannot evaluate
this parameter, this is a clear added value of MRS
for the diagnosis of this disease, as compared to both
conventional MRI and histopathology.
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Chapter 17

Peripheral Nerve Sheath Tumors: Diagnosis Using
Quantitative FDG-PET

Elizabeth Shurell and Fritz C. Eilber

Abstract Malignant peripheral nerve sheath tumors
(MPNST) compose a fraction of all soft tissue sar-
comas, but are life-threatening and present difficult
diagnostic and therapeutic challenges. Benign periph-
eral nerve sheath tumors, including schwannomas or
neurofibromas, can often be managed conservatively
unless symptomatic. MPNSTs require aggressive mul-
timodality treatment (surgery, radiation therapy, ±
chemotherapy). MPNSTs can arise from pre-existing
neurofibromas in patients with neurofibromatosis type
1 (NF1) or can develop sporadically in the general
population. Peripheral nerve sheath tumors are often
pathologically heterogeneous or in difficult anatomic
locations often making needle biopsy unreliable or
unfeasible. Current standard imaging of these tumors
rely on computed tomography (CT) or magnetic res-
onance imaging (MRI), both of which characterize
size and local invasiveness, but do not provide reliable
insight into the presence of malignant transformation.
Clinical manifestations of malignant transformation
classically rely on reported symptoms of new neuro-
logical deficits, rapid increase in size, change in pal-
pated density from soft to hard, and unremitting pain.
Investigations into the glycolytic phenotype of periph-
eral nerve sheath tumors with [18F] 2-Fluoro-2-deoxy-
D-glucose positron emission tomography (FDG-PET)
have been performed to identify potential areas of
malignant degeneration. Lower tumor FDG uptake has
proven to correlate with benign peripheral nerve sheath
tumors, which can be distinguished from the high
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FDG uptake of its malignant counterpart, MPNST.
Clinicians may employ this imaging modality to help
identify MPNSTs, guide biopsies, direct therapies,
measure response to treatment, and survey for tumor
recurrence.

Keywords MPNST · Soft tissue sarcomas ·
Schwannomas · Neurofibromas · NF1 · Nerve
sheath

Introduction

Malignant peripheral nerve sheath tumors (MPNST)
compose a small fraction of all soft tissue sarcomas,
but are life-threatening and present difficult diagnos-
tic and therapeutic challenges. Benign peripheral nerve
sheath tumors, including schwannomas or neurofi-
bromas, can often be managed conservatively unless
symptomatic. MPNST require aggressive multimodal-
ity treatment (surgery, radiation therapy, ± chemother-
apy). MPNSTs can arise from pre-existing neurofibro-
mas in patient with neurofibromatosis type 1 (NF1)
or can develop sporadically in the general population.
Peripheral nerve sheath tumors are often pathologi-
cally heterogeneous making needle biopsy frequently
unreliable.

Radiographic differentiation of a MPNST from a
benign peripheral nerve sheath tumor is often chal-
lenging (Benz et al. 2010a). MRI and CT have com-
monly been used with size and rapidity of growth
being important factors to identify potential areas of
malignant transformation. Clinically, physicians look
to identify symptoms of new neurological deficits,
rapid increase in size, change in palpated density
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from soft to hard, and unremitting pain (Ferner and
Gutmann 2002). Despite this methodic clinical evalu-
ation and serial cross sectional imaging, the reliability
with which we can confidently diagnose a MPNST is
poor. Recent studies investigating the glycolytic phe-
notypes of soft tissue sarcomas have highlighted the
potential role of PET imaging with FDG to identify
areas of malignant degeneration. Using FDG PET, we
can now more accurately identify MPNSTs.

Glycolytic Phenotyping

Fluoro-2-deoxy-D-glucose (FDG) is an analog of
glucose, a common substrate of metabolism in the
human body. Using radiolabeled FDG, areas of high
glucose metabolism, such as the brain, liver, and
myocardium can be easily identified using PET imag-
ing. Tumor cells and certain infectious processes also
have increased FDG uptake. When introduced into the
extracellular environment, FDG is transported intra-
cellularly and phosphorylated by hexokinase to FDG
6-phosphate (Kostakoglu et al. 2003). This phospho-
rylation causes structural changes in FDG that prevent
further metabolism or extracellular transport, thereby
allowing build-up and detection by PET scanning. This
process is called “metabolic trapping” and is the basis
for FDG-PET imaging of tumors (Chang et al. 2006;
Kostakoglu et al. 2003).

Quantitative Evaluation of Metabolic
Activity

FDG uptake in tumors is directly proportional to the
metabolic activity of viable tumor cells, which have an
increased demand for glucose (Kostakoglu et al. 2003).
Quantitative data can be obtained from FDG PET
images using the standardized uptake value (SUV)
that provides a comparative means to evaluate multiple
areas of FDG uptake. Standardized uptake values can
be measured by identifying the area of greatest FDG
accumulation in the suspected lesion. The mean SUV
is then calculated by dividing the activity of the tracer
(Ci/mL) in the region of interest divided by the injected
dose of tracer (Ci) by patient weight (g) (Chang

et al. 2006; Kostakoglu et al. 2003). Body weight
and radioactive decay, among other issues, must also
be taken into account as they impact SUV interpre-
tations (Kostakoglu et al. 2003). SUVmax, obtained
by measuring the maximum rather than mean activ-
ity in the region of interest, has been shown to allow
for the best comparison between studies because of
high reproducibility and low inter-observer variability
(Benz et al. 2008b).

Imaging of Benign Peripheral Nerve
Sheath Tumors

Schwannomas

Schwannomas are benign tumors originating from the
nerve sheath that are slow-growing, well-encapsulated,
usually solitary, and have little to no potential for
malignant transformation. Schwannomas are a distinc-
tive lesion in Neurofibromatosis Type 2 (NF-2), but
can also be associated with other genetic syndromes
such as Carney complex and schwannomatosis (Ferner
2010; Landry et al. 2009; Lu-Emerson and Plotkin
2009). The imaging of schwannomas is most accu-
rately performed with MRI, although these lesions can
also be seen using ultrasound or CT. On MRI, schwan-
nomas usually appear as well-defined rounded or oval
lesions distributed along the course of a peripheral
nerve and are of low to intermediate signal intensity
on T1-weighed images and high signal intensity on
proton density, T2-weighted images (MacCollin et al.
2005). Attempts at characterizing schwannomas with
FDG-PET have been largely unsuccessful; schwan-
nomas show highly variable SUVmax measurements,
which do not correspond to increased tumor size,
apoptotic rate, Ki-67 proliferation index, or expression
of markers of glucose utilization (glucose-transport
protein 1 and hexokinase II) (Beaulieu et al. 2004;
Benz et al. 2010a; Benz et al. 2010b; Steinhart et al.
2003). Studies using FDG-PET imaging of schwanno-
mas report SUVmax ranges from 1.9 to 7.2, and 2.3
to 8.3, and one case report measured a standardized
uptake value of 12 in a thoracic paravertebral schwan-
noma (Beaulieu et al. 2004; Benz et al. 2010a; Benz
et al. 2010b; Shah et al. 2000). Interestingly, schwan-
nomas exhibit a significantly higher SUVmax than
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neurofibromas (mean: 4.2 ± 1.9 versus 2.3 ± 0.7 g/mL
respectively) (Benz et al. 2010b). The cause for this
variability remains unknown and further research is
needed to delineate the root of this differential glucose
utilization in schwannomas. Given this wide variance
in measured SUVmax, differentiating schwannomas
from MPNSTs using metabolic glucose uptake is less
reliable (Benz et al. 2010b).

Neurofibromas

Neurofibromas are composed of axons, Schwann cells,
perineural cells, mast cells, fibroblasts, and collagen
fibrils (Korf 1999). These tumors can be localized to
cutaneous, subcutaneous, spinal nerve root, or plexi-
form lesions (Ferner 2010). Both plexiform and sub-
cutaneous neurofibromas appear to have the potential
for malignant degeneration, although MPNSTs most
commonly arise from the plexiform variety of neurofi-
broma and require frequent monitoring with imaging
(Ferner 2010).

Occasionally neurofibromas may grow rapidly
within a short period of time, causing significant
morbidity and increasing the suspicion for malignant
degeneration, and other lesions may undergo a period
of quiescence or may even spontaneously regress.
Patients with neurofibromas commonly undergo MRI
imaging to evaluate change in growth prior to enroll-
ment in a clinical trial or as a means to clinically mon-
itor rapid growth. Classic imaging with MRI reveals a
target appearance on MRI with a hypointense central
portion on both T1- and T2-weighted images, in con-
trast to schwannomas which area relatively homoge-
nous in appearance (MacCollin et al. 2005). Metabolic
imaging of these benign lesions could provide a non-
invasive means of predicting which lesions will require
therapy and which can be monitored conservatively.

Using FDG-PET imaging, Fisher et al. (2008) found
that a SUVmax greater than 2 in benign lesions accu-
rately predicted which tumors would undergo signifi-
cant growth over a 1 year period of time. In that study,
lesions with an SUVmax greater than 2 underwent a
27% increase in volume over 1 year compared to a
4% growth in volume for lesions with an SUVmax less
than two (Fisher et al. 2008). Fisher and colleagues
predict that FDG-PET imaging may facilitate more
timely intervention before benign peripheral nerve

sheath tumor growth causes significant impairment.
Furthermore, FDG-PET imaging may provide valuable
information to assess benign peripheral nerve sheath
tumor response to therapeutic intervention, as tumor
growth may arrest spontaneously (Fisher et al. 2008).

Imaging of Malignant Peripheral Nerve
Sheath Tumors

MPNSTs share many characteristics with other malig-
nant soft tissue sarcomas, including rapid growth and
high metastatic potential. As MPNSTs are a par-
ticularly aggressive histologic subtype of soft tissue
sarcoma, early diagnosis is imperative. A noninva-
sive means of identifying suspicious lesions has many
clinical benefits, especially as MPNSTs are often het-
erogeneous lesions that are frequently not amenable
to biopsy. MPNST is one of the leading causes of
mortality in NF-1 patients, and metastasize in 39% of
cases, most commonly to lung (Ducatman et al. 1986;
Rasmussen et al. 2001). Sporadic cases of plexiform
neurofibromas (not associated with NF-1) have a 3
to 5% risk of malignant transformation, and patients
with NF-1 have a reported 10–20% risk of MPNST
development, and therefore all require frequent mon-
itoring (Ducatman et al. 1986; Evans et al. 2002;
Tucker et al. 2005). Historically, the standard in imag-
ing of MPNSTs has been MRI, which provides insight
into local extent of disease, growth, and heterogene-
ity of the tumor without providing distinct information
regarding the malignant nature of the tumor (Li et al.
2008). However, with the expanding knowledge of
FDG-PET imaging and the glycolytic phenotyping of
soft tissue tumor, imaging of the malignant transfor-
mation has become more accurate.

Differentiating Benign Peripheral Nerve
Sheath Tumors from MPNSTs Using
Quantitative FDG-PET Imaging

CT was the primary imaging modality to monitor
tumor growth and size. MPNSTs are generally larger
in size than benign peripheral nerve sheath tumors, but
there is considerable overlap in size and CT cannot
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consistently and correctly distinguish MPNSTs from
benign peripheral nerve sheath tumors (Benz et al.
2010). MRI, with its fine detail and ability to delineate
infiltrative margins and tumor heterogeneity, has given
clinicians a window into tumor progression. However,
multiple studies have underscored the limitations of
MRI as a modality to detect malignant transformation
(Mautner et al. 2003).

Recently, forty peripheral nerve sheath tumors were
evaluated for malignancy using FDG-PET imaging,
with measured SUVmax comparisons providing a basis
for judgment. Benz et al. (2010a) found that the mean
SUVmax for MPNSTs was significantly higher than
that for benign PNSTs (mean: 12.0 ± 7.1 versus
3.4 ± 1.8 g/mL; P < 0.001). Both MPNST lesions
arising in patients with NF-1 and cases of sporadic
MPNSTs had similar SUVmax measurements (Benz
et al. 2010a). Using receiver operating characteris-
tic curves to define optimum cutoff values for dif-
ferentiation of malignancy, a SUVmax of 6.1 g/mL
was identified as an optimum threshold for separat-
ing malignant from benign tumors (Benz et al. 2010a).
This resulted in a sensitivity of 94% and specificity
of 91% for detecting MPNSTs. Although there was
some variability in SUVmax within each subgroup, the
positive and negative predictive values for malignancy
by FDG-PET were 89% and 95% respectively, and
the diagnostic accuracy was 93% (P < 0.001) (Benz
et al. 2010a). There is still considerable debate about
the ideal SUVmax threshold with ranges from 1.8 to
6.1 g/mL, though recent data supports values higher
than 3 (Benz et al. 2010a; Brenner et al. 2006; Cardona
et al. 2003; Ferner et al. 2008; Warbey et al. 2009).

Further Clinical Application of FDG-PET
Imaging in MPNSTS

Prognosis

FDG-PET can potentially be useful in predicting prog-
nosis. Eary et al. (2002) previously revealed that
SUV is an independent and significant predictor of
survival in 209 patients with different types of sar-
coma. Brenner et al. (2006) observed marked vari-
ability in NF-1-related MPNST metastatic potential
and survival. Using FDG-PET imaging, Brenner and

colleagues discovered that tumor SUV of greater than
3 g/mL reliably identified patients at high risk for
metastases with a limited life expectancy and an SUV
of less than 3 g/mL indicated low-risk patients in
whom a more favorable outcome was likely. In this
study, SUV predicted long-term survival with an accu-
racy of 94%, compared with 69% predictive value for
tumor grade (Brenner et al. 2006).

Biopsy Guidance

Currently, the diagnosis of MPNST is made patholog-
ically from an excised specimen. MPNSTs are often
heterogeneous, with areas of necrosis, fibrosis, and
benign tissue adjacent to the tumor. Biopsy of these
lesions can give erroneous results that either under
or overestimate the clinical impact of the peripheral
nerve sheath tumor. FDG-PET paired with CT images
can give accurate stereotactic information about areas
with increased likelihood of harboring MPNST. By
coupling lesions with high SUVmax with CT-obtained
anatomical coordinates, an appropriate target tissue for
biopsy can be identified.

Response to Treatment

Change in tumor size does not necessarily correlate
with clinical response to therapy in soft tissue sarco-
mas (Miki et al. 2010). MPNSTs are heterogeneous
tumors, and CT and MRI cannot reliably distinguish
tumor necrosis or shrinkage as part of the tumor
growth pattern or as a result of therapy (Benz et al.
2008a). FDG-PET imaging can give clinicians a win-
dow into the metabolic response of a MPNST to radio-
therapy and/or chemotherapy. There have been mul-
tiple reports of FDG-PET accurately characterizing
response to treatment in high grade soft tissue sarco-
mas and many other malignancies (Benz et al. 2008a;
Benz et al. 2009; Chander et al. 2004; Evilevitch
et al. 2008). Benz et al. (2008a) evaluated 20 patients
with high-grade sarcomas who underwent chemother-
apy or chemotherapy plus external beam radiation and
determined that changes in FDG-PET accurately pre-
dicted response to treatment. In that study, the SUVmax

decreased from a baseline value of 11.22± 8.23 to
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4.58 ± 3.34 post treatment (Benz et al. 2008a). Percent
change of SUVmax was significantly more pronounced
in histopathologic responders (defined as <5% viable
tumor cells on pathologic analysis) than in nonrespon-
ders (Benz et al. 2008a). Later studies deduced that
a threshold of 35% reduction in FDG uptake/SUVmax

could accurately predict histopathologic response with
sensitivity of 100% and specificity of 67% (Benz et al.
2009). Therefore, FDG-PET can provide clinicians
with valuable information that assesses tumor treat-
ment response and may guide cessation or continuation
of therapy.

Surveillance

Local recurrence and metastases are common in
MPNSTs and therefore diligent follow-up is required
after therapy (Ducatman et al. 1986). If recurrent
tumors are identified early then surgery can be
attempted. It is therefore imperative to frequently mon-
itor these patients for recurrent MPNST with serial
imaging. CT and MRI are often useful for volumet-
ric and growth analysis, however in areas previously
treated with radiotherapy, these imaging modalities
are insufficient at differentiating tumor recurrence
from post-irradiation fibrosis. Metabolic sampling with
FDG-PET may provide an accurate noninvasive means
of monitoring for tumor recurrence. Further studies are
needed to support the use of FDG-PET imaging for
assessment of MPNST recurrence.

Future Directions

The correlation of glucose utilization with malig-
nant transformation in peripheral nerve sheath tumors
has been well-documented, however more research is
needed to highlight influential pathways allowing for
FDG-PET detection. Correlation between expression
of glucose transporters and SUVmax values in lung
and pancreatic cancers have been confirmed, how-
ever this area of research has not yet extended to
MPNSTs. Evaluation of the causal determinants of
FDG metabolic trapping would be useful in the eval-
uation of MPNSTs and could allow for more finite
discrimination of sarcoma subtypes.

Conclusion

Differentiating MPNSTs from benign peripheral nerve
sheath tumor is challenging and relies on a combi-
nation of clinical, radiographic, and pathologic data.
FDG-PET is a functional imaging technique that per-
mits the visualization and quantification of glucose
metabolism in peripheral nerve sheath tumors and
is proving to be an important non-invasive imaging
modality for tumor detection, malignant characteriza-
tion, staging, treatment monitoring and surveillance.
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Tumor Resection Control Using Intraoperative Magnetic
Resonance Imaging

Venelin M. Gerganov, Mario Giordano, Rudolf Fahlbusch, Madjid Samii,
and Amir Samii

Abstract Intraoperative imaging is one of the major
advancement in brain tumor surgery in the last years.
The golden standard is intraoperative high-field mag-
netic resonance imaging. Different types of intraoper-
ative scanner are currently utilized. A schematic clas-
sification can be based on the strength of the magnetic
field: low field and high field scanner. Low field trans-
portable intraoperative MRI (iMRI) systems can be
used without structural operating room modifications.
On the other hand, the field of view is restricted and
there is no possibility to obtain spectroscopy and/or
diffusion tensor imaging (DTI). High field systems are
more expensive and require a dedicated operating the-
atre. On the other hand, they provide an optimal quality
of the images with better identification of tumor rem-
nants. The utility of this tool has been studied and
verified in two main categories of tumors: gliomas and
pituitary adenomas. In glioma surgery the iMRI is use-
ful to estimate the extent of tumor removal, to evaluate
the safety of further resection and to update the nav-
igation dataset. Its application in pituitary adenoma
surgery can improve the cure rate by indentifying small
tumor remnants. The correct use of iMRI requires a
standardized workflow. The main phases are: prepara-
tion with preoperative imaging, integration of the data
with the navigation system, first imaging control after
resection, update of the navigation to perform further
tumor removal and final MRI control.
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Introduction

The optimal management of patients with brain
gliomas remains controversial and challenging. Over
the past decades, however, a growing amount of evi-
dence suggests that the extent of resection correlates
with patients’ survival, especially in case of low grade
gliomas (Keles et al. 2001; McGirt et al. 2008). Radical
tumor removal has been shown to be associated with
longer life expectancy for both low- and high grade
gliomas (Claus et al. 2005; Sanai et al. 2008). The main
limiting factors of complete removal are the location of
the tumor in close proximity to highly eloquent corti-
cal and subcortical structures and its poor demarcation
from surrounding brain tissue were. The implementa-
tion of new technologies in the last decades strongly
influenced the practice of neurosurgery, allowing per-
forming safer and more radical surgeries. Various
intraoperative imaging techniques, such as ultrasonog-
raphy, computerized tomography and magnetic reso-
nance imaging (MRI), have been introduced to provide
an objective assessment of surgeons’ activity (Hadani
et al. 2001; Lunsford et al. 1984; Trobaugh et al.
1994). In particular, they enhance the surgeon’s ability
to detect residual tumor and its relationship to critical
neurological structures.

Image-guided frameless navigation, using anatomi-
cal and functional datasets, allows the surgeon to per-
form targeted approaches to intracranial tumors thus
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minimizing the operative morbidity (Barnett 1999;
Kikinis et al. 1996). The navigation systems initially
have been based on preoperatively acquired images,
which was a major limitation: during the surgery,
brain shift caused by loss of cerebrospinal fluid, head
position, and tumor debulking can lead to signifi-
cant decrease of system accuracy (Nabavi et al. 2001;
Nimsky et al. 2000; Roberts et al. 1998). Intraoperative
image acquisition allows for update of navigation
data and reliable localization of residual tumor. MRI
is the most advance intraoperative imaging modal-
ity that provides high quality anatomic and functional
data required for safely planning and performing the
surgery. The use intraoperative magnetic resonance
imaging (iopMRI) was first introduced by the groups
of Black (Black et al. 1997) and Fahlbusch (Steinmeier
et al. 1998) in the 1990s.

Intraoperative Magnetic Resonance
Imaging Setup

Several iopMRI concepts have been developed and are
still used, regarding the operating room setup, type of
scanner, strength of the magnetic field, and logistical
organization.

Low Field iopMRI

The first low field system, used by Black et al. (1997),
included two fixed vertically oriented magnets (0.5 T),
the so-called “Double Doughnut”. The head of the
patient was positioned between the magnet and surgery
was performed “in situ”. This allowed performing
image acquisition at any time without movement of the
surgical table. On the other hand, this system caused
space limitations for the surgeon and required MRI
compatible instruments. Fahlbusch et al. (2001) and
Steinmeier et al. (1998) developed the concept of an
open magnet, initially with field strength of 0.2 T.
The patient was positioned on a rotating table with
the head at the limit of the 5-Gauss line, allowing
the use of standard surgical instruments during the
surgery. The table was moved in order to position

the head into the centre of the magnet. In one study,
this group assessed the reliability of this tool dur-
ing pituitary adenoma surgery comparing the surgeon
estimation of tumor removal with the image findings
(7). The newly acquired information allowed perform-
ing additional removal in 27% of all cases, even if
the surgeon assumed a complete resection before the
control. On the other hand, in 30% there were diffi-
culties in the interpretation of the images caused by
artifacts, mainly due to metal debris from the diamond
drill or blood in the resection cavity. Hadani et al.
(2001) reported on their experience with the PoleStar
N10 for the treatment of 20 patients with gliomas
and pituitary adenomas. The system is composed by
a compact ultra-low field system including a 0.12 T
magnet with two vertically oriented poles with a 25 cm
gap mounted on a transportable gantry that could be
positioned under the surgical table when not in use
for scanning allowing the employ of standard surgical
instruments.

The second generation of this system, the PoleStar
N20, is still used during surgeries of both pituitary
adenomas (Gerlach et al. 2008) and gliomas (Schulder
et al. 2006). It includes a 0.15 T magnet with a larger
field of view, better images quality, and shorter of
acquisition time. Gerlach et al. (2008) assessed that in
the treatment of pituitary adenomas this system was
reliable to demonstrate an adequate decompression of
the optic system. On the other hand the visualization
of small remnants in the sellar and parasellar space
seemed to be more difficult due to the artifacts created
by the skull base. The impact of this device utiliza-
tion for resection control in glioma surgery has been
demonstrated to be similar to that of its predecessor
N10 (Schulder et al. 2006).

One advantage of these low field transportable
iopMRI systems is the possibility to use them with-
out structural operating room modifications. On the
other hand the field of view, which they provide, is
restricted; this can be a limiting factor in the removal
of large lesions and can reduce the accuracy of the
navigation system due to the increased spatial distor-
tion at the periphery (Kanner et al. 2002). Another
important limit of this system is the absence of imag-
ing sequences for spectroscopy and diffusion tensor
imaging (DTI) helpful for the update of functional
data.
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High Field iopMRI

The early results obtained using low field iopMRI for
resection of intracranial lesions led in recent years
to further elaboration of this technology. The intro-
duction of high field magnets has been an impor-
tant advancement. The use of 1.5 T magnets led
to a remarkable improvement of image quality with
an improved signal-to-noise ratio. The image qual-
ity is comparable to preoperative diagnostic imaging
in terms of tumor extension, extent of resection, and
anatomical changes during the surgery (Truwit and
Hall 2006). Another important advantage of high field
scanners is the possibility to provide, besides the stan-
dard anatomical sequences, other imaging modalities,
such as diffusion tensor imaging and spectroscopy.
These techniques play a major role in the surgery of
gliomas allowing the reconstruction of fiber tracts and
the identification of metabolites in peritumoral area
perioperatively.

Nimsky et al. (2004) in a study on 47 patients oper-
ated for high- and low-grade glioma using a 1.5 T
scanner found that 41.2% of the complete resected
tumors were attributable to further tumor removal after
MRI control. The use of 1.5 T iopMRI was vali-
dated also for pituitary adenomas: the rate of complete
removal can be increased, after the identification of
tumor remnants, from 58 to 82% (Nimsky et al. 2006).
Moreover, in comparison with the low field systems, it
allows a better identification of tumor extension in the
sellar space and cavernous sinus.

Only few recent reports have been published about
3 T magnets for intraoperative use (Jankovski et al.
2008; Pamir et al. 2010; Truwit and Hall 2006). An
interesting approach to reduce the costs for these
expensive facilities is their use as shared resources:
the scanner can be installed in a shielded room adja-
cent and interconnected to the operating theatre. This
allows employing the system for outpatient diagnos-
tic sessions when it is not required for intraoperative
control. The introduction of 3 T scanners obviously
further increases the spatial resolution of the imaging.
It offers further a significant improvement in detec-
tion of metabolites during spectroscopy (Pamir et al.
2010). On the other hand, the increased magnetic
field strength can also led to a stronger susceptibil-
ity to artifacts. Further clinical studies are needed to

demonstrate if the use of 3 T magnets can give benefits
comparable to the ones achieved with the change from
0.5 to 1.5 T.

Indication for iopMRI

The use of iopMRI can be theoretically extended to the
surgery of any intracranial and spinal lesions. The util-
ity of this tool, however, has been studied and verified
in two main categories of tumors: gliomas and pituitary
adenomas.

Glioma Surgery

The currently most widely accepted goal of glioma
surgery is to perform a radical removal without new
postoperative neurological deficits. iopMRI plays a
major role to achieve the best surgical result mini-
mizing the risk of postoperative morbidity. The first
objective is of course the evaluation of the extent of
surgical resection: due to the infiltrative nature and
variable appearance of gliomas, it might be difficult
to differentiate the lesion from normal brain tissue.
The second objective, achieved with the introduction
of high-field magnets, is to evaluate the safety of fur-
ther surgical removal by updating the fiber tracking
and spectroscopic data. Finally, the imaging performed
during the operation is used to update the frameless
navigation system in order to compensate the effect of
brain shift.

Pituitary Adenoma Surgery

Successful removal of hormonally active pituitary ade-
nomas is evaluated with postoperative endocrinologi-
cal studies. In contrast, there is no marker to assess the
grade of resection of non-secreting adenomas (Nimsky
et al. 2006). Postoperative MRI controls, performed
before the second postoperative month are difficult to
interpret due to postoperative artifacts and therefore
are unreliable (Dina et al. 1993). One of the princi-
pal indications fore the use of iopMRI is surgery of
pituitary tumors (Fahlbusch et al. 2001). It has been
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shown to improve the cure rate by recognizing the
presence and the location of tumor remnants, thus
allowing further resection (Nimsky et al. 2006). In this
regard, the high-field setup is an important advance-
ment: even small remnants – of 3–4 mm size (Nimsky
et al. 2006) – can be detected in the intra- and parasel-
lar areas, which was impossible with the low-field
scanners (Gerlach et al. 2008).

Other Indications

Besides surgery of gliomas and pituitary tumors, the
iopMRI has been applied in a wide spectrum of
procedures. The removal of other space occupying
lesions such as craniopharyngiomas, Rathke cleft cysts
and meningiomas have benefited from its application
(Nimsky et al. 2005). It allows further reliable eval-
uation of the extent of resection in epilepsy surgery
during the operative procedure. Its role in correcting an
initially incomplete resection, particularly in lesional
cases, has been demonstrated (Buchfelder et al. 2000,
2002). Surgery of vascular lesions, including arteri-
ovenous malformations, cavernomas and aneurysms
clipping, has also been successfully performed under
iopMRI control (Levy et al. 2009; Sutherland et al.
2002). Drainage of brain abscesses, puncture and aspi-
ration of cystic intracranial lesions, and management
of hydrocephalus have been carried out with iopMRI
control to obtain immediate feedback control (Kollias
and Bernays 2001). The iopMRI has been also used to
evaluate the adequacy of resection in patients under-
going transoral resection of C-2 lesions causing cran-
iocervical junction compression (Kaibara and Bernays
2001).

Workflow

In order to understand the practical application of a
modern iopMRI, it is important to clarify all the steps
of the image acquisition procedure. We will describe
the procedures, as used in one of the currently most
sophisticated setups, which integrates all surgical and
diagnostic tools.

Operating Area Setup

The operating room is radiofrequency shielded and
equipped with a high-field open-bore 1.5-T MR
imager. The scanner has an integrated rotating table
that permits a variable position angle between the
magnet and the patient with the head placed always
at the level of the 5-Gauss. This distance permits
the use of normal surgical instruments without risk
to be influenced by the magnetic field. The MRI
unit is integrated with a neuronavigation system. The
surgical microscope is fixed on the ceiling outside
the 5-Gauss line. The MRI-compatible respirator and
anesthesia monitoring system are placed outside the
200-Gauss line. A computer control-room is sepa-
rated by glass wall from the radiofrequency-shielded
operating theatre. This room is used to setup the
scanner sequences, visualize the intraoperative images
and plan the surgery with the frameless navigation
system.

Preoperative Steps

After anaesthesia induction, the patient is positioned;
the head is fixed in a special designed headrest-coil unit
with five pins. Three pins are placed laterally (two on
one side and one on the opposite) and 2 – inferiorly.
Care is taken to position the head according to the spe-
cific surgical strategy, although the particular design
and less adjustability of the headrest, compared with
to the classical 3-point head fixation devices, can cause
difficulties. The second half of the headrest coil is then
placed above the head: it contains the fiducial markers
for automatic registration of the frameless navigation
systems. In case of a transsphenoidal surgery is to be
preformed without navigational guidance, the head fix-
ation is not required: a flexible coil adapted around the
head is sufficient.

The preoperative imaging includes a three-
dimensional data set with the following sequences:
T1-weighted magnetization prepared rapid acquisition
gradient echo (MPRAGE) slice thickness 1 mm, field
of view 320 mm2, echo time (TE) 3.5 ms, repetition
time (TR) 2150 ms; T2-weighted thickness 1 mm,
field of view 320 mm2, TE: 505 ms, TR: 3200 ms;
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Fig. 18.1 (a) Preoperative
sagittal and coronal
T1-weighted MRI with
contrast enhancement of a
patient harbouring a right
frontal glioblastoma. (b) First
intraoperative MRI control
showing the total removal of
the lesion. In this case the
surgery was finished without
further imaging. The sagittal
image shows a linear
hyperintensity on the dorsal
side of the resection cavity
due to a small blood
collection (white arrow)

Fig. 18.2 (a) Preoperative coronal T1-weighted MRI with con-
trast enhancement of a patient harbouring a right frontoparietal
glioblastoma. (b) First intraoperative control showing a contrast-
enhancing tumor remnant adjacent to the resection cavity

(white arrow). In this case further resection was achieved. (c)
Final intraoperative imaging showing the total resection of the
lesion
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DTI slice thickness 3 mm, field of view 320 mm2, TE:
107 ms, TR: 3000 ms. For contrast enhancing lesions,
intravenous gadopentate dimeglumine (0.2 mL/kg)
is administered before scanning. Fluid-attenuated
inversion recovery (FLAIR) and/or echo planar imag-
ing dark fluid sequences can be obtained whenever
deemed necessary.

The imaging data are then transferred to the navi-
gation workstation and integrated with the functional
data (fMRI) obtained one day before the surgery. The
planning is performed, considering the specific for the
lesion and the operation, information. It includes tumor
segmentation, functional area depiction (motor and/or
speech areas), fiber tracking (pyramidal tract, visual
tract, arcuate fasciculus, and/or fornix).

The preoperative plan is then transferred to the navi-
gation system and automatic registration is done before
removing the upper part of the headrest-coil.

For transsphenoidal surgery navigation is rarely
used and preoperative imaging is performed using T1-
weighted spin echo coronal and sagittal spin echo
sequences (slice thickness: 3 mm; FOV: 230 mm; TR:
500 ms; TE: 9.5 ms) and T2-weighted turbo-spin echo
sequences (slice thickness: 3 mm; FOV: 230 mm; TR:
4570 ms; TE: 120 ms). An MRI compatible nasal
speculum is used during surgery.

Intraoperative Imaging and Evaluation
of Tumor Resection

The surgeon decides when to perform the first MRI
control, based on intraoperative findings and progress
of the surgery. Image acquisition is carried out to:
verify of an expected complete resection, verify an
expected partial resection with residual tumor in high-
eloquent brain area or involving important fiber tracts,
or to update the dataset for the frameless navigation
system.

Prior to image acquisition, the resection area is
filled with water or absorbable haemostatic gelatin
sponge. The oxidize cellulose as haemostatic agent
is avoided to prevent image artifacts. The upper part
of the headrest-coil is positioned in a sterile fashion
and the patient is covered with sterile draping before
rotating the table in the scanning position.

The same MRI sequences as preoperatively are per-
formed and the surgical team evaluates the images.

If a complete resection is confirmed, the surgery can
be finished without further MRI controls. In case a
remnant is seen, the images are transferred to the
navigation workstation and the region of interest is seg-
mented. After reconstruction of the white matter fibers
and fusion with the functional data, the surgical team
decides if it is safe to perform further tumor resection
or the risk of injury to eloquent structures is too high
(surgical goal achieved). If the resection is continued,
further MRI controls are performed until the goal has
been reached (Figs. 18.1 and 18.2). Similar imaging
protocol is used in transsphenoidal surgeries.

Conclusion

MRI is the most advanced and reliable tool for intraop-
erative control of tumor resection currently available.
Besides increasing the safety of surgery, it allows for
more radical resections, which – as shown by recent
studies – have a definitive survival benefit for the
patients.
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Chapter 19

Brain Tumors: Clinical Applications of Functional Magnetic
Resonance Imaging and Diffusion Tensor Imaging

Raimund Kleiser, Janpeter Nickel, Rüdiger J. Seitz, Johannes Trenkler,
and Gabriele Wurm

Abstract One of the most exciting methodologies in
the clinical neurosciences evolving toward the end of
the twentieth century was functional magnetic reso-
nance imaging (fMRI). Whereas MRI is used to pro-
duce structural images of subjects’ brain the functional
component allows an in vivo measurement of brain
activity. fMRI has provided new insights into human
cognitive functions. Till now it was mainly used for
basic scientific questions and has provided foundations
for at least five large-scale neurocognitive networks
identified in the human brain, namely for spatial atten-
tion, language, memory-emotion, executive function,
and face and object recognition. In addition, white
matter tractography based on diffusion tensor imaging
(DTI) has become a well-accepted noninvasive tool for
exploring the white matter architecture of the human
brain in vivo. These two MR techniques are comple-
mentary in describing functional and anatomical com-
ponents of grey and white matters. Furthermore, fMRI
is useful to define the seed regions for DTI, because
large interindividual anatomical variations make it dif-
ficult to define tracking seed areas based reliably on
macroanatomical landmarks. An accurate definition
of seed regions for the reconstruction of a specific
neuronal pathway becomes even more challenging in
patients suffering from space occupying brain lesions
due to the displacement of the tissue and the dis-
tortion of anatomical landmarks around the lesion.

R. Kleiser (�)
Institute of Radiology, Landes-Nervenklinik Wagner-Jauregg,
4020 Linz, Austria
e-mail: raimund.kleiser@gespag.at

Therefore, fMRI and DTI play a growing role in clin-
ical neuroimaging with increasing applications in neu-
rosurgical planning using neuronavigation. By means
of neuronavigational devices both modalities can intu-
itively be used during surgical procedures. The goal of
tumor surgery is to optimize the extent of resection,
while minimizing the risk of a permanent neurologi-
cal deficit. Because the tumor may infiltrate eloquent
areas and because of major intersubject anatomical
and functional variability, cortical functional organiza-
tion, subcortical connectivity and brain plasticity can
be studied at an individual scale. Presurgical func-
tional neuroimaging and tractography can show the
relationships between eloquent regions and the tumor,
and consequently the cortical and subcortical struc-
tures essential for brain functions can be identified and
preserved. In addition, post-operative control and lon-
gitudinal neuroimaging studies are important to study
adaptive changes in network behaviour and to monitor
the effects of brain plasticity.

Keywords fMRI · Diffusion tensor imaging ·
Neuronavigation · Brain functions · Tumor growth ·
Brain tissue

Introduction

Patients with brain tumors present a complex clini-
cal situation. This is due to the fact that brain tumors
induce structural changes of the brain which are local
owing to tumor growth and more widespread related to
mass effects. However, the human brain readily adapts
functionally to pathological changes of the nervous
system. In fact, it was shown by functional imaging
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that motor representations may occur in abnormal
locations due to plastic reorganization of the brain tis-
sue adjacent to the brain tumor (Krings et al. 2002;
Seitz et al. 1995; Wunderlich et al. 1998). These plastic
changes do not occur only in cerebral mass lesions but
are found also in vascular brain diseases such as stroke
and are thought to be related to changes of excitability
of the cerebral cortex (Butefisch et al. 2006).

This plastic capacity of the human brain is most
pronounced in congenital space occupying lesions
and may result in a remapping of function into the
non-affected contralesional hemisphere (Nickel et al.
2007). Consequently, it typically takes weeks to many
months until a brain tumor becomes clinically appar-
ent by neurological deficits. More frequently, brain
tumors are discovered by computed tomography (CT)
or MRI when a patient presents because of a first
epileptic seizure. In this situation the burning ques-
tion is how the patient can be treated optimally. This
clinical challenge then is to identify the location of
the tumor, establish its pathological entity (histological
diagnosis), and to plan the optimal therapeutic strategy.

Typically, neurosurgical resection of the tumor is
the backbone of treatment. However, any neurosurgical
procedure has to take in account the targeted bene-
fit of the tumor resection against the potential risk of
neurological deficits resulting from surgical brain dam-
age. Thus, neurosurgery is complex and delicate. It is
probably the type of surgery most feared by patients,
because the brain is our body’s most personally rel-
evant organ. That is the reason that technical and
methodological innovations are increasing the safety of
neurosurgical procedures such as functional imaging
and neuronavigation-guided surgery; and that is why
they are very important.

In the first paragraph we describe the technology
of neuronavigation because the integration of different
imaging techniques such as fMRI, DTI, single photon
emission tomography (SPECT), and positron emis-
sion tomography (PET) provide an optimized work
flow and application for neurosurgery based on the
neuronavigation system. The term neuronavigation is
used to describe a set of computer-assisted technolo-
gies used by neurosurgeons to guide or to “navi-
gate” within the three-dimensional confines of the
skull or the vertebral structures during neurosurgical
operations. The term neuronavigation, thus, is synony-
mous with image-guided surgery, computer-assisted or
computer-aided surgery, or interactive image-guided

neurosurgery. After a methodological description of
fMRI, DTI, and PET we focus on the combination of
these complimentary and essential modalities.

Results of the benefits of neuronavigation espe-
cially by integration of fMRI and DTI will be high-
lighted and exemplarily described in single case stud-
ies. Furthermore, in two longitudinal neuroimaging
studies we demonstrate the characteristics of the net-
work activity pre- and post-surgery and how to monitor
the effects of brain plasticity. Finally, the integration of
fMRI and DTI for clinical application is discussed in
comparison to the “gold standard” of cortical stimula-
tion mapping.

Methodology

Navigational Guided Neurosurgery

Neuronavigation was developed within the last 15
years in order to improve the safety of brain surgery
and to improve functional outcome of the patients’
suffering from different kinds of intracranial lesions.
Neuronavigation is recognized as the next evolutionary
step of stereotactic surgery, a set of techniques that date
back to the early 1900s and that gained popularity dur-
ing the 1940s. In its infancy, the purpose of stereotactic
and neuronavigationally guided technologies was to
create a mathematical model describing a coordinate
system for the space within the closed structure of
the skull. The history of neuronavigation, thus, is
quite short, but full of highly promising achievements.
The advent of neuronavigation, however, would have
been impossible without the development of modern
imaging technology, electronics, and space technology.

The examinations done by highly sophisticated
neuroimaging technologies are related to the actual
patient’s brain during surgery. Computer-graphic mod-
elling and accelerated manipulation of data through
complex mathematical algorithms with recent com-
puter technologies facilitate the real-time quantitative
spatial depiction of images of a patient’s brain creating
an individual “fiducial coordinate system”. This fidu-
cial spatial system uses fiduciary or natural landmarks
as a reference to describe with high accuracy the posi-
tion of specific structures within a defined space. The
entire neuronavigation surgery process can easily be
compared to location and directional tracking systems
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used for cars and ships; it is, in effect, a kind of a
global positioning system for the neurosurgeon. The
image-guided camera performs much like a satellite
that detects signals from vehicles or instruments that
are equipped with special tracking devices.

Steps Involved in a Neuronavigation Procedure

There are four broad steps in neuronavigation proce-
dures as summarized below.

Step 1 – A diagnostic image of the patient’s anatomy is
loaded into the neuronavigation computer work sta-
tion. Usually, a CT and/or MRI scan of the patient
is taken the day before or the day of surgery. Similar
to navigating in a city on the basis of landmarks,
a surgeon uses landmarks in the image scan. The
surface of the head, however, often needs artificial
markers because the head is relatively featureless,
except for facial features. Therefore, mostly artifi-
cial landmarks on the patient’s head are used to serve
as markers. As alternative, natural landmarks of the
head (tip of the nose, bridge of the nose, the inner
angel of the eye, etc.) can be used as natural fidu-
cials and superimposed on the 3D images (Vlieger
et al. 2004).

Step 2 – The scan is then used to create a 3D model
of the patient’s brain anatomy. Thus, the patient’s
unique anatomy can be viewed on the computer
monitor of the neuronavigation workstation. Then,
entry point, target points, risk zones, targeted resec-
tion borders, and vessels are built and displayed in
a 3D-manner. Eventually, surgical trajectories and
the targeted boarder of the resection area are defined
on the computed image, and can be anticipated even
during the planning period.

Step 3 – These data are transferred to the computer
in the operating room. After anaesthesia is admin-
istered and before start of surgery, the surgeon
maps the patient’s anatomy to the 3D model of the
scanned information, using an image-guided probe
at the patient’s anatomy; this process is known as
registration process (also called reference process).
As the registration process begins, the neurosur-
geon touches the centre of the fiducials that have
been placed on the patient’s head or touches natural
landmarks with an image-guided instrument (image-
guided pointer or probe). Then the neurosurgeon

touches that point on the screen with the instrument.
Point by point, on the patient’s head in the opera-
tion room and then on the monitor, the neurosurgeon
builds a correlation between the head and the screen
image. By matching the scan with the real anatomy
of the individual patient during surgery, the neu-
rosurgeon can accurately “see” the location of the
instrument tip in the brain; registration thus means
matching a patient’s physical anatomy with the 3D
computer scan information.

Step 4 – As the surgeon moves an instrument in
the body, its position is precisely calculated. The
neurosurgeon now can track instrumentation as it
proceeds into the operative field as well as view
its relative position and trajectory to the opera-
tive field allowing the visualization of exact place-
ment and direction of the moving instrument or
the microscope. During surgery, the tip of surgical
instruments or of focus of the surgical microscope
will be displayed dynamically as cross-hairs in all
three orthogonal anatomical views on the monitor.
This also enables the neurosurgeon to visualize the
proximity of the instruments to critical anatomic
structures, such as eloquent brain regions, cere-
bral arteries, venous structures, and cranial nerves.
Ultimately, neuronavigation helps the surgeon to
accurately detect where he or she is working in the
patient’s body at every moment during surgery.

Multimodal Image Guidance During the Surgical
Procedure

Moreover, one can use the neuronavigation device as
a common platform to merge complementary infor-
mation modalities. Correlation of anatomic and struc-
tural details with functional information from different
imaging modalities (fMRI, DTI, SPECT, PET, etc)
contributes to the surgical script in a variety of diag-
noses in neurosurgery. Multimodal neuronavigation
with multimodal information injected into the overlay
(head-up) display of a neurosurgical microscope thus
extends the use of neuronavigation. Most neuronavi-
gation systems today use the principle of multimodal
and multi-informational neuronavigation by means of
a modern data fusion environment.

Incorporation of functional data provided by fMRI
with neuronavigation helps to avoid destruction of
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the eloquent areas of the brain during surgery. Some
studies today report on the relative merits and prob-
lems of the navigational systems and also highlight
the role of functional brain mapping and intraoperative
MRI, when integrated with neuronavigation, in surgi-
cal decision-making aiming at radical tumor resection
with minimal morbidity.

Benefit of Neuronavigation During Neurosurgical
Procedures

Image-guided surgery systems provide advanced pro-
cedure planning, and they enable surgeons to more
accurately identify ideal surgical entry points and tar-
gets. The physician can “practice and check” the
surgery, can try alternative approaches, and assess pos-
sible difficulties, before the real surgery takes place.
Neuronavigation enables the surgeon to reduce the
size of incision necessary to perform an operation.
Trauma may be minimized due to smaller sized and
better centred skin incisions and craniotomies and due
to approaching the target lesion with less dissection
of intact brain parenchymal tissue. By enabling the
surgeon to navigate through the delicate landscape of
the brain more accurately, the surgeon can remove a
brain tumor, possibly without impacting healthy tis-
sue (Auer et al. 2007; Gumprecht et al. 2002). The
precise neuronavigation technology enables the sur-
geon to directly focus on the problem, which may
mean the patient spends less time on the operating
table. The duration of the procedure can be decreased,
and the surgeon’s feeling of safety can be improved.
Despite more radical removal of lesions, the overall
invasiveness of the operation can be decreased.

When trauma to the body is minimized, the patient
may spend less time in recovery and may experi-
ence fewer complications. These benefits often lead to
shorter hospital stays. This technology may mean bet-
ter long-term results and decrease the need for repeat
surgeries. In certain cases, tumor biopsies can be per-
formed with a neuronavigation surgery system with
great accuracy and with minimal trauma to the patient.

Thus, neuronavigation gives us a detailed “road
map” of the brain or spine, which means that only a
limited incision is necessary to get exactly where the
surgeon needs to focus. This reduces pain and recov-
ery time for patients, and it reduces the risk of damage
to the tissue or the surrounding areas. The ability to

relate the position of a real surgical instrument in the
surgeon’s hand or the microscope’s focal point to the
location of the imaged pathology, updated in real time
in an integrated operating room, highlights the mod-
ern version of this set of technologies at its finest. In
its current form, neuronavigation has adapted to mod-
ern neuroimaging technologies, to real-time imaging
capabilities, to new technologies to transfer the infor-
mation in the operating room for 3-D localization, and
to new and better algorithms to handle data via more
sophisticated computer technologies.

Applications of Neuronavigation

Neuronavigation technology can be used in a variety
of patients, including tumor removal, aneurysm repair,
cyst removal or spine repair using pins or screws.
In tumor surgery, increased extent of tumor resec-
tion is associated with prolonged survival (Jenkinson
et al. 2007; Vlieger et al. 2004). Neuronavigation
gives surgeons image-guided precision for delicate
procedures. Navigation combined with intra-operative
imaging allow the surgeon to “see” whether he or she
has successfully removed the entire tumor and avoid
damage to surrounding healthy tissue (Wu et al. 2004;
Zhang et al. 2008).

The management of medically refractory epilepsy
poses both a valuable therapeutic opportunity and a
formidable technical challenge to epilepsy surgeons.
Despite its success, the neurosurgical treatment of
epilepsy remains a clinical decision-making and tech-
nical challenge for which there is still room for
improvement. Recent advances in the capabilities and
dispersion of intraoperative neuronavigation and neu-
romonitoring underscore how the modern epilepsy
surgeon is becoming increasingly armed with adjunc-
tive technologies that hold promise to improve surgical
outcomes (Pirotte et al. 2005). For many patients,
surgery for intractable epilepsy provides not only free-
dom or substantial relief from seizures, but also func-
tional improvement and increased quality of life. In
particular, image-based neuronavigation and electro-
physiological neuromonitoring represent versatile and
informative modalities that can assist a surgeon in
performing safe and effective resections. In patients
with medically refractory epilepsy, neuronavigation
technologies evolve with demonstrated and potential
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utility. Precise intraoperative localization of the under-
lying structural and functional processes is crucial in
this regard (Wurm et al. 2000, 2003). In cavernoma
surgery, an operation with the guidance of neuron-
avigation is safe and can decrease the occurrence of
disability following the procedure (Wurm and Fellner
2004; Zhao et al. 2007).

Our Patients Series

We use the neuronavigation device as a common plat-
form to merge complementary information modalities.
Correlations of anatomic and structural details with
functional information contribute to the surgical script
in various neurosurgical procedures. In most cases, at
least two different information modalities contribute
to planning and surgical guidance in every patient.
Immediately following the operative procedure, the
surgeon answers a set of questions regarding the rea-
sons for the application of neuronavigation, and the
efficiency and safety of navigation. Detailed analysis
of the location of the operative procedure, histopatho-
logical findings and outcome is performed.

We found that the main benefits of neuronavigation
in neurosurgery are precision of targeting even in small
and deep-seated targets, safe manipulation in criti-
cal brain areas, accurate placement of electrodes, and
correlation of electro-clinical information modalities
with underlying structures. Furthermore, neuronaviga-
tion provides individual tailoring of craniotomy and
corticotomy. It is, however, less reliable for verifica-
tion of resection boundaries in the case of gliomas.
Neuronavigational localization and its combination
with image fusion and functional investigations greatly
improves discussion within the interdisciplinary team.
Thus, the neuronavigation concept proves its value
in neurosurgery by linking anatomic, pathologic and
functional data of the individual patient. Enhanced by
the integration of multimodal information, neuronav-
igation significantly improves the available treatment
options (Wurm et al. 2000, 2003).

Functional Magnetic Resonance Imaging

fMRI is a type of specialized MRI scan. fMRI rests
on the supposition that there is a relationship between

brain function and cerebral blood dynamics. When a
neural event occurs in a region of the brain, there is a
subsequent increase in local blood flow that changes
the ratio of oxyhemoglobin to deoxyhemoglobin in
the local microvasculature of the activated region.
This change leads to an increase in fMRI signal that
has been called the blood oxygenated level-dependent
(BOLD) response. Thus, fMRI is an indirect mea-
sure of neural activity. There is a possible mismatch
between the location of the BOLD signal and the actual
site of neural activity that can be reduced to a maxi-
mum error of 3–6 mm with dedicated MR imaging and
postprocessing techniques. The BOLD signal reflects
the total amount of deoxyhemoglobin (dHBO2), and is
thus a complex function of cerebral blood flow (CBF),
the cerebral rate of oxygen metabolism (CMRO2),
cerebral blood volume (CBV), and the magnetic field
strength. Furthermore, the interpretation of changes
in the BOLD signal can be complicated by varia-
tions in these physiological quantities due to factors
such as age, disease, or the presence of vasoactive
agents.

BOLD is the most widely used fMR imaging
method, but others such as perfusion fMRI based upon
arterial spin labeling (ASL) methods offers another
useful complement to BOLD fMRI. In contrast to
BOLD, it can provide quantitative measures of both
baseline and functional changes in CBF that can aid in
the interpretation of the BOLD signal change. Changes
in CBF are thought to be more directly linked to neu-
ronal activity than BOLD, so that perfusion fMRI
also has the potential to offer more accurate mea-
sures of the spatial location and magnitude of neural
function. The CBV fMRI is expected to show only
microvascular activation regions, which are localized
in the brain parenchyma. However, different types
of ASL sequences are still under development and
have some restrictions especially in regard to num-
ber of the acquired image volume and spatial reso-
lution compared to BOLD fMRI. Nevertheless, CBV
fMRI can be combined with other fMRI methods to
study different aspects of the hemodynamic responses
during functional activation and/or physiological chal-
lenges. The spatial and temporal characteristics of
these multi-modal fMRI responses can provide us with
a tool for quantitative evaluation of brain physiology,
from which one can study how the brain regulates its
blood supply and maintains homeostasis during normal
state and in pathology.
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Task Design and Image Analysis Methods

The choice of the cerebral activation paradigm is per-
haps one of the most difficult issues, because not
enough is known regarding how exactly brain func-
tions are organized. The choice of a paradigm depends
on the objective of a study and it deserves careful con-
sideration. What stimuli are presented depends firstly
on what functions one wants to measure, and secondly
on how closely comparison stimuli can be matched.
For an fMRI experiment one has to devise a task which
contains at least two different conditions in order to
create a meaningful activation paradigm. During an
investigation based on the block design, the patient
performs a task of usually 20–30 s, in which specific
brain functions are invoked and alternated with peri-
ods of a control task. Calculated and compared to a
rest condition with nearly no specific brain activation,
the whole brain activation related to the performed task
is shown. To identify a particular function, the control
task should invoke all the functions that are involved
in the experimental stimuli, except for the function of
interest.

Although regions involved in both tasks remain
undetected, cognitive processes involved in processing
stimuli are generally complex, and can differ consider-
ably between subjects. Accordingly, there are various
cognitive functions that require more than one type
of control stimulus due to complicated interactions
between brain systems. One way of dealing with this
is to devise multiple tasks, each of which contains the
function of interest plus several functions that need
to be filtered out. This is referred to as “conjunction
design”, and is used for instance in language studies,
e.g., in order to isolate “language comprehension”.

Temporal resolution of fMRI is generally low, as
the BOLD response lags behind the neural response
by several seconds and lasts for a single event up to
10–20 s. Methods to increase temporal resolution have
received considerable attention in recent years, and it is
referred to as the “event-related”, “fast event-related”
or “single-event” design. This term is, however, gen-
erally used to indicate the type of data analysis that is
applied, in that the hemodynamic BOLD response is
an important factor in building the factors for image
analysis.

A task may involve presentation of a series of exper-
imental stimuli with an interval of 2 or 3 s, alternating
with series of comparison stimuli. The data can be

analyzed with a boxcar function with on and off peri-
ods, but alternatively each stimulus can be modelled
as a task-related brief event. This impulse function
can be transformed to a series of BOLD response
curves. Extractions of the BOLD response from the
data require a special scheme of varying stimulus
onset times and/or inter stimulus intervals, and can be
achieved without any comparison stimuli.

Characteristics of the brain processes that are
invoked by a stimulus determine whether a block
design or an event-related design should be used. For
instance, perception of simple visual stimuli involves
predictable rapid and brief instances of neuronal activ-
ity, and can be modelled adequately. Memory tasks,
however, cannot be modelled very well in time, making
it difficult to construct an adequate impulse function.
In this case a block design may be better suited.
Even more complicated is the situation with patients,
when, for example, strategies to perform a task are
changed. Small differences in the instruction or com-
prehension can induce major differences in activated
brain regions. Therefore, it is necessary that all con-
founds (e.g., functions one is not interested in) are
controlled.

Many of the currently available fMRI data analysis
programs make use of multiple regression algorithms
based on the General Linear Model. This type of anal-
ysis essentially determines whether the fMRI signal
time series in each voxel correlates with the task,
showing the events that take place when the task
is performed, as well as factors that contribute to
noise in the dataset. Once an fMRI protocol, which
includes data acquisition method (pulse sequence),
task design (paradigm) and image analysis (prepro-
cessing and statistical algorithms) has been composed
at which all of them can affect the quality measures,
it can be tested in an fMRI experiment. Interpretation
of results of fMRI experiments is rarely straightfor-
ward, and it is important to test the results on the basis
of validity, sensitivity, and reliability. Performance is
a valuable measure in fMRI because it can indicate
not only whether a function is invoked, but also the
demand imposed by the task on the underlying brain
system. In addition, the quantification of different per-
formance parameters can be used for a parametric
statistic analysis and can contribute to a more specific
view.

Most MR imaging units today have software for
real-time automatic analysis and display results during



19 Brain Tumors: Clinical Applications of Functional Magnetic Resonance Imaging and Diffusion Tensor Imaging 181

imaging. The corresponding performance is not a
trivial issue and in neuropsychology, performance is
generally the readout variable, and is used to char-
acterize a persons’ cognitive abilities. In fMRI, task
performance can give rise to problems in image inter-
pretation. Poor performance may be associated with
abnormal task solving strategies. For example, the
strategy determines how much the working memory
system is taxed, and this affects the levels of brain
activity as measured with fMRI. In addition, the level
of difficulty may also be adjusted for each individual
subject, based on a practice session before scanning.
An alternative solution is to adjust the statistical analy-
sis to performance by separating scans acquired during
correct responses from scans acquired during incorrect
responses.

Abnormal fMR imaging activation can, of course,
be truly false-positive resulting from movement arte-
facts or low statistical threshold, but it can also rep-
resent variations in normal anatomy and physiology
or reflect brain plasticity. On the other hand, failure
to detect activity can be caused by several factors;
some of them are difficult or impossible to control.
Furthermore, a tumor can distort the brain or cause
blood flow abnormalities that may alter or diminish
the BOLD signal. Absence does not necessarily imply
absence of relevant neural activity. Even activity inside
the tumor can be detected and may be functionally
relevant.

Diffusion Tensor Imaging

DTI is a promising MRI method for studying nonin-
vasively the anatomical organization of major white
matter fibre systems. White matter bundles carry func-
tional information between brain regions. The diffu-
sion of water molecules is hindered across the axes of
these bundles such that measurements of water diffu-
sion can reveal information regarding the location of
large white matter pathways (for a review see Mori and
van Zijl 2002).

A key obstacle for accurate reconstruction of neu-
ronal fibres is the selection of a suitable tracking
algorithm. In certain areas of the white matter, such as
the corona radiata or the occipital white matter where
an abundant crossing and/or merging of different fibre
systems takes place, the main diffusion intravoxel

direction does not necessarily correspond to the main
fibre direction. This is due to the tensor’s voxel aver-
aged quantity and the limited resolution of available
DTI acquisitions (Jones 2003). Consequently, simple
tracking algorithms, which incorporate only the main
diffusion direction for determining the propagation
pathway (or track) are not adequate in such anatomi-
cally complex areas, and the reconstructed trajectories
are often compromised by the wrong directional infor-
mation (Lazar and Alexander 2003; Tournier et al.
2002). Recently, sophisticated tracking algorithms
have been developed to overcome these limitations,
particularly to ameliorate tracking results in crossing
and branching situations (Parker et al. 2002). This
problem can be addressed by using a tracking algo-
rithm called “advanced Fast Marching” (aFM), which
has been specifically developed in order to improve
reconstruction of white matter trajectories in anatom-
ically complex areas. The quality of the aFM algo-
rithm was evaluated and compared with other tracking
algorithm by reconstructing different neuronal fibre
systems and networks in the human brain (Staempfli
et al. 2007).

Combination of fMRI and DTI

Accurate preoperative localization and visualization
of the displaced or infiltrated fibre tracts in relation
to intracranial tumors is crucial for treatment plan-
ning and potentially for the post-operative prognosis.
One of the first publications by Witwer et al. (2002)
demonstrated displaced fibre tracks on directionally
color-coded maps. Goebell et al. (2006) showed dif-
ferent fractional anisotropy (FA) values in the centre
as compared to the periphery of gliomas as well as in
the adjacent normal appearing white matter. They also
found differences in FA ratios between low-grade and
high-grade tumors.

New developments aim at presurgical, intraopera-
tive, and follow-up post-surgical applications of DTI
to provide relevant information related to the tumor
affected tissue. fMRI-driven fibre tracking methods are
the most recent clinical application in this direction
(Schonberg et al. 2006; Kleiser et al. 2010). Guye et al.
(2003) applied the basic fast marching tracking algo-
rithm in order to perform fMRI driven fibre tracking.
Thereby, probabilistic connectivity maps of healthy
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Fig. 19.1 fMRI-driven fiber
tracking method. Functional
imaging in a patient with a
tumor in the left insula and
opercula: BOLD-activation
during language task:
visible are Broca and
Wernicke area and
additional – compensatory –
activation in the frontopolar,
posterior temporal and
parietal lobe. DTI seeding in
Broca and Wernicke: fiber
connections between primary
language areas are displaced
bending around the tumor
mass

subjects were computed and compared with a map of a
patient suffering from a tumor.

A main issue in the field of DTI-based fibre trac-
tography is the definition of a tracking seed region that
would be appropriate for the reconstruction of white
matter tracts relevant to a specific functional system or
network. If seed areas are slightly misplaced by only
a few voxels, the reconstructed trajectories may repre-
sent tracks from different white matter fibre systems.
Intersubject anatomical variations make it difficult to
define tracking seed areas based merely on reliable
anatomical landmarks, even in brains of healthy sub-
jects. This problem becomes more difficult in the
presence of a space occupying intracranial patholog-
ical processes, as e.g., tumor, where the definition
of functionally relevant tracking seed regions based
on anatomical landmarks becomes more challenging
due to displacement or infiltration of the surrounding
tissue and a potential reorganization of involved func-
tional systems. To overcome this obstacle, a combined
approach of DTI and fMRI can be performed where
seed areas for the DTI tracking algorithm are defined

based on fMRI activation patterns specific to individ-
ual patient. Taken together fMRI-driven fiber tracking
method is an accurate, reliable and safe technique of
detection of cortical areas and white matter pathways
for the function (Fig. 19.1).

Positron Emission Tomography

In clinical applications, a very small amount of labelled
compound called radiopharmaceutical or radiotracer is
administered into the patient usually by intravenous
injection. After an appropriate uptake period, the con-
centration of tracer in tissue and its localization is
measured by the PET scanner. During its decay pro-
cess, the radionuclide emits a positron which, after
travelling a short distance (3–5 mm), encounters an
electron from the surrounding environment. The two
particles combine and “annihilate” each other result-
ing in the emission in opposite directions of two
gamma rays of 511 keV each, which are detected
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by coincidence. Amino acid PET data using O-(2-
[18F]fluoroethyl)-L-tyrosine (FET) as a tracer have
recently been established as diagnostic marker for
gliomas. Contrary to structural MRI with contrast-
agent, the i.v.-injection of FET does not result in a
passive accumulation in the tumorous lesions facili-
tated by a defect of the blood–brain–barrier. Rather,
FET enhancements result from an active transport of
FET into tumor cells through an intact cell membrane.
The increased uptake is mediated by a selective over-
expression of specialized transport-proteins in the cell
membrane of the glioma cells. Therefore, increased
FET-uptake indicates vital tumor tissue.

Coregistration of fMRI and Amino Acid PET

Amino acid PET is established to identify glioma tis-
sue. In presurgical evaluation this helps to plan a
maximal resection of gliomas. Especially in patients
with brain tumors in so called eloquent cortex areas,
i.e., cortex areas inheriting primary functions such
as sensorimotor or language representations, fMRI as
well as amino acid PET have been proposed as tools
for planning surgery (Nariai et al. 1997). The goal is to
achieve a maximal excision of tumor tissue combined
with a minimal disruption of the patient’s sensorimotor
and language abilities, i.e., to tailor the tumor resec-
tion line with respect to brain function and thereby
optimize the functional outcome for the patient. A mul-
timodal coregistration of fMRI and PET can, therefore,
be used to localize sensorimotor and language function
in relation to tumor amino acid uptake at a glance.

In a group analysis, the sensitivity of the lesion-to-
brain ratio of FET uptake for the detection of tumor
tissue using a threshold for the FET ratio (uptake in
tumor compared to healthy tissue, so called tumor-to-
brain ratio, TBR) of 1.6 was 92% and the specificity
81%. Another criterion for using this specific thresh-
old is the fact that in histologically proven peritumoral
tissue the mean ratio of FET uptake was 1.2 ± 0.4 ver-
sus 2.6 ± 0.9 for the samples taken from tumor tissue
(p < 0.001) (Pauleit et al. 2005). The resulting inter-
mediate value of 1.6 for the TBR is, therefore, one
standard deviation from both ratios.

The combined use of MRI and FET-PET in patients
with cerebral gliomas significantly improves the iden-
tification of cellular glioma tissue and thus, has been

proposed favorable over the exclusive use of MRI in
planning for cerebral glioma resection (Rachinger et al.
2005).

In a series of 11 patients with left hemispheric
gliomas (WHO II–IV) the spatial relation between
fMRI and FET-PET was investigated prior to surgery.
fMRI was done using a sentence completion task,
amino acid uptake in tissue was measured with FET-
PET, then fMRI and PET-images were coregistrated
in Talairach stereotaxic space (Nickel et al. 2007)
(Fig. 19.2).

In this series, FET-uptake and fMRI-activations
were spatially distinct. Using a threshold of 1.60 for the
FET-tumor-to-brain ratio the mean distance between
FET-uptake-volume and fMRI-activation in language
related areas was 14 ± 8 (2–29) mm. This suggests
that, in general, uptake of FET in vital tumor tissue
and functional activation of surrounding brain tissue as
measured with fMRI are spatially distinct. The com-
bined use of fMRI and FET-PET, therefore, appears
to be one promising approach for presurgical evalua-
tion of structure-to-function relations in patients with
gliomas, as it may help to estimate a safety mar-
gin for resection and the functional potential of the
peritumoral tissue.

Clinical Examples

Integration of fMRI and DTI in
Neurosurgery Planning with their Impact

In the years 2008–2010 ∼250 fMRI examinations
in our hospital were used to confine eloquent brain
areas. The functional data were used for the opera-
tive procedure due to their close neighbourhood to the
lesion demonstrating good profit in clinical practice.
The choice of the MR parameters between differ-
ent institutes is more or less standardized. For the
following described measurements we used a 1.5 T
Siemens Symphony Tim scanner with the standard
12-channel head matrix coil. For fMRI a gradient-
echo T2∗-weighted echo-planar MR sequence was
used (TR/TE = 3000/50 ms, FOV = 192 × 192 mm,
matrix = 64 × 64, voxel size 3 × 3 × 3 mm), for DTI
a single shot echo-planar imaging sequence (TR/TE =
3600/110 ms, FOV = 220 × 220 mm, matrix = 128 ×
128, voxel size 1.7 × 1.7 × 6 mm, averages = 4, 12
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Fig. 19.2 Screenshot from the neuronavigation software BrainLab R© showing a co-registration of language-fMRI (red spots) and
FET-PET (green spot) on to the structural 3D-T1 MRI of the patient

non-colinear directions, b-values 0, 1000 s/mm2), for
anatomical data a 3D T1-MPRage, and in addition an
axial 2D T1- and T2-weighted sequence.

In the current prospective study we evaluated
our experience with the integration of fMRI and
DTI with a more standardised evaluation. Up to
now 15 tumor patients were examined. The stimu-
lus paradigms for fMRI were adapted and optimized
to the tumor location and the individual characteris-
tics of the subject. The paradigms included cognitive,

semantic, sensorimotor and visual tasks. A typical
fMRI paradigm lasted ∼5 min. Usually up to ten dif-
ferent paradigms were necessary to scan the adjacent
functional areas around the tumor.

We designed a questionnaire containing following
parameters: (1) approach, (2) trajectory, (3) resection
border. Neurosurgeons were requested to decide on
approach, trajectory, and resection borders without and
afterwards with the additional information provided by
fMRI and DTI.
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We collected the data of 15 patients with fMRI and
3 of those additionally with DTI. This was taken into
account only if fibre pathways between special func-
tional areas were under suspect to be interrupted by
the tumor, as between Broca’s and Wernicke’s area
or for the optic pathway. We found BOLD activation
near the tumor in 86% of all patients confirming the
excellent stimulus adaptation for the individual sub-
jects. Furthermore, the expected functional areas were
displaced by the tumor in ∼40% of the patients. The
direction was unpredictable and therefore the uncer-
tainty relevant for the neurosurgeon. This is reflected
in the change of the neurosurgical approach in 33% of
the patients, the trajectory in 27%, and the resection
border in 54% when fMRI data were available. In this
pilot study we succeeded in demonstrating feasibility
and benefit of incorporating fMRI and DTI data in our
multimodal neuronavigation concept.

It influenced surgical strategies: altering overall
strategy – biopsy versus resection, avoiding destruc-
tion of brain areas with permanent loss of function, and
altering the kind and duration of postoperative therapy.
In the following we detail three cases who exem-
plarily demonstrate the influence of fMRI and DTI
information on the decision of trajectory, approach and
resection border and the expected consequences:

Patient 1

A 68 year old male patient sustained a first epilep-
tic seizure, beginning in the right upper extremity
with secondary generalisation. When admitted to the
hospital the patient had no neurologic deficit and
no further seizures. CT- and MR-imaging was per-
formed, and cavernous hemangioma was diagnosed
in the left central parietal region with typical sur-
rounding hemosiderin ring and intrinsic bleeding in
various stages. Furthermore, a MRI-SWI-investigation
was performed whether surrounding bleeding showed
distinct borders in the left central region.

Originally, a direct transsulcal approach was
planned to remove the cavernous angioma and the
surrounding bleeding. However, considering the elo-
quent region in addition a preoperative functional
MRI and DTI was planned. After integrating these
advanced MR-imaging it could be shown that the orig-
inally planned trajectory was directly going through
the eloquent region. Thus, it was decided to go more

dorsally through another cerebral sulcus, which meant
that another trajectory with a longer approach to the
cerebral lesion was used. The surgical performance
was done neuronavigationally guided in March, 2010.
Postoperatively, the patient remained neurologically
intact and up to now did not show any seizures again.
He has normal life quality and is apt to perform all
procedures of normal daily life. In case of damage to
the left central region one would have expected that
the patient was at high risk to sustain permanent right
hemiparesis (Fig. 19.3a).

Patient 2

A 37 year old female patient got the incidental diag-
nosis of a huge left frontal glioma, which extended
to the left frontoparietal opercula. At that time the
patient was completely free of neurological or psychi-
atric symptoms. She had been seizure-free. According
to the borders of the diagnosed tumor it was suspected
that only very few tumor reductions would be possible
in this young patient, which expecting that prognosis
of the tumor would be very poor.

However, fMRI and DTI was done in order to
augment the neuronavigational guided operation with
these examinations in addition to implemented PET
images to the neuronavigation workstation. After
implementation of all images it could be shown that
the eloquent regions had been displaced far laterally,
and that the most enhancing tumor parts which were
considered to be the most malignant part of the tumor
would be able to be completely resected. This was dis-
cussed with the patient who is a psychologist and was
able to have a good knowledge of her disease and on
her prognosis. It was decided together to remove as
much tumor as possible. The microsurgical neuron-
avigational guided procedure was performed in May,
2008. The tumor turned out to be a glioblastoma mul-
tiforme WHO◦IV, and postoperative radiotherapy and
chemotherapy were performed.

Up to now the patient is fully symptom-free, free of
seizures and is fully able to work in her former profes-
sion. The regularly performed MR- and PET-images
do not show any contrast enhancing lesion and show
the patient free of tumor progression. If the surgical
operation would have touched regions of eloquence,
for example, regions responsible for verbal speech, the
patient of course would not be able to work in her
profession again (Fig. 19.3b).
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Fig. 19.3a Improvement of approach, trajectory, or resection using the example of three patients; please compare patient paragraphs
for details. Patient 1: approach with fMRI yellow line, without fMRI green line

Patient 3

A 45 year old female patient, who was working as
a teacher sustained epileptic seizures and was admit-
ted for cerebral MR-imaging. In these examinations
a left frontolateral low-grade glioma was diagnosed
and the patient was admitted to our hospital. The
tumor was located in the left frontal operculum, which
means in the Broca region in the right-handed patient.
With this diagnosis it was originally suspected that
only tumor biopsy would be possible, knowing that
this performance could only provide diagnosis but
no help for prognosis and progression-free survival.
Therefore, the patient was sent for fMRI with adjusted
speech tasks. In this examination the left frontal oper-
culum was totally engaged by the tumor, whereas all
speech regions had been displaced to the surrounding
areas. The maximum resection was discussed with the

patient. The patient herself wanted to have the most
radical resection, which was considered to be pos-
sible and the microsurgical neuronavigational-guided
surgery including fMRI was performed in December,
2005.

After the operation the patient was totally symptom-
free and seizure-free. She showed only very small
residual tumor of the oligodendroglioma WHO◦II,
and this residual tumor has not shown any progress
for 51/2 years. Without the knowledge of the fMRI-
examination only a biopsy would have been done or
the patient would have been at risk to have permanent
neurological deficit (Fig. 19.3c).

In addition to benefiting the individual patients’
potentially altering prognosis and quality of life, the
cost of nursing care could be reduced, implying a
significant economic impact.
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Fig. 19.3b Patient 2: PET activation (green) inside the tumor area indicating the most malignant part of the tumor. DTI (white)
shows fibres around the tumor

Patients with Longitudinal
Language-fMRI in Gliomas

The following case samples demonstrate the fea-
sibility and the potential of serial language fMRI
investigations in patients with gliomas. Two differ-
ent cortical strategies of functional compensation,

namely intrahemispheric adjustment and transhemi-
spheric shift are revealed (Fig. 19.4).

For both patients a systematic clinical neurologi-
cal examination as well as detailed neuropsychological
testing were performed alongside the fMRI scans. The
neuropsychological assessment comprised language
memory (Rivermead Behavioural Memory Test), ver-
bal fluency (word generation task from the AAT),
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Fig. 19.3c Patient 3: fMRI activation (pink) of eloquent areas near to critical resection border of the tumor (green)

frontal lobe tasks (Digit-Span and Block-Span), and
tests for reading, writing and handedness (Edinburgh
Handedness Scale).

fMRI was realised using covert speech in a sentence
completion task with inflectional processing of verbs.
This paradigm has got a high capacity to demonstrate
the cerebral language network (Jorgens et al. 2007;
Kleiser et al. 2005; Sach et al. 2004).

Patient 1

The patient is male, age 36 years at first admission and
suffered from a low-grade glioma arising from the left
insular cortex confirmed to be a diffuse astrocytoma
of WHO◦II. The clinical neurological examination did
not reveal a focal deficit, the results of the neuropsy-
chological assessment confirmed below average scores
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for language memory and verbal fluency while frontal
lobe tasks showed average or even above average
scores.

Initial fMRI for language demonstrated a typical
left hemispheric pattern of activity in this right-handed
patient. Activation for expressive function of language
were displaced from the typical location in the inferior
frontal gyrus (“Broca’s area”) due to local tumor-
growth immediately neighbouring the glioma in the
border between T1-tumor area and the surrounding
healthy-appearing tissue. Given the picture of a large
low-grade glioma in eloquent cortex with rather mod-
erate clinical impairment (well controlled epilepsy,
only slight to moderate cognitive deficits) the patient
was taken in a regime of regular, close meshed clinical
and MRI follow-up investigations (Fig. 19.4).

At age 38 years, structural MRI and FET-PET
of the same patient pointed to a progression of the
glioma. Apart from an increased verbal fluency the
neuropsychological tests showed stable results and lan-
guage fMRI confirmed a left hemispheric language
activation pattern with multiple spots of activation sur-
rounding the tumor mass that had grown further into
the left frontal and temporal lobe. The tumor mass
was reduced surgically using fMRI-guided intraopera-
tive cortical stimulation mapping for language testing,
and neuropathological analysis of the resected spec-
imen confirmed a progression towards an anaplastic
astrocytoma (WHO III).

Postoperative MRI confirmed a good reduction of
tumor mass. Fortunately, the results of the neuropsy-
chological tests remained stable and also fMRI con-
firmed the appearance of widespread left-hemispheric
language activation. An irradiation therapy was per-
formed after the surgery and another follow-up fMRI
was done ∼9 months after the surgery. The clinical
neurological status remained stable and even neu-
ropsychological tests showed a slight improvement for
verbal fluency and frontal-lobe tasks (digit span for-
ward). fMRI in consistence with the previous results,
demonstrated the foreknown left hemispheric activa-
tion pattern.

At the time of the last follow-up, a little more
than 1 year after surgery (patient age 40 years), the
neuropsychological results were even more stabilized
towards average and above average values. Language
fMRI again demonstrated the widespread left fronto-
temporal activations and the clinical-neurological sta-
tus also remained stable. In this patient, longitudinal

language fMRI was in agreement with the clinical and
neuropsychological status and aided in performing a
functionally safe surgery. Thereby the partial resection
of the glioma did not do harm to the spots of fMRI
activation in the surrounding eloquent cortex and the
partially displaced left-hemispheric language function
in this patient with a large left-hemispheric tumor mass
was preserved. Over time, this patient had a stable
pattern of multiple left fronto-temporal activations in
language fMRI. This represents a functionally quali-
fied intrahemispheric adaption due to cortical plasticity
of the language network within the affected dominant
hemisphere.

Patient 2

The patient was examined for the first time when he
was aged 29 years and suffered from a high-grade
glioma growing in the left frontal lobe confirmed to
be an anaplastic oligodendroglioma of WHO III. The
clinical neurological examination did not reveal a focal
deficit, the results of the neuropsychological assess-
ment confirmed right handedness and a below average
score for verbal fluency (percent-rank 30%), while
the other tests showed average or even above average
scores.

Initial fMRI for language demonstrated a left hemi-
spheric activity at the borderline of tumor and tissue
with normal T1-signal intensity in MRI in the inferior
frontal gyrus of the left hemisphere (“Broca’s Area”),
but additionally showed a similar activation in the
inferior frontal gyrus of the right hemisphere (“Broca
analogue”). No further activation was seen in the left
frontal lobe due to the large tumor mass (Fig. 19.4).
Given the picture of a large high-grade glioma in elo-
quent cortex with a moderate clinical impairment (well
controlled epilepsy, moderate cognitive deficits) the
patient was chosen for combined surgical resection and
consecutive irradiation therapy.

Partial resection of the tumor (using fMRI-guided
intraoperative cortical stimulation mapping for lan-
guage testing) resulted in a significant reduction of the
mass effect, and language fMRI confirmed the bilat-
eral Broca-activation in the sentence completion task.
The clinical status nine months after the surgery was
unchanged and the neuropsychological tests showed a
trend towards lower percent-ranks, but did not demon-
strate a substantial worsening.
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Fig. 19.4 Representative similar sections from the longitudinal
language fMRI-sessions of patient 1 (four subsequent measure-
ments, sagittal sections of the left hemisphere, top row) and
patient 2 (4 subsequent scans, transversal sections, bottom row)

using the same paradigm and contrast, please compare to the sec-
tion Patients with Longitudinal Language-fMRI in Gliomas for
details

In the mean time the status remained stable and
another follow-up was performed when the patient
had become 31 years old and a new enhancement
of contrast agent in MRI had appeared during the
regular MRI scans. Due to suspicion of a relapse of
the high-grade glioma another resection was planned.
Functional MRI for language again showed a bilat-
eral pattern of activation, now with the activation of
the right hemisphere preponderating the one in the
originally “dominant” left hemisphere. The scores of
the neuropsychological tests resembled those of the
initial assessment. Reresection was performed (again
using fMRI-guided intraoperative cortical stimulation
mapping for language testing) and was limited in
extent by the persistent left-hemispheric language-
representation.

On the last follow-up, performed when the patient
was 32 years old (∼13 months from the second
surgery), the tumor mass had regained in T1-volume,
although the volume of contrast-agent was lower than
before. Language fMRI now showed a pattern with
a clear right hemispheric preponderance, whereas the
scores of the neuropsychological tests showed an
improvement for verbal fluency and in the visually
guided frontal lobe tasks as well as a decrease for
the verbally mediated frontal lobe functions and verbal
memory.

In this patient, longitudinal language fMRI
again was in agreement with the clinical and

neuropsychological status and aided in performing
a functionally safe surgery two times. Thereby the
partial resection of the glioma protected the fMRI
activation near the original “Broca Area”. Over time,
this patient developed a pattern of bilateral language
representation in fMRI that was dominated by the right
hemispheric activations in the end. This represents an
at least partial functionally qualified interhemispheric
adaption due to cortical plasticity of the language
network with a shift of functions towards the primary
nondominant hemisphere.

Discussion

MRI has considerably improved the potential to plan
and perform neurosurgery of cerebral space occupying
lesions. In particular, neuronavigation allows surgeons
to pinpoint to specific areas of the brain or the spine
during the planning period as well as during the oper-
ation itself. Moreover, the neuronavigation equipment
is able to generate a detailed, three-dimensional image
of the area of interest. Similar to a driver of a car
who uses the global positioning system to find the
way on the road, the neurosurgeon relies on these
images to confirm the position of his or her instru-
ments in the patient’s brain. As the instrument moves,
the neuronavigation software calculates position and



19 Brain Tumors: Clinical Applications of Functional Magnetic Resonance Imaging and Diffusion Tensor Imaging 191

transfers the information to the computer, which in
turn shows the direction of the moving surgical instru-
ment. The purpose of this system is to guide the
surgeon’s instrument to a selected target. Then, the
neuronavigation system will give specific directions as
how to proceed. Therefore, neuronavigation enables
neurosurgeons to track instruments in relation to a
patient’s anatomy and to track the anatomy itself dur-
ing a surgical procedure. Currently, neuronavigation
is an indispensable part of the neurosurgical real-
ity with a significant impact in each neurosurgical
procedure. Neuronavigation systems are now used rou-
tinely in medical centres throughout the world. Today’s
neuronavigation systems are versatile and safe, and
there are no adverse effects, complications or sur-
gical mortality due to the neuronavigation devices.
Image-guided surgery systems can increase accuracy
levels in identifying and removing lesions of the CNS.
Neuronavigation systems, however, are not robotic
in design; the neurosurgeon still holds and guides
the surgical instruments. It might be possible that
robotics will be integrated with image-guided surgery
systems in the future but today’s systems are still
directly dependent upon the neurosurgeon performing
the procedure.

There is a debate on the issue whether intraoperative
cortical stimulation mapping (CSM) and presurgical
fMRI constitute complementary or contradictory infor-
mation regarding the localization of brain function on
cortical level. Questions to be asked in this context usu-
ally are: are both methods directly comparable at all?
What is the degree of concordance of both methods?
Can one method be substituted by the other one?

First of all, one has to note that there are substantial
methodological differences between both approaches
that hinder a direct comparison. In the context of
presurgical functional mapping, motor function is
often reduced to a short repetitive movement (“tap-
ping”) that is based on a simple and automated function
in which the cortical representation is restricted to
well-defined areas. This pattern is quite uniform and
most commonly includes the primary sensory-motor
cortex (M1/S1), the supplementary motor area (SMA)
and the cerebellum. On the other hand, language-
stimulation is being treated very differently among
research groups. This is also due to the fact that it has
many aspects: speaking (overt and soundless/covert),
listening, writing, reading, grammar, prosody, naming,
verbal fluency, verbal memory, and native and foreign

languages. Accordingly, language is arranged in multi-
ple cortical representations interacting in a widespread
and dynamic cortical network. A wide variety of fMRI-
paradigms for language exists but is not directly com-
parable. The calculated fMRI-activation maps vary not
only according to the paradigm, but also alternative
statistical methods including the individual threshold-
ing (p-, q- or z-values) procedures that have influence
on the resulting activation maps.

There are several elements of uncertainty within
fMRI studies of patients. Amongst others there is
the individual degree of compliance by the patient
during the data-acquisition and also the amount of
movement of the patients during the data-acquisition.
During post-processing, the quality of the alignment
between functional and structural data and machine-
dependent factors of the scanner can influence the
results. Generally, there is a variety of tools and sta-
tistical models available for computing the activation
maps. Although there are no universal standards for
quantification and visualization of the data, results can
be assumed to be comparable (but not identical) across
laboratories. CSM, on the other hand, is performed by
application of a local stimulation current directly to
the cortex during (awake) surgery. The physiological
effect is the induction of a local (synchronous) hyper-
polarisation or depolarization that may cause induction
or inhibition of brain function. There are numerous
methodological variables of CSM, such as the dis-
tance of the pins of the bipolar electrode, the frequency
and magnitude of the stimulation current, its shape
and duration and also the duration of the repetitive or
continuous stimulation (“train”).

Table 19.1 shows a general view on the stimula-
tion parameters used for CSM from publications of
worldwide neurosurgical centres. A wide range of the
values used in the different stimulation parameters can
be depicted: the amplitude of the stimulation current
varies from 2 to 20 mA, the duration of the single stim-
ulation pulse varies from 0.2 to 4.0 ms, the stimulation
frequency is 40, 50 or 60 Hz, and there are various
wave forms used with a total duration of the stimu-
lation from 1 to 6 s. This shows that, although many
neurosurgeons claim CSM to be the “gold standard” of
functional mapping, this procedure is not standardized
and, therefore, comparisons between different sites
performing CSM as well as intermodal comparisons to
fMRI are not straight forward.
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Notably, CSM shows a direct cortical effect (induc-
tion or disturbance) only if the area of stimulation is
essential for the specific brain function, and the inves-
tigator has to make sure to monitor all possible effects
of the stimulation. CSM also suffers from various
elements of uncertainty: the magnitude of the local cor-
tical resistance is not defined and it is not clear whether
its magnitude varies spatially, and also the spatial
distortion of the signal is not defined. It is at least
plausible to argue for the existence of possible remote
effects transmitted by associate fibres. In an intraop-
erative setting it is hardly possible to make sure that
all possible effects are being detected. Furthermore,
the application of a local cortical current inherits the
possibility to cause epileptogenic (after-) discharges
and even may induce seizures. Table 19.2 summarizes
the divergent methodological difference variables and
pitfalls of CSM and fMRI in direct comparison.

In the past, several studies have compared indi-
vidual findings of fMRI and CSM in patients. It
is noted that the use of the terms “specificity” and
“sensitivity” seems to be inconsistent in these publi-
cations. This is due to the fact that this difference is
caused by the (arbitrary) choice of the viewing direc-
tion when comparing fMRI with CSM or CSM with
fMRI, respectively.

One of the first publications on this issue was
done by FitzGerald et al. (1997). They compared the
results of five different language fMRI-tasks with the
results of CSM in a series of 11 patients with lesions

in the dominant hemisphere. Counting the findings
that showed a spatial overlap between both methods
(the “Touch”-criteria), they calculated a sensitivity of
33–92% and a specificity of 40–88%. Using weaker
spatial criteria (both methods within 2 cm) sensitiv-
ity increased to 67–100%, while the specificity went
down to 0–50% in the individual patients. Overall, the
authors reported a wide interpersonal variability with
a range of the individual sensitivity from 0 to 100%,
the spatial comparison was realized by digitizing intra-
operative photographs and overlaying them onto the
functional MR language map (FitzGerald et al. 1997).

Roux et al. (2003) reported a comparison between
fMRI and CSM in 14 right-handed patients with left
hemispheric tumors using naming or verb generation
and calculated a sensitivity of 22–36% and a specificity
of 97–98%. When using the combined task (naming
and verb generation) the values were 59 and 97%,
respectively. In this study fMRI was used as the pre-
dictor for the calculation in the statistical model (Roux
et al. 2003). Rutten et al. (2002) investigated language
fMRI and CSM in 13 patients with temporal lobe
epilepsy. Their sensitivity was said to be 92% with a
specificity of 61%. The authors also calculated a pos-
itive predictive value of 51% (range 14–100%) and
a negative predictive value of 100% in 10 of the 11
patients (Rutten et al. 2002).

Although sample sizes in these studies were rather
small and clinical features as well as the technical set-
ting for fMRI and CSM varied substantially between

Table 19.2 Methodological confrontation of CSM and fMRI

fMRI CSM

Principle
fMRI shows a relative hyperperfusion in brain areas generally

involved (essentially and supplementarily, no focus on the
internal hierarchy) relative to a control condition

CSM shows a direct cortical effect (induction or disturbance)
only if the area of stimulation is essential for a certain
function

Variables
– Alternatives in analysis/statistical method
– Thresholding (p-, q- or z-values)
– Clipping

– Distance of the pins of the bipolar electrode
– Frequency and amplitude of the stimulation
– Shape and duration of the stimulation current
– Duration of repetitive or continuous stimulation (“train”)

Elements of uncertainty
– Compliance of the patients during the data-acquisition
– Movements of the patients during the data-acquisition
– Quality of the alignment between functional and structural

data
– Machine-dependent factors (MRI scanner)
– No universal standard for quantification and visualization

of the data

– Cortical resistance not defined
– Spatial distortion of the signal not defined
– Possible remote effects may occur (associate fibers?)
– Are all possible effects detectable?
– Possibility of epileptogenic (after-) discharges/induced

seizures
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centres, these comparative studies suggested that fMRI
overall seems to have a good negative predictive value
and specificity (true negatives) on the one hand and
a rather weak positive predictive value and sensitiv-
ity (true positives) on the other hand. The fact that
specificity and negative predictive value suggest a good
concordance between both methods seems to justify
the use of fMRI to pre-screen functionally “silent”
cortical regions. This is a proper goal of preinva-
sive diagnostic procedure because it helps to identify
the regions that are accessible for surgery in terms
of the cortical transsection needed to make a lesion
accessible.

The rather poor sensitivity and positive predic-
tive value for fMRI/CSM may be due to the afore-
mentioned fundamental differences in characterizing
a brain function by both methods (essential sites
in CSM, nonhierarchical involvement in fMRI), the
large interindividual variability of both methods, the
diversity of the elements of uncertainty and variables
of both methods and also due to the fact that often
very different paradigms are used for fMRI and CSM
investigations in the same patient.

Consequently, it seems that in terms of pre- and
intra-surgical functional mapping, fMRI and CSM
are complementary methods and should be used in a
synergistic way. One cannot replace one method by
the other. Both methods will surely be optimized in
the future. A desirable standardization will, thereby,
also enable better prospective comparative studies in
patients to further evaluate the interaction of both tech-
niques. In particular, fMRI provides essential informa-
tion in combination with DTI and PET.

Beside the fact that fMRI and DTI techniques are
complementary in describing functional and anatomi-
cal components of grey and white matter, fMRI is use-
ful to define the seed regions for DTI. The additional
information provided by fMRI is important consider-
ing the large intersubject anatomical variations of the
human brain, particularly in the presence of a space
occupying pathological process affecting the spatial
position of anatomical landmarks. Thus, fMRI-guided
DTI fiber tracking allows the identification of track-
ing start regions reliably based on functional anatomy
rather than solely on anatomical landmarks (Kleiser
et al. 2010). This is shown in healthy volunteers as well
as in tumor patients. Furthermore, DTI benefits from
the combination with fMRI in order to reconstruct
fibers related to specific functional areas. In cases of

intracranial tumors, the fMRI approach compliments
and enhances the accuracy of DTI information for pre-
operative planning. This is realized by defining the
relevant functionally related structures as accurate start
regions for fiber tracking with advanced tracking tech-
niques. This is crucial in complex areas such as the
(motor)cortex region where many different neuronal
systems are tightly packed, especially in the presence
of tumors. If start regions are slightly shifted in this
area, the combined fMRI/DTI approach can prevent
the obstacle of estimating completely different fiber
systems which might belong to the target system. The
complementary information obtained from fMRI and
DTI provides a quantitative estimate related to both
the structural integrity of the white matter and the
functional status of the interconnected relevant cortical
areas that may be displaced or infiltrated by the tumor.
This information can be used to enhance pre-surgical
planning and intrasurgical decision making, but also
to predict post-operative functional outcome and thus
improve patient counselling.

In conclusion, a careful design of fMRI paradigms
will benefit interpretation of brain imaging results.
Many of the important design issues can be dealt with
before any fMRI scans are acquired. This is based on
prior knowledge regarding the neuronal mechanisms
underlying the function of interest and mathemati-
cal properties of the input functions. All stages of an
fMR imaging experiment are tightly interwoven and
slight changes in MR hardware, task design, task per-
formance, or data analysis can significantly change
the resulting brain activation maps. Unfortunately, yet
no standardization and user-independent fMR imag-
ing protocols that can be easily and reliably used for
surgical purposes, or even for simpler tasks, are avail-
able. This makes it more difficult, because in general
the interpretation of fMR imaging maps requires the
common expertise of neurologists, radiologist, psy-
chologists, neurosurgeons, and physicists. Therefore,
in the future a standardization of fMRI setup for clini-
cal routine multicenter studies is desirable. In addition,
if task performance is not monitored, the investigator is
left with uncertainty regarding the cause of poor results
and/or unexpected activation pattern.

Additional information is needed from other modal-
ities to increase reliability and to decide which infor-
mation from which modality in different individual
neurosurgical cases is trustful. fMR imaging maps
should be used as an adjunct to existing clinical
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techniques and be compared with CSM and, in particu-
lar, with patients outcome for continuous optimization
of fMR imaging protocols. Additional techniques such
as iMR will compensate for brain shift and contribute
to a better outcome (Liu et al. 2003). The fMRI imag-
ing maps can be implemented in neuronavigational
systems for intraoperative use, and confounding fac-
tors require a continuous feedback from surgical prac-
tice so that fMR imaging protocols can be validated
and optimized.

The foremost advantage of MR imaging is that
any sensorimotor or cognitive function of interest can,
in principle, be studied once appropriate experimen-
tal conditions are divides. It is, therefore, not limited
to the regions of the brain that have been damaged
or to the function that is disturbed. Healthy subjects
can also be studied and data can be used for mod-
elling of brain processes. Furthermore, one of the
challenges in the next years will be to differenti-
ate between brain areas which are indispensable or
not. Pre-surgery fMRI enables studying the individual
cortical functional organization before any resection
and to map the subcortical structures throughout the
resection. It enables to understand the pathophysiol-
ogy of cerebral eloquent areas, allowing a study of
the anatomo-functional connectivity, and to tailor the
resection according to individual cortico-subcortical
functional boundaries. In addition, post-operative con-
trol and longitudinal neuroimaging studies are impor-
tant to study adaptation of the residual network and
to monitor the effects of brain plasticity related to
rehabilitation.
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Chapter 20

Trigeminal Neuralgia: Diagnosis Using 3-D Magnetic
Resonance Multi-Fusion Imaging

Toru Satoh, Keisuke Onoda, and Isao Date

Abstract Most instances of idiopathic trigeminal
neuralgia (TN) are caused by neurovascular contact
(NVC) between the offending vessels and the affected
trigeminal nerve. Pre-treatment analysis of the MR
imaging findings on the severity of the NVC may
predict the outcomes of microvascular decompression
(MVD) surgery or radiosurgical treatment. In order
to visualize the spatial relationships of the NVC,
we have developed a method for three-dimensional
(3-D) magnetic resonance (MR) multi-fusion imag-
ing, reconstructed with a perspective volume-rendering
algorithm, by compositing co-registered data sets of
3-D MR cisternograms, 3-D MR angiograms (non-
contrasted and contrast-enhanced), and 3-D computed
tomographic (CT) angiograms in a single 3-D image.
Technical aspects of the fusion imaging were doc-
umented with some comments regarding the MR
sequences to characterize the NVC. Severity analy-
sis of the NVC revealed that the NVC in the affected
trigeminal nerve was observed more frequently and
much more severely than that at the contra-lateral
and normal nerves in controls. Pre-operative MVD
surgical simulation and inner-view observation from
inside the nerve were depicted for the virtual real-
ity. Moreover, comparative fusion images were recon-
structed by superimposing the post-MVD images over
pre-MVD simulation, which may confirm the suc-
cess of the nerve decompression by surgical treatment.
Consequently, the 3-D MR multi-fusion imaging may

T. Satoh (�)
Department of Neurological Surgery, Ryofukai Satoh
Neurosurgical Hospital, 5-23-23 Matsunaga, Fukuyama,
Hiroshima 729-0104, Japan
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be useful for adjunctive diagnosis, planning of the
best treatment strategy, and post-treatment follow-up
in patients with TN.

Keywords Trigeminal neuralgia · Neurovascular
compression syndrome · Cranial nerves · Meckel
cave · MVD · NVC

Introduction

Idiopathic trigeminal neuralgia (TN) is a neurovas-
cular compression syndrome caused by hyperactive
dysfunction of the cranial nerves (Jannetta 1977) and is
characterized by paroxysmal, lancinating facial pains,
or a variety of sensory experiences. TN is the most
common neuralgia with an annual incidence of 27
cases per 100,000 persons every year (Bennetto et al.
2007). The incidence is higher in females and increases
with age. Most instances are caused by the neurovas-
cular contact (NVC) between the offending vessels and
the affected trigeminal nerve along the course from
the orifice of the Meckel cave to the rootlet at the
brainstem. Diagnosis of the TN is primarily estab-
lished based on the clinical features of the facial pains,
which initially responds to carbamazepine. In addition,
the existence of a suspected NVC depicted by neu-
roradiological studies can be a valuable adjunctive in
confirming a diagnosis, and may be important in the
decision-making process when determining the best
treatment strategy for patients with TN.

Recent advances in magnetic resonance (MR) imag-
ing technology have provided us with fine volumet-
ric data regarding the anatomic elements composing
the NVC, including the trigeminal nerve and artery
or vein, with surrounding brain parenchyma, dura
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mater, and cranial base bones. The offending ves-
sels causing the NVC can be seen on the source
images in a two-dimensional (2-D) planar fashion.
However, a physician can discern the spatial rela-
tionships of the nerve–vessel complex more easily in
three-dimensional (3-D) displays. By using the most
up-to-date image-reconstruction techniques with post-
processing computer medical visualization software,
the precise architecture of a complicated NVC can be
virtually depicted in 3-D.

We have developed a 3-D MR multi-fusion imag-
ing technique by compositing co-registered data sets
of a 3-D MR cisternogram, a 3-D MR angiogram
(non-contrasted and contrast-enhanced), and a 3-D
computed tomographic (CT) angiogram in a single 3-
D image (Satoh et al. 2007a, b; 2009). With these
images, the characteristics of the NVC, especially
regarding the severity of compression, can be morpho-
logically classified and evaluated not only from outside
as a virtual surgical simulation but also from inside
the nerve or vessels as a virtual inner-view observa-
tion. Moreover, comparative fusion imaging for pre-
and post-microvascular decompression (MVD) surgi-
cal simulation can confirm the success of the nerve
decompression by the MVD surgery during post-
operative follow-up period. The usefulness of 3-D MR
multi-fusion imaging for diagnosis, treatment plan-
ning, and post-treatment follow-up in patients with TN
is discussed herein.

Technical Aspects on the 3-D MR
Multi-Fusion Imaging

Imaging Procedure

MR cisternography: Imaging was performed with
MR imaging scanners (Signa Excite EchoSpeed 1.5
T; GE Healthcare, Milwaukee, Wis). The heavily
T2-weighted MR cisternography was performed with
a standard quadrature head coil, using a 3D fast spin-
echo (FSE) sequence with the following parameters:
TR/ TE, 4000/ 160 ms; NEX, 1; echo-train length, 128;
bandwidth, 41.67–15.63 kHz; matrix, 256 × 256; sec-
tion thickness, 0.6 mm; section interval, 0.6 mm; FOV,
16 cm; voxel size, 0.6 × 0.6 × 0.6 mm; and total imag-
ing time, 768–803 sec. A total of 96 continuous axial
source images were acquired. Alternatively, so-called

steady-state “T2 high-resolution” MR cisternogra-
phy was conducted by a fast imaging employing
steady-state acquisition-phase cycling (FIESTA)
sequence with the following parameters: TR/ TE,
6.4/2.6 ms; NEX, 1; section thickness, 0.6 mm; FOV,
16 cm; voxel size, 0.6 × 0.6 × 0.6 mm; total imaging
time, 301 s; source images 96.

MR angiography: With the same scanning base-
line, MR angiography (non-contrasted) was carried out
by using a 3D time-of-flight spoiled gradient-recalled
(TOF SPGR) sequence: TR/TE, 25–35/4.0–2.6 ms;
NEX, 2; flip angle, 20◦; matrix, 192 × 128; section
thickness, 1.2 mm; section interval, 0.6 mm; FOV,
16 cm; without magnetization transfer contrast; zero-
fill interpolation processing, 2 times; 120 sections in
total (two slabs); overlap of eight sections; voxel size,
0.8 × 1.3 × 0.6 mm; and total imaging time, 468–
529 s. A total of 104 continuous axial source images
were obtained. In addition, contrast-enhanced MR
angiography was repeatedly performed and was started
3 min after 0.1 mmol/kg intravenous administration
of meglumine gadopentate (Magnevist; Schering Japan
Co., Tokyo, Japan) via the antecubital vein.

CT angiography: Independently, CT angiography
was performed by using a multi-detector CT scan-
ner (Activion-16; Toshiba Medical Systems, Tokyo,
Japan). The protocol used was as follows: 100 mL
of Iomeron (iodine concentration 350 mg/mL; Eizai
Pharmaceutical, Tokyo, Japan) injected at a rate of 3
mL/s into the antecubital vein with a power injector
(Dynamic CT injector MCT320P; Medrad, Pittsburgh,
PA), table speed of 10 mm/s, 0.5-mm collimation,
120-kV peak, 200 mA, 20-cm field of view, a 512 ×
512 matrix; and total imaging time, 8 s. A total of
201 sections were obtained with a section thickness
of 0.5 mm. Data from the source axial images were
reconstructed every 0.5 mm with a 16-cm field of view
on the console, producing voxel size of 0.3 × 0.3 ×
0.5 mm.

Image Processing

Technical aspects of reconstruction of the 3-D MR
multi-fusion imaging have been described previously
(Satoh et al. 2007a, b; 2009). Briefly, all volumet-
ric data sets from the MR cisternography, and the
MR and CT angiographies were transferred to a
workstation (Ziostation; Ziosoft, Tokyo, Japan). 3-D



20 Trigeminal Neuralgia: Diagnosis Using 3-D Magnetic Resonance Multi-Fusion Imaging 201

MR cisternograms were reconstructed by means of
a perspective volume-rendering algorism, where the
information regarding the entire area with lower signal
intensity than cerebrospinal fluid (CSF) was selected
from the whole volume-rendering data set without
targeting or trimming of the region of interest. The
perspective 3-D MR and 3-D CT angiograms were
independently reconstructed by rendering the data sets
with higher MR signal intensity and CT attenuation
values, respectively, than the background.

The 3-D multi-fusion images were then recon-
structed by compositing four co-registered indepen-
dent data sets, including the heavily T2-weighted 3-D
FSE MR cisternogram, or the steady-state “T2 high-
resolution” FIESTA MR cisternogram, the TOF SPGR
3-D MR angiogram (non-contrasted and contrast-
enhanced), and the steady-state contrast-enhanced sub-
traction 3-D CT angiogram, in a single 3-D image. The
overall time required to reconstruct a picture of multi-
fusion imaging was within 90 s per image after the
completion of data acquisition.

Comments on MR Sequences

Several MR imaging sequences have been employed
to depict the structures composing the NVC, includ-
ing MR cisternography with FSE sequences or “T2
high-resolution” and MR angiography with or without
gadolinium contrast enhancement.

T2-weighted 3-D FSE MR cisternography:
Traditional heavily T2-weighted MR cisternography,
obtained by using a simple 3-D FSE sequence, with
fine adjustment of TR/TE (TR, 4000 ms; TE, 160 ms
in the present study), can depict the vascular structures
as complete flow voids with a profoundly low signal
intensity (black blood), the cranial nerves and brain
parenchyma, with moderately low signal intensity, and
the CSF, with profoundly high signal intensity (Satoh
et al. 2007a, b; 2009). These features may be useful
in discriminating the boundary of the offending artery
and the vein from the trigeminal nerve within the
cerebellopontine angle (CPA) cistern and nerve rootlet
at the brainstem.

Steady-state “T2 high-resolution” MR cisternog-
raphy: In contrast, recent so-called steady-state “T2
high-resolution” MR cisternography, obtained by
steady-state sequences such as FIESTA (Chávez et al.
2005), constructive interference in steady-state (CISS)

(Naraghi et al. 2004; Leal et al. 2010), and balanced
fast field echo (BFFE) (Miller et al. 2008), can depict
the intra-cisternal structures including cranial nerves,
vascular structures, and brain parenchyma with dark
hypo-intense signals (black blood). These structures
are in contrasted to the surrounding CSF with bright
hyper-intense signals. Several inherent pitfalls may
exist when dealing with these “T2 high-resolution”
imaging sequences (Satoh et al. 2007a). First, the sig-
nal intensities of intra-cisternal anatomical elements
are uniform and similar, making it difficult to dis-
tinguish the boundary of adjacent nerves and vessels
from each other at the site of the NVC. Second,
because the images are composites of the gradient echo
and spin echo sequences, a relatively hyper-intense
area related to susceptibility artifacts can unexpect-
edly appear within the large vessels. Third, the CSF
flow-related artifacts may cause heterogeneous signal
intensity distribution within the CPA cistern. This het-
erogeneity may result in concomitance of the ghost
shadows in the intra-cisternal space on the recon-
structed images, making it difficult to depict the NVC.
The above susceptibility and flow-related artifacts may
be enhanced with a higher magnetic field strength
imager such as 3-T (Miller et al. 2008) in comparison
to those with 1.5-T. Therefore, in the assessment of the
NVC, prediction of the offending vessels can be pos-
sible, but it is difficult to define the precise severity of
the NVC by the steady-state “T2 high-resolution” MR
cisternogram alone.

MR angiography: MR angiography obtained by the
TOF SPGR sequence is a T1-weighted gradient echo
image. By using non-contrasted MR angiography, the
cranial nerves and brain parenchyma are depicted with
relatively low signal intensity and the CSF with low
signal intensity; these are contrasted to the vascu-
lar structures with profoundly high signal intensity
(bright blood). The arteries and large veins within the
CPA cistern are clearly visualized in contrast to the
adjacent brainstem and cerebellum. The steady-state
contrast-enhanced MR angiography, obtained by the
3-D TOF SPGR sequence with an intravenous admin-
istration of contrast medium, can enhance the depiction
of vessels with a relatively slow flow velocity due
to the T1-shortening effect of intravascular paramag-
netic agents. The arterial branches such as the rostral
and caudal tributaries of the superior cerebellar artery
and venous components such as the superior petrosal
veins and their tributaries draining into the petrosal
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sinuses are represented more clearly than those with
non-contrasted MRA.

Vascular structures represented by the TOF SPGR
sequence with or without contrast-enhancement, how-
ever, do not indicate the pure luminal morphology,
as shown by digital angiography and subtraction CT
angiography (Satoh et al. 2004, 2007a). The MR
angiogram represents the intravascular flow informa-
tion caused by an inflow effect related mainly to the

peak flow velocity within the vessel lumen, with or
without the T1- shortening effect. Due to flow-related
artifact, a tortuous and hair-pin curved artery may
infrequently show signal loss at the beginning of the
branching sites. Moreover, when the offending artery
travels tortuously around the NVC, the artery may
often be depicted running in an aberrant course just at
the site of contact due to complex blood flow-related
artifact (Fig. 20.1).

Fig. 20.1 Comparative depiction of the NVC (right TN). (a)
Operative view. The right trigeminal nerve (CN-V) is com-
pressed by the offending posterior inferior cerebellar artery
(PICA). The severity of the NVC (empty-arrowhead) is classi-
fied as moderate at MVD surgery. (b) 3-D FSE MR cisternogram
(rendered in brown) (FSE-MRC), reconstructed by using FSE
sequence. (c) 3-D MR fusion image compositing of 3-D FSE
MR cisternogram (in brown) and 3-D CT angiogram (in bluish-
green) (FSE-MRC+CTA). The offending right PICA runs tor-
tuously and hair-pin curved just at the site of NVC (empty-
arrowhead), resulting in moderate degree of compression. The
anatomical relationship of the NVC and its severity depiction
is quite consistent with regard to the actual operative field (a).
(d) Comparative depiction of fusion image of 3-D FIESTA
MR cisternogram (in wine-red, f) and 3-D MR angiogram (in
magenta, f) superimposed over the 3-D FSE MR cisternogram
(in brown, c) and 3-D CT angiogram (in bluish-green, c)
(FSE-MRC +CTA+ FIESTA-MRC+MRA). Difference in the

running course of the offending PICA at the NVC (curved
arrow) between the 3-D MR angiogram with 3-D FIESTA MR
cisternogram and the 3-D CT angiogram with 3-D FSE MR cis-
ternogram is clearly depicted. (e) 3-D FIESTA MR cisternogram
(in wine-red), reconstructed by using FIESTA sequence. (f) 3-D
MR fusion image, compositing of FIESTA MR cisternogram
(in wine-red) and 3-D MR angiogram (in magenta) (FIESTA-
MRC+MRA). The offending PICA runs in an aberrant course
due to complex blood flow-related artifact with TOF SPGR MR
angiogram. The spatial relationship of the NVC depicted by
a fusion image in composition of FIESTA MR cisternogram
and TOF SPGR MR angiogram looks similar to the operative
view (a), but is subtly different in the detail. CN-IV, trochlear
nerve; CN-V, trigeminal nerve; FIESTA, fast imaging employ-
ing steady-state acquisition-phase cycling; FSE, fast spin-echo,
MVD, microvascular decompression; NVC, neurovascular con-
tact; PICA, posterior inferior cerebellar artery; TOF SPGR,
time-of-flight spoiled gradient-recalled
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As mentioned above, with a fusion image recon-
structed by compositing the steady-state “T2 high-
resolution” MR cisternogram and the MR angiogram,
prediction of the offending vessels may be possible, but
the arterial components depicted by the MR angiogram
may not represent the real degree of compression; this
point may require careful consideration in evaluat-
ing the severity of the NVC (Fig. 20.1d–f). Instead,
a fusion image with a composition of FSE MR cis-
ternogram and CT angiogram can depict the extent of
morphological changes between the offending vessels
and the affected trigeminal nerve, so that the anatomi-
cal relationship of the NVC may be visualized clearly;
severity of the NVC can be precisely assessed with this
combination (Fig. 20.1b–d).

3-D Image Reconstruction

With the recent progress in computer medical visual-
ization software, 3-D images of MR cisternography,
MR angiography, and CT angiography can be recon-
structed in a short time. The perspective view makes
objects far away seen small, and those close by seen
large. These perspective projection images provide
3-D visualization of the anatomical relationships as
a virtual endoscopic picture, which is similar to the
microscopic view in the neurosurgical operative fields.
Though the 3-D reconstructed images do not embody
more information than the source 2-D planar data set
used to render them, the 3-D images provide spatial
relationships of the trigeminal nerve and offending
vessels making up the NVC through the clear 3-D visu-
alization of each element with anatomical continuity.

3-D MR Multi-fusion Imaging

The 3-D multi-fusion images are reconstructed by
compositing the black blood heavily T2-weighted 3-D
FSE MR cisternogram, the bright blood TOF SPGR
3-D MR angiogram (non-contrasted and contrast-
enhanced), and the steady-state contrast-enhanced sub-
traction 3-D CT angiogram in a single 3-D image. We
have used it for the pre-operative depiction and sever-
ity analysis of NVC in patients with TN. Moreover,
the boundary volume-rendering technique is used to

depict the boundary of the contours of the intra- and
juxta-cisternal objects as a series of clear rings or zebra
stripes, so that the underlying structures can be visual-
ized directly through the spaces between rings (Satoh
et al. 2004; 2007a, b; 2009). By referring to the over-
lapped non-contrasted 3-D MR angiogram, contrast-
enhanced 3-D MR angiogram and 3-D CT angiogram,
the vascular components depicted on the 3-D MR
cisternogram (rendered as a series of rings) can be dis-
criminated from the complicated intra-cisternal struc-
tures, including the trigeminal nerve and its rootlet at
the brainstem. With 3-D MR multi-fusion imaging, the
severity of the NVC can be assessed primarily based
on the 3-D MR cisternogram, with reference to the vas-
cular components represented on the 3-D MR and CT
angiograms.

Serial display of those images may allow for trac-
ing the arteries back to a trunk of the basilar artery
or veins to a large vein draining into the superior pet-
rosal vein and sinus, and also trigeminal nerve from
the nerve rootlet at the brainstem along to the Meckel
cave. We can decide which elements are arteries, veins,
and nerves depicted on the 3-D MR cisternogram, and
then assess the details of the NVC. The static images
and their animated display for surgical simulation can
provide virtual reality for surgical access during MVD
surgery; those are quite consistent with regard to the
actual operative trajectory and fields. Additionally,
the 3-D MR multi-fusion imaging may provide us
with information regarding both the vascular mor-
phology (FSE 3-D MR cisternogram and 3-D CT
angiogram) and the intravascular flow condition (TOF
SPGR 3-D MR angiogram) in a single composited 3-D
image. Each complements the characteristics and lim-
itations of the other, and may enhance the advantages
of each.

Severity Analysis of MR Imaging
Findings of the Neurovascular Contact

Incidence and Significance

The pathogenesis of the TN is proposed to be a NVC;
however, physicians are often confronted with a diag-
nostic dilemma in patients with TN due to the lack of
a reference standard to detect the NVC. With recent
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advances in MR imaging and image-reconstruction
techniques, the existence of the NVC is often discov-
ered, or at least suspected, on the affected trigem-
inal nerve, with an incidence ranging from 57 to
88% (Anderson et al. 2006; Satoh et al. 2009; Miller
et al. 2009; Leal et al. 2010). However, the NVC is
not infrequently observed on the asymptomatic nerve
contra-lateral to the affected side, as well as on the nor-
mal trigeminal nerve in a control subject without TN,
with an incidence ranging from 17 to 71% (Anderson
et al. 2006; Satoh et al. 2009; Miller et al. 2009; Leal
et al. 2010). Variations in incidence may not reflect
the insensitivity of detecting the NVC, but instead
may result from various reference criteria to evaluate
the MR imaging findings of the NVC. Furthermore,
it remains unclear whether the MR evidence regard-
ing the NVC indicates that the NVC is symptomatic
and linked to the cause of TN or asymptomatic and
observed incidentally.

Effects on the Clinical Outcomes

As for the intra-operative findings of the NVC (Sindou
et al. 2007), outcomes after MVD for TN may be
related to the characteristics of the NVC found during
surgery. MVD can be similarly effective at proxi-
mal and distal locations of the NVC, but the more
severe the degree of compression exerted on the nerve
root, the better the outcomes in terms of long-term
relief after MVD. Moreover, in the treatment with
Gamma Knife radiosurgery (Sheehan et al. 2010), pain
relief correlates with a higher dose to the point of
the NVC. In addition to demyelination of the trigem-
inal nerve, vessel wall changes as a result of a higher
radiation dose may relate to the degree of relief fol-
lowing radiation therapy. The MR evidence regarding
the NVC may affect the strategy for the radiosurgi-
cal treatment of TN with improvements in radiosur-
gical targeting, dose planning, and resulting clinical
outcomes.

The severity of the NVC may be related to the
degree of nerve compression produced by the offend-
ing vessels, so that severe NVC may result in morpho-
logical changes, including deformation, displacement,
distortion, indentation, and atrophy of the trigeminal
nerve. The above NVC features can be discerned by the
pre-operative MR imaging. Therefore, determination

of the severity of the NVC on the MR imaging find-
ings could affect selection of a candidate for the
best treatment strategy with respect to good clinical
outcomes.

Our Results Regarding the Severity
Analysis

By using the 3-D MR fusion imaging, we analyzed
the MR imaging findings of the NVC in the affected
(n = 66), contra-lateral (n = 66), and normal (n = 78)
trigeminal nerves (Satoh et al. 2009). The NVC was
observed more frequently in the affected trigeminal
nerves (85%, p < 0.01, χ2 test) than in the contra-
lateral (35%) and normal (31%) trigeminal nerves.
Because an innocent juxtaposition of the trigeminal
nerve and vessels occurs with some frequency, the
presence of the NVC itself did not appear to be the
cause of TN. Therefore, the severity of the NVC was
classified as follows: severe, NVC with a vessel con-
tacting the trigeminal nerve covering >20% of the
nerve circumference; moderate, with <20% contact;
simple, with slight touch; and none. The severity of
the NVC in the affected trigeminal nerve showed more
severe compression (moderate 30% and severe 38%)
than that at the contra-lateral (6 and 0%, respectively)
and normal (8 and 0%, respectively) trigeminal nerves
(p < 0.01, Mann–Whitney U test).

The above results indicate that a trend toward
greater compression severity of the NVC is more
frequently found at the affected trigeminal nerve
than at the contra-lateral and normal trigeminal
nerves. Consequently, when moderate-to-severe NVC
is observed at the affected trigeminal nerve in patients
with TN, the NVC may be a cause of TN. Although a
simple NVC may not be sufficient to explain the cause
of TN, any degree of NVC in the affected trigeminal
nerve may be a cause. In addition, the NVC in patients
who underwent MVD surgery for TN was more severe
(moderate to severe, 83%) than that in patients with
medical treatment (46%, p < 0.01, Mann–Whitney U
test).

MR imaging findings of the NVC may be an impor-
tant factor, but it is neither necessary nor sufficient to
cause TN (Satoh et al. 2009; Miller et al. 2009). It
has been reported that a few patients with TN may
not exhibit any evidence of the offending vessels,
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but simple morphological changes on the trigemi-
nal nerve, including a curved and deformed running
course of the nerve axis (Ishikawa et al. 2002). In
these cases, TN may be caused not by a NVC, but
an adhesive thickening of the arachnoid membranes
or arachnoiditis. Consequently, prediction of the NVC
severity using the 3-D MR multi-fusion imaging may
provide useful information in selecting patients who
are most likely to benefit from MVD surgery or from
other approaches such as radiosurgical treatments or
percutaneous destructive techniques.

Clinical Application of the 3-D MR
Multi-fusion Imaging

Virtual Reality for the Pre-surgical
Simulation

With a 3-D MR multi-fusion imaging, the presence
of offending vessels and the sites of the NVC can be
assessed pre-operatively for surgical simulation, and
visualized in a 3-D display from various viewpoints
within the CPA cistern. Because retraction of the cere-
bellar surface and dissection of the arachnoid mem-
branes are usually performed during MVD surgery,
the pre-operative visualization of the NVC may not be
identical to the intra-operative fields. The displacement
of the anatomical elements following surgical manip-
ulation always compromises a comparison of the pre-
and intra-operative studies.

In our studies, the shapes and relationships of nerve-
vessel structures were compared between the surgical
simulation images and the actual intra-operative views
(Satoh et al. 2007a, b; 2009). As a result, pre-operative
simulation images with 3-D MR multi-fusion imaging
through the surgical access (microscopic view) were
quite consistent with the intra-operative trajectory and
findings. The pre-operative surgical simulation pro-
vided not only a realistic depiction, but also further
understanding of the spatial anatomical relationships
of the NVC beyond the operative view. Moreover, a
blinded surgical trajectory can be discerned through
endoscopic viewpoints projected from various direc-
tions within the CPA cistern (neuroendoscopic view).
Consequently, 3-D MR multi-fusion imaging allows
the surgeon to look around the trigeminal nerve, to

examine its ventral surface, and to trace its vascular
anatomy, which may be obscured from view during
actual MVD surgery.

Virtual Inner-View for the Severity
Analysis

The severity of the NVC has been evaluated based on
the source axial or multi-planar reconstruction images;
however, the exact site of the NVC may remain unclear
due to the difficulties in finding an imaging plane per-
fectly perpendicular to the course of the nerve in 2D
fashion. With the inner-view of the 3-D MR multi-
fusion imaging, the 3-D anatomical relationship of
the NVC is projected along the nerve axis from the
nerve rootlet at the brainstem toward the orifice of the
Meckel cave. According to the extent of the nerve cir-
cumference in contact with the vessel, the severity of
the NVC could be assessed and graded objectively,
as described previously (Satoh et al. 2009). Because
the 3-D relationships of the NVC can be assessed
from inside the affected trigeminal nerve, without
interruption caused by the offending vessels compress-
ing the nerve from outside, the inner-view can be a
reference standard for assessment of the severity of
the NVC.

Comparison Between the Pre- and
Post-Surgical Images

For neurosurgeons, 3-D visualization and prediction of
the severity of the NVC with 3-D MR multi-fusion
imaging in patients with TN can provide not only
valuable pre-operative assessment to execute MVD
surgery, but also post-operative educational compre-
hension based on review of the operative videotapes.
During the MVD surgery, decompression of the NVC
is usually carried out by a transposition of the offend-
ing vessels away from the nerve, an interposition of the
prosthetic materials between the vessels and the brain-
stem, or, if necessary, a coagulation and excision of the
certain offending veins (Ichikawa et al. 2011).

In the past, after the completion of MVD surgery,
however, there has been nothing to confirm the
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success of the above surgical intervention. However,
by reconstructing the 3-D MR fusion imaging
post-operatively, spatial and anatomical relationships
between the decompressed trigeminal nerve and the
former offending vessels after MVD surgery can eas-
ily be depicted and assessed in 3-D. In comparison

with the pre-operative fusion images, post-operative
images confirm the disappearance of compression at
the NVC (Fig. 20.2). The former offending artery
transposed away from the nerve or moved over the
interposed prosthetic material can easily be depicted
in 3-D.

Fig. 20.2 Comparative depiction of the pre- and post-MVD
surgical simulation (right TN). (a) Operative view before
decompression of the NVC (Ope-Pre-Decompression). The right
trigeminal nerve is severely compressed by the offending right
SCA. The NVC (empty-arrowhead) is shown at the mid-1/3 in
the cisternal course of the trigeminal nerve from the supero-
medial direction by the trunk of the SCA (SCA-t) bifurcating
into the rostral (SCA-r) and caudal (SCA-c∗) tributaries. (b)
Pre-operative 3-D FSE MR cisternogram (rendered in brown)
(Pre-Ope-FSE MRC). (c) Pre-operative 3-D MR multi-fusion
image for MVD simulation (Pre-Ope-Fusion), reconstructed by
compositing of 3-D FSE MR cisternogram (in brown), 3-D MR
angiogram (non-contrasted in magenta, contrast-enhanced in
indigo), and 3-D CT angiogram (in bluish-green). The anatom-
ical relationship of the NVC (empty-arrowhead) is consistent
with the operative field (a). (d) Operative view after decom-
pression of the NVC (Ope-Post-Decompression). The offending
caudal tributary of the right SCA (SCA-c∗) is transposed to the
tentorium by using double-stick tape, resulting in decompression

of the NVC. (e) Post-operative 3-D FSE MR cisternogram
(in brown) (Post-Ope-FSE-MRC). (f) Post-operative 3-D MR
multi-fusion image for MVD simulation (Post-Ope-Fusion); a
composition of 3-D FSE MR cisternogram (in brown), 3-D
MR angiogram (non-contrasted in magenta, contrast-enhanced
in indigo), and 3-D CT angiogram (bluish-green). In com-
parison with the pre-operative images (b, c), post-operative
images (e, f) depict the anatomical relationship of the NVC,
and confirms the complete decompression of the NVC. The
affected nerve with deformation and bended nerve axis before
MVD restores the normal columnar shape and straight running
course after MVD. CN-V, trigeminal nerve; FSE, fast spin-echo,
MVD, microvascular decompression; NVC, neurovascular con-
tact; NVC, neurovascular contact; SCA-c, caudal tributary of the
superior cerebellar artery; SCA-r, rostral tributary of the superior
cerebellar artery; SCA-t, trunk of the superior cerebellar artery;
SPV, superior petrosal vein; PICA, posterior inferior cerebellar
artery
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When the decompression of the affected nerves has
been successfully completed by MVD surgery, the
nerves may be restored to their normal and original
shapes (Fig. 20.2). Due to the reversibility inher-
ent in the nerve itself, pre-operative findings of the
certain morphological changes may be recovered post-
operatively. After MVD surgery, affected nerves with
deformation, distortion, and indentation may be recov-
ered to elliptic and columnar in shape. In addition,
the deformed nerve axis and displaced running course
of the affected nerve can be returned to its normal
shape within the CPA cistern. Reversibility of nerve
morphology may be observed intra-operatively before
completion of MVD surgery, but precise restoration
of the nerve shape can be depicted and assessed with
a post-operative fusion imaging. As a result, with
comparison between the pre- and post-MVD fusion
images, it is possible to understand and confirm the
dissolution of the NVC by MVD surgery.

Comparative Fusion Imaging for Pre- and
Post-Surgical Simulation

Moreover, we can reconstruct comparative images
by superimposing the post-operative 3-D MR cis-
ternograms, 3-D MR angiograms (non-contrasted and
contrast-enhanced), and 3-D CT angiograms over the
pre-operative simulation images. With the compara-
tive fusion images for pre- and post-MVD simulation,
alteration in the anatomical elements making of the
NVC may be depicted and compared directly and
widely beyond the limits of the operative fields. In
the case of the trigeminal nerve compressed and pen-
etrated by a large tributary vein emptying in to the
superior petrosal vein and sinus, pre-operative assess-
ment of the venous draining pathway may provide
useful information as to whether that vein can be sac-
rificed and excised (Fig. 20.3). After cutting off the
offending vein during MVD surgery, an alternative
venous pathway draining into the superior petrosal
sinus via the other superior petrosal veins, instead of
the sacrificed vein, can be depicted and confirmed.
As a result, with comparative fusion imaging for
pre- and post-MVD simulation, it may be possible
to assess the success, insufficiency, or failure of the
surgical treatment during the post-operative follow-up
period.

Comparative 3-D MR Multi-fusion
Imaging for Recurrence

Finally, in cases that the patient’s symptoms of TN
might recur again, repeated study of the 3-D MR multi-
fusion imaging may provide useful information for the
treatment strategy. The cause of recurrence (Amador
and Pollock 2008) can be discerned, as can whether
re-compression of the nerve occurred due to slipping
out of the interposed materials or re-positioning of the
displaced vessels. Alternatively, granuloma formation
around the inserted materials, the existence of another
offending vessel originating afterwards, deformity of
the nerve axis due to adhesion and arachnoiditis might
cause recurrence of TN. With the fusion imaging, the
cause to the recurrence of TN after MVD surgery can
be predicted in some cases. The above results may
contribute to the selection of patients who are most
likely to benefit from re-execution of MVD surgery.
The comparative 3-D MR multi-fusion imaging may
provide valuable information regarding the decision-
making process for the best treatment strategy in either
cases of primary and recurrent TN.

In conclusion, diagnosis of the TN is primarily
established based on the clinical features of facial
pains, so that MR imaging findings of NVC alone do
not necessarily establish it as a cause of TN. However,
MR evidence of the existence of a suspected NVC
can be a valuable adjunctive to confirm the diagno-
sis. Prediction of the severity of the NVC with 3-D
MR fusion imaging may provide useful information
in selecting patients who are most likely to benefit
from MVD surgery or from other approaches such
as radiosurgical treatment or percutaneous destruc-
tive techniques. Moreover, comparative fusion images
reconstructed by superimposition of the post-MVD
images over pre-MVD simulation can confirm the suc-
cess of the nerve decompression by the MVD surgery.
Consequently, 3-D MR multi-fusion imaging could
become a powerful tool to discern the real NVC, and
may be useful for the diagnosis, planning of best
treatment strategy, and follow-up in patients with TN.
More work is required to validate the imaging tech-
niques with improvements in the computer medical
visualization software, to qualify the source volumet-
ric data sets, and then to clarify the significance of
the MR imaging findings of the NVC regarding the
pathogenesis of TN.
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Fig. 20.3 Comparative fusion imaging for pre- and post-MVD
simulation (left TN). (a) Operative view of the NVC before sur-
gical intervention (Operative-View). The left trigeminal nerve
is compressed and penetrated by the offending superior pet-
rosal vein (SPV-2) at the proximal 1/3 in the cisternal course
of the nerve. Decompression of the NVC (empty-arrowhead)
is accomplished by a coagulation and excision of the SPV-2.
(b) Pre-operative 3-D MR multi-fusion image for MVD simu-
lation (Pre-Ope-Fusion-1), reconstructed by compositing of 3-D
FSE MR cisternogram (rendered in brown), 3-D MR angiogram
(non-contrasted, in magenta), and 3-D CT angiogram (in bluish-
green). The anatomical relationship of the NVC is quite consis-
tent with the actual operative field (a). (c) Pre-operative fusion
image for vascular simulation (Pre-Ope-Fusion-2), by composit-
ing of 3-D MR angiogram (non-contrasted, in magenta) and
3-D CT angiogram (in bluish-green). Pre-operative arterial and
venous draining pathway is assessed widely beyond the limits of
the operative fields (a). (d) Pre- and post-operative comparative
fusion image for vascular simulation (Pre-Post-Ope-Fusion-
1), by compositing of the pre-operative 3-D MR angiogram
(non-contrasted, in magenta), pre-operative 3-D CT angiogram
(in bluish-green), and superimposed post-operative 3-D CT
angiogram (in indigo). After coagulated and cutting off the

offending vein (SPV-2, X) during MVD surgery, an alternative
venous pathway draining into the superior petrosal sinus via the
other superior petrosal veins (SPV-1, SPV-3), instead of the sac-
rificed vein (SPV-2), is depicted clearly. Curved arrows indicate
the movement of trunk of the SCA (SCA-t) and a tributary of
the superior petrosal vein (arrowhead) draining into the SPV-1,
respectively, by the surgical intervention. (e) Comparative pre-
and post-operative fusion image (Pre-Pos-Ope-Fusion-2); post-
operative 3-D CT angiogram (in indigo) superimposed over the
pre-operative 3-D FSE MR cisternogram (in brown). The effect
of the surgical intervention is indicated (X) in relation to the
post-operative remaining vascular structures. (f) Post-operative
3-D CT angiogram (in indigo) (Post-Ope-CTA), showing the
post-operative vascular anatomy for comparison to the pre-
operative image (b–d). BA, basilar artery; CN-V-motor, motor
bundle of the trigeminal nerve; CN-V-sensory, sensory bundle of
the trigeminal nerve; FSE, fast spin-echo, MVD, microvascular
decompression; NVC, neurovascular contact; NVC, neurovas-
cular contact; SCA-c, caudal tributary of the superior cerebellar
artery; SCA-r, rostral tributary of the superior cerebellar artery;
SCA-t, trunk of the superior cerebellar artery; SPV, superior
petrosal vein
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Chapter 21

Epilepsy-Associated Brain Tumors: Diagnosis
Using Magnetic Resonance Imaging

Horst Urbach

Abstract In 20–30% of patients with long-term
drug-resistant epilepsy neuroepithelial tumours are
found. Glioneuronal tumours are much more frequent
than glial tumours. Gangliogliomas and dysembry-
oplastic neuroepithelial tumours (DNTs) are well char-
acterized, both clinically and on MRI. Both tumour
types are located in the cortex or in the cortex and sub-
cortical white matter, gangliogliomas most commonly
in the mesial temporal lobe (around the collateral
sulcus). Both tumour types have typical imaging fea-
tures, and from both, location and imaging features,
they can be usually distinguished from glial tumors.
This distinction is important since more than 70%
of patients with drug resistant epilepsy caused by
gangliogliomas and DNTs get seizure free following
extended lesionectomy.

Keywords Epilepsy · Gangliogliomas · Mesial
temporal lobe · Glioneuronal tumours · Glial tumors ·
DNTs

Introduction

In 20–30% of patients with long-term drug-resistant
epilepsy intra-axial brain tumours are found (Luyken
et al. 2003; Urbach et al. 2004). Tumor identifica-
tion and characterization benefits from high-resolution
MRI which is capable to display different tumor
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components within the diseased cortex and subcorti-
cal white matter. Clinically, two different groups exist
in this cohort. The first contains typical epilepsy-
associated tumours such as gangliogliomas, dysembry-
oplastic neuroepithelial tumours (DNTs), angiocen-
tric gliomas, pleomorphic astrocytomas (pXAs), and
supratentorial pilocytic astrozytomas, WHO grade I,
with an usually benign behaviour. The second group
consists of diffuse astrocytomas, WHO grade II, oligo-
dendrogliomas, WHO grade II, with a 5-year-survival
rate of 50–65%, and a few anaplastic cases, classi-
fied as WHO grade III, with a median survival time of
2–3 years. Histopathologically, glioneuronal and glial
tumours can be distinguished. Among the glioneuronal
tumours, gangliogliomas and DNTs are well charac-
terized on MRI. Another tumor with a characteristic
MR imaging pattern designed as angiocentric glioma
has recently been added to the WHO classification of
brain tumors (Louis et al. 2007). Due to the uncer-
tain histogenesis it is grouped in the category “other
neuroepithelial tumors”. Within the spectrum of glial
tumours a so-called isomorphic astrocytoma is likely
associated with a clinically more benign behaviour
(Blümcke et al. 2004; Schramm et al. 2004).

Glioneuronal Tumors

Gangliogliomas

Gangliogliomas are usually benign intraaxial neo-
plasms that were first described by Perkins in
1926. They are composed of dysplastic neurons and
neoplastic glial cells. Both cell populations may show
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heterogeneity, with the morphological spectrum rang-
ing from a predominantly neuronal phenotype to a pre-
dominant glial population. Some gangliogliomas may
also exhibit clear cell morphology which makes the
differential diagnosis of oligodendrogliomas or DNT
difficult. However, the immunohistochemical profile
of gangliogliomas (e.g., expression of the stem cell
epitope CD34) usually allows a specific diagnosis
(Blümcke et al. 1999; Blümcke and Wiestler 2002).

The vast majority of gangliogliomas correspond to
WHO grade I, in larger series around 10% of the
tumours were classified as WHO grade II and 5% as
WHO grade III tumours, respectively (Blümcke and
Wiestler 2002; Luyken et al. 2004; Majores et al.
2008). Overall recurrence rate is around 7%, but dis-
tinctly higher for grade II (33%) and grade III (60%)
tumors. If there is tumor recurrence, a significant por-
tion of patients suffers from glioblastomas (around
45%) (Majores et al. 2008).

The above mentioned three-tiered classification of
gangliogliomas has been abandoned in the 2007 WHO
classification, which now only distinguishes benign
WHO grade I and anaplastic WHO grade III gangli-
ogliomas (Louis et al. 2007). From a clinical point
of view, extratemporal location, male gender, age at
surgery <40 years, a history without epilepsy, incom-
plete tumor resection, and histopathological presence
of a gemistocytic cell component have been identified
as poor prognostic outcome parameters (Majores et al.
2008; Rumana et al. 1999).

On MRI, gangliogliomas are consistently located
in the cortex or in the cortex and subcortical white
matter and have a spatial preponderance for the
parahippocampal and lateral temporo-occipital gyri
(Fig. 21.1). The classical imaging feature is the com-
bination of intracortical cyst(s), a circumscribed area
of cortical (and subcortical) signal increase on FLAIR
and T2-weighted images and a contrast enhancing nod-
ule (Fig. 21.1). Calcifications are present in 1/3 of
cases (Zentner et al. 1994). If contrast enhancement is
absent (≈50% of cases), gangliogliomas may be diffi-
cult to distinguish from cortical dysplasias. Especially,
in these cases intracortical cysts are highly diagnostic.
Gangliogliomas typically have no perifocal oedema.
If oedema is present, malignant degeneration (from
the glial component) to a WHO grade II or III gan-
glioglioma or anaplastic glial tumours including PXA
with anaplastic features should be suspected.

DNTs

Dysembryoplastic neuroepithelial tumours are always
WHO grade I intraaxial neoplasms that were first
described by Daumas-Duport in 1988 (Daumas-
Duport et al. 1988). Their histopathological hallmark
is the so-called glioneuronal element, which contains
oligodendrocyte-like cells attached to bundles of axons
and neurons floating in a myxoid interstitial fluid
(Daumas-Duport et al. 2000). If only the glioneuronal
element is present, it is referred to as simple variant.
Complex DNT variants additionally may contain glial
nodules resembling astrocytomas, oligodendrogliomas
or oligoastrocytomas, foci of cortical dysplasia, calci-
fication and hemorrhages. Tumor growth or recurrence
is extremely rare, it may occur in the complex vari-
ant group also characterized by an earlier seizure
onset, and more extratemporal locations (Campos et al.
2009).

Even 20 years after their initial description, around
15% of DNTs are misclassified as low-grade astrocy-
tomas or oligodendrogliomas (Fig. 21.2). It is rather
the oligodendrocyte-like cells of the glioneuronal ele-
ment than adjacent glial nodules as part of the com-
plex DNT variant that cause these misclassifications
(Campos et al. 2009).

On MRI, DNTs appear as usually multilobulated
cysts, rarely only one large cyst is present. The cysts
represent the glioneuronal element and are located in
the cortex or in the cortex and subcortical white matter,
sometimes single smaller cysts are located in the vicin-
ity of the tumor, from which they are clearly separated.
The multilobulated cysts are either oriented in a ball-
like fashion or perpendicular to the cortical surface,
they are characteristically hypointense on T1-weighted
and strongly hyperintense on T2-weighted images. On
FLAIR images, they have a mixed signal intensity,
most of the “lobuli within the cyst” are hypointense.
On DWI, DNTs are hypointense. Parts of the glioneu-
ronal element may show contrast enhancement, which
may vary on follow-up examinations in that way, that
sharply marginated contrast-enhancing nodules occur
while others have disappeared (Campos et al. 2009).
Calcifications are found in 10% of DNTs, mostly
within the deeper located tumor portions, usually in
the vicinity of the contrast enhancing regions and – if
rarely present – always in the vicinity of hemorrhage
(Campos et al. 2009).
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Fig. 21.1 Ganglioglioma WHO grade I of the right lat-
eral occipito-temporal gyrus. Note the different cortical tumor
components: (a) contrast-enhancing nodule (a: hollow arrow)
rather extends the cortical surface (b–d: hollow arrow). The

non-enhancing tumor component is somewhat inhomogenous
which is better visible on the high-resolution T2-weighted fast
spin echo images (f: arrow) than on the FLAIR image (e)

Angiocentric Gliomas

This new WHO entity was initially described by
two different groups from Paris, France and Houston,
U.S.A. in together 18 patients almost always suffer-
ing from epileptic seizures since childhood (Lellouch-
Tubiana et al. 2005; Wang et al. 2005). Histologically,
the variably infiltrative tumours have features of both

astrocytoma and ependymoma, the most striking neu-
ropathological features are an angiocentic polarity with
gliofibrillary acidic protein (GFAP) positive fusiform
and bipolar astrocytic cells arranged around blood ves-
sels. Due to the uncertain histogenesis, angiocentric
glioma was grouped with astroblastoma and chor-
doid glioma of the third ventricle in the category of
‘Other neuroepithelial tumours’, previously designated
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Fig. 21.2 Dysembryoplastic neuroepithelial tumor (DNT) of
the right uncus involving the amygdala, hippocampal head and
parahippocampal gyrus. A central CSF-filled cavity resulted
from incomplete tumor resection 14 years before (c, d: arrows),
after which the tumor was classified as oligodendroglioma WHO

grade II. Note the multiple cysts representing the glioneuronal
element as MRI hallmark of a DNT (c: hollow arrow). Smaller
cysts sometimes clearly separated from the tumor are even more
characteristic (a, c, e: thick arrow)

‘Tumours of uncertain origin’. Due to its benign clin-
ical behaviour and the possibility of curative surgery,
the angiocentric glioma is assigned to WHO grade I
(Louis et al. 2007).

On MRI, these tumours are located in the cor-
tex and subcortical white matter with a stalk like

extension to the lateral ventricle. On T1-weighted
SE sequences, the involved cortical gyri are isoin-
tense with an intrinsic rim like hyperintensity. On
T2-weighted and FLAIR sequences the tumours are
hyperintense. There are no calcifications or contrast
enhancement (Fig. 21.3).
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Fig. 21.3 Angiocentric
glioma of the right occipital
lobe. A cortical hyperintensity
on unenhanced T1-weighted
images is characteristic for
this tumor (a: arrow). Note
also the missing
space-occupying effect of this
tumor (a–d)

Glial Tumors

Pilocytic Astrocytomas

Pilocytic astrocytomas are generally circumscribed,
slowly growing, often cystic astrocytomas, histologi-
cally characterized by a biphasic pattern with varying
proportion of compacted bipolar cells with Rosenthal
fibres and loose textured multipolar cells with micro-
cysts and granular bodies. They correspond to WHO
grade I tumors although rarely anaplastic pilocytic
astrocytomas are found. Recently, a histopathological
variant designed as pilomyxoid astrocytoma occurring
at a younger age and characterized by a significant

worse prognosis has been added to the WHO classifi-
cation of brain tumors (Louis et al. 2007; Linscott et al.
2008)

On MRI, pilocytic astrocytomas are well-
circumscribed mass lesions with a cystic portion
and a contrast-enhancing mural nodule. It may be
impossible to distinguish this tumor from a gangli-
oglioma, calcifications, e.g. which are present in 1/3
of gangliogliomas, would favour the diagnosis gan-
glioglioma and larger tumors the diagnosis pilocytic
astrocytoma, respectively. In rare cases, a pilocytic
astrocytoma spreads through the subarachnoid space,
although histologically it may be still a WHO grade I
tumor. If there is subarachnoid spread and intratumoral
hemorrhage, a pilomyxoid variant should be suspected
(Linscott et al. 2008).
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Diffuse Astrocytomas

Diffusely infiltrating astrocytomas apply to a group
of astrocytic tumours that are usually divided into the
following clinico-pathologic entities: Diffuse astrocy-
toma (WHO grade II), anaplastic astrocytoma (WHO
grade III), glioblastoma multiforme (WHO grade IV,
and variants. Recently, a rare variant with a clinically
more benign behaviour has been described in young
patients suffering from long standing drug resistant
seizures (Blümcke et al. 2004; Schramm et al. 2004).
This isomorphic astrocytoma is histologically charac-
terized by a low cellularity, lack of mitotic activity,
and highly differentiated astroglial elements infiltrat-
ing into adjacent brain parenchyma.

On MRI, astrocytomas typically grow diffusively
within the white matter, which is hyperintense and
swollen on FLAIR and T2-weighted images and
hypointense and swollen on T1-weighted images,
respectively. Focal areas of contrast enhancement indi-
cate malignant degeneration to a WHO grade III (or
even grade IV) tumor. However, even non-enhancing
mass lesions can be anaplastic, here the degree of
inhomogeneity (on T1-weighted images) may indi-
cate anaplastic dedifferentiation. On the other side
of the spectrum, the recently described isomorphic
astrocytoma has a very homogenous appearance on
T1-weighted, FLAIR, and T2-weighted images; the
relatively low signal intensity on T1-weighted images
might be explained by the low cellularity of the tumor.
Some of the astrocytomas associated with temporal
lobe epilepsy predominantly grow within the limbic
system, the reason for this growing pattern is not
entirely clear.

Oligodendrogliomas and
Oligoastrocytomas

Oligodendrogliomas are diffusively infiltrating
tumours composed of cells with rounded homogenous
nuclei and, on paraffin sections, a swollen, clear cyto-
plasm (honeycomb appearance). Histologically and
clinically, WHO grade II and grade III tumours
are distinguished. If tumours contain a con-
spicuous mixture of two neoplastic cell types
morphologically resembling the tumour cells in
oligodendroglioma and diffuse astrocytoma, they are

designed oligoastrocytomas. Oligoastrocytomas are
more frequent than pure oligodendrogliomas.

On MRI, (pure) oligodendrogliomas are inhomoge-
nous tumours who tend to infiltrate the cortex and
adjacent leptomeninges. Characteristic for this tumor
are nodular or clumped calcifications which are found
in 70–90% of cases on CT. Contrast enhancement is
variable and usually irregular.

Recent advances in molecular genetics show among
others a combined loss of chromosomes 1p and 19q
as a powerful predictor of chemotherapeutic response
and survival in oligodendrogliomas. On MRI, how-
ever, oligodendrogliomas with a combined loss show
rather indistinct borders and diffuse enhancement on
T1-weighted images, while oligodendrogliomas with-
out a combined 1p/19q loss have rather sharp borders
and a ring-like enhancement (Nutt et al. 2005).

PXAs

Pleomorphic xanthoastrocytomas are astrocytic
tumours with superficial location in the cerebral
hemispheres and involvement of the meninges. They
correspond histologically to WHO grade II, for lesions
with significant mitotic activity (5 or more mitoses per
10 high power fields) the term PXA with anaplastic
features may be used. It has been postulated that
PXAs originate from subpial astrocytes. However, the
demonstration of synaptophysin and neurofilament
protein in some PXAs can be taken as evidence for
neuronal differentiation and suggests a more complex
histogenesis.

On MRI, PXAs have typical imaging features
with a meningo-cerebral contrast enhancement on
T1-weighted and white matter edema on T2-weighted
and FLAIR images. Calcifications are possible and as
a glial tumor, a PXA usually has a space-occupying
effect. However, it may be impossible to distinguish
a PXA from a ganglioglioma in some cases, which in
part can be explained by composite PXA-GG lesions
(Furuta et al. 1992; Yeh et al. 2003)

Differential Diagnosis and Summary

Several lesions (focal cortical dysplasias, limbic
encephalitis, herpes and other viral encephalitis,
abscess, multiple sclerosis, vascular malformations
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including cavernoma, epidermoid, meningioan-
giomatosis, others) may sometimes mimic tumors
and cause drug-resistant epilepsy, especially in a
temporo-mesial location. The most common tumor-
like lesion is the cavernoma, which by means of
MRI can be classified into four types (Zabramski
et al. 1994). Type II cavernomas with signal char-
acteristics indicating loculated areas of hemorrhage
and thrombosis of varying age and large areas of
hemosiderin-stained brain best visible on T2-weighted
gradient echo or susceptibility-weighted (SWI)
images are more likely to cause seizures than type
III or type IV cavernomas which may develop de
novo and are often asymptomatic. Another common
lesion with a characteristic MRI appearance is the
epidermoid. The epidermoid is nearly isointense to
CSF in all except Diffusion-weighted (DWI) MRI
sequences, on which it is distinctly hyperintense,
If DWI is not routinely performed, one has to look
carefully for focal widening of the subarachnoid
space.

In series from large epilepsy surgery centres, the
majority of patients with long term epilepsy associ-
ated tumours have gangliogliomas (Luyken et al. 2003;
Ruban et al. 2009). The second common tumor is the
DNT, which has an even more specific MR imag-
ing appearance caused by the glioneuronal element
as histopathological hallmark of this tumor (Campos
et al. 2009). A new WHO entity designed as angio-
centric glioma is characterized by an intrinsic corti-
cal hyperintensity on T1-weighted images (Lellouch-
Tubiana et al. 2005; Wang et al. 2005). Even if it
not always possible to distinguish these tumours on
MRI, in a case of a characteristic MRI pattern, a
different histopathological diagnosis should be mis-
trust. At least, a cortical or cortical/subcortical located
glioneuronal tumour must be distinguished from an
infiltratively growing glial tumour, so that in doubtful
cases extended immunohistochemical investigations
(e.g., CD34 immunohistochemistry) are mandatory.
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Chapter 22

Growth of Malignant Gliomas In Vivo: High-Resolution
Diffusion Tensor Magnetic Resonance Imaging

Jinyuan Zhou

Abstract Diffusion tensor imaging (DTI) can
provide information noninvasively about tissue
microstructure and microdynamics at the near-cellular
level. In this Chapter, we review the use of high-
resolution DTI to visualize the growth patterns of
brain tumor xenografts in vivo in animals. The pos-
sible eventual clinical applications of the results to
humans are also discussed.

Keywords Gliomas · Brain parenchyma · Necrosis ·
Angiogenesis · DT-MRI · Tissue microstructure

Introduction

Gliomas are highly heterogeneous and infiltrative.
Early histological studies have revealed that malig-
nant gliomas in humans usually consist of cores of
solid tumors (often mixed with necrosis) and regions
of edematous or normal brain tissue infiltrated by
tumor cells. Solid tumor masses are generally defined
by the volume exhibiting gadolinium (Gd) contrast
enhancement. These masses may destroy the brain
parenchyma, and are often accompanied by endothelial
proliferation and the formation of new microvessels.
The histologic criteria for the diagnosis of high-grade
gliomas include necrosis and angiogenesis. In con-
trast, individual infiltrating tumor cells do not destroy
brain parenchyma, and are usually not associated with
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angiogenesis or Gd enhancement. They migrate pref-
erentially along blood vessels and white matter fiber
tract pathways, and can spread quite a distance from
the solid tumor mass, even outside regions of T2 hyper-
intensity. It is widely recognized that residual tumor
cells that remain after resection and local radiation are
the source of tumor recurrence (Albert et al. 1994).

Diffusion tensor magnetic resonance imaging (DT-
MRI) can provide information noninvasively about
tissue microstructure and microdynamics at a scale
comparable to cell dimensions (Basser et al. 1994).
A great number of recent studies in humans (Gauvain
et al. 2001; Sinha et al. 2002) and in animals (Zhang
et al. 2007; Kim et al. 2008) have suggested that dif-
fusion tensor imaging (DTI) may be sensitive to the
microscopic structures of gliomas. Although there are
contradictory results, most investigators believe that
DT-MRI may be useful for detecting gliomas, eval-
uating the extent of tumor invasion, distinguishing
between solid tumor cores and peritumoral edema,
and differentiating tumors from radiation necrosis and
other abnormalities. The purpose of this chapter is to
review the use of high-resolution DTI to visualize the
growth patterns of malignant gliomas in vivo in ani-
mals, and the possible eventual clinical applications of
the results to humans.

Diffusion Tensor Imaging

The study of water diffusion remains one of the most
important topics in NMR spectroscopy and imaging.
Diffusion-weighted MRI (DWI) was introduced for
clinical studies in 1986 by Le Bihan et al. (1986).
Later, two landmark articles were published in 1990
by Moseley et al. (1990a, b), who reported that DWI
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offers an accurate approach for the early detection of
cerebral ischemia, and that diffusion was anisotropic
in tissues. Currently, DWI has become a routine,
almost indispensable MRI modality for the clinical
examination of diseases, including stroke and tumors.
It is known that water diffusion is anisotropic in
several biological tissues, such as brain white matter
and muscles, and that this anisotropy must be charac-
terized by a tensor (Basser et al. 1994). DTI measures
these diffusion constants and fits them into a simplified
tensor model, from which several types of information,
such as the extent (average apparent diffusion coeffi-
cient, ADCav or ADC, for simplicity) and fractional
anisotropy (FA) of diffusion and its predominant orien-
tation, can be calculated. DTI can detect and visualize
the three-dimensional (3D) structures and the archi-
tecture of well-ordered tissues at the microscopic level.

In axonal tracts, where neuronal fibers are coher-
ently arranged in the same direction, the measured
diffusion anisotropy is high, and the diffusion orienta-
tion is along the direction of fiber trajectories. Because
of this capability, DTI has been used to map white
matter tracts in the living brain (Mori et al. 1999).

DTI data processing is somewhat complicated, but
many types of software (Jiang et al. 2006) can be used

for this purpose. Briefly, the diffusion tensors (D) are
usually calculated using a log-linear fitting method.
Three pairs of eigenvalues (λ1, λ2, and λ3) and eigen-
vectors (V1, V2, and V3) are calculated for each pixel.
The eigenvector associated with the largest eigenvalue
is referred to as the primary eigenvector (V1). Then,
isotropic ADC and FA are calculated according to the
equations (Basser and Pierpaoli 1996):

ADC = Trace(D)/3 = (λ1 + λ2 + λ3)/3 = λ̄ (22.1)

FA =
√

3/2[(λ1 − λ̄)
2 + (λ2 − λ̄)

2 + (λ3 − λ̄)
2
/

√
λ2

1 + λ2
2 + λ2

3
(22.2)

The orientation of water diffusion can be visual-
ized through directionally encoded color (DEC) maps
(Pajevic and Pierpaoli 1999), which are generated by
combining the images of the primary eigenvector (V1)
and FA into RGB images. In the DEC images, red
is assigned to the medial-lateral orientation, green
to the anterior–posterior orientation, and blue to the
superior-inferior orientation (perpendicular to the fig-
ure). The ratios among the green, red, and blue com-
ponents of each pixel are defined by the ratios of the
x, y, and z components of the primary eigenvector, and
the intensity is proportional to the FA. The orientation
information may also be visualized by vector images,
in which the measured V1 at each pixel is visualized
by a small line segment overlaid on DEC images, with
a length proportional to its FA value. Finally, isotropic
DW images are obtained through the average of DW
images with different diffusion gradient directions.

Similar to conventional MRI, what DTI detects in
a voxel is an average of the entire voxel. Larger voxel
size generally results in larger partial volume effects
and may yield ambiguous DTI results. In contrast,
higher resolution DTI would have a decreasing signal-
to-noise ratio (SNR) due to the smaller voxel volume.

This low SNR would lead to apparently increased FA
values (Farrell et al. 2007), an error that is even more
significant for low FA tissue, such as gray matter and
tumor rims, which will be described in this chapter. To
increase SNR in humans, high (3 T) or ultra-high (7 T)
field MRI and parallel imaging (32-channel phased-
array receiver), in combination with zoomed MRI and
an increased number of acquisitions, may be utilized.
Currently, most human DTI studies with 3 T use a
voxel size of 8–10 mm3, with an acquisition time of
3–5 min. On the other hand, animal DTI studies are
generally performed at a much higher spatial resolu-
tion (an in-plane resolution of 0.1–0.3 mm and a slice
thickness of 1–1.5 mm) at field strengths of 4.7 T or
higher. The scan time is usually as long as 1–2 h,
because parallel imaging is generally not available.

Growth of Experimental Brain Tumors
In Vivo

It is known that after implantation, tumor cells will
accumulate around vessels, proliferate rapidly, and
pack closely in the initial stage, which is then followed
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by vascular apoptosis and involution and tumor necro-
sis (Zagzag et al. 2000). In addition, angiogenesis
will occur as a later event in tumor progression.
The dynamics of malignant tumor growth have been
investigated in vitro and in vivo by many differ-
ent researchers (Deisboeck et al. 2001; Bru et al.
2003).

Using high-resolution DTI at submillimeter resolu-
tion, it was recently demonstrated (Zhang et al. 2007;
Kim et al. 2008) that high FA values and, thus, highly
organized microstructures exist in various experimen-
tal brain tumor models. Of these observations, Zhang
et al. (2007) used two established rat tumor mod-
els (9L, F98) and patient-derived human glioblastoma
xenografts in rats with a spatial resolution of 0.33 ×
0.33 × 1.5 mm3. Kim et al. (2008) used two rat brain
tumor models, 9L and F98, at an imaging resolution of
0.23 × 0.23 × 1 mm3. Lope-Piedrafita et al. (2008) and
Asanuma et al. (2008) used the established C6 glioma
model in rats with an imaging resolution of 0.16 ×
0.16 × 1 mm3 and 0.2 × 0.2 × 1 mm3, respectively.
The quantitative analysis of tumor properties revealed
by the sub-mm DTI technique clearly showed that the
rims of the tumors have significantly higher FA values
than the central regions. However, the differences in
ADC between the centers and rims are small, and most
are not significant. Furthermore, it has been shown that
the tumor rims have significantly higher FA values than
the contralateral striatum.

Figure 22.1 shows an example of the high resolution
DT-MRI results of 9L tumors and human glioblastoma
xenografts in rats (Zhang et al. 2007). In the
T2-weighted images and ADC maps, regions with
tumors are relatively homogeneous and have higher
signal intensities than the striatum on the contralateral
side. However, the FA maps show high contrast and
interesting patterns within the tumors, which consist
of small, dark centers with low diffusion anisotropy
and rims with a high degree of diffusion anisotropy.
In the DEC and vector images, it is particularly inter-
esting that water diffusion directionality in the rims of
the tumors forms a circular pattern for 9L tumors and
a radial pattern for human glioblastoma xenografts.
Moreover, it was observed that these well-organized
DTI patterns appear at an early stage post-implantation
and seemingly enlarge with tumor growth (Zhang et al.
2007). Over time, some of the tumors develop several
small confluent tumor foci, with each having a center
and a structured rim.

The fact that there is a high degree of diffusion
anisotropy within the tumor rims implies that water
diffusion is coherently, not randomly, distributed in
certain tumor regions. This clearly demonstrates the
formation of highly ordered cellular structures during
tumor growth. To examine the existence of distinctive
cellular organizational patterns within tumors, H&E
staining was performed. It was shown under high
magnification that the orientation of individual tumor
cells and the adjacent interstitial spaces form a circu-
lar pattern for 9L and F98 tumors or a radial pattern
for human glioblastoma xenografts in the rims of the
tumors (Zhang et al. 2007). Thus, the diffusion pat-
terns of water molecules observed by DTI may reflect
the patterns of the interstitial water motion and cellular
organization within these tumors.

High-resolution DT-MRI reveals unique
microstructures inside brain tumor xenografts, which
consist of disordered central zones with low diffusion
anisotropy and highly organized peripheral structures
(rims) with high diffusion anisotropy, and which have
circular or radial orientations. It is possible that these
rims of increased FA within the tumors are an imaging
marker predictive of highly proliferating, viable tumor
areas versus those that mainly reflect dying and dead
tumor cells, cell debris, and edema. Currently, it is
not clear how these organized microstructures appear
with the growth of the tumors and why the FA values
in the tumor rims could be larger than those in the
gray matter of the brain. However, the existence of
the well-organized microstructures within the tumors,
unique for different tumor cell lines, may support the
hypothesis of self-organization in biological systems,
as suggested previously by Deisboeck et al. (2001).
Based on that hypothesis, it was shown in vitro that
wild-type U87 tumor cells invade in a spherically
symmetric manner, while mutant U87-�EGFR tumor
cells with enhanced malignancy produce a branching
pattern in the invasive region (Deisboeck et al. 2001).

Growth of Human Brain Tumors

Using DTI, brain tumor cores, peritumoral edema, and
adjacent brain tissues, including white matter tracts
and the cerebral cortex, have been examined inten-
sively in recent years (Gauvain et al. 2001; Sinha
et al. 2002). To elucidate the effects of infiltrating
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Fig. 22.1 In vivo MR images of 9L gliosarcoma and human
glioblastoma xenografts in rats. Post-implantation days were
11 (9L) and 26 (human glioblastoma). The tumor regions are
hyperintense on T2W and ADC. T2W hyperintense regions were
manually defined and overlaid on other images. In FA maps, the
tumors consisted of central zones with low diffusion anisotropy

and peripheral structures (rim) with high diffusion anisotropy.
DTI revealed unique microstructures (circular orientation for 9L,
radial orientation for human glioblastoma) inside tumors, as seen
clearly in DEC and vector images. Reprinted from Zhang et al.
(2007) with permission from Wiley-Liss, Inc

brain tumors on the fiber tracts, the abnormalities in
the brain have been categorized by displaced, ede-
matous, infiltrated, and disrupted diffusion patterns
(Field et al. 2004). In brain areas infiltrated by isolated
tumor cells, tissue microstructures are still dominated
by white matter tracts, but their FA values are substan-
tially decreased. It was reported (Gauvain et al. 2001)
that fiber tract FA was “negatively” correlated with cell
density. Malignant gliomas in humans include areas
of necrosis, micro- or macro-hemorrhage, and cystic
components, in which FA is expected to disappear

totally, and no specific diffusion patterns would be
observed for white matter tracts.

However, some recent DTI observations in humans
at 3 T have demonstrated that high FA values exist
within certain regions of human gliomas. For exam-
ple, it was reported by Beppu et al. (2003, 2005)
and Kinoshita et al. (2008) that the FA values in
the Gd-enhancing region are “positively” correlated
with the tumor cell density, vascularity, and MIB-1
index (a predictor of proliferation activity). In the Gd-
enhancing solid tumor cores, tumor cells proliferate
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rapidly and may pack closely in a coherent way,
and the brain parenchyma is completely destroyed
(Kelly et al. 1987). Therefore, tumor cell organization
would predominantly affect FA values. To understand
these seemingly contradictory results, it was suggested
by Beppu et al. (2005) that the FA value is deter-
mined by a balance between factors that decrease it
(fiber destruction or displacement) and factors that
increase it (tumor cell arrangement and vascularity).
It seems likely that well-organized microstructures
within human gliomas may exist, but are not readily
characterized due to mixture with the fiber tracts of the
brain.

In particular, it was reported by Kashimura et al.
(2007), at 3 T, that the FA values of Gd-enhancing
lesions were ∼0.28 ± 0.04 for recurrent tumors and
0.17 ± 0.03 for radiation necrosis. This case study,
although no distinctive diffusion directionality was
found, suggests that high-resolution DTI at high-field
strengths may add value to standard MRI for differ-
entiating necrosis from tumor recurrence. The use of
DTI to differentiate between radiation necrosis and
tumor regrowth has been an ongoing topic of inter-
est. It is possible that the observation of the unique
diffusion patterns in human brain tumors is mainly
hampered by spatial resolution limitations, but may
become clearer as spatial resolution for DTI improves
to the submillimeter level in all directions in the future.

Conclusion

The highly organized diffusion patterns inside brain
tumors have not fully been characterized in either
animals or humans, as yet. These findings at the
near-cellular level differ substantially from the current
thinking that tumors are totally disordered. Therefore,
this unique use of high-resolution DTI may pro-
vide certain significant methodological innovations in
tumor diagnosis and therapy:

(i) The distinctive diffusion patterns inside solid
tumors may be characteristic for identifying the tumor
cores. The findings would offer a pattern-based MRI
approach that can help to better define actively grow-
ing, viable tumor regions with high proliferation activ-
ity, potentially allowing more targeted treatments. (ii)
The unique diffusion patterns in solid tumors can
be used to distinguish between injured brain tissue

and recurrent tumors noninvasively. If the hypothe-
sis can be confirmed, high-resolution DTI would offer
an important option for the noninvasive assessment
of radiation necrosis. (iii) Although somewhat spec-
ulative, different tumor cell lines may have specific
microstructures, and the circular versus radial pattern
difference may be associated with the proliferative and
invasive potential of solid tumors. (iv) The primary dif-
fusion orientation of water molecules inside tumors
may be related to the direction and distribution of
oxygen, nutrients, and drugs. The findings may influ-
ence the design criteria for drugs and potentially allow
better decisions concerning tumor chemotherapy.
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Chapter 23

Resection of Brain Lesions: Use of Preoperative Functional
Magnetic Resonance Imaging and Diffusion Tensor
Tractography

Erik Magnus Berntsen and Asta Kristine Håberg

Abstract Blood-oxygenation-level-dependent func-
tional magnetic resonance imaging (BOLD fMRI)
and diffusion tensor imaging (DTI) are specialized
MRI-techniques used to map eloquent cortices and
neural tracts in gray and white matter of the brain,
respectively. By having the patient performing given
tasks while inside the MRI-scanner (e.g. finger tap-
ping), it is possible to map the cortical areas active
during task performance (e.g. primary motor cortex)
and visualize them as color maps overlain anatomi-
cal MRI-images. The most commonly areas mapped
before neurosurgery in patients with brain lesions
are primary motor and language areas. By acquir-
ing DTI-images and further process them using a
technique called tractography, it is possible to map
important neural tracts and visualize them as fiber bun-
dles (e.g. the corticospinal tract). The results from
these examinations may be helpful during planning
and resection of brain lesions, by providing infor-
mation on functional eloquent cortices and important
white matter tracts in close proximity to the lesion, as
the goal of surgery is to maximize resection without
inflicting neurological damage. This functional infor-
mation may also be incorporated into neuronavigation
systems and utilized during surgery, thus named func-
tional neuronavigation. The following chapter will give
an introduction to the basis of BOLD fMRI and DTI,
as well as their methodological considerations and how
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to perform these investigations in practice, followed by
how they have been utilized for preoperative mapping
and functional neuronavigation so far. Finally, some
suggestions to future directions are given.

Keywords Brain lesions · fMRI · Diffusion ten-
sor imaging (DTI) · Motor and language regions ·
Diffusion tensor tractography (DTT)

Introduction

Magnetic resonance imaging (MRI) is a key stone
in imaging of all brain lesions with a high degree
of anatomical detail offering valuable information
with regard to both diagnostics and treatment. In
the last two decades additional MRI-techniques such
as blood-oxygenation-level-dependent functional MRI
(BOLD fMRI) and diffusion tensor imaging (DTI)
have emerged. BOLD fMRI is used for mapping of
eloquent cortices (e.g., motor and language regions) by
using color-coded statistical maps overlaid on anatom-
ical images of the brain. DTI can be used for mapping
of white matter and through an analysis called dif-
fusion tensor tractography (DTT) such images can
visualize the white matter neural tracts as three-
dimensional fiber bundles. Together with conventional
anatomical imaging, functional imaging with BOLD
fMRI and DTT can be helpful during planning and
resection of brain lesions, as the goal of neurosurgery
is to maximize resection without inflicting neurologi-
cal deficits. This functional information from the MRI
images may also be incorporated into neuronaviga-
tion systems and utilized during surgery, thus named
functional neuronavigation. Preoperative mapping and
functional neuronavigation during neurosurgery are
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currently the best-established clinical application of
BOLD fMRI and DTT. There are however important
pitfalls to be aware of when using these technique
which we will discuss in the following chapter. Finally
we will also give some thoughts on future directions
for BOLD fMRI and DTT for use in preoperative
planning.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is an imaging
technique able to depict inner organs of the human
body based on the physical properties of unpaired
atomic nuclei in the organ. As the two major compo-
nents of the human body, water and fat, are abundant
with hydrogen atoms (1H), this is the nuclei most
commonly used for medical imaging. By placing the
hydrogen atoms in a large static magnetic field and
manipulate them with electromagnetic fields, it is pos-
sible to derive information about tissue properties
at specific spatial localizations and thereby produce
images of the organ examined. Different tissue prop-
erties may be derived and used for image production.
For a quantitative introduction to the theoretical basis
of MRI other more detailed textbooks are recom-
mended, e.g., MRI – The Basics (Hashemi et al. 2003)
or Magnetic Resonance Imaging: Physical Principles
and Sequence Design (Haacke et al. 1999).

The first MRI-image of in vivo human anatomy was
acquired in 1977 by Peter Mansfield and Andrew A.
Maudsley and was a cross section through Maudley’s
finger revealing considerable anatomical detail, par-
ticularly of the soft tissue regions taking 23 min to
produce. In clinical practice today MRI is primarily
used to identify tissue pathology using a combination
of different MRI sequences (e.g., T1 and T2 weight-
ing). MRI sequences depicting tissue function and
metabolism are, however, rapidly evolving and increas-
ingly used in the clinic, such as BOLD fMRI, DTI and
magnetic resonance spectroscopy.

Functional Magnetic Resonance Imaging

Blood-oxygenation-level-dependent functional MRI
(BOLD fMRI), hereafter referred to as fMRI, is a spe-
cialized MRI-technique using a T2

∗-weighted gradient

echo sequence. The basis for this technique was first
reported in 1990 by Ogawa and colleagues. They dis-
covered that this sequence was sensitive to changes
in the concentration of de-oxygenated hemoglobin
(deoxy-Hb) in blood. Furthermore, they reported sig-
nal changes around the vessels in the rat brain at
different levels of blood oxygenation, and based on this
suggested that this sequence could be used to study
regional brain activity, similar to positron emission
tomography (PET) (Ogawa et al. 1990). These discov-
eries were the basis of functional neuroimaging with
fMRI and the following numerous papers using fMRI
to study human brain function that has come the last
two decades.

The Basis of the BOLD Signal

The physical basis of the BOLD signal lay in the phys-
ical properties of deoxy-Hb, as it is paramagnetic and
thus influences the MRI signal. Changes in the level of
deoxy-Hb compared to oxygenated-Hb (oxy-Hb) will
therefore give a variation in the measured MRI sig-
nal, known as the BOLD signal (Ogawa et al. 1990).
The neurophysiological underpinnings of the BOLD
signal are related to secondary changes in local cere-
bral blood flow, volume, and level of oxygenation,
which in turn is related to metabolism following neu-
ronal activity, the so-called neurovascular coupling.
The complex mechanism of this neurovascular cou-
pling is not fully understood and several models are
proposed, but none of these fully explain all aspects
of the biophysics giving rise to the BOLD signal
(Buxton et al. 2004). The most intuitive and simplified
explanation is that local neuronal activity requires an
increased local metabolism with an increased need for
glucose and oxygen. Increased neuronal activation ini-
tiates a feed forward reaction leading to changes in the
local blood supply. A local increase in blood flow and
concomitant increase in blood volume, supplying the
extra glucose and oxy-Hb needed is thus ensured. The
amount of oxy-Hb delivered is, however, greater than
the amount of oxygen extracted, giving a paradoxical
local increase in oxy-Hb and thus a local decrease in
the concentration of deoxy-Hb. Even though the neu-
rovascular coupling is not understood in detail, it has
been shown that fMRI activations do reflect increase in
neural activity and mostly the input and intra-cortical



23 Resection of Brain Lesions 229

processing in a given cortical area (Logothetis and
Pfeuffer 2004). Furthermore, it has been shown that
fMRI has good concordance with other brain map-
ping techniques such as intraoperative motor evoked
potentials and intraoperative electrocortical mapping
(Lehericy et al. 2000; Bizzi et al. 2008)

Methodological Considerations
Regarding the BOLD Signal

The T2
∗-weight echo planar imaging sequence (EPI)

used for fMRI is very sensitive to inhomogeneities
in the magnetic field and prone to artifacts, giving
rise to signal loss as well as spatial and intensity
distortions. Signal loss is in particular a problem in
regions where there is crossing between tissues (e.g.,
brain tissue close to air filled sinuses) and metal shav-
ings from prior operations. There exist strategies for
avoiding or overcoming these problems. One approach
is to use alternative MRI-sequences not based on
T2

∗-weighting, but rather spin echo BOLD fMRI or
arterial spin labeling. There are also methods for map-
ping of B0-field variations which are used to unwarp
distortions after acquisition. For echo planar imaging,
scans with opposite phase encoding polarities can be
applied to eliminate spatial distortions and recover sig-
nal dropout. The extent of these B0 inhomogeneities
varies with the strength of the static magnetic field,
which also affects the BOLD signal. It has been shown
that an increased proportion of the BOLD signal arises
from the brain tissue (and thus the active neurons)
rather than draining veins at higher field strengths.
Furthermore, the contrast-to-noise ratio also increases
with higher field strength, giving a stronger BOLD
signal.

A Tool for Research or the Clinic?

Functional MRI has grown to be one of the most
important tools in neuroscience having the undis-
putable advantage of non-invasively mapping brain
functions at high spatial and fair temporal resolution.
There has also been a great interest in using fMRI in

clinical research to study diseases of the brain such
as Parkinson’s and Alzheimer’s disease, schizophre-
nia and bipolar disorder, amongst others. In clinical
practice fMRI was first used for preoperative map-
ping prior to surgery of epileptic foci, neoplastic brain
tumors and arteriovenous malformations as a supple-
ment to the intracarotid amytal test (Wada test) and
invasive mapping (Jack et al. 1994; Morris et al. 1994;
Latchaw et al. 1995). Other areas of clinical use have
been explored, such as imaging of auditory cortex prior
to cochlear implantation. Preoperative mapping is cur-
rently the best-established clinical application of fMRI
(Matthews et al. 2006).

Adapting fMRI to clinical practice raises several
concerns. When used as a research tool, fMRI stud-
ies are most often performed at a group level, having
no direct consequence for the individual participant.
When used for clinical purposes, however, the inves-
tigation is done on an individual basis, possibly having
major consequences for each patient. Thus, when using
fMRI for preoperative mapping it is of utmost impor-
tance to avoid false negatives, i.e., no fMRI-activation
in brain areas active during task performance, as they
could lead to resection of eloquent cortices. Similarly,
false positive, i.e., fMRI-activation in brain areas not
active during task performance, could lead to limited
resection of the brain lesion. These issues necessitate
that fMRI has as high sensitivity and specificity as the
gold standard mapping technique direct cortical stim-
ulation (DCS). The sensitivity and specificity of fMRI
varies among brain regions. Most studies find better
sensitivity and specificity for fMRI of motor areas than
for language areas when compared to DCS, probably
due to the larger ontogenetic and phylogenetic stabil-
ity of the primary motor area, at both macroscopic and
microscopic levels (Jack et al. 1994; Roux et al. 1999;
Giussani et al. 2010). Moreover, language areas show
larger individual variability with regard to lateraliza-
tion and are more complex due to their involvement in
more complex cognitive functions. These issues make
many clinicians reluctant to use fMRI alone for map-
ping of language areas. Instead preoperative fMRI is
combined with intraoperative DCS to lower the risk of
postoperative language deficits (Giussani et al. 2010).
Nevertheless, as language fMRI holds great potential
for future development and application its use in the
clinic is growing.
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fMRI in Practice and Methodological
Considerations

An fMRI investigation consists of several steps, start-
ing with a subject lying inside the MRI scanner per-
forming a particular task at given times, while MR
images are acquired. After scanning, these images
need to be pre-processed before statistical analysis is
performed in order to produce color-coded statistical
parametric activation maps. Thereafter, these activa-
tion maps need to be interpreted. Obviously the process
from image acquisition to interpreted functional maps
consists of several steps each vulnerable to different
sources of error. Thus, expertise in fMRI acquisition,
analysis and functional neuroanatomy is required to
perform these investigations accurately. Several books
on these topics have been written and are recom-
mended for further reading (Jezzard et al. 2001; Friston
et al. 2007).

Tasks

The cortical area to be mapped determines which
task(s) the patient performs. Preoperative mapping
using different motor and language tasks are the most
frequent. For motor tasks the subjects are instructed
to do for instance finger-tapping when a finger or
other symbol is presented. For language tasks the sub-
jects are instructed to do for instance word generation
covertly without moving the tongue or mouth when a
letter is presented. Covert word generation is necessary
in order to avoid both movement artifacts and artifacts
due to changes in the amount of air in the mouth in
relation to vocalization. It is important that the subjects
undergoing an fMRI investigation are able to perform
the given task, i.e., that he/she performs the task when
indicated by the instructions (at the right time) in order
for correct analysis of the collected MRI data. This
may be controlled fairly well by observing the sub-
ject if a motor task is performed, or by using some
sort of response device to monitor task performance
within each block of activity. However, controlling a
covertly executed language task is difficult. One pos-
sibility is to ask the patients afterwards how it went
and to perform the task again outside the scanner to
get an impression of performance. Such post-scanning
evaluations will, however, be subjective and effects

such as fatigue could impact results, hence results may
be confounded. Another possibility is to have the sub-
jects push a response button each time they solve a
particular task (i.e., produce a new word). This will,
however, make the task much harder to perform, and
recruit both motor cortex and cortical areas for dual
tasking in addition to the language cortex, making the
analysis and interpretation of activation maps much
more complicated. Moreover, patient compliance may
become very low as task complexity increases. This
exemplifies that for some fMRI investigations it is dif-
ficult to know with absolute certainty how well the task
was performed. It is also important that the subject
is able to lie still when solving the task, as move-
ment of the head during scanning gives rise to signal
distortions. This is usually solved to a certain extent
with physical constraints of the head (e.g., foam pads).
The ability to correctly perform the task while remain-
ing still will vary with age, cognitive function and
intracranial pathology of the subjects. These factors
are therefore important to consider when planning an
fMRI investigation in order to ensure that the tasks
best suited to delineate the cortical regions close to
the lesion are used, with the highest degree of patient
compliance.

Task Presentation

The task is usually presented visually (but may be
presented auditory) either through MRI-compatible
goggles or by using a LCD-screen located behind the
scanner opening and viewed via a mirror mounted on
the head coil. The task can be of different designs, such
as block-, event-related-, mixed block-event related or
resting-state-design. For preoperative mapping, block
design is most frequently used as it yields strong and
robust activation, with minimum duration of fMRI
acquisition. In a block design, the task is usually pre-
sented in blocks between 15 and 30 s interleaved with
equally long or longer blocks of rest, e.g., four blocks
of 27 s with finger movement interleaved with five
blocks of 27 s of rest (Fig. 23.1). Rest is usually fix-
ation on a cross hair, but can also be presentation of
random letters/signs. It is important that the subject
performs the task for the full block, i.e., continuously
repeats the task, in order to create a steady BOLD
effect over time possible to detect with later statistical
analysis.
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Fig. 23.1 Left panel: an example of an fMRI-investigation, with
four blocks of activity in green (solving the assigned task) and
five blocks of rest in red (e.g., cross hair fixation). In this exam-
ple, each block consist of 9 volumes each consisting of 24 slices
covering the part of the brain investigated (usually the whole
brain is covered). Each slice consists of a given number of vox-
els (volumetric picture elements). Right panel: when analyzing
fMRI-data the BOLD signal for active brain areas in the activity
blocks is predicted and then convolved with the hemodynamic
response, before applying the general linear model to produce

statistical activation maps. Lower panel: in this example, each
part of the brain (represented by a voxel) is mapped 81 times,
and then statistical analysis is applied to each voxel separately,
to identify those voxels having intensity-variations matching the
convolved BOLD signal. Those voxels fitting the model are
highlighted in orange/yellow colors. In this example, the subject
has moved only his left fingers producing significant activation
in the primary motor cortex for finger movement in the right
hemisphere, but also additionally activation in the visual cortex
as it has been active in the same blocks

Scanning Parameters

fMRI for clinical purposes is typically done on a 1.5
or 3 T MRI scanner, using a gradient echo planar
imaging (EPI) sequence with a repetition time (TR)
of 1500–3000 ms, covering the whole brain (one vol-
ume), matrix-size between 64 × 64 and 128 × 128,
and slice thickness of 2–5 mm. Each volume con-
sists of between 20 and 40 slices, depending on the
slice thickness. These scanning parameters will vary
depending on the hardware and the programming of
the EPI sequence. A typical block-design experiment
with four blocks of task performance interleaved with

five blocks of rest where each block consist of 9 vol-
umes, would then consist of 81 whole-brain-volumes,
taking 243 s to acquire (Fig. 23.1).

Pre-processing

Directly after image acquisition, while the patient is
still in the scanner, it is possible to visually inspect the
fMRI data acquired. If quality is low due to motion
or artifacts, a new fMRI acquisition should be consid-
ered. When image acquisition is completed the fMRI
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data has to be pre-processed to correct for head motion
during scanning and remove cardio-respiratory arti-
facts and other cyclical related noise. Thereafter, many
choose to perform spatial smoothing (“blurring”) of
the data, both to increase signal-to-noise ratio but
also because some subsequent statistical analysis may
require it in order to be valid. This pre-processing can
be done using either manufacturer provided software
on the MRI-scanner or the fMRI data can be exported
and pre-processed offline on a personal computer using
software for fMRI analysis (e.g., BrainVoyager, SPM,
AFNI, FSL, nordicBrainEx). The pre-processing steps
in the different analysis programs are basically sim-
ilar, but due to differences in the implemented algo-
rithms and optional user defined parameters entered
into the analysis, somewhat different results can be
obtained. This demonstrates the lack of standardized
pre-processing methods for fMRI data. Most motion
correction algorithms correct motion by describing six
parameters, three for rotation and three for translation
along the x, y, and z-axes, and produces line plots of the
motion in the different directions that can be inspected.
If there has been displacement exceeding 1–2 voxels or
more than 5 mm, many choose to reject the datasets as
the quality is significantly reduced. Furthermore, the
fMRI-data should be visually inspected after motion
correction to ensure that it has been successful. This
can be done by presenting each EPI-slice, which
depicts a cross-section of the same brain area but at
different time points, in a rapid movie sequence where
any gross uncorrected movement can be detected. The
importance of visually inspecting the raw fMRI data
cannot be stressed enough. Here one can identify areas
with signal dropout, which otherwise is difficult to
identify. In our opinion, visual inspection of fMRI data
is particularly important in preoperative mapping as it
is an easy way to avoid major pitfalls with potentially
severe consequences.

Co-registration

In order to localize the eloquent cortex mapped with
fMRI in sufficient anatomical detail, the fMRI data
has to be co-registered to anatomical/structural images,
which have greater anatomical detail. This proce-
dure is usually partial automatic and partial man-
ual and careful co-registration between the fMRI

and anatomical T1 weighted images is essential to
ensure correct anatomical localization of the mapped
function. Nevertheless, as the functional images and
anatomical images are not identical, there will always
be some discrepancy between them. The user can,
however, ensure as good as possible co-registration
within the regions of interest, being the areas with
anticipated activations for the function investigated.

Statistical Analysis

After co-registration, statistical analysis has to be
applied in order to identify activated brain areas. First
the BOLD signal changes co-varying with the task
performance are identified by convolving the BOLD
signal changes over time with the timing of the task.
This is done using assumptions about the temporal
properties of the BOLD signal, the so-called canon-
ical hemodynamic response function, which may be
modeled according to different functions, for instance
by either a single gamma or a double gamma func-
tion. For visualization of activity, statistical activation
maps is then calculated using the general linear model
(Friston et al. 1994) (Fig. 23.1). As previous mentioned
the mechanism of the neurovascular coupling and the
BOLD signal is not fully understood, thus the models
of the hemodynamic response used in the statisti-
cal analysis are strictly speaking assumptions of the
coupling between the hemodynamic changes and neu-
ronal activity. It has been shown that the hemodynamic
response varies across brain regions, an issue rarely
considerer in fMRI studies or when used for preoper-
ative mapping (Handwerker et al. 2004). Moreover, it
has been indicated that brain pathologies such as glial
tumors may reduce the BOLD signal at the edge of the
tumor (Schreiber et al. 2000). Both these issues con-
stitute methodological concerns making the inferences
about neuronal activity based on changes in local cere-
bral blood flow, oxygenation and volumes even more
difficult.

Statistical Thresholding

The statistical activation maps created represent brain-
activity during task performance, but needs to be
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statistically thresholded before interpreted (Fig. 23.1).
There is no consensus on how to threshold fMRI
activation maps for preoperative mapping. In general
many choose p ≤ 0.05 as threshold together with
some kind of correction for multiple comparisons, for
instance Bonferroni correction, Gaussian random field
theory, false discovery rate or Monte Carlo simula-
tions. It is also possible to add a cluster threshold,
thus not visualizing clusters of activation smaller than
a given value (e.g., a pre-specified number of voxels),
based on the assumption that activations have to be of
a certain size to consider significant. For preoperative
planning a competent investigator (e.g., neuroradiolo-
gist) usually decides which clusters of activated voxels
that are related to the task performed based on spatial
extent of the activations, localization and cluster dis-
tribution. Individually thresholded activation maps for
each subject and each task is usually used, aiming at
producing activation maps unequivocally delineating
the cortical area of interest.

Interpretation of Activation(s)

After pre-processing, co-registration, statistical anal-
ysis and thresholding, the neuroradiologist, neurosci-
entist and/or neurosurgeon can interpret the activation
maps which usually consist of several activation clus-
ters across the brain. A comprehensive understanding
of the steps from image acquisition to activation maps
is needed for correct interpretation of fMRI activa-
tion maps. Furthermore, each of the preceding steps
should be carefully evaluated to determine whether
it was successful or not. If not, one can easily be
misled to draw erroneous conclusions and thus sug-
gest wrong therapeutic strategies, which in a worst-
case-scenario results in removal of functional brain
regions. For instance, if a patient with bilateral lan-
guage lateralization undergoes a reoperation due to
regrowth of a frontal tumor, there may be residual
metal from the skull drill inducing signal dropouts in
the T2

∗-weighted fMRI-images of the language areas
in this hemisphere. This will produce fMRI-maps with
language activations in only the healthy hemisphere
and lead to the wrong interpretation that language
is fully lateralized to the healthy hemisphere making
a resection of the language areas in the hemisphere
with the tumor safe. However, if the T2

∗-weighted
fMRI-images had been visually inspected the areas

with signal dropout would have been identified and
it would be obvious that conclusions could not made
from the available data.

Another pitfall with interpretation of fMRI activa-
tions is that fMRI does not necessarily differentiate
between essential and participating brain areas, but
maps all brain areas active during task performance.
With respect to preoperative fMRI this would espe-
cially apply to language functions where some areas
are considered essential (e.g., Broca’s) while others
are contributory but non-essential (e.g., dorsolateral
prefrontal cortex). Damage to an essential area would
certainly result in aphasia while damage to a contrib-
utory area could lead to transient language difficul-
ties. In the end, fMRI for preoperative mapping is
inherently a user dependent process, heavily depen-
dent on the interpreter’s competence, comprehension
of functional neuroanatomy and interpretation of the
activation maps.

Consensus on Preoperative fMRI

As stated previously, there are no standardized
tasks, task instructions, measure of task compliance,
scanning procedures, pre-processing algorithms/para-
meters or interpretation of activations for clinical
applications of fMRI. Consensus on these issues need
to be obtained in order to produce objective and
comparable information between centers engaged in
this activity. A more standardized practice is one
of the main challenges for clinical fMRI today and
for the future. Even though there is no official con-
sensus or guidelines on how to perform clinical
fMRI, the American College of Radiology (ACR) and
the American Society of Neuroradiology (ASFNR)
have developed and published “Practice Guideline for
Performance of fMRI of the Brain” as an educational
tool (www.asfnr.org). These guidelines give some
directions on indication, patient selection, scanning
procedure, pre-processing, analysis and interpretation.
Furthermore, the ASFNR has collected and published
different motor, language, vision and memory-tasks
used by their members for dissemination (www.asfnr.
org). However, they emphasize that these guidelines
are not official recommendations. Nevertheless, both
these efforts are important steps in the evolving pro-
cess of task standardization and creating guidelines for
clinical fMRI.

www.asfnr.org
www.asfnr.org
www.asfnr.org
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Diffusion Tensor Imaging

The Basis of DTI and DTT

Diffusion tensor imaging (DTI) is developed from dif-
fusion weighted MRI and uses a spin-echo sequence
combined with two diffusion gradient pulses that
enables detection of the water molecules motion, i.e.,
Brownian motion. When applying the diffusion gradi-
ents, water molecules, which have moved in a direction
along the gradient, will give rise to signal loss. By
applying the diffusion gradients in the X, Y, and
Z direction, diffusion weighted images are created
that represent diffusion in a given voxel. DTI is an
advanced form of diffusion weighted imaging, where
the gradients are applied in at least six directions (com-
binations of the X, Y, and Z direction), making it
possible to create a mathematical model of diffusion
in a three-dimensional space, known as the diffusion
tensor. From this diffusion tensor it is possible to cal-
culate the direction of maximum diffusivity, which has
been shown to coincide with the fiber orientation in the
white matter of the brain (Moseley et al. 1990). The
more directions the gradients are applied in, the more
accurate the estimate of the tensor becomes. Thus, by
using DTI it is possible to map the anatomical loca-
tion of neural tracts in the brain, e.g., the corticospinal
tracts, the optic radiations, and the arcuate fasciculus.

Several different parameters can be derived from
the DTI images, such as maps of fractional anisotropy
(FA) which is a measure of the magnitude of
anisotropic diffusion ranging from 0 (isotropic diffu-
sion i.e., non-directional) to 1 (anisotropic diffusion
i.e., strongly directional) (Basser and Pierpaoli 1996).
Another frequently derived property of DTI is color
coded maps, where the direction of maximum diffu-
sivity is modulated with the FA-value, producing maps
where the colors represent the direction of the fiber
and the intensity represents the anisotropy (Fig. 23.2).
The accepted convention for color coding is with
blue representing the superior/inferior direction, red
the left/right direction, and green the anterior/posterior
direction. A third way of presenting the DTI images is
through fiber tracking or tractography, which is a visu-
alization technique for neural tracts in three dimen-
sions (Figs. 23.2 and 23.3). These three-dimensional
tracts are constructed based on different algorithms
such as the TENsor Deflection (TEND) algorithm or

the Fiber Assignment by Continuous Tracking (FACT)
algorithm (Mori et al. 2002; Lazar et al. 2003). By
using such algorithms one is able to calculate which
voxels in the different sequential slices that probably
are connected with each other based on the diffusion
tensor. These algorithms automatically suggest tracts,
that according to the mathematical model probably
are connected, which then have to be virtually dis-
sected using a region-of-interest tool, used according
to anatomical knowledge, to produce plausible tracts.
If the corticospinal tracts are to be visualized, region-
of-interests have to be defined in regions that these
tracts run through, e.g., the posterior limb of the inter-
nal capsule and the precentral gyrus. DTI and DTT
are the only non-invasive methods of detecting and
visualizing white matter tracts in vivo, thus having a
great potential for both research and clinical practice.
Some of the areas where DTI, and parameters derived
from DTI, have been used are in studies of brain devel-
opment, schizophrenia, Alzheimer’s disease, epilepsy
and neurosurgical planning.

DTI and DTT in Practice

A DTI investigation consists of several steps, but
unlike fMRI the subject being scanned is not required
to perform a task and thus only needs to lie still, while
the images are being acquired. After scanning the
images have to be processed using different algorithms
before tractography is performed as a final step.

Methodological Considerations

The MRI-sequence used for DTI is even more sensitive
to inhomogeneities of the magnetic field and head-
movement than the sequence used for fMRI, causing
greater distortions of the signal. Thus the importance
of minimizing the head movement becomes even more
important and cardiac gated synchronization of scan
acquisition has been demonstrated useful in order to
minimize brain pulsations following cardiac beats.

A fundamental problem for DTT is the lack of an
in vivo gold standard for tractography, thus making
it difficult to validate the different algorithms as well
as the method itself, however, it has been shown that
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Fig. 23.2 Top panel: color coded maps of the white matter,
where blue represents the superior/inferior direction, red the
left/right direction, and green the anterior/posterior direction.
Three slices of the brain in three different planes are shown,
first an axial slice, then a coronal slice (where the corticospinal
tracts can be seen in blue), and last a sagittal slice (where the
corpus callosum can be seen in red). Left lower panel: coronal
slices of the brain showing the white matter in color coded maps
at the left and the same slices to the right where tractography
(fiber tracking) has been performed and the corticospinal tracts

are visualized as red lines. These tracts can be further visual-
ized in three-dimensional models together with pathology and
the rest of the brain, as shown in the right lower panel. Right
lower panel: a sagittal slice of a patient’s brain with a lesion
(arrow) compressing the corpus callosum. By doing tractogra-
phy of the corticospinal tracts, they can be found posterior to the
lesion, as shown in the three-dimensional model at the bottom,
with the lesion in orange, the corticospinal tracts as red tubes and
the ventricular system in blue

DTT has good concordance with intraoperative subcor-
tical mapping (Bello et al. 2008). Furthermore, DTT
processing consists of several steps with the potential
of introducing error(s). For instance, the user has to
choose minimum values for FA (e.g., 0.15–0.25) and
maximum allowed angulations of tracts (e.g., 40–50◦)
to be used in the tracking algorithms. White matter
regions where there are several fiber bundles with dif-
ferent orientations or where fiber bundles “kiss”, cross,
merge or diverge are particularly troublesome for the
tracking algorithms. In such regions the algorithm can

either not track the fiber bundles or will track path-
ways that do not exist, and similar problems arise in the
presence of tumor and edema. Some of these problems
might be overcome using novel tracking algorithms or
more advanced processing procedures such as prob-
abilistic diffusion tractography. Furthermore, the use
of manually drawn regions-of-interests for tracking of
white matter bundles makes DTT heavily user depen-
dent. The user performing the tractography should thus
have detailed knowledge of neuroanatomy of the white
matter of interest and tumor biology.
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Fig. 23.3 fMRI, functional magnetic resonance imaging; DTT,
Diffusion tensor tractography; CST, Corticospinal tract. Left and
middle: Three-dimensional models of the brain surface in gray, a
brain lesion in orange, the corticospinal tracts as red tubes, and
the fMRI activations from finger-movements in yellow/orange
(on the brain surface in the left figure). In the middle figure,
the brain surface has been removed so one can see how the

lesion has dislocated the corticospinal tract laterally and poste-
riorly. Right: An axial T1-weighted slice from the same patient,
showing the brain lesion with superimposed fMRI activations
as high-intensity white areas and DTT as high-intensity white
outlines. This is identical to how the data is imported to the
neuronavigation system and used intraoperatively (together with
intraoperative ultrasound)

Preoperative Mapping

Recent guidelines from the National Comprehensive
Cancer Network has acknowledged the growing evi-
dence that more extensive surgical resection is corre-
lated to prolonged survival for both low- and high-
grade gliomas, supporting the goal of maximizing
brain tumor resection without inflicting new neuro-
logical deficits (Sanai and Berger 2008). This poses a
difficult challenge when operating on lesions located
near eloquent areas, making accurate localization of
eloquent cortices, as well as the white matter tracts
connected to these cortical areas, an essential adjunct
to successful surgical excision in these patients. To
this end, the use of preoperative fMRI and DTI/DTT
has grown popular due to their non- invasiveness and
little to no additional surgery time required, but also
due to the visualization possibilities enabling better
understanding of the complicated spatial relationship
between the lesion, eloquent cortices and white matter
tracts (Fig. 23.3).

Development

One of the first papers reporting the use of fMRI in
patients was by Jack et al. (1994), who used both
fMRI and invasive cortical mapping to map the motor

cortex of two patients with epileptic seizures due to
neoplastic brain tumors located in close proximity to
the primary motor cortex. They found a correlation
between the two techniques, and suggested that pre-
operative mapping was a potentially useful clinical
application of fMRI. This was followed shortly after
by Morris et al. (1994) who mapped the language and
motor areas of three patients with epilepsy syndromes.
Later on Latchaw et al. (1995) demonstrated the same
in patients with arteriovenous malformations (AVMs).
Following these reports, there was a dramatic increase
in the use of fMRI in preoperative mapping before neu-
rosurgical procedures, focusing mostly on motor and
language functions.

Clinical use of DTI was demonstrated by Witwer
et al. (2002) in nine patients with neoplastic brain
tumors and same year Mori et al. (2002) applied DTT
to visualize neural fiber tracts in close proximity to
neoplastic brain tumors in two patients. These reports
have been followed by studies demonstrating the tech-
nique in larger number of patients both with neoplastic
brain tumors and AVMs.

Combining fMRI and DTI/DTT

Some studies have investigated the combination of
fMRI and DTI prior to neurosurgery. It was demon-
strated by Ulmer et al. (2004) that twice as many
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functional systems were localized within 5 mm of the
tumor borders when DTI and fMRI were combined
compared to fMRI alone in 28 patients. The func-
tional systems taken into consideration were language,
speech, vision, motor and pre-motor functions. Fur-
thermore, only one out of the 24 operated patients (4%)
encountered unplanned surgically-induced deficit. A
study by Hendler et al. (2003) based on 20 patients
with brain lesions investigated with fMRI and
DTI/DTT concluded that the combination of fMRI and
DTI/DTT provided valuable information that could
not be extracted using either method alone. Our own
unpublished data supports this, as we reviewed 21
patients with brain lesions (all types of tumors) under-
going both motor fMRI and DTT of the corticospinal
tract. In these patients we found a significant decrease
in the lesion-to-eloquent-area distance when taking
the DTT into account compared to the fMRI alone
(p = 0.001). Furthermore, the use of DTT seemed cru-
cial and invaluable for visualization and understanding
of the complicated spatial relationship between the
lesion, gray matter, and white matter fiber bundles
(Figs. 23.2 and 23.3).

Mapping of the Primary Motor Cortex

The primary motor cortex controls voluntary move-
ments and is strongly somatotopic organized along
the precentral gyrus. Damage to this region during
surgery has severe consequences for the patients and
has thus been subject to intra-operative mapping since
the 1930s. With the advent of fMRI various motor
tasks have been used for preoperative mapping, includ-
ing finger tapping, hand clenching, elbow and shoulder
movement, as well as tongue, lip, foot, and toe move-
ment. In our experience, the motor tasks which should
be used are movement of the fingers, toes and tongue,
as they are robust in identifying their respective motor
areas. Furthermore, these motor tasks activate regions
at regular intervals along the convexity of the hemi-
sphere making it possible to functionally delineate the
primary motor cortex, even in the presence of edema
and anatomical distortions. Whether the three tasks
should be used alone or in combination depends on
how difficult it is to identify the primary motor cortex
anatomically, i.e., how gross the anatomy is distorted,
the location and size of the tumor with regard to the
expected eloquent areas, and the clinical status of the

patient. One major constraint with the tongue task,
however, is that it is often subject to gross head move-
ment as many patients find it difficult to perform it
without moving the head and in such cases movements
of the lips may be a better choice. The final decision on
choice of tasks should be decided by the neurosurgeon
and neuroradiologist in collaboration.

Mapping of Language Areas

Mapping of cortical language areas prior to neuro-
surgery relies on the classical brain-language model
derived from the works of Broca and Wernicke in
the 19th century. This model consists of an inferior
frontal region for speech production (Broca’s area) and
a posterior superior temporal region for speech com-
prehension (Wernicke’s area) in the left hemisphere.
In modern linguistic and cognitive neuroscience it is
uncontroversial that this model is empirically wrong,
as it does not explain the range of aphasia syndromes,
and linguistically underspecified, as language is not
merely production and comprehension. Moreover, this
model is anatomically underspecified as also other
areas contribute to language processing (Poeppel and
Hickok 2004). Recent MRI studies of the preserved
brains of two of Broca’s patients indicate inconsis-
tencies between what is now called Broca’s area and
the area originally identified by Broca (Dronkers et al.
2007). Therefore new models for cortical organization
of language have been presented and are continuously
being developed. However, the classical model is a
useful simplification of language distribution for clin-
ical purposes such as preoperative mapping, where
the main purpose is to determine hemispheric lateral-
ization and localization of language areas definitively
yielding speech disturbances and/or aphasia if dam-
aged. It is therefore important to choose a language
task which will activate and unequivocally define the
language regions in proximity of the brain lesion with a
high degree of reproducibility. In clinical practice, sev-
eral language tasks are used e.g. word/verb-generation,
passive listening, object naming etc. In our experi-
ence, a word-generation task should be preferred for
mapping of the frontal language area and a responsive
naming task (e.g., “what do you call a tall pink bird”)
for the temporal language region, as these tasks have
high spatial consistency across subjects and fair repro-
ducibility of activation size and localization. Future
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research should be directed towards developing new
language tasks and evaluate which tasks are the most
appropriate for preoperative language mapping.

Functional Neuronavigation

During the last two decades several neuronavigation
systems for performing frameless stereotactic neuro-
surgery have been developed, where anatomical data
can be used intraoperatively to navigate in the brain
during surgery. Thus, the need for integration of func-
tional information from fMRI and DTI into the naviga-
tion systems has emerged, in order to take advantage of
this functional information also during surgery. Given
the functional nature of the information this has been
named functional neuronavigation.

Development

Some of the first articles on functional neuronavi-
gation were by Maldjian et al. (1997) and Schulder
et al. (1997), where they integrated fMRI into a neu-
ronavigation system, allowing functional identification
of eloquent cortex during surgery. This was followed
by several other reports in the years to come, either
in larger number of patients or combined with other
mapping techniques such as direct cortical stimula-
tion. The information from DTI and DTT has also
been integrated into such neuronavigation systems, as
demonstrated by Nimsky et al. (2006), where fiber
tract data from patients with brain lesions were reli-
ably integrated into the navigation system. As a natural
consequence, integration of combined fMRI and DTT
images into neuronavigation systems has been demon-
strated and used for functional neuronavigation in
brain lesion patients. There have been a number of clin-
ical papers suggesting that the additional information
provided by functional imaging (fMRI and/or DTT)
is highly valuable and enables safe resection (Haberg
et al. 2004; Yu et al. 2005) especially when incorpo-
rated into a neuronavigation system (Krishnan et al.
2004; Nimsky et al. 2006). In previous studies, either
integrating fMRI data into neuronavigation systems
(Krishnan et al. 2004; Coenen et al., 2005) or based
on clinical demonstration of fMRI data and structural
pathology (Haberg et al., 2004) a minimal distance

between 5 and 15 mm for feasible surgical resection
has been suggested. A few papers have also focused
on functional navigation using intraoperative 3D ultra-
sound for intraoperative guidance as well as correction
of brain shift (Coenen et al. 2005; Rasmussen et al.
2007).

To our knowledge only one prospective random-
ized trial examining the clinical impact of DTI-data
on degree of tumor resection, clinical outcome and
survival has been published. Wu et al. (2007) demon-
strated that high-grade glioma patients benefit both in
terms of increased tumor resection, improved postop-
erative outcome and time of survival when DTI-data
was used to navigate during surgery, compared to those
operated with conventional neuronavigation. This is
supported by other non-randomized uncontrolled stud-
ies (Haberg et al. 2004; Krishnan et al. 2004; Berntsen
et al. 2010).

Brain Shift

A big challenge for navigation based on preopera-
tive images is the deformation of brain tissue during
surgery (compared to preoperative images) occuring
when the tumor is removed, which is called brain shift.
The extent of brain shift for white matter tracts in
patients undergoing tumor resection has been shown
to vary from an inward shift of 8 mm to an outward
shift of 15 mm, and this shift needs to be compensated
for throughout the operation (Nimsky et al. 2007).
Brain shift correction can be done mentally (i.e., in
the surgeons mind), manually (i.e., landmark tracking)
or preferably automatically as the shift may be non-
uniform and difficult to predict. Several methods have
been suggested, such as intraoperative MRI (Nimsky
et al. 2007) and 3D ultrasound (Coenen et al. 2005).
Our group has previously shown that it is feasible
to update MRI data correcting for brain-shift using
automatic co-registration of preoperative MRI with
intra-operative ultrasound (Rasmussen et al., 2007).

Future Directions

Even though the literature is full of illustrative case
reports and studies demonstrating the usefulness of
fMRI and DTT before and during neurosurgery, some
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issues remains to be resolved. Firstly, there is no con-
sensus as to tasks, task presentation, image acquisition,
pre- and post-processing, or interpretation of the acti-
vation maps or tractograms produced. Secondly, there
is a lack of randomized studies demonstrating signif-
icant benefits on final outcome, i.e., improved neuro-
logical status and/or survival of the patient, when using
fMRI and DTT for preoperative mapping or functional
neuronavigation. In spite of this, fMRI and DTT have
gained wide popularity, probably due to the promising
prospects of further development and intuitive impor-
tance of locating eloquent cortices and their white
matter tracts. The challenges ahead lie in standardizing
clinical fMRI and DTT and carrying out clinical ran-
domized trials or prospective outcome studies showing
significant effect on morbidity or mortality in patients
with brain lesions.
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Chapter 24

Paradigms in Tumor Bed Radiosurgery Following Resection
of Brain Metastases

David Roberge and Luis Souhami

Abstract Radiosurgery offers a mean of delivering
prophylactic focused radiation to the periphery of a
resection cavity where malignant cells may have been
left behind at the time of tumor resection. There is
now growing such use of adjuvant radiosurgery fol-
lowing resection of hematogenous brain metastases.
Fifteen institutional series have reported on a total
of 618 patients treated with radiosurgery to a tumor
bed following microsurgery. These cases fall into three
paradigms: adjuvant radiosurgery as an alternative to
whole-brain radiotherapy (WBRT), radiosurgery as
an intensification of adjuvant WBRT and adjuvant
radiosurgery for patients having failed prior WBRT.
For these paradigms the reported crude local control
rates are 83, 95 and 95%, respectively. The procedure
appears well tolerated with approximately a 5% risk of
late radiation necrosis.

Keywords Radiosurgery · Brain metastases · Whole-
brain radiotherapy · Neurological function · Local
tumor control · Adult brain tumor

Introduction

Hematogenous metastases are the most common adult
brain tumor, representing 100,000–200,000 cases per
year in North America (Posner 1992; Johnson and
Young 1996). Up to half of these patients will

D. Roberge (�)
Department of Radiation Oncology, McGill University Health,
Center/Montreal General Hospital, 1650 Cedar Avenue,
Montreal, QC H3G 1A4, Canada
e-mail: David.roberge@mcgill.ca

present with a single lesion. In selected patients, local
treatment of single metastases has been prospectively
shown to improve overall survival. For most small
lesions radiosurgery will provide local tumor control
comparable to that of microsurgery (Muacevic et al.
2008). However, in many cases, because of diagnostic
ambiguity, mass effect or size, surgical resection will
be necessary. Even though metastases do not tend to
be highly invasive, local failures are common follow-
ing these operations (Patchell et al. 1998). In addition,
the first metastasis is often a harbinger of lesions to
come with additional metastases appearing in <50%
of patients. Adjuvant whole-brain radiation (WBRT)
reduces the incidence of both types of recurrences,
decreases the risk of neurological death but does not
appear to prolong overall survival (Patchell et al. 1998;
Mueller et al. 2009).

In patients treated primarily with stereotactic radio-
surgery (SRS), where local control is acceptable with-
out adjuvant treatment, deferring WBRT spares acute
toxicity without apparent impact on overall survival
(despite more frequent brain recurrences). Although
recurrences are known to impair neurological func-
tion, a trial looking at neurocognitive function post
treatment showed a more frequent decline in Hopkins
Verbal Learning Test (HVLT) scores at 4 months (23%
vs. 49%, p not available) when WBRT was used
upfront vs. deferred (Chang et al. 2009). Treatment
with SRS alone is thus increasingly common. Several
hundred thousand patients have received SRS for in
situ metastatic disease, making this the most common
indication for SRS. The specific use of tumor bed SRS
is a relatively recent phenomenon. It has been proposed
as a means of decreasing the risk of local recurrence
(where approximately half of failures occur) while
deferring or avoiding the toxicities of WBRT.
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Although local recurrences are less frequent with
the addition of WBRT, on an actuarial basis local recur-
rences actually remain common. At 1–2 years, these
occur in 20–72% of cases (Patchell et al. 1998; Nieder
et al. 2007; Rades et al. 2007, 2008). In our own expe-
rience of 69 patients treated from 2000 to 2005, the
2-year actuarial rate (censured at last imaging) of local
recurrence after surgeon-reported gross total resection
and WBRT was 67% (Alrefae et al. 2009). We thus
chose to apply tumor bed SRS in addition to WBRT
in an attempt to maximize local and in-brain control.
The third situation where tumor bed SRS has been
used is the scenario where a patient has already been
treated with WBRT prior to surgery. In this paradigm,
tumor bed SRS is chosen over repeated WBRT or
observation.

Radiosurgery is not the only means of irradiating
the tumor bed. Alternate published strategies include
balloon brachytherapy, seed brachytherapy and con-
formal radiotherapy. Balloon brachytherapy (Gliasite,
Cytyc Surgical Products) has the disadvantages of
not being applicable to all surgical cavities, requiring
manipulation of a liquid radioactive source, requiring
an additional invasive procedure and having potential
complications not seen with other types of radiation.
Of 71 patients enrolled a Phase II trial for patients
with single resected brain metastases, 62 had implants,
and only 54 actually received brachytherapy (Rogers
et al. 2006). Following brachytherapy, the actuarial
1-year incidence of radiation necrosis without tumor
was 23%. One patient each had: CSF leak, hemor-
rhage and infection. Seed brachytherapy appears to
lead to excellent local control but is a complex pro-
cedure that requires direct manipulation and placement
of 15–66 radioactive sources per patient (Dagnew et al.
2007). Although it may persist as a niche treatment, it
is unlikely to see widespread adoption in neurosurgi-
cal practice. Conformal radiation is a reasonable means
of delivering additional dose to the tumor bed follow-
ing WBRT. In a retrospective multi-institutional review
(Rades et al. 2007), a 10–15 Gy boost (in five frac-
tions) to a 1 cm margin around the pre-operative tumor
volume appeared to result in both improved local con-
trol and overall survival. Conformal radiotherapy has
also been reported as a single adjuvant modality. In a
small Phase I/II trial, Coucke et al. reported no local
failures after 50.4 Gy in 28 fractions was delivered to
the tumor bed with conformal radiotherapy (Coucke
et al. 1998). Despite the fact that all patients were

initially free of active extra-cranial disease, the median
survival was only 7.2 months with death from new
brain metastases being common (58%). Such a pro-
tracted treatment seems cumbersome and would limit
radiotherapy options at progression.

Radiosurgery Experience

Cases series were identified through MEDLINE
searches and review of selected proceeding of national
and international meetings. For the 13 series of SRS
as an alternative to WBRT, patient characteristics and
outcomes were averaged across series with weighting
for the size of each series. For our own experience,
cases were identified in the McGill University Health
Centre radiosurgery database. They were retained if
patients had a single hematogenous metastasis treated
with resection and adjuvant SRS boost in addition to
WBRT. Fifteen series were identified reporting on a
total of 618 patients (Table 24.1). Of these, 495 were
included in 13 series where the aim was to reduce
local recurrence whilst deferring WBRT, 44 patients,
in a single series, were treated with tumor bed SRS in
addition to WBRT and 79 were treated in a series of
tumor bed SRS delivered in the context of post-WBRT
surgical salvage.

Radiosurgery Without WBRT

Patients in these series were typically somewhat
heterogeneous. Non-small cell lung cancer was the
most common primary malignancy (42%). A third of
patients had one or more additional synchronous brain
metastases, in some cases also treated with surgery
and tumor bed SRS. In one report (Jagannathan et al.
2009), 6% of patients had had WBRT in addition to
SRS but could not be separated out from the rest of the
series.

Treatment was delivered using a variety of radio-
surgery technologies (54% Gamma Knife). The tar-
get volumes ranged from 0.1 to 66.8 cc but the
mean/median of each series were rather homogeneous
at 8.5–10.7 cc. Dosing was prescribed in a volume and
location dependant fashion with mean/median doses
ranging from 10 to 19 Gy. In two of the series using
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linear accelerators, larger tumor cavities were treated
in 2–5 sessions to higher total doses (22–30 Gy).

Local control is variably reported and actuarial
local progression free survival is not available in three
series. When weighted for the number of patients in
each series, the overall crude local control is 83%
and the estimated 1-year actuarial local control is
75%. Only in two series was it clear that the actu-
arial calculation censured patients at the time of the
last imaging study. The crude averaged incidence of
new metastases was 50%. The estimated median over-
all survival of the patients in the 13 series was 14.4
months. Complications were variably reported – typ-
ically in terms of radiation necrosis, symptomatic T2
changes or treatment-related edema. Necrosis rates
ranged from 0–6% and, when reported, other compli-
cations occurred in 11–27%.

Radiosurgery in Addition to WBRT

Other than our own experience, no additional
manuscript was found describing the addition of SRS
to post-operative WBRT. A total of 44 patients, oper-
ated upon from December 2005 to December 2010,
received a planned adjuvant combination of WBRT
and single-fraction SRS (Fig. 24.1). The most common
primary malignancy was non-small cell lung cancer
(66%), followed by breast (14%), melanoma (7%) and
colo-rectal (7%). WBRT schedules varied but 84%
patients were treated with 30 Gy in 10 daily frac-
tions. Based mainly on scheduling concerns, SRS was

delivered before, during or shortly after WBRT. The
median interval between SRS and WBRT was 7 days.

Radiosurgery was delivered a median of 42
days after surgery using either fixed non-coplanar
beams, dynamic conformal arcs or intensity modulated
beams on a modified linear accelerator (BrainLAB,
Heimstetten, Germany) or through dose painting
with a dedicated robotic linear accelerator (Accuray,
Sunnyvale, California). The surgical bed was typ-
ically defined with the help of pre-operative MRI
images co-registered with the combination of thin-
slice contrast-enhanced computed tomography and T1
weighted MRI studies acquired for SRS planning. A
2 mm margin was routinely added to the enhancing
border of the tumor bed. The targets ranged in volume
from 2 to 61 cc (median 14 cc). The SRS dose was
not adjusted for target size and was 10 Gy in all but 1
case. As this is a somewhat counterintuitive application
of SRS for which the majority of the target volume is
either cerebrospinal fluid or normal brain, an attempt
was made to produce more homogeneous treatment
plans – the median prescription isodose surface was
83% (77–97%).

The planned follow-up schedule was for patients
to have a contrast CT or MRI every 3 months. Cases
were censured for local control and occurrence of new
metastases at the time of last imaging. Outcomes were
measured from the date of surgery. Survival, local con-
trol and occurrence of new metastases were calculated
actuarially.

In our series, the actuarial 1 and 2-year local control
is 91%. The crude rate of new metastases is 11%. At
a median follow-up of 10.1 months, 47% of patients

Fig. 24.1 Axial contrast MRI of the brain before (a), at the
time of (b) and years after (c) a 10 Gy radiosurgery boost added
to surgery and WBRT for metastatic malignant melanoma. The

patient is still disease free more than 5 years following treatment
of this lesion
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have died. The actuarial median overall survival is
17.1 months. At 16 months post-treatment, one patient
developed hemiparesis associated with a new enhanc-
ing lesion at the surgical bed. This lesion was resected
and found to be composed entirely of necrotic tissue
without viable tumor cells. A second patient, 4 years
after treatment, presented with a seizure and had new
enhancement in the tumor bed felt to represent radia-
tion effect. A third patient also presented with seizures
and tumor bed enhancement which has been followed
for 5 months. Prospective neurocognitive testing has
not been performed. The longest survivor – now almost
5 years post resection of a large metastasis from a cuta-
neous malignant melanoma, reports subjective short-
term memory changes (he continues to work full time).
A second patient, 4 months following WBRT, required
hospital admission for investigation for what is likely
symptomatic radiation-induced leukoencephalopathy.

Radiosurgery After Prior WBRT

In a series from Wake Forest University Baptist
Medical Center, patients treated after prior WBRT rep-
resented 79 of 143 cases of tumor bed SRS. These
patients were treated from 2000 to 2005. All patients
received a single fraction on a Gamma Knife unit. The
median dose was 18 Gy (range 8–24 Gy) prescribed to
a modal isodose surface of 50% (range 40–95%). The
size of the target volumes was not reported. The crude
local recurrence rate was 5.1%. The median overall
survival from SRS was 17 months. It is of note that,
at the time of SRS, 42% of patients had no other site
of metastatic disease. Three patients (3.8%) required
surgery for symptomatic radionecrosis following SRS.
The mean prescription dose in these patients was
17.3 Gy at the 50% isodose surface. The mean time to
the occurrence of symptomatic radionecrosis requiring
resection was 6.7 months.

Discussion

As evidenced by the growing number of publications
over the past 5 years (Narayana et al. 2006; Quigley
et al. 2006; Iwai et al. 2008; Mathieu et al. 2008;
Pieper et al. 2008; Soltys et al. 2008; Do et al. 2009;

Jagannathan et al. 2009; Limbrick Jr et al. 2009;
Roberge et al. 2009), there has been a growing trend for
tumor bed radiosurgery. In most cases this has been as
an alternative to adjuvant WBRT with isolated reports
of its use as an intensification of WBRT or an adjuvant
to post-WBRT salvage craniotomy.

The use as an alternative to WBRT is born in the
background of growing evidence that the prevention of
new metastases does not significantly impact on over-
all survival and may be associated with acute as well
as late neuro-cognitive toxicity (DeAngelis et al. 1989;
Chang et al. 2009). As opposed to patients treated with
primary SRS, local recurrences are a common problem
when patients are observed following surgical resec-
tion. These recurrences are often more problematic
than new small metastases more readily addressed with
salvage SRS. If adjuvant tumor bed SRS provides local
control equivalent to adjuvant WBRT, many physicians
and patients would be comfortable deferring WBRT on
the basis of current prospective data in the post-SRS
setting(Aoyama et al. 2006).

As the incidence of local recurrences will depend on
patient selection, surgical skill and method of report-
ing, it is difficult to draw firm conclusions from retro-
spective data. With these caveats, the 17% crude tumor
bed failure rate for the 495 reported cases of tumor
bed SRS appears better than the expected 34–46%
local failure rate in patients observed after surgical
resection(Hagen et al. 1990; Armstrong et al. 1994;
Patchell et al. 1998). How much worse (if at all) this
is to the local control afforded by WBRT is debatable.
The 90% benchmark local control reported by Patchell
et al. (1998) has not been consistently reproduced in
institutional series(Rades et al. 2008; Roberge et al.
2009) and tumor bed SRS series are contaminated with
patients known to have gross residual tumor. On the
other hand, the 14.4 month median survival seen with
tumor bed SRS is in keeping with published data and
reflects the fact that, despite frequent intra-cranial fail-
ures, most patients with metastatic brain disease will
die of extra-cranial progression.

In contrast to this approach, having dealt with fre-
quent local recurrences despite WBRT, we have chosen
an alternative paradigm of adding SRS to WBRT. In
addition to its documented efficacy in preventing new
metastases, when combined with SRS, WBRT allows
for greater dose-intensity at the tumor bed. For exam-
ple, a 10 Gy SRS boost added to 30 Gy of fractionated
radiotherapy is biologically more potent than a single



246 D. Roberge and L. Souhami

16 Gy dose of SRS. In addition, WBRT eliminates
any risk of marginal miss from difficulties in defin-
ing a post-operative target and it addresses the risk
of meningeal seeding. Difficult tumor bed definition is
an issue highlighted in the Stanford experience where
local recurrences occurred less frequently when SRS
plans were less conformal (Soltys et al. 2008). As the
dose of SRS is reduced when added to WBRT, it opens
this option of single fraction SRS to patients with large
tumors and lesions approximating critical structures.
These patients can be treated without compromising
dose-intensity. As the therapy of extra-cranial disease
improves, there may be more interest in an approach
maximizing intra-cranial control.

There already is debate regarding the two main
post-operative approaches tested in prospective trials:
WBRT and observation. Despite two randomized tri-
als (Patchell et al. 1998; Mueller et al. 2009), each
physician and patient can interpret the facts differently.
The trials are underpowered to address the various sub-
groups of this heterogeneous patient population (such
as patients with solitary metastases). In the absence
of a documented difference in survival, we are ill
equipped to objectively weigh the relative impacts of
recurrence and treatment toxicity. Increased adoption
of two new approaches will do little to simplify matters
as they broaden the therapeutic spectrum. We may now
be able to prevent fewer recurrences with less toxicity
or prevent more recurrences with more toxicity.

In the patient having failed prior WBRT, the use of
tumor bed SRS would appear less controversial. In this
setting, the alternatives of brachytherapy, local frac-
tionated radiotherapy, repeat WBRT or observation are
all lacking in both appeal and data.

In all three paradigms, the SRS appears well toler-
ated with risks similar to those of treating in situ brain
metastases, i.e., 5% risk of late radiation necrosis.

As the number of patients treated keeps growing, it
would seem proper to generate meaningful prospective
data for these new treatment paradigms. Anything else
than a single arm trial may not be realistic in the set-
ting of WBRT failure but we feel that there is equipoise
and interest in investigating the treatment of the radia-
tion naïve patient. For this we begun enrolling patients
to a small scale randomized Phase II comparing SRS
to WBRT+SRS. In this trial our primary endpoint will
be neurocognitive. A larger Phase III trial of WBRT
vs. WBRT+SRS, is expected from the North Central
Cancer Treatment Group. Although this trial may have

overall survival as a primary endpoint in addition to
neurocognition, it would seem unlikely that survival
would be very different between the two approaches.

Conclusions

In conclusion, the use of tumor bed SRS is reported
with increasing frequency. The most common indi-
cation is as an alternative to WBRT. Its use is also
reported as a local intensification to WBRT or a sal-
vage measure in patients having required surgery after
failure of prior WBRT. All three paradigms appear to
have merit and we would hope that future prospective
trials will help better quantify the pertinent therapeutic
ratios.
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Chapter 25

Rat Model of Malignant Brain Tumors: Implantation
of Doxorubicin Using Drug Eluting Beads for Delivery

Thomas Brinker and Andrew Lewis

Abstract In this chapter we describe the use of a
rat model of malignant glioma for the evaluation of
a novel doxorubicin drug eluting bead (DEB) tech-
nology. The rationale for locoregional therapy for
treatment of glioma is presented in the context of
a review of the shortcomings of the currently avail-
able therapies. The BT4Ca syngeneic glioma model
in BDIX rats is described, together with the intrica-
cies that must be considered when using this model
to assess Doxorubicin DEB intratumoral implantation.
An overview of the results obtained are presented in
the context of other work reported with this drug in the
treatment of brain tumors.

Keywords Malignant glioma · Drug eluting bead ·
BDIX rats · High grade glioma · Carmustine wafers ·
Brain cancer

Introduction

High grade glioma (HGM) presents severe manage-
ment challenges: it is difficult to treat, devastating in
its progressive and disabling manifestations. Survival
time does not exceed 90 weeks in spite of maximum
treatment (Affronti et al. 2009).

The standard treatment regimen for patients with
primary HGM includes tumor surgery as radical as
possible followed by radiation therapy. The standard
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Hannover, Germany
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of care is systemic chemotherapy with Temzolomide,
which has been shown to be effective in prospective
randomized clinical trials. For patients with recurrent
disease, there is no established chemotherapy regimen
available and patients are best treated within investi-
gational clinical protocols (Giglio and Villano 2010;
Quant et al. 2010).

Chemotherapeutic treatment of the disease is
dogged by the inherent issue of effective delivery of
therapeutics across the blood brain barrier and hence,
locoregional strategies are being developed to focus
drug delivery within the tumor resection cavity. As
a prototype, locoregional treatment with Carmustine
wafers (Gliadel R©) has been approved (Lawson et al.
2007), however demonstrating only modest effect on
survival time in primary glioma and none in recur-
rent disease (Hart et al. 2008). Against this back-
ground, search for novel carrier structures and alternate
chemotherapeutic agents for locoregional therapy is
warranted.

Locoregional Treatment of Gliomas

Around 90% of malignant gliomas recur within 2 cm
of the original tumour site, and extra central ner-
vous system (CNS) metastases are exceedingly rare.
This strengthens the rationale for strategies aimed at
locally controlling this disease. A further factor in
favor of local therapies is the lack of systemic toxi-
city of these treatments, which allow their combina-
tion with intravenous or Per Os (orally administered)
treatments that have systemic toxicities. Moreover,
local therapy offers the possibility of the initiation of
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an adjuvant therapy immediately after surgical resec-
tion, and thus fills the gap between surgery and the
beginning of radiotherapy or systemic chemotherapy.
Both of these treatment modalities (radiotherapy and
systemic chemotherapy) cannot be initiated immedi-
ately after surgery due to the associated risk of surgical
complications such as infection, cerebral edema, and
intracranial hemorrhage. Adjuvant treatments, how-
ever, are considered to be most effective in the early
stage after surgery, as their effectiveness is very much
related to the number of residual tumor cells, which
are likely to be at their lowest quantity immediately
post-surgery. Due to the high proliferative activity of
HGM, even a delay of a few weeks in starting radiation
therapy may result in a clinically significant reduction
in survival (Irwin et al. 2007). Direct tumor injection
of drugs has been practised but has not been adopted
as method of treatment for routine clinical practice
(Boiardi et al. 2005; Voulgaris et al. 2002). One rea-
son for this has been the rapid wash out of drug from
the rapidly proliferating tumors, dose-limiting toxici-
ties in tissues surrounding the tumor, and the invasive
nature of the procedure. In an attempt to counter the
downsides of direct injection, polymer delivery vehi-
cles have been developed to provide slow sustained
release of drug into the tumor, hopefully to eliminate
rapid wash out and dose limiting toxicity (Buahin and
Brem 1995).

Until today Gliadel, a biodegradable polymer deliv-
ering the chemotherapeutic drug carmustine (BCNU),
is the only clinically approved chemotherapeutic
implant for brain cancer treatment. Gliadel is avail-
able as a round cylindric wafer structure with a
diameter of 1.45 cm and 1 mm in thickness, con-
taining 7.7 mg of active agent per wafer. It is
fabricated from a polyanhydride copolymer, 1,3-
bis-(p-carboxyphenoxy) propane/poly(sebacic acid)
(pCPP20:SA80, known as prolifeprosan 20). In ani-
mal models the wafer releases the drug load over a
period of approximately 5 days, and the drug has been
shown to penetrate several millimetres into the brain
parenchyma (reviewed by Weinberg et al. 2008). A
number of clinical trials have indicated the safety and
efficacy of Gliadel and Food and Drug Administration
(FDA) approval was achieved in 1996, representing the
first new treatment approved for brain tumors in over
20 years (Lawson et al. 2007). A recent analysis of
the published randomized clinical trials with approx-
imately 500 patients in total revealed that Gliadel

results in a modest prolongation of survival without
an increased incidence of adverse events when used
as primary therapy. However, there is no evidence of
enhanced progression free survival or quality of life.
In recurrent disease, Gliadel does not appear to con-
fer any added benefit (Hart et al. 2008). While Gliadel
must be considered as the prototype and proof of prin-
ciple of locoregional polymer-based chemotherapy, it
is obvious that the clinical results are still disap-
pointing. This is the rationale for the ongoing search
for improved combinatorial delivery devices, focusing
on improved carrier structures and more efficacious
chemotherapeutic drugs. Several forms of implants and
different chemotherapeutic drugs have been developed,
such as compressed discs, cubic phases, fiber discs
or sheets, microparticles and nanoparticles (Ranganath
et al. 2009). While preclinical studies revealed promis-
ing results, so far none of these developments have
become successful in the clinical stage.

Among the carriers investigated, microparticulate
structures have gained particular attention because
microparticles in suspension, due to their size (1–
1000 μm), can be easily injected, by minimally inva-
sive techniques even in discrete, precise and func-
tional areas of the brain. Only a few microparticulate
structures have been clinically investigated, among
them 5-Fluouracil-releasing poly(lactic-co-glycolic)
acid (PLGA) biodegradable microspheres for local
treatment of glioblastoma. In a phase 1 study in
patients with deep non-operable malignant gliomas
5-FU-microsphere implantation was tolerated well and
shown as an efficient system for drug delivery into
brain tumors (Menei et al. 2004). However, a ran-
domized phase 2 study in patients with resected
tumors revealed only a trend towards improved sur-
vival (Menei et al. 2005). Nevertheless, these trials
yielded the proof of principle, that microparticulate
structures may be used for locoregional delivery of
cytostatics in glioma patients.

Drug-Eluting Beads

Drug-eluting beads (DEBs) are microspheres with a
diameter in the range of 100–300 μm, produced from
a biocompatible polyvinyl alcohol (PVA) hydrogel that
has been modified with sulfonate groups for the con-
trolled loading and delivery of chemotherapeutic drugs
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(Lewis et al. 2006). DEBs provide the benefit of a
controlled and sustained release of chemotherapeu-
tic drugs and precise dosing. DEBs were originally
developed for the use in transarterial chemoemboliza-
tion (TACE) (Lewis et al. 2006), and are successfully
used for the local delivery of chemotherapeutics like
Doxorubicin (Gonzalez et al. 2008). Doxorubicin is an
anthracycline antibiotic that, by inhibiting the topoiso-
merase II enzyme, causes apoptotic cell death, partic-
ularly in exponentially growing cells (Benjamin et al.
1974). A potent antineoplastic activity was proven in
vitro for a number of tumor cell lines including glioma
cells (Darling and Thomas 2001), and Doxorubicin has
been considered as one of the most likely candidates
for CNS chemotherapy. However, Doxorubicin lacks
the ability to cross the BBB, being a p-glycoprotein
substrate (Abe et al. 1994) and therefore requires a
locoregional application.

Doxorubicin Eluting Beads in Rat
Glioma: Considerations of the Model

Here we summarize our findings of the use of a rat
glioma model in the evaluation of Doxorubicin elut-
ing DEBs. When selecting a rat brain tumor model,
there are several options available as recently reviewed
by (Barth and Kaur 2009). Some have arisen naturally
(C6 abd T9 for instance) but can sometimes induce
immunogenic responses. Others have been chemically
induced, such as the BT4C glioma which was formed
by administration of ethylnitrosourea to BDIX rats.
It has been used to test a variety of novel treatment
strategies such as paclitaxel nanoparticles, gene ther-
apy and anti-angiogenic agents. The BT4Ca cell line
in BDIX rats was therefore employed in these stud-
ies, as it represents a syngeneic glioma model which is
similar to human glioblastomas with respect to mor-
phology and biologic behavior such as development
of diffuse spread, vascular proliferation and necrosis
(Fig. 25.1). The tumor is very rapidly growing, limit-
ing the median survival time of untreated animals to 16
days. The model therefore provides a relatively rapid
assessment of the therapeutic benefit of experimental
treatments on survival. Prior to the evaluation of DEB
in this model, it was necessary to conduct a biocompat-
ibility study implanting polymer beads alone (without

drug) in healthy rat brains. After a 2 months implanta-
tion period the histological examination demonstrated
that the beads were very well-tolerated with no adverse
or unexpected tissue reactions, indicating that the
drug delivery vehicle was highly biocompatible (Baltes
et al. 2010). Thus, any antitumor effect observed in
the rat glioma model was likely to be due to the local
action of released drug rather than the vehicle itself.

Doxorubicin Eluting Beads in Rat
Glioma: Safety and Efficacy Assessment

Experiments to determine the effect of Doxorubicin
DEB implantation on tumor size were carried out with
a drug dose of 38 μg, which was found to cause
no neurological deterioration and only minor local
hemorrhagic side effects after cerebral implantation in
healthy rats (Baltes et al. 2010). Following the intra-
tumoral injection of Doxorubicin eluting DEBs the
median of survival time was 21 days versus 16 days
in the untreated animals. Survival statistics revealed a
highly significant effect of Doxorubicin (Baltes et al.
2010). This finding corresponds well to the results after
transplantation of a pCPP:SA Doxorubicin impreg-
nated wafer in a comparable rat glioma model where
a prolonged survival was observed (Lesniak et al.
2005). Histological assessment after the implantation
of Doxorubicin DEBs revealed two major findings, a
sometimes dramatic decrease of the tumor volume, but
in addition the occurrence of largely extended intra-
parenchymal bleedings surrounding the DEB implan-
tation site (Fig. 25.2). The latter finding must be clearly
attributed to the release of Doxorubicin as it was
not observed with animals receiving unloaded DEBs
(Baltes et al. 2010). Our results are confirmed by the
observation of a significant toxicity of doxorubicin
in dogs, in which the drug was given i.v. in associ-
ation with osmotic blood–brain–barrier modification.
The neural lesions produced by Doxorubicin were not
specific but were manifested as foci of hemorrhagic
necrosis and edema. In addition, secondary brainstem
hemorrhage was observed in animals that developed
even lethal transtentorial herniation (Neuwelt et al.
1983). Similar observations were reported after repet-
itive administration of doxorubicin containing lipo-
somes in an intracranial glioma model in rats. Up
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Fig. 25.1 Hematoxylin and eosin (HE) stained tumors (t) 12
days after implantation of 2 × 103 (a), 4 × 103 (b), 6 × 103 (c)
or 8 × 103 (d–g) BT4Ca glioma cells into rat brain parenchyma.
8 × 103 BT4Ca cell mediated tumors matched criteria of grade

IV astrocytoma such as high cellularity with nuclear atypia
(e–g), mitoses (f), endothelial proliferation (e, g-b) and necrotic
areas (e: asterisk). Micrographs represent typical experimental
glioma morphology
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Fig. 25.2 Local histological findings after Implantation of DEB
(V: lateral ventricle). (a) Tumor growth after implantation of
empty DEBs (control group); (b) Implantation of Doxorubicin
DEBs resulted in a significant shrinkage of the tumor volume,
DEBs are surrounded by minor local hemorrhages; (c and d)
local findings after implantation of Doxorubicin DEBs into the
tumor. (c) H&E staining showing a significant shrinkage of the

tumor, only minor bleedings. (d) The UV microphotograph of
the same specimen. A penetration of Doxorubicin was found
of up to 3 mm from the implantation site. A distribution of
Doxorubicin was found along the white matter tract via the
corpus callosum into the contralateral hemisphere (arrows). (e)
Significant local hemorrhages as result of the implantation of
Doxorubicin DEBs

to 75% of the animals developed intratumor hem-
orrhages which were visible by magnetic resonance
(MR) imaging. Histological evaluation showed the
putative hemorrhagic regions and revealed necrotic and
apoptotic tumor cells surrounding the area of the hem-
orrhage. A specific cytotoxic effect of Doxorubicin
with breakdown of tumor vascular endothelium was
suggested (Zhou et al. 2002). However, the antivascu-
lature effects seems to be dose dependent, as we found
in healthy animals large areas of cerebral hemorrhages
and necrotic brain tissue especially after injection of
a volume of 3 μl (114.6 μg total doxorubicin dose),
however only to a much lesser extent after 1 and 2 μl
(38.2 and 76.4 μg total doxorubicin dose). Implanting
healthy rats with 5 μl (191 μg total doxorubicin dose)
resulted in the development of significant neurological
deficits and mortality with a median survival time of
26.5 days. The histological examination revealed mas-
sive intracerebral hemorrhages, sometimes extending
through the entire hemisphere. Confirming our find-
ings, the dose dependency of local toxicity was also

found after convection-enhanced delivery of polyethy-
lene glycol-coated liposomal doxorubicin in a rat
intracranial glioma model (Kikuchi et al. 2008). More
recently, Vinchon-Petit et al. investigated total doses of
4 and 40 μg Doxorubicin DEB in combination with
whole brain irradiation in a 9L rat glioma model in
Fischer F344 rats. They too noticed a strong dose-
dependent toxicity but reported that the 4 μg dose
was well-tolerated and increased median survival from
28.9 days for DEB alone to 64.4 days for the com-
bination with radiotherapy – a statistically significant
increase compared to unloaded beads (Vinchon-Petit
et al. 2010).

On the other hand, a local toxicity was not
reported from clinical case reports on glioma patients
which received intratumoral Doxorubicin via a catheter
attached to an implanted reservoir system or an
external pump (Voulgaris et al. 2002; Boiardi et al.
2003). However, these clinical observations must be
interpreted with caution, as the treatments were per-
formed in only a few selected cases without addressing
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dosage issues and systematic assessment of efficacy.
Nonetheless, with regard to possible clinical applica-
tion, the potentially local toxicity of Doxorubicin must
be taken seriously, as intratumoral bleeding may cause
significant neurological deterioration. Local toxicity
is obviously not limited to Doxorubicin, locoregional
application of other substances may cause similar side
effects. Thus, a clinical trial investigating the appli-
cation safety of Paclitaxel delivering gel caused a
significant brain edema, which required surgical treat-
ment including decompressive craniectomy in 5 of 10
cases (von Eckardstein et al. 2005).

Drug Distribution

Because of its fluorescent properties, Doxorubicin
allows for the investigation of its distribution through
tumor and brain tissue after locoregional application.
Drug penetration is basically limited by the narrow
and tortuous extracellular space of the brain and was
reported to not exceed distances of a millimeter. Other
reports indicate significant larger distances and for
Doxorubicin DEB in the liver, drug diffusion has
been measured to occur over several hundred microns
from the bead surface and to be sustained for several
weeks to months (Namur et al. 2010). Our experiments
revealed a distinct penetration of doxorubicin into the
tumor tissue and the surrounding brain parenchyma
passing distances of up to 3 mm from the implan-
tation site. However, Doxorubicin was also found to
cover larger distances travelling along the white mat-
ter tracts of the brain, even reaching the contralateral
hemisphere via the corpus callosum (Fig. 25.2). This
finding confirms the observation of others reporting a
significant penetration of Doxorubicin through healthy
brain and tumor tissue in the rat after its direct infusion
via pumps (Khan et al. 2005).

Conclusions

The rat glioma model is a useful experimental repre-
sentation of brain tumors that can be used to explore
the safety and efficacy of novel locoregional treat-
ments. Whilst using direct intratumoral injection in
the model best portrays stereotactic administration,

it also serves as a good indicator of how a product
would perform if administered directly into the tumor
resection cavity, as evaluation of drug penetration into
the tissue and both antitumoral and toxicity effects
on normal brain parenchyma can be evaluated. The
studies reported herein for Doxorubicin DEB confirm
potential for the treatment of glioma but that there is
significant risk of toxicity and in particular from hem-
orrhaging if the drug dose is too high (i.e. there is a
very narrow therapeutic window). From the fluorescent
findings, we conclude that DEBs must be basically
considered as a suitable carrier structure to achieve
a widespread delivery of chemo-therapeutic drugs to
intracranial tumor tissue. However, with regard to the
side effects of Doxorubicin, alternative chemother-
apeutics must be considered. Accordingly we have
shown that DEBs releasing Irinotecan do not exhibit
the local side effects seen with Doxorubicin DEBs
but possess strong antitumor effects in a rat glioma
model (Baltes et al. 2010). Alternatively, low dose
Doxorubicin DEB may be considered for use in com-
bination with radiotherapy, as the drug is a known
radiosensitizer (Vinchon-Petit et al. 2010). While not
studied experimentally, one may speculate that as com-
pared with larger polymer wafers, i.e. Gliadel, after
intralesional application, microparticulate structures
like DEBs should a achieve a better penetration of the
drug into the tumor tissue, as closer physical contact
between the tumor tissue and the carrier structure is
achieved, unlike the wafer which is only applied super-
ficially to the brain/tumor tissue surface. As such, DEB
provide a flexible approach to locoregional therapy,
allowing the physician to control the volume/dose, the
site of injection to avoid eloquent areas of the brain
as appropriate; and to use different chemotherapeutic
agents depending upon the patient comorbidities, or
resistance of the tumor to previous systemic therapy.
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Chapter 26

Electromagnetic Neuronavigation for CNS Tumors

Caroline Hayhurst

Abstract The integration of image guidance into
all neurosurgical procedures is fast becoming rou-
tine. Most navigation systems are based on optical
tracking and therefore require a direct line of sight
between camera and tracking probe, interfering with
theatre workflow and freedom of movement within
the surgical field. Electromagnetic (EM) neuronavi-
gation overcomes many of the obstacles inherent in
optical systems and provides rapid, real time, accu-
rate navigation. The advantages of EM navigation
are outlined and the potential applications in neuro-
oncology, including awake craniotomy and endonasal
transphenoidal skull base procedures are highlighted.

Keywords Neurosurgical procedures · Image guid-
ance · Awake craniotomy · Image-guided stereotaxy ·
Frameless stereotaxy · Subcortical lesions

Introduction

Surgical image guidance based on three-dimensional
volumetric data is becoming a routine part of neurosur-
gical practice. Computer assisted frameless stereotaxy
has been available for over two decades With image-
guided stereotaxy, smaller cranial and dural openings,
minimal exposure of normal brain, accurate localiza-
tion of subcortical lesions, and assistance with defining
the tumor–brain interface are made possible; these

C. Hayhurst (�)
Department of Neurosurgery, University Hospital of Wales,
Heath Park, Cardiff CF14 4XW, UK
e-mail: carolinehayhurst@hotmail.com

factors may account for improved clinical outcomes
(Maciunas 1996).

Today, the accuracy of most image-guidance sys-
tems, as assessed by target registration error, is well
documented with mean values below 2 mm (Walton
et al. 1996; Rachinger et al. 2006). The most com-
monly employed systems use infra-red optical track-
ing, which requires a direct line of site between cam-
era, tracking device and probe; interfering with theatre
and surgical workflow. Electromagnetic (EM) technol-
ogy for image guidance overcomes many of the obsta-
cles inherent in most navigation systems (Table 26.1).
The small size of the reference sensor allows it to
be attached directly to the head allowing freedom of
movement of the head without loss of accuracy or
registration, or interference with the surgical field. A
direct line of sight is not required between tracker and
probe. Flexible instruments can be tracked at depth in
real time and head fixation is not required.

The concept of using an electromagnetic field
to provide a frame of reference in which to track
anatomy and instruments was introduced in 1991
(Kato et al. 1991) but the need to develop a system
that was not susceptible to interference from stan-
dard surgical instruments and equipment has meant
that only recently has this concept gained widespread
acceptance.

Electromagnetic Technology

The StealthStation Axiem navigation system
(Medtronic Inc, Louisville, CO) utilizes a trans-
mitter coil array to encompass the head within a
cubital low energy magnetic field, to provide a volume
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Table 26.1 Advantages and disadvantages of EM navigation

Advantages Disadvantages

Direct line of sight not required
Improved theatre workflow
Ideal for endoscopic procedures
No rigid head fixation
Head can be moved after registration
Real time navigation at depth
Rapid set-up

Loss of accuracy due to brain shift still occurs
Loss of navigation due to distortion of magnetic field:

– Large retractors
– Cortical stimulation

Risk of loss of sterility in awake procedures due to head movement

in which the location and orientation of a pointer
in space can be defined digitally. A scalp applied
reference frame identifies the location of anatomy
within the frame of reference. By applying a reference
frame to the head, the need for rigid fixation of
the head relative to the field generator is avoided
so the head can be moved at any time during a
procedure. The crucial feature of EM technology is
that the sensors can be made extremely small, using
1–3 mm copper sensor coils. By contrast an infra-red
system, whether active or passive requires several
emitters/reflectors separated by several centimetres to
achieve comparable accuracy.

Concerns regarding the stability and accuracy of an
electromagnetic system in an operating room environ-
ment have limited widespread acceptance, as ferro-
magnetic interference may distort the reference field
and limit precision. The accuracy of the Stealth system
has been shown in experimental conditions to demon-
strate an undistorted reference measurement of 0.1 mm
and with ferromagnetic distortion a mean deviation
of 0.21–0.56 mm (Schicho et al. 2005). Early con-
cerns regarding application accuracy have not been
substantiated, with observed accuracy comparable to
optical systems in the order of less than 1–3 mm
(Rousu et al. 1998; Benardete et al. 2001; Zaaroor et al.
2001; Mascott 2005). Direct comparison of optical ver-
sus electromagnetic tracking shows no difference in
application accuracy (Rosenow and Sootsman 2007).

Using optical navigation systems the tracked vol-
ume is extracranial and depth is calculated as a derived
measure based on probe length, rather than tracking the
true probe position within the surgical volume, as is the
case with EM navigation. The tracker tools have detec-
tor coils at the tip and can be used as instruments, with
a high degree of accuracy of the tip position within the
surgical volume. A direct line of sight is not required
between tracker and transmitter coil, therefore depth is
measured in real time and continuous reorientation of

instruments toward the transmitter is not required as
with optical systems.

Furthermore the small size and cylindrical geome-
try of the sensor coils means that a stylet can be made
carrying coils to within a centimetre of the tip of the
catheter. This improves the accuracy of placement as
the tip of the stylet is then only approximately 2 cm
from the virtual centre of the tracked device. It can
therefore be adapted to pass down a biopsy needle or
endoscope.

Application for CNS Tumors

Intrinsic Tumors

The integration of neuronavigation techniques into
glioma resection allows for planning of optimal cran-
iotomy placement and the trajectory of approach to
subcortical lesions. These are paramount when con-
sidering a keyhole concept of tumor microsurgery
(Teo 2010). By planning the optimal trajectory along
the long axis of intrinsic tumors and positioning the
head to allow a perpendicular surgical corridor to
the tumor, this facilitates microsurgery through very
small craniotomies and small incisions (Fig. 26.1).
The ability to plan a surgical corridor remote from
anatomically eloquent regions and supplement this
with integrated imaging identification of functional
cortex and tracts has enabled maximal tumor resection
in eloquent regions, particularly in insular and thala-
mic gliomas, where previously a resection would not
have been undertaken. As there is increasing evidence
that extent of resection correlates with overall sur-
vival in both high and low grade glioma (McGirt et al.
2008; Sanai and Berger 2008), any adjuncts that can
facilitate maximal resection with minimal morbidity
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Fig. 26.1 Approach trajectory for deep intrinsic tumor using a
mini-craniotomy

should be exploited. Interestingly, there is limited
published data on outcome for image-guided tumor
resections, although Tan and Mc (2003) demonstrate
reduced length of hospital stay and improved postop-
erative functional status with longer overall survival
in a series of image-guided frameless craniotomies
for cerebral metastases, when compared to historical
cohorts of conventional craniotomies.

In the few selected cases where biopsy only is indi-
cated, the EM stylet can be used within a standard side
cutting biopsy needle for frameless, pinless biopsies.
Such biopsies can be performed with local anaesthe-
sia and minimal sedation. The majority of patients
can then be discharged home on the same day. With
advantages in terms of health economics and patient
satisfaction, day case surgery is increasing in neuro-
oncology (Boulton and Bernstein 2008; Grundy et al.
2008).

Awake Craniotomy

Lesion resection in eloquent areas of the brain using
awake craniotomy permits intra-operative functional
cortical mapping and facilitates maximal tumour

resection. Although some neurophysiological tech-
niques allow motor and sensory mapping under anaes-
thesia language localisation requires the patient to
be awake. Integrating neuronavigation techniques into
this procedure has previously required head fixation
under local anaesthesia, adding to the ordeal for the
patient. Use of a scalp applied reference frame elimi-
nates the need for head fixation without compromising
accuracy, enabling greater patient comfort and reduc-
ing sedation requirements, which reduces the potential
for agitation and loss of compliance with the proce-
dure. The use of EM navigation eliminates the need
for any additional skin incisions or direct line of sight
between probe and emitters, allowing for greater free-
dom of movement within the surgical field. All neuro-
physiological monitoring modalities can be used with-
out interference from the magnetic field. Significant
interference does occur during cortical stimulation,
preventing simultaneous navigation. However, we have
not found that this has impacted on the procedure. The
freedom of head movement risks loss of sterility, but
we have not experienced this in our small number of
cases.

Endonasal Endoscopic Transphenoidal
Surgery

Safe exposure of the midline skull base for a range of
pathologies via an endonasal approach requires accu-
rate anatomical localization. Traditionally, fluoroscopy
was used to identify the boundaries of the sella in the
sagittal plane to aid the approach trajectory. However,
the combined advances in frameless navigation and
endoscopic techniques enable greater exposure of the
skull base, with safe exposure of the sella, planum
sphenoidale and clivus. Identification of the carotid
arteries is critical, particularly in procedures where the
working channel is lateral to the carotid, for example
exposing the petrous apex or Meckel’s cave.

Although the safety of the endonasal approach to
the sella and skull base is based on an understand-
ing of the three dimensional anatomy of the paranasal
sinuses and parasellar region, both individual anatomic
variation and previous surgery can lead to disorien-
tation. Endonasal anatomic variations occur in up to
50% of cases (van Lindert et al. 2010). The sphe-
noid ostia frequently have a mucosal covering leading
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to disorientation in the sagittal plane. The use of
image guidance can prevent inadvertent opening of the
anterior cranial fossa or clivus with subsequent CSF
leak.

For the endonasal transphenoidal approach, we
place the head in a 3 pin fixation device and attach the
EM reference frame to the forehead using self adhe-
sive tape and secured with an adhesive dressing. The
field generator is mounted on the left side of the table

via an articulated arm and remains underneath the ster-
ile drapes throughout the procedure. Registration is
performed using skin surface matching and confirmed
with anatomical bony landmarks such as medial and
lateral canthi and nasion. We use a purely endoscopic
binostral approach, to allow for a 3 or 4 hand tech-
nique. In such a confined, busy surgical field the use of
EM navigation is invaluable as there is no need to re-
orientate or remove instruments from the surgical field

Fig. 26.2 (a) Intra-operative snapshot during an expanded endonasal transsphenoidal approach for a large pituitary adenoma.
(b) Endoscopic view of expanded sella floor and right optico-carotid recess and clival recess



26 Electromagnetic Neuronavigation for CNS Tumors 261

Fig. 26.2 (continued)

in order to gain a line of sight for optical tracking. A
sterile 10 cm EM probe is used for intraoperative nav-
igation. We do not use a nasal speculum, so there is no
issue with ferro-magnetic interference. The combina-
tion of visual and imaging confirmation of the location
of vital structures reduces the potential for complica-
tions and allows maximal bony exposure, facilitating
tumor removal (Fig. 26.2).

EM tracking enables the combination of probe with
instruments, such as suction, curette and the endoscope
itself (Eboli et al. 2010). In the future, navigation sys-
tems will allow virtual images of adjacent anatomical
structures, such as the carotid artery and optic nerve,
to be superimposed on the live endoscopic images
(Thoranaghatte et al. 2009).

Limitations

As with all navigation systems based on a pre-
operatively acquired volume imaging dataset, brain
shift will occur progressively following durotomy and
subsequent tumor resection. Although this is not a
significant problem in endoscopic skull base pro-
cedures, for intrinsic tumor surgery some form of
intra-operative real time imaging update is required to
maintain accuracy. Whilst the ultimate real-time imag-
ing is intra-operative high-field MRI, intraoperative
ultrasound registered to the pre-operative imaging has

been shown to be effective in correcting for brain shift
(Berntsen et al. 2010; Ohue et al. 2010).

An electromagnetic field is potentially suscepti-
ble to distortion from ferromagnetic materials within
the operating room. In our mixed case series we
have not experienced interference from equipment out-
side the surgical field, such as anaesthetic equipment,
surgical table or standard Mayfield 3 pin head fixa-
tion (Hayhurst et al. 2009). Ferromagnetic instruments
moving within the surgical field have not prevented
navigation and we have not had to use special instru-
ments. Where large self-retaining retractors are used
this may prevent continuous navigation. Removal of
the retractor results in restoration of an accurate field.

Conclusion

A neuronavigational tool is a prerequisite for tumor
resection and EM technology provides an accurate
technique of stereotactic localization without the need
for a direct line of sight. The greater freedom of move-
ment that this allows within the surgical field allows for
improved workflow in all cases, in particular endonasal
approaches. In addition, the lack of need for rigid
head fixation or additional incisions for fixation of
the reference frame, make the system ideal for awake
craniotomies.
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Chapter 27

Stereotactic Radiosurgery for Intracranial Ependymomas

Hideyuki Kano, Ajay Niranjan, Douglas Kondziolka, John C. Flickinger,
and L. Dade Lunsford

Abstract To evaluate outcome predictors after
stereotactic radiosurgery (SRS) in patients with recur-
rent or residual intracranial ependymomas, we com-
pared tumor control, survival and complications with
tumor grade, volume, age of patients, and imaging
characteristics. We retrospectively reviewed records
of consecutive 45 ependymoma patients who under-
went SRS for 65 tumors. The median patient age was
25 years (range, 2–78 years). Forty-three patients had
prior surgical resection of their ependymomas and
two patients were diagnosed by stereotactic biopsy.
Thirty-seven patients had failed prior fractionated radi-
ation therapy (RT). Fourteen patients had progression
despite both RT and chemotherapy. Thirty patients
had low-grade ependymomas (40 tumors) and 15
patients had anaplastic ependymomas (25 tumors).
The median radiosurgery target volume was 4.9 cc
(range, 0.1–36.8 cc) and the median marginal dose was
15.0 Gy (range, 8–22 Gy). At an average of 31 months
(range, 4–155 months), 27 patients died from metas-
tases or disease progression. The overall survival after
radiosurgery was 65, 41, and 38% at 1, 3 and 5 years,
respectively. The progression-free survival after SRS
at 1-, 3- and 5 years, respectively were 82, 52 and
52% for all grade ependymomas. Histological tumor
grade was not significantly associated with better pro-
gression free survival (p = 0.725). Factors associated
with an improved progression-free survival included
smaller tumor volume and homogeneous tumor con-
trast enhancement. Adjuvant SRS provides another

H. Kano (�)
Department of Neurological Surgery, University of Pittsburgh,
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management option for patients with residual or recur-
rent ependymomas. Predictors of response include
older age, smaller volume, lower grade, and homoge-
neous contrast enhancement.

Keywords Stereotactic radiosurgery ·
Ependymomas · Neuroepithelial tumors · Intracranial
tumors · Posterior fossa · Pseudopalisading necrosis

Introduction

Ependymomas represents 3–9% of all neuroepithelial
tumors and 5–12% of all intracranial tumors in chil-
dren. They are found at a proportionally higher rate
in children under 3 years of age, accounting for 30%
of all intracranial tumors (Wiestler et al. 2000). In
adult patients, infratentorial and spinal ependymomas
arise with almost equal frequency, whereas infraten-
torial ependymomas predominate in young children.
They most commonly develop in the posterior fossa
followed by the lateral ventricles and the third ventricle
(Kudo et al. 1990). Anaplastic ependymomas exhibit
high mitotic activity, often accompanied by microvas-
cular proliferation and pseudopalisading necrosis. The
diagnosis of anaplastic ependymoma varies consider-
ably in reported series due to uncertainty about the
histological criteria for malignancy (Wiestler et al.
2000).

The standard therapeutic approach to manage
ependymoma has been surgery followed by external
beam fractionated radiation therapy (RT). The pres-
ence of gross residual tumor after surgery is a poor
prognostic factor (Healey et al. 1991; Horn et al.
1999; Pollack et al. 1995; Rousseau et al. 1994).
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Unfortunately, complete surgical resection is not
always feasible. Recurrent ependymomas are difficult
to manage, and multiple recurrences that require fur-
ther surgery, or chemotherapy are common (Goldwein
et al. 1990a).

Stereotactic radiosurgery (SRS) can deliver a single
high dose of radiation to the target volume with a rapid
fall-off of the radiation dose peripherally and may
be applied to treat patients with either incompletely
resected or unresectable ependymomas. Stereotactic
radiosurgery has been used as an adjunct in the man-
agement of intracranial ependymoma and has been
used as an effective modality for ependymomas that
progress or recur after surgical resection and post oper-
ative RT (Aggarwal et al. 1997; Grabb et al. 1996;
Hodgson et al. 2001; Jawahar et al. 1999; Kano et al.
2009; Stafford et al. 2000). We reviewed our long-term
experience with 45 patients who underwent SRS using
the Gamma Knife. We evaluated tumor control, patient
survival, adverse radiation effects (ARE), and other
variables that affected treatment outcomes.

Methods and Materials

Patient Population

Between December 1989 and August 2006, 45 patients
with histologically confirmed ependymomas (WHO
grade 2 or 3) underwent primary (two patients) or adju-
vant SRS (43 patients) at the University of Pittsburgh
(Table 27.1). There were 28 males and 17 females
with a median age of 25 years (range, 2–78 years).
Forty-three patients had prior surgical resection of their
ependymomas and two patients were diagnosed by
stereotactic biopsy. Thirty-seven patients had failed
RT (average tumor dose = 52 Gy). Fourteen patients
had progression despite both RT and chemotherapy
(agents included Taxol, Cisplatin, VP-16, Vincristine,
Cytoxan, Carboplatin, Etoposide, alone or in combina-
tion). Two patients underwent biopsy for deep seated
tumors after which they had primary SRS. Twenty-nine
patients received SRS at the time of tumor recurrence
identified by imaging. The median duration between
first surgical removal and progression was 43.2 months
(range, 3.9–172 months). Ten patients received boost
SRS for residual tumors after initial therapy (two

patients had surgical removal, six had surgical removal
followed by RT, and two had surgical removal fol-
lowed by RT and chemotherapy). Tumor progression
after initial management was defined as an increase
in tumor volume at the time of follow-up magnetic
resonance imaging (MRI). Six patients received SRS
for intracranial metastases distant from initial tumor
location. The median duration between first surgical
removal and treatment of the metastatic tumor was 66
months (range, 0.4–127 months).

Pathology review was performed at the referring
hospital in 25 patients and at our medical center in
20 patients. All pathological data were reviewed by
neuropathologists.

Pathological grading was performed according to
the current World Health Organization classification
of ependymomas. Thirty patients with 40 lesions had
ependymomas which corresponded to WHO grade 2
tumors. Fifteen patients with 25 lesions had anaplastic
ependymomas (WHO grade 3).

Radiosurgery Technique

Radiosurgery was performed with the Model U, B,
C, or 4-C Leksell Gamma Knife (Elekta Inc, Atlanta,
GA). Our radiosurgical technique has been described
in detail in previous reports (Kano et al. 2009). The
procedure began with application of a model G Leksell
stereotactic frame under conscious sedation and local
scalp anesthesia except in younger children whose gen-
eral anesthesia was used. After attaching a fiducial
system to the frame, all patients underwent high reso-
lution MRI. A 3-D localizer sequence which included
axial, coronal and sagittal images was performed first.
The tumor was then imaged using a 3 D gradient
recalled sequence images.T2 weighted MRI using Fast
Spin Echo technique also was acquired to assess the
infiltrative tumor volume. The images were exported
to a computer workstation via the hospital Ethernet
for dose planning. In 64 tumors the radiosurgery treat-
ment volume was defined by the enhancing tumor
volume. In one patient who had a non-enhancing tumor
the radiosurgery treatment volume was based on the
T2-weighted imaging volume.

The median tumor volume was 3.0 cc (0.1–36.8 cc).
The median tumor volume of grade 2 and grade
3 ependymomas was 2.5 and 3.6 cc, respectively
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Table 27.1 Patient characteristics in 45 patients with 65 lesions

Characteristics Grade 2 Grade 3 Entire cases

Number of patients 30 15 45
Number of tumors treated 40 25 65
Median age 26.1 11.9 25.4 (2.7–78.6)
Male 15 13 28
Female 15 2 17
Location: Infratentorial 31 11 16
Supratentorial 9 14 8
Prior surgery (total removal) 29 (8) 14 (7) 43 (15)
Prior biopsy 1 1 2
Prior fractionated radiation therapy 23 14 37
Prior chemotherapy 8 7 15
Prior FRT and chemotherapy 7 7 14
No prior FRT and chemotherapy 5 1 6
SRS for residual lesion 6 4 10
SRS for recurrence lesion 25 14 39
SRS for new lesion (metastases) 9 7 16
mean/median target volume (cc) 5.1/2.5 4.5/3.6 4.9/3.0 (0.1-36.8)
mean/median margin dose (Gy) 13.8/13.0 16.0/16.0 14.6/15.0 (8-22)
mean/median maximum dose (Gy) 27.5/26.0 31.9/32.0 29.2/30.0 (20-40)
mean/median follow-up after SRS (months) 31.4/15.8 30.8/13.4 31.2/14.9 (4.0-155.2)
mean/median follow-up after Dx (months) 96.1/30.8 58.0/27.3 83.4/64.1 (8.7-284.1)

(t-test: p = 0.0003). A median of 3 isocenters (1–11)
were used for dose planning. The median prescription
dose delivered to the margins of the tumor was 15 Gy
(8–22 Gy). The median marginal dose of grade 2 and
grade 3 ependymomas was 13.0 and 16.0 Gy, respec-
tively (t-test: p = 0.6913). The prescription isodose
was 50% in 63 cases. Maximum dose varied from 20 to
40 Gy (median, 30 Gy). All patients received an intra-
venous dose of 20–40 mg Methylprednisolone after
radiosurgery and all were discharged from the hospital
within 24 hours.

All patients were evaluated by MR imaging at
intervals of 3–6 months after radiosurgery. All liv-
ing patients had a minimum of 6 months follow-up.
Twenty-three patients had follow-up of 24 months or
more. The mean follow-up time was 40 months (range,
6.1–155.2 months). The follow-up MRIs were com-
pared to the intraoperative images and tumor dimen-
sions were measured in the axial, sagittal, and coro-
nal planes. A complete response (CR) was defined
as the complete disappearance of enhancing or non-
enhancing tumor, partial response (PR) was defined as
>50% shrinkage of the tumor volume, stable disease
(SD) was defined as <25% change in tumor volume
and progressive disease (PD) was defined as >25%
increase in volume of the enhancing or non-enhancing
tumor.

For statistical analysis we constructed Kaplan–
Meier plots for survival and progression-free sur-
vival using the dates of diagnosis, first surgery, first
SRS, follow-up MRIs, and death or last follow-up.
Progression-free survival and overall survival time
also were calculated from the day of the first SRS
using the Kaplan–Meier method. Univariate analysis
was performed on the Kaplan–Meier curves using log
rank statistic with p < 0.05 set as significant. We
performed multivariate analysis using the Cox propor-
tional hazards model with p < 0.10 set as significant.
Standard statistical processing software (SPSS, version
15.0) was used. This retrospective study was approved
by the University of Pittsburgh Institutional Review
Board.

Results

Tumor Control

Follow-up imaging studies demonstrated tumor con-
trol in 48 (74%) of 65 tumors at a median and mean
of 15 and 31 months after SRS, respectively. After
radiosurgery, complete resolution in tumor volume
was identified in seven tumors (five were grade 2
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Table 27.2 Tumor grade and imaging response after
radiosurgery

Imaging response Grade 2 Grade 3 Total

Complete resolution 5 2 7
Partial response 8 7 15
Stable disease 16 10 26
Progression disease 11 6 17
Delayed metastasis + outside

of SRS treated volume
9 7 16

ependymomas and two were grade 3) and partial
response in 15 tumors (eight were grade 2 ependy-
momas and seven were grade 3). In 26 tumors, the
appearance of the tumor remained unchanged after
radiosurgery (16 were grade 2 ependymomas and ten
were grade 3). Localized in-field tumor progression
was seen in 17 patients (six were grade 2 ependymo-
mas and 11 were grade3) (Table 27.2).

Thirteen patients required additional management:
two patients underwent surgical debulking alone, two
patients had debulking followed by chemotherapy,
three patients had debulking followed by RT and
chemotherapy, and seven patients had chemother-
apy. Three patients underwent repeat SRS. The
progression-free survival after SRS was 83, 52
and 52% at 1, 3, 5 years after radiosurgery,
respectively.

Patient Survival

At the time of this analysis 18 patients (40%) (12 WHO
grade 2, Six WHO grade 3) were alive at an average of
49 months after radiosurgery (range, 6–155 months)
and 111 months after initial diagnosis (range, 21–284
months). The overall survival after initial diagnosis
was 100, 70, 62 and 42% at 1, 3, 5 and 10 years, respec-
tively. The overall survival after SRS was 65%, 41
and 38% at 1, 3 and 5 years, respectively (Table 27.3,
Fig. 27.1). The median survival after initial diagnosis
was 104 months and after SRS was 21 months. Of the
45 patients, 16 (36%) patients had neuraxis metasta-
sis after initial diagnosis. Distant metastases occurred
in nine (30%) of 30 grade 2 ependymoma patients
and seven (47%) of 15 grade 3 patients. Twenty-seven
patients (18 WHO grade 2, 9 WHO grade 3 tumors)
died at an average of 19.0 months from radiosurgery

Table 27.3 Survival based on tumor grade

Grade 2 (%) Grade 3 (%)

Survival rate 60.0 60.0
Actuarial 1-year survival 64.7 66.0
Actuarial 3-year survival 48.7 35.2
Actuarial 5-year survival 44.3 35.2

Recurrence free rate 36.7 40.0
1-Year PFS 82.1 84.0
3-Year PFS 56.1 47.3
5-Year PFS 46.8 47.3

PFS, progression-free survival.

Fig. 27.1 Graph showing Kaplan–Meier estimate of overall
survival for ependymoma patients after SRS

(range, 4–104 months) and 68 months from initial
diagnosis (range, 12–217 months). Of these thirteen
(48%) patients had tumor dissemination and 14 (52%)
patients had local tumor progression.

Statistical Analysis

We performed univariate analysis using the log rank
test to assess factors that influenced the length of
overall and progression free survival. The following
variables were assessed: sex (male or female), age (> or
<15 years), tumor grade (WHO grade 2, 3), tumor dis-
semination, initial gross total surgical resection, radio-
surgery target volume (> or <5.0 cc), marginal dose
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Table 27.4 Results of univariate analysis for 45 patients treated for 65 tumors, with OAS and PFS measured from date of
radiosurgery

OAS PFS

Entire cases Entire cases Grade 2 Grade 3

Age (≤15 versus >15 years) 0.022∗ 0.804 0.928 0.531
Sex (male versus female) 0.400 0.809 0.792 0.996
Tumor grade (2 versus 3) 0.913 0.725 N.A. N.A.
Tumor location (infratentorial versus supratentorial) 0.602 N.A. N.A. N.A.
Delayed of metastases (yes versus no) 0.040∗ N.A. N.A. N.A.
Gross total surgical resection (total versus partial) 0.268 N.A. N.A. N.A.
Prior RT and/or chemotherapy 0.872 N.A. N.A. N.A.
Target volume (≤5 cc versus >5 cc) N.A. 0.019∗ 0.006∗ 0.815
Margin dose (≤15 Gy versus >15 Gy) N.A. 0.368 0.691 0.337
MR feature (homogeneous versus heterogeneous) N.A. 0.041∗ 0.005∗ 0.798
Prior chemotherapy (yes versus no) N.A. 0.341 0.524 0.279
Adjuvant or boost SRS (yes versus no) N.A. 0.440 0.935 0.480
∗ statistical significance; RT, fractionated radiation therapy; OAS, overall survival; PFS, progression-free survival; N.A., not
available.

(> or < 15 Gy), prior RT and /or chemotherapy, adju-
vant or boost SRS, MR imaging feature (homogeneous
or heterogeneous tumor enhancement).

Younger age and existence of dissemination were
associated with poor overall survival (Table 27.4). The
5-year overall survival in <15 year-old patients and >15
year-old patients was 26 and 45%, respectively (p =
0.022). The median overall survival in <15 year-old
patients and >15 year-old patients was 11 months and
37 months, respectively. The 5-year overall survival
in patients with tumor dissemination was 18% com-
pared to 48% in patients without dissemination (p =
0.040). The median overall survival was 11.4 months
in patients with tumor dissemination and 37 months in
patients without dissemination.

Smaller radiosurgery target volume and homoge-
neous tumor enhancement on MRI were associated
with improved progression-free survival (Table 27.4).
Failed RT was associated with poor progression-free
survival in only grade 3 ependymoma. Tumor grade
(2 versus 3) was not associated with overall survival
(p = 0.913, PFS: p = 0.725).

Other variables (sex, gross total surgical resection,
prior RT and/or chemotherapy) were not significantly
associated with better overall survival (Table 27.4).

Tumor Grade

The progression-free survival after SRS at 1-, 3- and 5
years, respectively were 82, 52 and 52% for all grade

ependymomas (Fig. 27.2). Eleven of 40 (28%) patients
with grade 2 ependymoma showed progression in the
SRS volume. Six of 25 (24%) grade 3 ependymoma
patients exhibited progression within the SRS vol-
ume. Grade 2 ependymoma had a 1-, 3- and 5-year
progression free survival of 82, 56 and 47%, respec-
tively. Grade 3 ependymoma had 1-, 3- and 5-year
progression free survival of 84, 47 and 47%, respec-
tively (Table 27.3). Histological tumor grade was not
significantly associated with progression free survival
(p = 0.725).

Fig. 27.2 Graph showing Kaplan–Meier estimate of
progression-free survival for ependymoma patients treated
with SRS
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Tumor Volume

In the entire series, six of 41 (15%) lesions with tumor
volume of <5.0 cc (mean tumor volume in the total
cases) progressed in the SRS volume. The mean time
to progression was 83 months. In contrast, 11 of 24
(46%) lesions with tumor volume of >5.0 cc exhibited
local progression in the SRS volume. The median time
to progression was 28 months. Kaplan–Meier plots,
generated for progression free survival showed that
lesions with volume of <5.0 cc had a 1- and 5-year
progression free survival of 87 and 83%, respectively.
Lesions with target volume of >5.0 cc had a 1- and
5-year progression free survival of 76 and 23%, respec-
tively. A target volume of <5.0 cc was significantly
associated with better progression free survival (p =
0.0019).

In grade 2 ependymoma tumors, a tumor volume of
<5.0 cc was significantly associated with better pro-
gression free survival (p = 0.006). However, for in
grade 3 tumors, a tumor volume of <5.0 cc was not
significantly associated with better progression free
survival (p = 0.815).

MRI Feature of Ependymoma

In the entire series, nine of 49 (18.4%) tumors that
had homogeneous enhancement on MRI progressed
in the SRS volume; the mean time to progression

was 78.1 months. In contrast, 8 of 16 (50%) tumors
with heterogeneous MRI features including cystic
and/or necrotic areas exhibited local progression in the
SRS volume; the median time to progression was 28
months. Kaplan–Meier plots, generated for progres-
sion free survival showed that tumors with homoge-
neous features MRI had a 1- and 3-year progression
free survival of 92 and 61%, respectively. Tumors with
heterogeneous features MRI had a 1- and 3-year pro-
gression free survival of 59 and 31%, respectively.
Tumors with homogeneous features MRI had better
progression free survivals (p = 0.0041).

WHO grade 2 ependymomas and homogeneous
features MRI had better progression free survivals
(p = 0.005). Patients with grade 3 ependymomas and
homogeneous enhancement features MRI were not
significantly associated with better progression free
survival (p = 0.798). Other variables (age, sex, radio-
surgery margin dose, prior SRS chemotherapy, early or
late SRS) were not significantly associated with better
progression free survival (Table 27.4). An illustrative
case of tumor reduction is shown (Fig. 27.3).

Adverse Radiation Effects

Three patients (7%) developed ARE. One grade 2
ependymoma patient who received 13 Gy at the
tumor margin showed increased peritumoral T2 signal
changes and presumed central necrosis (loss of central

Fig. 27.3 A 57 year-old woman was diagnosed with an ependy-
moma grade 2 of the fourth ventricle by surgical removal.
Axial T1 weighted contrast enhanced MR images showing radio-
surgery target at the time of SRS (a). Axial T1 weighted contrast

enhanced MR images obtained 8 months after SRS (b) showing
regression of enhancing lesion in the fourth ventricle. Axial T2
weighted MR images obtained 8 months after SRS (c) showing
no adverse radiation effect
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contrast) at 1 year follow-up MRI. This patient was
successfully managed with oral corticosteroids. One
grade 2 ependymoma patient who received 12 Gy at
the tumor margin developed an ipsilateral facial pare-
sis three months after SRS. MRI showed increased
peritumoral T2 signal changes. This patient was suc-
cessfully managed with corticosteroids. One grade
3 ependymoma patient who received 16 Gy at the
tumor margin developed increased contrast enhance-
ment with peritumoral T2 signal changes but no symp-
toms 13 months after SRS. Single Photon Emission
Computed Tomography (SPECT) was equivocal. This
patient underwent a stereotactic biopsy that confirmed
a combination of necrotic tumor with radiation effect.
This patient died 28 months after SRS from tumor pro-
gression and intratumoral hemorrhage which occurred
2 weeks after reoperation.

Discussion

Primary intracranial ependymomas are typically man-
aged with surgical resection followed by RT. The
extent of surgical resection has been shown to influ-
ence patient survival and tumor control (Lyons and
Kelly 1991; Perilongo et al. 1997; Pollack et al. 1995;
Rousseau et al. 1994). Complete or near complete
resection emerged as an independent prognostic fac-
tor (Jayawickreme et al. 1995; Pollack et al. 1993).
The prognosis is better for patients who have com-
plete resection followed by RT. Fractionated dose of
45–54 Gy have been recommended in an effort to
improve local control (Goldwein et al. 1990a; Healey
et al. 1991).

It was reported by Stafford et al. (2000) that 12
patients (aged 5–56 years) treated with Gamma Knife
(12–24 Gy) at the time of disease recurrence. They
showed a PFS of 68% at 3 years. There were two
in-field failures and one marginal failure. Distant fail-
ure occurred in two patients. Two patients had AREs,
one of whom received a 24-Gy boost and one who
received two overlapping SRS treatments. The median
overall survival was 3.4 years, and the median PFS
was 18 months. It was reported by Hodgson et al.
(2001) that 25 pediatric patients treated with SRS at the
time of disease recurrence. They showed the median
PFS was 8.5 months and the 3-year PFS was 29%.
In the series that include patients of all ages, results

are not much better (Hirato et al. 1995; Jawahar et al.
1999; Kano et al. 2009; Stafford et al. 2000). In these
series, PFS from local disease is 40–68% over 3 years.
However, overall survival is 32–45% at 3 years, due to
disseminated disease.

Several studies suggested that younger patients may
have a poor survival (Healey et al. 1991; Lyons
and Kelly 1991). In our series younger age (<15
years) was associated with worse overall survival
(p = 0.022). Supratentorial ependymomas are asso-
ciated with better survival rates compared to poste-
rior fossa neoplasms (Ernestus et al. 1996). However,
in our series, tumor location (supratentorial versus
infratentorial) was not statistically significant signifi-
cance (p = 0.602).

Anaplastic ependymomas exhibit high mitotic
activity, often accompanied by microvascular prolifer-
ation and pseudopalisading necrosis. Signs and symp-
toms are similar to those of grade 2 ependymomas but
usually develop more rapidly and may cause increased
intracranial pressure at an early stage of the disease. An
inconstant relationship between histology and outcome
has emerged from the clinical studies published to
date (Afra et al. 1983; Ernestus et al. 1996; Figarella-
Branger et al. 1991; Kano et al. 2009; Rosenblum
1998; Schiffer et al. 1991). In our series tumor grade
was not associated with improved overall survival and
progression-free survival (OAS: p = 0.913; PFS: p =
0.725), although our population is biased for the selec-
tion of recurrent tumors. Other authors also note an
inconsistent relationship between histology and out-
comes (Aggarwal et al. 1997; Grabb et al. 1996;
Hodgson et al. 2001; Jawahar et al. 1999; Kano et al.
2009; Stafford et al. 2000). The median marginal dose
for grade 3 ependymomas was higher than grade 2
ependymomas (grade 2: 13.0 Gy; grade 3: 16.0 Gy;
p = 0.0003) even though the median tumor volume of
grade 2 and grade 3 ependymomas was similar (grade
2: 2.5 cc; grade 3: 3.6 cc; p = 0.6913). Small target
volume (<5.0 cc) grade 2 ependymomas had better pro-
gression free survival (entire series: p = 0.019; grade
2: p = 0.006). Small target volume (<5.0 cc) grade 3
ependymomas did not have better progression free sur-
vival (p = 0.815). In spite of higher margin dose for
grade 3 ependymomas, progression free survival was
similar to grade 2 ependymomas.

Recurrent ependymomas are difficult to manage,
and multiple recurrences despite further surgery,
radiation, or chemotherapy are common (Goldwein
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et al. 1990a). At recurrence, platinum-, nitrosourea-
or temozolomide-based chemotherapies have been
administered with very little evidence of efficacy (Reni
et al. 2007; Goldwein et al. 1990b). In our series
prior chemotherapy was not significantly associated
with better overall survival as well as progression free
survival.

Dissemination occurs in about 10% of cases of pri-
mary intracranial ependymoma (Calvo et al. 1983;
Rezai et al. 1996). This data was drawn from pri-
mary ependymoma patients who underwent surgical
removal and/or RT. In our series dissemination rates
were higher than other series because most of the
patients had failed prior multimodal therapy. It was
reported by Stafford et al. (2000) that distant metas-
tases in two (17%) of 12 patients. In our series
dissemination occurred in 16 (36%) of 45 patients.
Dissemination was associated with poor overall sur-
vival (Table 27.4). The median overall survival in
patients with dissemination and without dissemination
was 11 and 37 months, respectively. Dissemination
occurred in nine (30%) of 30 grade 2 ependymoma
patients and seven (47%) of 15 patients. The longer
follow-up in our series may be the reason for higher
rates of dissemination compared to Stafford’s series
(Stafford et al. 2000).

Stereotactic radiosurgery has been used as an adju-
vant management for ependymomas that progress or
recur after prior surgical resection. But there are only a
few reported series of SRS as an adjuvant management
for ependymomas that progress or recur after prior sur-
gical resection (Grabb et al. 1996; Hirato et al. 1995;
Jawahar et al. 1999; Kano et al. 2009; Mansur et al.
2004). It was reported by Mansur et al. (2004) that
nine patients (grade 2: seven; grade 3: two) treated
with SRS for ependymoma. The 3-year over all sur-
vival and 3-year progression free survival were 77
and 56%, respectively. Patients treated with SRS as
a boost following RT had an improved progression
free survival (100%) compared to those treated with
SRS to salvage an RT failure (20%) (Mansur et al.
2004). In our series prior failed RT was not signifi-
cantly associated with worse progression free survival
(p = 0.256). It was reported by Lo et al. (2006) that
eight ependymoma patients (grade 2: seven patients;
grade 3: one patient) were treated with SRS and the
1-, 2- and 3-year progression free survival was 88, 73
and 73%, respectively. The 3-year over all survival was
75%. Two (25%) of the eight patients developed ARE

which were treated effectively by corticosteroids. It
was reported by Stafford et al. (2000) that they man-
aged 12 ependymoma patients (grade 2: N = 7; grade
3: N = 3; unknown grade: N = 2) with SRS and docu-
mented a 3-year progression free survival of 68% at a
median follow-up 23 months. Two of 12 (17%) patients
developed ARE. Our 1-, 2- and 3-year progression free
survivals were 65, 47 and 41, respectively. In our series
the median dose of RT was 49.1 Gy prior to 2000 but
53.2 Gy after 2000. Patients who had SRS after 2000
had 1-, 2- and 3-year progression free survivals of 83,
78 and 63%, respectively. Three of 45 patients (7%)
developed AREs.

Homogenous enhancement MRI was significantly
associated with better progression free survival (p =
0.041) especially if it was a grade 2 ependymoma
(p = 0.005). Homogeneous MRI enhancement in a
grade 3 tumor was not significantly associated with
better progression free survival (p = 0.798). Grade 3
ependymomas often demonstrated heterogeneous MRI
enhancement. Our data suggests that homogeneous
enhancement MRI of a grade 2 ependymoma predicts
a better SRS response.

After failed prior surgery, RT, and chemotherapy,
SRS may be the only potentially effective management
strategy that remains. Grade 2 ependymoma patients
with small volume tumors and homogeneous MRI
enhancement will respond best.
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Chapter 28

Is Whole Brain Radiotherapy Beneficial for Patients
with Brain Metastases?

Lucyna Kepka and Milena Kolodziejczyk

Abstract Whole-brain radiotherapy (WBRT) has
been commonly used since the 1950s in the manage-
ment of brain metastases. The overall survival rate after
WBRT alone is between two and six months and it has
not improved over time. The improvement of survival
with the use of WBRT has never been demonstrated in
the prospective trials. On the other hand, the improve-
ment in the control of the disease within the brain
with the use of WBRT has been consistently reported.
The potential harms of WBRT in terms of neurocog-
nitive dysfunction and worsening of the quality of life
following the treatment should not be disregarded. In
particular, the latter harm concerns patients with the
worst prognosis as their short life expectancy won’t
let them recover from WBRT side-effects. Recently,
the value of WBRT in terms of symptom palliation
seems to have been challenged. The prospective eval-
uation of this aspect shows much more inferior results
in comparison with those reported in the retrospective
series. Despite limitations of this method, the WBRT
remains apart from steroids, the only method of treat-
ment used in case of multiple brain metastases. In
case of oligometastatic brain disease, the omission
of WBRT should be cautiously considered given the
potential harms of the method, but also the evident
benefit of reducing the risk of brain failure.
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Introduction

The incidence of brain metastases is growing in devel-
oped countries. In Sweden, the annual age-adjusted
incidence rate of hospitalizations for brain metastases
doubled from 7 to 14 patients per 100,000 inhabitants
between 1987 and 2006. Within the same period of
time, the survival of such patients did not improve.
The median survival rate was 2.7 months (Smedby
et al. 2009). It shows a little or no improvement in
the treatment of brain metastases over the time. Whole
brain radiotherapy (WBRT) has been used as the main
method of treatment for patients with brain metastases.
As the brain metastases cause debilitating neurological
symptoms which have a negative impact on the quality
of life, the WBRT together with steroids is considered
to be a good method of palliation. Indeed, a recent
survey has revealed that 95% of physicians referring
patients for WBRT thought that such a treatment would
not only improve neurologic symptoms and quality of
life, but it would also allow doctors to taper the steroids
dose (Barnes et al. 2010). However, the palliative value
of the WBRT has been recently challenged (Bezjak
et al. 2002); especially for patients with poor perfor-
mance status (Komosinska et al. 2010). Its value for
symptom alleviation in comparison with the steroid
use, especially in case of poor performance status has
not been established. Even, if the improvement of neu-
rological function via better local control in the brain
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may be obtained, the positive impact of the WBRT
on the quality of life may be compromised by wors-
ening of the neurocognitive function related to the
treatment toxicity (Chang et al. 2009). Improvement
in the control of the disease in the brain that has
been demonstrated in most randomized trials has never
been translated into the survival advantage (Gaspar
et al. 2010). For many opponents of this method, the
value of WBRT is compromised by the lack of impact
on survival. However, the reasons for this outcome
are complex and all the benefits and risks associ-
ated with the use of WBRT will be discussed in this
chapter.

Symptom Response Rate in WBRT

Retrospective studies report symptom response rate of
WBRT for brain metastases in the range of 60–80%
(Kepka et al. 2005). Such palliative effect is considered
as the main value of this treatment modality. However,
when the palliative effect of WBRT was evaluated in
the prospective way, only 19% of patients reported
symptom improvement (Bezjak et al. 2002). This dis-
crepancy between prospectively collected patient-rated
symptoms and retrospective data gathering is related
to the obvious weaknesses of the retrospective stud-
ies. Additionally, the physicians’ overestimation of the
treatment effect for WBRT has been recently reported
in a study done by Barnes et al. (2010). This study
revealed that 87% of physicians thought that WBRT
improved quality of life of patients and 78% of them
expected neurological impairment reduction following
treatment. Some aspects of the quality of life as mea-
sured by validated tools may even worsen after WBRT.
In the prospective patient-rated symptom assessment
by the Edmonton Symptom Assessment Scale, the
significant decline from the baseline in the domain
of fatigue, drowsiness, appetite was reported in 170
patients after WBRT (Chow et al. 2005). All these
items are related to the acute and subacute brain
radiation toxicity. Shortly after treatment, its toxic-
ity may negatively impact the quality of life. Thus,
the very short survival in some groups of patients
carrying the worst prognosis does not allow for dis-
closure of any symptomatic benefit. It is conceivable

that only with improvement of the survival, the poten-
tial symptomatic benefit of the WBRT would have
been detected. Recent study by Komosinska et al.
(2010) confirms this assumption. The study included
91 patients with brain metastases who were referred
for WBRT. In addition, they all had poor performance
status of less than 70% in Karnofsky performance
scale (KPS). They were asked to complete a ques-
tionnaire about their symptoms before and one month
after WBRT. In 43 (47%) patients who completed both
symptom checklists (the remainder died within one
month or their condition deteriorated to the point that
they were no longer able to answer the questions), the
significant worsening of the reported symptom inten-
sity was found. Thus, the palliative value of WBRT,
especially for patients with the shortest survival is
challenged by the recent data. Its value in terms of
symptoms palliation and quality of life for patients
who have better prognosis needs further evaluation
in prospective studies. The ongoing prospective trials
that randomly assign patients to local treatment with
or without WBRT are also expected to clarify these
issues.

WBRT Versus Steroids

Corticosteroids are used together with WBRT for brain
metastases symptom palliation. Steroids treat the per-
itumoral edema and via this mechanism improve neu-
rological symptoms. However, the use of steroids pro-
duces side-effects which have a negative impact on the
quality of life. These side-effects include among oth-
ers: insomnia, mood disorders, weight gain, diabetes,
peripheral edema, and myopathy. Thus the goal of
WBRT is to taper off the steroids dose. Unfortunately,
this outcome of WBRT is largely underreported in
the literature. Only in one out of 23 fully published
randomized controlled trials with WBRT as treatment
intervention, the fixed doses of tapering dexametha-
sone were reported (Millar et al. 2004). It is crucial
to identify patients in whom the efficient tapering of
steroids by the WBRT use is not possible due to the
very short life expectancy. For such patients, the use
of WBRT with its burden of side-effects would not
be beneficial. We have no prospective data compar-
ing steroids use with WBRT except for one old trial
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from pre-CT era (Horton et al. 1971). In this small
trial that included 48 patients, the use of prednisone
alone and prednisone plus WBRT was compared.
There was no difference in the palliative effect of both
treatment modalities (63 and 61% of improvement
of performance status for prednisone and prednisone
plus WBRT arm, respectively). There was no statis-
tically significant difference in survival; however, the
small sample size of the group prevented disclosing
such a difference. Supportive care with steroids with-
out WBRT may be an option for patients with short
life expectancy. We need prospective trials which may
guide us better in the identification of such patient pop-
ulation. In the meantime, we also need more detailed
reporting from randomized trials on how WBRT helps
in the tapering the steroids dose.

WBRT and Overall Survival

Overall survival of patients with brain metastases
treated with WBRT alone is short and typically ranges
between 3 and 6 months. The length of the overall
survival depends on the presence of three prognostic
factors: performance status, presence of extracranial
disease and age. Those three prognostic factors were
identified in the Radiation Therapy Oncology Group
(RTOG) prospective trials on brain metastases and
form the basis for Recursive Partitioning Analysis
(RPA) RTOG prognostic classes which divide patients
into three groups with distinct prognosis (Gaspar et al.
1997). The RPA class 1 carries the best prognosis
(median survival about 6 months) and includes patients
with no extracranial disease, good performance status
(KPS > 70), and age below 65. The RPA class 3 car-
ries the worst prognosis with median survival about
2 months and includes patients with poor performance
status (KPS < 70), irrespective of the age and sta-
tus of extracranial disease. The RPA class 2 carries
the intermediate prognosis and includes patients who
do not meet class 1 or 3 criteria. Whilst the overall
survival after WBRT depends mainly on prognostic
factors irrespective of treatment, no one parameter
related to the WBRT delivery revealed the influence
of the outcome. The pooled analysis of seven random-
ized trials did not indicate any difference in overall
survival for doses superior or lower to dose of 30 Gy

given in ten fractions, which is considered as the stan-
dard palliative dose. Fractionation schema was also not
superior in terms of survival (Gaspar et al. 2010). The
potential influence of WBRT on survival would have
been demonstrated in the prospective trials comparing
local treatment (surgery or stereotactic radiosurgery
of brain metastases) alone to the same local treat-
ment combined with WBRT. Only one randomized
trial compared surgery alone to surgery and postoper-
ative WBRT (Patchell et al. 1998). The trail included
95 patients with single metastatic lesion in the brain.
In this study, the adjunct of WBRT to surgery had
significantly improved local control of treated metas-
tasis, it had also prevented the formation of new brain
metastases and rate of death from neurological causes
was reduced, but the overall survival remained not
statistically significantly different unless it was numer-
ically lower in the combined treatment arm. Similar
results were reported in the prospective, randomized
trials comparing radiosurgery alone to the WBRT with
radiosurgery boost. In one study (Aoyama et al. 2006)
that included 132 patients with one to four brain metas-
tases, the addition of WBRT to radiosurgery did not
improve survival despite better control in the brain
in terms of local control of initial lesions and pre-
vention of formation of new brain metastases. In a
recent study of 58 patients, that used neurocognitive
function as the main endpoint the evaluation, a sur-
prisingly lower overall survival was noted in patients
receiving WBRT combined with radiosurgery when
compared to patients treated with radiosurgery alone.
Such results could be attributed to a statistical haz-
ard, because patients were not stratified according to
the burden of extracranial disease and the initial neu-
rocognitive performance. In addition, the study was
based on the small sample size (Chang et al. 2009).
Recently, the EORTC Radiotherapy and Brain Tumor
Group conducted a phase III trial to define the role of
adjuvant WBRT after local treatment (surgery or radio-
surgery) for brain metastases (Mueller et al. 2009). The
results from this study were presented in 2009 at the
ASCO Annual Meeting and are in accordance with
other available data on the impact of the WBRT on sur-
vival. It has been shown that the addition of WBRT to
local treatment failed to prolong overall survival, but
it reduced the frequency of intracranial relapses and
neurologic deaths. Currently, the North Central Cancer
Treatment Group (Intergroup N0574) is completing
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phase III study (Intergroup N0574). In this study,
patients are randomly allocated to stereotactic radio-
surgery with or without WBRT. The primary endpoint
is overall survival. A total of 528 patients will be
accrued for this trial. In summary, the role of WBRT as
an adjunct to local treatment of brain metastases should
be further validated. Before more data is available, the
combination of radiosurgery or surgery with WBRT
in patients with brain metastases should be discussed
individually.

Addition of Surgery or Radiosurgery
to the WBRT

Poor results of WBRT in the management of brain
metastases alone led to the attempts of local treatment
intensification, via surgery or stereotactic radiosurgery.
The theoretical objective of applying surgery prior
to radiotherapy in brain metastases patients is the
reduction of tumor volume, removal of tumor mass
causing life-threatening complications e.g. tumor mass
effect, increased intracranial pressure or even brain
herniation. On the other hand, the dose from radio-
therapy alone is not enough to achieve good local
control. There were three randomized trials address-
ing the role of addition of surgery to WBRT. Two of
them (Patchell et al. 1990; Vecht et al. 1993) demon-
strated significant improvement in overall survival for
patients with good performance status (KPS > 70)
and single brain metastasis in whom craniotomy and
postoperative WBRT was performed comparing with
patients treated with WBRT alone. The third random-
ized trial (Mintz et al. 1996) failed to demonstrate
any survival benefit from surgery. However, this study
enrolled patients with poor performance status (KPS >
50). Thus it shows that treatment intensification is not
an option for poor performance status patients with
brain metastases. Only one sufficiently powered trial
was performed to compare WBRT with WBRT com-
bined with radiosurgery boost (Andrews et al. 2004).
There were 331 patients with up to three brain metas-
tases and good performance status (KPS ≥ 70). The
radiosurgery boost led to the improvement of local
control of treated lesions in all 331 patients. In the
whole cohort of patients, the overall survival did not
improve with the use of radiosurgery. The overall

survival improved in the subgroup of patients with sin-
gle metastasis only (4.9 months vs. 6.5 months for
WBRT and WBRT plus radiosurgery groups, respec-
tively, p = 0.01). The studies comparing WBRT
alone with WBRT treatment intensification by radio-
surgery or surgery show similar results, irrespective
of the type of local treatment used. In summary,
the use of surgery or radiosurgery combined with
WBRT is beneficial in terms of survival for patients
with single brain metastasis and good performance
status.

WBRT and Its Impact on Neurocognitive
Function

WBRT that is delivered up-front does not prolong sur-
vival; therefore, the neurocognition as another impor-
tant endpoint needs to be considered before making
decision on the use of the WBRT. The side-effects
of the WBRT represent potential drawbacks of this
method. For long term survivors of WBRT, there is
potential for developing cognitive injury which inten-
sifies with time and increases with the treatment
volume and larger fraction size. In previous stud-
ies, both of these parameters were inherently related
to the use of WBRT (Lawrence et al. 2010). With
short survival of brain metastases patients, the sub-
acute effects of WBRT represent a bigger concern.
The transient demyelination of white matter follow-
ing WBRT causes memory impairment, somnolence
syndrome and loss of appetite. Symptoms caused by
subacute radiation injury last longer (up to six months)
than the expected survival of most patients with brain
metastases. On the other hand, WBRT is recognized
for its potential to improve control of brain metastases.
Thus it should be established whether WBRT or brain
tumor progression causes a greater threat of neurocog-
nitive decline. In a randomized study that compared
radiosurgery alone and radiosurgery with the use of
WBRT no detrimental neurocognitive effect of the
WBRT was detected (Aoyama et al. 2006). Recently,
a randomized trial (Chang et al. 2009) has addressed
the question of the neurocognitive function of patients
with one to three metastases undergoing radiosurgery
with or without WBRT as a main end-point of the
study. The trial was stopped after inclusion of 58
patients on the basis that patients randomized to the
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treatment containing WBRT were significantly more
likely to have an impairment of learning and mem-
ory function as measured by Hopkins Verbal Learning
Test-Revised total recall at 4 months. This worsening
of neurocognition was disclosed in patients receiving
WBRT despite a higher rate of salvage therapies in
the group without WBRT (12 craniotomies vs. none
in the radiosurgery alone and radiosurgery plus WBRT
groups, respectively) related to the significantly worse
brain tumor control (73% vs. 27% of 1-year brain
tumor recurrence-free survival in the group receiv-
ing and not receiving WBRT, p = 0.0003). It means
that even a lower rate of brain recurrences did not
compensate for neurocognitive decline in the WBRT
group in comparison with patients without up-front
WBRT. This study has been criticized on the basis
that patients receiving WBRT had worse baseline of
neurocognitive function and a shorter overall survival
which may explain worse intellectual performance just
before death when the neurocognition was evaluated
(Mahmood et al. 2010). Indeed, other data indicates
that improvement of local control in the brain leads
to the better neurological performance and by this
mechanism to better neurocognitive function. In the
aforementioned study by Aoyama et al. (2006) com-
paring radiosurgery and radiosurgery combined with
WBRT, the average duration until deterioration of neu-
rocognitive function as measured by Mini-Mental State
Examination was 16.5 months in the group receiv-
ing up-front WBRT, comparing to 7.6 months in the
group withholding WBRT, p = 0.05 (Aoyama et al.
2007). It is in line with a finding from another large
randomized trial evaluating the use of WBRT with or
without a radiosensitizer motexafin gadolinium (MGd)
for brain metastases from non-small cell lung cancer.
The combined treatment revealed to be more effi-
cient local treatment in this target population leading
to improvement of time to neurological improvement
and subsequent better neurocognitive function (Mehta
et al. 2009). In conclusion, we should be aware of side-
effects of the WBRT with regards to a negative impact
on neurocognition, however, a possibility of avoid-
ance of debilitating neurological dysfunction by quite
efficient local treatment should not be disregarded.
Additionally, the omission of up-front WBRT with the
use of local treatment only leads to the requirement
of very strict follow-up and frequent imaging studies
which in practice may be unfeasible due to high costs
and compliance issues.

WBRT in Case of Radio-Resistant
Histology

The role of WBRT in brain metastases from tumors
from so-called “radioresistant histology” remains con-
troversial. It concerns mainly melanoma, renal cancer,
and less frequently sarcoma brain metastases. The
question of the radioresistance of those tumors is
also not unanimously accepted, but it remains beyond
the scope of this publication. However, the results
reported for WBRT in those indications are particularly
obscure, and the term of “radioresistance” is com-
monly used for such tumors. Indeed, in the prospective
trials, evaluating patients with brain metastases from
melanoma, the combination of WBRT with chemother-
apy either as Temozolomide (Margolin et al. 2002) or
Fotemustine (Mornex et al. 2003), the response rate in
the brain were lower than 10%. It indicates not only
a lack of benefit with the combination treatment, but
also a very low therapeutic ratio of the WBRT for
melanoma metastases. Such a low efficacy in terms of
response in those tumors and the data about no survival
benefit with the use of WBRT in general led to the fre-
quent abandonment of the WBRT and the use of local
treatment only in radioresistant brain metastases.

A prospective phase II study was conducted by the
Eastern Cooperative Oncology Group (ECOG) to test
the safety of omission of the WBRT in case of one to
three brain metastases from melanoma, renal cancer or
sarcoma which would be suitable for radiosurgery. In
this study, the brain tumor control rate was particularly
low, even lower than in the retrospective studies, with
64.2% of failures in the brain reported at 6 months.
Hence the ECOG study concluded that given the high
risk of failure within the brain in such brain histolo-
gies, the omission of WBRT should be judged very
cautiously outside the clinical trials and used only
in cases where frequent imaging studies of the brain
may be provided (Manon et al. 2005). It also indi-
cates that the results of any therapy for radioresistant
brain metastases which include melanoma metastases
with especially obscure prognosis remain unsatisfac-
tory. The role of WBRT remains to be established. For
now, we should use our clinical judgment in the deci-
sion making process. Detailed information about our
current knowledge and large room of the uncertainties
in this field should be provided to the patient before he
or she decides which method of treatment to choose.
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Conclusions and Future Directions

Given the paucity of the therapeutic options for mul-
tiple brain metastases, the WBRT has been always
considered in such patients. In order to answer the
question about the benefits of WBRT for brain metas-
tases patients we should formulate a few conclusions.
First of all, WBRT has a potential for decreasing
brain metastases progression. It is done at the expense
of potential radiation toxicity. We apprehend the risk
of worsening of neurocognitive function for long-
term survivors of brain metastases after irradiation
of the whole brain. A worsening of neurocognitive
function (Chang et al. 2009) and the quality of life
(Komosinska et al. 2010; Chow et al. 2005) as a conse-
quence of acute and subacute radiation side-effects has
been recently demonstrated. For symptom response,
the value of WBRT may be lower than demonstrated
by retrospective studies. We need to continuously edu-
cate physicians in this area because a recent study
(Barnes et al. 2010) revealed that they were too opti-
mistic about symptomatic effects of WBRT. It urges us
to better define the groups of patients in which WBRT
may be omitted. For patients with the worst progno-
sis, the steroids therapy may be sufficient, while for
some others a local treatment without WBRT and care-
ful follow-up with repetitive imaging studies may be
an option. For omission of the WBRT and the use of
the local treatment alone for brain metastases, it is also
necessary to evaluate a cost of the approach which
requires frequent radiological evaluation. The benefit
of prolonging survival with the WBRT has never been
demonstrated. We are still waiting for the results from
one large phase III study (Intergroup N0574) which is
expected to answer this question definitively.
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Chapter 29

Triggering Microglia Oncotoxicity: A Bench Utopia
or a Therapeutic Approach?

Tim Kees, Rodrigo Mora, Ivana Dokic, Johannes Noack, Anette Abschütz,
and Anne Régnier-Vigouroux

Abstract Malignant brain tumors are the third lead-
ing cause of cancer death in the 15–34-year group. Due
to their infiltrative character and development of resis-
tance to death after therapy, these tumors are very dif-
ficult to combat with conventional therapies (surgery,
radiation and chemotherapy). Alternative strategies
that would efficiently complement the current ones are
therefore needed and these include immune therapy.
Targeting microglia, the resident immune cells of the
brain, and the regulation of their activities represents
an interesting approach to novel brain tumor thera-
pies. These phagocytes are endowed with a cytotoxic
potential that however seems to be silenced in most
cases once the cells have migrated in and populated
the tumor. Other data however suggest that in vivo
activation of microglia can lead to tumor rejection.
This indicates that anti-tumor responses may indeed
be raised within the brain with the help of therapeu-
tic settings mimicking these stimuli. Achievement of
this goal yet relies on a better characterisation of the
oncotoxicity of microglia and its regulation by tumor
cells.
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Introduction

Most cancer therapies aim at targeting the transformed,
malignant cells through strategies designed to decrease
or stop proliferation, migration and invasion on the
one hand side, and to promote killing and elimina-
tion of the tumor cells on the other hand side. In
solid tumors, such as gliomas, tumor cells are not iso-
lated and co-exist with other non malignant cells. As
stated by Condeelis and Pollard (2006), “tumors are
complex ecologies of different cell types and (. . .)
the full manifestation of the malignant potential (. . .)
requires an appropriate support structure from the
stroma”. Whereas this support structure changes with
the tumor type, there is one constant: the presence
of macrophages, or microglia for brain cancers, that
have infiltrated the tumor mass and/or surround it.
In gliomas, tumor-infiltrating microglia, together with
blood–borne macrophages, can account for roughly
30–40% of the tumor mass. Similar to macrophages,
their peripheral relatives, microglia are endowed with
immune competences that make them potential players
in innate and adaptive immune response (Kreutzberg
1996). Anti-tumor activities could thus be expected
from such cells. This is not, or very rarely, the case.
Most experimental and clinical observations indeed
indicate that tumor-associated macrophages, as well as
tumor-infiltrating microglia, support, or even promote
tumor growth and migration, as if tumor cells would
educate them to perform these tasks (Condeelis and
Pollard 2006; Yang et al. 2010). A positive contribution
of macrophages to tumor regression has been reported
in very few studies performed in the human or rodent
models (Forssell et al. 2007; Galarneau et al. 2007).
Several tumor-derived factors like the transforming
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growth factor (TGF)-β or the interleukin (IL)-10 can
lead to an inhibition of microglial functions and even
to a reprogramming of these cells as they trigger the
microglial release of tumor supporting substances like
growth factors, angiogenic substances or matrix met-
alloproteases that enhance tumor cell invasion. The
regulation of macrophages and microglia functions
by glioma cells is therefore of high relevance for
the design of efficient (immuno)therapies. These cells
constitute potential new drug targets that are worth
exploring, namely in the case of gliomas for which
alternative therapies or therapies complementary to the
existing ones are urgently needed.

As attractive and legitimate as it first appears, tar-
geting microglia is far from an easy task. One has to
reckon with the uniqueness of the brain milieu that
shapes these cells and their interactions with the vari-
ous other neural cells. Stimulating anti-tumor activities
of microglia may be deleterious not only to tumor
cells but also to neurons, unless one designs a way
to restrict these activities or the microglia stimula-
tion to the tumor mass only. The neurotoxicity of
microglia has been and still is a break in the concep-
tion of strategies aiming at the induction or increase of
microglia cytotoxic activities. This is however the path
we followed in the last years as we tried to answer a
simple question: can we re-program microglial cells to
become efficient and specific killers of glioma cells?
In the following discussion, we will strive to convey
the message that this task is not a utopia but a path to
alternative therapies.

Cytotoxic Functions of Microglia
and Their Regulation by Brain Cells

The nature and functions of microglia in the
healthy, neurodegenerative or tumor-bearing brain
have recently been extensively discussed in excellent
reviews to which we refer the reader (Block et al. 2007;
Streit 2002; von Bernhardi 2007; Yang et al. 2010). We
will focus in this section on microglia functions most
relevant to the purpose of this review.

Microglia, also called the brain resident macro-
phages, are of hematopoietic origin and populate the
parenchyma as well as the perivascular spaces. In a
healthy brain, these cells behave as highly dynamic
patrollers acting as housekeepers. They are extremely

sensitive to immune and non-immune events and the
motility of these so-called “resting” microglia most
likely facilitates their prompt reaction to any type of
brain injury. This extreme sensitivity of microglia to
changes in the composition of the brain milieu and
their faculty to quickly respond to central nervous sys-
tem (CNS) specific signalling substances or invading
pathogens fully justifies their nickname as “sensors”
of the brain (Kreutzberg 1996). From a sentinel sta-
tus, microglia will switch to the so-called “activated”
status that shall support neuroprotective or immune
functions which aim at restoring the previous home-
ostasis. Activation of microglia proceeds according to
steps which have been well characterised. The rest-
ing state, characteristic for a cell in a healthy brain
environment, is defined by a ramified morphology, an
absence of voltage-gated currents and a high motility.
Disturbance of brain homeostasis leads to an activated
state that translates in a temporal sequence of mor-
phological changes from a ramified to rod-like and
amoeboid structures, acquisition of distinct patterns of
K+ channels and neurotransmitter receptors (Pocock
and Kettenmann 2007), migratory and proliferative
behaviour, release of various reactive oxygen species
(ROS), reactive nitrogen species (RNS), cytokines and
growth factors and phagocytic activity. These changes
are not irreversible, demonstrating a very important
feature of microglia that is their plasticity (Schwartz
et al. 2006). The cytotoxic activities of microglia
mainly rely on their release of ROS and RNS that
can cause irreversible damage to neurons (Block et al.
2007), on their induction of programmed cell death
through the secretion of tumor necrosis factor (TNF)-α
and activation of the CD95/CD95L system (Pocock
and Kettenmann 2007), or on the release of proteases
such as cathepsins. Neuronal death is desirable at cer-
tain steps of development or as a kind of death-blow
in case of irreversible neuronal damage. This event
however certainly must be a rare one which implies
a strict in situ regulation of the microglia neurotoxic
activities, and more generally of microglia activation,
by constitutive or induced mechanisms.

Regulation by Neurons

The regulation of microglia activation by its neigh-
bouring neural cells, especially astrocytes and neurons,
is not yet fully understood. The active involvement of
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neurons in this regulation has recently been reviewed
(Biber et al. 2007). In a healthy brain, interactions
between the neuronal CD200 or CD22 molecules and
their respective microglial receptors (CD200R, CD45)
have been shown to be crucial for the regulation of
the toxic and inflammatory activities of microglia.
Recently the Notch signalling pathway has emerged
as an important actor in the control of microglia
activation as it modulates the transcription of pro-
inflammatory cytokines and the production of nitric
oxide (NO) (Grandbarbe et al. 2007). According to
their in vitro observations, the authors hypothesize that
in physiological conditions, Notch ligands, which are
secreted by neurons, would stimulate the Notch recep-
tor present on microglia, maintaining these cells in
a resting, quiescent state. In an inflammatory milieu,
these interactions would decrease or inhibit microglial
over-activation. The toxic and inflammatory activities
of microglia are contained as well by most neuro-
transmitters (Pocock and Kettenmann 2007). These
so-called “off” signals however are taken over by “on”
signals in the situation of brain injury (Biber et al.
2007). Purines, such as ATP or UTP, that are released
by damaged or overactive neurons, have been shown
to trigger either a protective or a destructive response
from microglia. The same holds true for glutamate.
An excessive release of glutamate by neurons can acti-
vate the metabotropic glutamate receptors of the group
II expressed by microglia, leading to a TNF-α and
CD95L-induced neuronal apoptosis. On the contrary,
activation of the group III receptors leads to neuro-
protection (Pocock and Kettenmann 2007). These few
examples illustrate the complexity of the regulation
of microglia activities that depends on a fine tun-
ing between levels of triggers, patterns of responding
molecules in microglia and cellular interactions.

Regulation by Astrocytes

Astrocytes can modulate the cytotoxicity of microglia
as well as their immune status. TGF-β released by
these cells plays a key role in this modulation. TGF-β is
involved in the deactivation of the microglial immune
status as well as in the regulation of their ROS-
and NO-mediated cytotoxicity. Astrocytes modulate
microglia reactivity to β-amyloid that is a threat to neu-
rons (Smits et al. 2001). They release gliotransmitters

that comprise purines and glutamate which most likely
contribute to the regulation of microglia activity to
the same extent as their neuronal counterparts do.
ATP-mediated Ca++ signalling between astrocytes and
microglia can even lead to microglial cell death. This
rather definitive way to silence microglia function may
serve the purpose of regulating the amount of activated
microglia in pathological conditions.

Oncotoxicity of Microglia

Microglia present in the tumor mass show no obvious
sign of toxic activities although they clearly exhibit
an activation phenotype, as they promote growth and
migration of the tumor cells. These latter can exert
most of the tolerogenic effects triggered by astrocytes
on microglia, monocytes or macrophages. Brain tumor
cells may thus have kept and even amplified these
microglial regulatory features during the transforma-
tion process (Kostianovsky et al. 2008). Does the same
hold true for the regulation of microglia cytotoxicity?
How is this activity controlled by tumor cells? Can
microglia be released from this control and switch on
again their cytotoxic activities?

The Rodent Model

Frei and colleagues were the first in 1987 to report
on the induction of microglial cytotoxicity toward the
mastocytoma cell line P815, in the mouse model (Frei
et al. 1987). Upon treatment with the pro-inflammatory
cocktail composed of the bacterial lipopolysaccha-
ride (LPS) and of interferon (IFN)-γ, they observed
that microglia released TNF-α which induced cell
death. Since this first characterisation, few studies have
been reported and little progress has been made in
understanding the molecular basis of this toxicity. NO
was later confirmed to be an important factor in the
microglia-mediated death of tumor cells. Rosales and
Roques reported in 1997 their investigation of toxic,
anti-tumor factors secreted by the retinal microglia
(Rosales and Roque 1997). These authors took an orig-
inal approach based on the observation that tumors
very rarely develop in an adult retina. They hypothe-
sized that microglia may be the source of anti-tumor
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factors. They indeed could show a toxic activity of
retinal microglia supernatant that both impaired pro-
liferation and induced death of the C6 rat glioblastoma
cell line. Their attempt to purify and identify these fac-
tors unfortunately was not crowned with success as
judged by the absence of further report by these authors
on that issue.

We started our own quest with a rather simple ques-
tion and approach. Can we trigger a microglial cyto-
toxic activity specific for tumor cells, i.e. an oncotoxic-
ity, upon treatment with the pro-inflammatory cocktail
used by Frei and colleagues? This cocktail represents
the standard activation cocktail that triggers the bac-
tericidal and tumoricidal activities of macrophages.
LPS and IFN-γ activation of their respective recep-
tors leads typically to activation of the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase,
induction of the inducible nitric oxide synthase (iNOS)
expression and triggering of the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) sig-
nalling, which result in ROS, NO and release of pro-
inflammatory cytokines such as TNF-α. There was yet
no report about the specificity of action of microglia
activated by LPS and IFN-γ. One of our first con-
cerns was therefore to assess whether murine microglia
treated for 48 h with LPS and IFN-γ killed tumor
cells, and only tumor cells. Positive detection of ROS
(our unpublished data), NO and TNF-α (Abschuetz
et al. 2006; Mora et al. 2009) in the supernatant of
the treated microglia indicated their successful activa-
tion under these conditions. Co-culture of the murine
glioma cell lines with treated microglia or with the
supernatant of these cells led to tumor cell death within
3–4 days of incubation (our unpublished data; (Mora
et al. 2009)). Since the killing activity of microglia
was present in their supernatant, we further used this
supernatant rather than the cells in the hope of identi-
fying possible (new) toxic soluble factors. Were these
factors acting specifically on tumor cells? They were.
Primary cultures of astrocytes or neurons incubated
with the supernatant showed no sign of death, despite
the presence of potentially harmful molecules such as
TNF-α and the remnants of LPS and IFN-γ. We even
observed a neuroprotective and neurotrophic effect of
the supernatants from activated microglia. We did not
investigate the nature of this effect but one expla-
nation may lie in the presence of neurotrophins, for
instance the brain-derived neurotrophic factor (BDNF)
that can be released by microglia upon LPS treatment,

or in the neuroprotective nature of low doses of IFN-γ
(Schwartz et al. 2006). Whatever the explanation might
be, the observed oncotoxicity of such a supernatant
was the proof that microglia, in culture, can be appro-
priately stimulated to specifically kill tumor cells. The
low doses of LPS (0.1 μg/ml) and IFN-γ (33 ng/ml) we
used might have guaranteed the right balance between
protective and killing activities borne by the soluble
factors. The killing activities obviously are induced
by the treatment, as shown by the lack of toxicity
exhibited by the supernatant of untreated microglia.
The protective activities however are present in both
untreated and treated microglia supernatants. Further
investigation will be necessary to reveal the nature of
these protective activities in both cases and hence, the
effects exerted by the LPS/IFN-γ stimulation on the
production and pattern of (neuro)protective molecules.

The Human Model

What happens in the human model? Studies similar
to those performed with rodent microglia are scarce
due to the difficulties in isolating and keeping adult
microglia in culture. Hussain and colleagues were
the first to report a successful isolation of glioma-
infiltrating microglia/macrophages (GIM) that they
characterised ex vivo for their innate immune func-
tions and anti-tumor activities (Hussain et al. 2006).
Using flow cytometry analysis, they could demon-
strate that GIM express various toll-like receptors
(TLR) that are essential molecules in the activation
of the innate immune potential of these cells. The
authors could not detect intracellular expression of
pro-inflammatory cytokines in GIM and therefore sug-
gested that the TLR may not be fully functional in
these cells. However, they observed that freshly iso-
lated GIM incubated for 24 h with the human U-87 MG
glioma cell line killed the tumor cells in absence of any
added stimulus. According to their report, the efficacy
of this killing was similar to that exerted by periph-
eral blood mononuclear cells (PBMC) but lower than
that of microglia they isolated from a healthy, tumor-
free brain. This level of cytotoxicity is unexpected in
absence of exogenous stimulus. This latter might have
been provided during the isolation procedure, result-
ing in a mild state of microglia activation. Although
these observations await further confirmation from
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independent laboratories, they emphasize the extreme
plasticity of the microglia and their capacity to regain
functions that tumor cells suppress or keep at a low
level.

Searching for Oncotoxic Factors

The characterisation of each of the components of the
untreated (“basal” status) and of the treated (“acti-
vated” status) microglia supernatants would provide
invaluable information. This is a colossal work that
Hwang and colleagues have recently undertaken in
the rat model (Hwang et al. 2009). In their set up,
both untreated and treated microglia preparation were
found oncotoxic. Rat microglia may differ from mouse
microglia in their basal level of toxic activities, which
were found to be enhanced by the treatment. Proteomic
analysis of the secreted microglia proteins indicated
a role for the cysteine protease Cathepsin B in tumor
cell death mediated by microglia, through mechanisms
that still have to be unravelled (Hwang et al. 2009).
Further developments and results of this proteomic
approach will be very interesting to closely follow
up. Our attempts to identify and purify a toxic factor
from mouse microglia unfortunately failed. Our efforts
to track it down however taught us that microglia
oncotoxicity was not mediated by one factor but by
a combination of factors. This may explain the suc-
cess of the supernatant in killing tumor cells that are
resistant to TNF-α and to the TNF-related apoptosis-
inducing ligand (TRAIL). The combination of factors
present in the supernatant helped to overcome the resis-
tance of the two murine glioma cell lines we used
towards these two death inducers. Actually, the death
signals sent by the microglia supernatant turned the
basal autophagy observed in the cell lines from a sur-
vival pathway into a deadly one. This combination of
factors may also explain the efficacy of the supernatant
in killing cell lines which exhibit differences in their
morphology, phenotype, sensitivity to NO (Mora et al.
2009) or p53 status, which appears to be mutated in
the SMA-560 but not in the MT539MG cell lines (our
unpublished data).

This supernatant may therefore be compared to
an optimal combinatorial therapy: neuroprotective and
oncotoxic activities are present in amounts that ensure
efficacy, specificity and safety. This encourages the

search for proper ways to stimulate microglia in situ,
since, through their nature, they are the best equipped
to secrete the right combination of protective and
oncotoxic factors. However, this search is paved with
obstacles. How to reach microglia and only microglia
in the tumor mass? How to ensure this “proper activa-
tion”? Can the microglia be at all activated in the tumor
mass, given the immunosuppressive environment cre-
ated by the tumor cells and the regulation these cells
exert on microglia functions?

Targeting Microglia: Wishes and Reality

Activation of Microglia In Situ

According to our observations, we could activate
microglia to exert oncotoxicity, in the mouse model.
These experiments were done with cells isolated from
healthy brains that had lost the contact with other types
of brain cells during the culture and that had never been
in contact before with tumor cells or tumor infiltrat-
ing cells. Would microglia present in the tumor mass
still be responsive to stimulating molecules? Would the
toxic factors still be effective in the tumor mass? In
order to answer these questions, we took advantage of
a culture model in which cells are grown in spheroids.
This reconstitutes a three dimensional environment
that mimics to a certain extent the physiological con-
dition. Mixed spheroids composed of tumor cells and
microglia were exposed to the medium of culture or
to the LPS and IFN-γ cocktail. Microglial cells that
had been exposed in the spheroid to factors secreted
by glioma cells and to a direct contact with these cells
showed two distinct phenotypes. In absence of any
exogenous stimulus, they supported the growth and
migration of tumor cells out of the spheroids. When
the spheroids were treated with the pro-inflammatory
cocktail, microglia mediated glioma cell death (Mora
et al. 2009). Different conclusions can be drawn. First,
microglia in monolayer or spheroid culture, in absence
of the pro-inflammatory LPS/IFN-γ treatment, sup-
port tumor growth and migration. Second, microglia
present in the tumor mass indeed respond to the
LPS/IFN-γ stimulus. Third, the toxic factors indeed
effectively kill the tumor cells in the tumor mass. This
last point was further confirmed in experiments in
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which explants of tumors grown in the mouse brain
were embedded in a collagen matrix and exposed to
microglia supernatant.

These observations support the idea that in situ acti-
vation of microglia in the tumor is feasible and can
lead to microglia oncotoxicity. However we still have
to validate these results in vivo, as well as in the human
model. We also have to define the best and safest
stimulus/stimuli of the innate oncotoxic response of
microglia for therapeutic purposes. Human microglia
express most of the TLR known up to now. TLR3 ago-
nists (such as poly(I:C)), and not the TLR4 agonists
(such as LPS), seem to mediate the strongest pro-
inflammatory response in these cells and activate their
immune competence (Jack et al. 2007). The effects of
TLR3 agonist on microglia activation and the induced
anti-tumor activities have still to be assessed in an
experimental glioma model. On the one hand side,
poly(I:C) concentrations have to be chosen carefully
in vivo due to severe side effects in case of overdoses
(Okada et al. 2005). On the other hand side, it may be
inefficient as indicated by the results of a phase II clin-
ical study. In this study, poly(I:C) was administrated
to patients suffering from anaplastic glioma. Although
the treatment was well tolerated, it did not lead to an
improvement in the 6-month progression free survival
(Butowski et al. 2009).

More successful though contradictory were the
attempts to target the TLR9 on microglia. We shall
expect that the TLR9 agonist, CpG oligodeoxynu-
cleotide, activates the innate and adaptive immune
potential of microglia. Following treatment of glioma-
bearing animals with CpG, rat or mice microglia were
shown to exhibit morphological changes, expression of
activation markers (Carpentier et al. 2000; Schluesener
et al. 2001) and an antigen presenting cell profile (El
Andaloussi et al. 2006; Ginzkey et al. 2010). However
these activation profiles not always correlated with
anti-tumor effects. Whereas some studies indicate a
beneficial effect, as CpG treatment led to an increased
survival and tumor eradication (Carpentier et al. 2000;
El Andaloussi et al. 2006) and induction of glioma
cell apoptosis (El Andaloussi et al. 2006), other stud-
ies failed to demonstrate effects on tumor growth
or on animal survival (Ginzkey et al. 2010). These
discrepancies may be explained by differences in the
injection route (intra-venous versus intra-tumoral), in
the oligodeoxynucleotides used, or in the glioma cell
lines used (Gl261 by El Andaloussi and colleagues; 9L

by Ginzkey and colleagues; CNS-1 by Carpentier and
colleagues).

Whatever the explanations may be, these studies
illustrate two major obstacles one has to overcome in
the design of in situ activation. The first one consists
in the specificity of action of the drug. Tumor cells
express a wide range of TLR and therefore may be
activated through their own TLR in a way that might
lead to an increased suppression of microglia anti-
tumor activities. Stimulation of microglial TLR9 may
be toxic not only for glioma cells but for other types
of brain cells, for instance neurons (Iliev et al. 2004).
The second obstacle relates to the efficient delivery in
the CNS parenchyma, that is the crossing of the blood
brain barrier. There are only a few small molecules
that can cross the blood-brain barrier. They typically
have an average molecular mass of 0.36 kDa and cross
either via a lipid mediation or a carrier transportation
system. A novel small molecule that inhibits STAT3,
an important mediator in the IFN-γ signalling cascade,
has been described to efficiently reach the CNS and
activate the immune potential of microglia, both in ex
vivo isolated human brain tumor cells and in mouse
experimental subcutaneous model with glioma cells
(Hussain et al. 2007). Upregulation of STAT3 had been
observed in the macrophage/microglia population iso-
lated from human glioblastoma as well as in human
monocytes that had been co-cultured with glioma cells.
This upregulation correlated with the secretion of the
anti-inflammatory cytokine IL-10 (Kostianovsky et al.
2008). A recent study performed in a mouse exper-
imental glioma model strengthens the very promis-
ing use of the small molecule inhibitor of STAT3.
Treatment of glioma-bearing mice with a STAT3 spe-
cific silencing RNA led to microglia activation and
inhibition of tumor growth. Silencing of STAT3 in
microglia in vitro counteracted the immunosuppres-
sive activity of glioma cells (Zhang et al. 2009). These
studies convincingly demonstrated the efficiency of a
treatment based on the delivery of the compound via
intra peritoneal and intra tumoral injections. They how-
ever did not address in detail the specificity of the
cellular targeting of the silencing RNA or of the small
molecule inhibitor, an issue that may be critical for
the fate of cells (tumor or brain cells) other than the
target cells, hence for the clinical relevance of this
treatment.

An interesting though still speculative approach
would consist in designing a tumor-specific killer that
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induces the immunogenicity of the dying tumor cells.
Such an immunogenic cell death has been shown to
be critical for the development of anti-tumor responses
(Kepp et al. 2009). Activation of the pro-inflammatory
profile and of the antigen presenting cell profile of
microglia upon phagocytosis of dying cells could
be extremely beneficial in the context of a tumor-
harbouring brain. Most chemotoxic drugs, such as
anthracyclins that are known for their capacity to
induce immunogenic cell death (Kepp et al. 2009),
unfortunately lack cell-specificity of action. The use
of oncotropic, oncolytic viruses, like the parvovirus,
may prove very promising in that regard (Cornelis
et al. 2004). Parvoviruses are non pathogenic for
adult human beings. They are innocuous towards nor-
mal, healthy astrocytes and microglia but readily kill
murine and human glioma cell lines (Abschuetz et al.
2006) through a mechanism that differs from a clas-
sical apoptosis (Di Piazza et al. 2007). They may
therefore provide an excellent tool for a tumor cell-
specific killing that may trigger the immune potential
of phagocytosing microglia.

Activation of Microglia Ex Vivo

As we have seen, microglia isolated from brain tumors
or from healthy brain can easily be activated. Could
such cells be injected in the body, reach the CNS
and exert their anti-tumor activities therein? Protocols
for ex vivo activation of T cells or macrophages iso-
lated from patients have shown little side effects and
promising results in clinical trials for glioma treatment
(Plautz and Shu 2001; Sutton et al. 2008). Circulating
monocytes can engraft in the brain and differentiate
into microglia. In the case of CNS infection, it seems
that they could contribute during the resolution of the
inflammation and tissue repair through their phagocy-
tosis of dead cells (Djukic et al. 2006) and through
the anti-inflammatory response driven by that uptake
(Magnus et al. 2002). Hematopoietic progenitors cells
migrate efficiently towards intra-cerebral gliomas but
are absent from the tumor-free hemisphere, illustrat-
ing the specificity of this tropism (Tabatabai et al.
2005). In a rat spinal cord injury model, microglia acti-
vated in vitro with LPS and transplanted at the injury
site promoted the recovery of hind limb motor func-
tion (Yu et al. 2009). These few examples illustrate
that strategies based on ex vivo activation of microglia

isolated from the tumor and re-injected in the patient
either in the blood circulation or intrathecally bear
promises for future therapies.

Conclusion

A certain conception of the “immune privilege” of
the brain and the scarecrow of microglia neurotoxic
activities have impeded the exploration of alternative
therapeutic ways in which microglia could be essen-
tial and effective death effectors and immune actors.
The continuous investigation and hence a better under-
standing of the nature and function of microglia, of
their interactions with tumor and neural cells, as well
as of the interactions between the nervous and the
immune systems shall open the door to innovative,
complementary therapeutic strategies involving these
highly dynamic and sensitive cells.
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Chapter 30

Preoperative Motor Mapping

Thomas Picht and Ayçe Atalay

Abstract Neurosurgery must always carefully bal-
ance the benefit of surgical therapy against the
risk of causing or increasing neurological symptoms.
Preoperative risk assessment on the basis of standard
anatomical imaging alone is often insufficient because
of inherent variations in motor representation from one
patient to the next and because pathology can obscure
or alter the anatomy. Several sophisticated new tech-
nologies have been developed in the past 30 years:
PET, fMRI, MEG, TMS, DTI, which substantially
improve the capabilities of the neurosurgical team
to assess cortical function and improve their surgical
planning. Neurosurgeons need to understand and use
this modern technology to create patient-specific corti-
cal maps and management plans, in order to improve
therapeutic effectiveness and reduce morbidity. This
chapter presents the current technologies in use for
preoperative mapping of the motor system.

Keywords Neurosurgery · Brain tumors · Brain
tissue · Functional motor topography · Cortical
function · fMRI

Introduction

The benefit of surgical removal of brain tumors must
be weighed against the risk of causing or increasing
neurological symptoms by damaging functional brain
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tissue. Preoperative risk assessment cannot rely only
on standard anatomical imaging because the relation
between anatomy and function can be somewhat vari-
able between different patients and because tumors can
distort, obscure, or even reorganize the anatomy of the
motor system. Five main technologies are in current
use for preoperative mapping of the functional motor
topography: PET, fMRI, MEG, TMS and DTI, and
each has its own advantages, limitations, and uses.

The classic indication for preoperative mapping of
the cortico-spinal system is a case where the exact spa-
tial relationship between the tumor and the essential
motor areas remains unclear after anatomical imag-
ing. The tumor’s infiltration or mass effect is the usual
reason for this lack of clarity after anatomical imag-
ing. But preoperative mapping is also indicated if there
is a discrepancy between the imaging results and the
clinical findings (e.g., a large tumor within M1 but no
noticeable motor deficits). In such case, the functional
anatomy may have changed due to tumor-induced
plasticity. Lack of awareness of plastic changes of
functional anatomy can lead to unexpected new neu-
rological deficits after standard operative procedures.
Because of that risk, preoperative functional mapping
must be regarded as mandatory whenever a neurosur-
gical procedure is planned in areas that are or may be
eloquent (i.e., carry essential function).

The main aim of preoperative motor mapping is
to identify the areas that cannot be removed or dam-
aged without causing a permanent neurological deficit
(“eloquent” areas). Historically, the primary motor cor-
tex (which is part of the precentral gyrus and has
a strict somatotopic order) has been considered the
only eloquent structure at the cortical level. Although
this view has been modified by findings on overlap-
ping motor representations within the precentral gyrus
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and direct corticospinal tracts originating from the
superior frontal gyrus, the precentral gyrus and its
descending tracts still remains the main area for assess-
ing the risk of morbidity in rolandic tumor surgery.
Studies on brain connectivity and intraoperative stim-
ulation studies have proven that the motor system
is a dynamic network that is organized hierarchi-
cally around the cortical epicenter, i.e., the precentral
gyrus, yet also includes other structures (Mesulam
et al. 2000). The various brain mapping technologies
have different ways of representing this complex net-
work, and, therefore, they have various advantages and
drawbacks.

Evolution and Classification
of the Technologies

The functional organization of the brain has been a
topic of interest for a long time, and some of the basic
science used in current mapping technologies long pre-
existed its use in a routine clinical setting. Even before
scientific methodology became well established, there
were prescientific efforts to map the brain and define
areas related to specific functions. During the late
19th century, investigators sought to correlate post-
mortem examinations with functional data in patients
who had undergone neurologic testing during life,
usually including patients with neurologic diseases
(Potchen and Potchen 1991). Thus by the end of the
19th century, medical researchers had a basically cor-
rect understanding of the functional organization of the
brain. Much of the fundamental science in physiology,
chemistry, and physics (that is used as the basis of
brain mapping technologies today) was, in fact, already
available by the middle of the 20th century.

Although the underlying basic science has often
been available and tinkered with in a few hospital
laboratories since the early 20th century, preoper-
ative motor mapping really did not begin entering
widespread clinical usage until the 1980s. For exam-
ple, although there are studies from the 19th century
demonstrating that brain glucose and oxygen require-
ments are coupled to cerebral blood flow, this basic
knowledge only reached the clinical setting in fMRIs
in the 1990s. Similarly, the scientific background for
electrophysiology-based techniques, such as MEG and

TMS, dates back to the 1920s, when Berger (1929)
demonstrated that electrical activity over the occipital
cortex disappears when the subject’s eyes are closed,
thus illustrating that mental activity is accompanied
by a change in the electroencephalogram. The rea-
son for the long delay in making use of all the basic
science is that until recent decades, television moni-
tors and computer processors remained too crude and
too rare for clinical medicine to harness the avail-
able basic science knowledge into devices that were
clinically serviceable. Now, with the development of
powerful and sophisticated computers and monitors,
the past three decades have seen an almost miracu-
lous development in our technological ability to see
the functions of specific parts of the brain without
opening the patient’s skull. Although many further
improvements are still needed and can certainly be
expected, it is worth considering that the technologies
available today for mapping the motor cortex would
surely seem like science fiction to our predecessors of
80 years ago. These preoperative mapping technolo-
gies have enabled enormous advances in our ability
to treat brain tumors surgically. Yet in order to be
able to intelligently use the results from any of these
mapping technologies, it is essential that the clinician
has a thorough understanding of each technology’s
mode of functioning, degree of accuracy, and inherent
methodological limitations.

The technologies for motor mapping can be divided
into three major categories: (1) imaging of motor
cortex activity (e.g., fMRI, PET, MEG), (2) stimu-
lation mapping (e.g., TMS), and (3) projective com-
puter modeling (e.g., DTI). All preoperative map-
ping modalities that have been used in recent years
(fMRI, MEG, PET) record “brain activity” after the
patient has performed certain tasks and then use
biomathematical models to reconstruct the recorded
data into functional information. This information has
been successfully implemented into surgical plan-
ning. Nevertheless, these observational methods suffer
from the limitation that their biomathematical mod-
els can be inadequate to reliably determine which
areas produce essential function in the vicinity of a
tumor, especially when complex networks are acti-
vated during motor paradigms. There is a risk of
false-negatives, which can increase the surgical mor-
bidity, and there is also the risk of false-positives,
which can leave tumors inadequately resected. The rea-
son for the false-positives is that these observational
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methods also identify areas as “essential” that are
merely involved in the task in inessential ways, and,
therefore, could be safely resected without causing any
lasting deficit (Krainik et al. 2004). The imaging tech-
niques for human brain mapping can be further divided
into two subgroups: hemodynamic/metabolic (e.g.,
fMRI, PET) and electrophysiological (e.g., MEG).
Electrophysiological imaging methods (such as MEG)
provide direct measurement of the brain’s neural activ-
ity, while hemodynamic/metabolic methods measure
neural activity indirectly by measuring their blood
flow and metabolism. Experimental studies suggest
that the hemodynamic response and neuronal activity
are closely coupled to each other (“neurovascular cou-
pling”), especially for local field potential (synaptic
activity) rather than spiking activity. Yet, hemody-
namic response tends to be more widespread in space
and lasts longer in time as compared with the neural
activity (Shibasaki 2008). In contrast to those methods,
TMS is the only technology available using noninva-
sive stimulation for brain mapping. Like intraoperative
direct electrical stimulation (DES), TMS stimulates
points on the brain and then records motor output,
rather than asking the patient to make a movement and
then recording brain activity, like the imaging tech-
nologies mentioned above. Finally, projective com-
puter modeling (currently only DTI) generates 3D
visual computer models of the location of neural struc-
tures, based upon the analysis of imaging data (e.g.,
the direction of water diffusion on an MRI is used by
DTI to generate models of the location of white mat-
ter tracts). This classification system should help to
explain and organize the differences in the advantages
and limitations of these five technologies.

The Current Technologies for
Preoperative Motor Mapping

Positron Emission Tomography (PET)

The Fick principle postulates that the quantity of any
substance taken up in a given time by an organ from
the blood is equal to the total amount of the sub-
stance carried to the organ by arterial flow minus
the amount removed by the venous drainage during
the same period. This principle serves as the basis

for the noninvasive measurement of cerebral functions
by injecting a tracer into the blood circulation and
then measuring the quantity of that tracer in different
parts of the brain. Total brain blood flow was mea-
sured in the 1940s using nitrous oxide as the tracer
(Kety and Schmidt 1948), while later studies used
other tracers, such as xenon-133, and other administra-
tion routes such as intracarotid injection or inhalation.
A major advance was reported in 1966, when Ter-
Pogossian and Wagner (1998) introduced the use of
the cyclotron accelerator to produce a variety of short-
lived positron radionuclides that were unavailable from
other sources such as radioisotopes of oxygen, carbon,
nitrogen, and glucose. The use of these new tracers
has enabled improvements in the quality of PET imag-
ing and has also enhanced its range of applications.
In addition to measuring merely the regional blood
flow, the metabolic state of circumscribed brain areas
has become measurable by new tracers such as glu-
cose derivatives. Despite the early development of PET
technology, the location and behavior of cerebral struc-
tures that participate in the generation of voluntary
movements was only studied using PET starting from
the 1980s onward (Fox et al. 1985).

In PET imaging, a radioactive tracer compound
labeled with a positron-emitting isotope is admin-
istered to the patient’s bloodstream and the patient
is then imaged in a scanner containing rings of
scintillation detectors that determine the position of
the isotopes within the body (Tharin and Golby
2007). The most commonly employed PET tracer
today is 18F-FDG, which is a positron-emitting sugar-
derivative that is actively transported across the blood-
brain barrier into the neurons. It is distributed in the
brain according to local metabolic activity. PET with
18F-FDG has been compared with intraoperative cor-
tical electrostimulation for the localization of motor
areas in brain tumor patients (Schreckenberger et al.
2001), and was shown to have 94% sensitivity and
95% specificity for identifying the primary motor cor-
tex. Cerebral blood flow can also be measured with
15O H2O. The areas of PET activation using 15O H2O
during the performance of motor, visual, and language
tasks have been compared to the results of intraoper-
ative cortical stimulation in a sample of 12 patients
and was concordant for cortical levels in all cases
(Vinas et al. 1997). When tumors cause swelling and
deformation of cortical structure, functional mapping
with 15O H2O allows for reliable identification of the
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motor cortex (Nariai et al. 1997). One study has sug-
gested that PET scans with 11-C methionine can be
used to visualize tumor infiltration and to plan resec-
tion in cases of gliomas (Nariai et al. 1997), but this
has never been confirmed elsewhere or become part of
clinical practice. One advantage of PET is its ability
to study a wide range of functions. Any brain func-
tion that can be called upon with a behavioral task
can be studied by PET (Tharin and Golby 2007); but
due to its complexity and costs, the method is avail-
able for motor mapping only at highly specialized
centers.

Functional Magnetic Resonance Imaging
(fMRI)

Routine structural MRIs can accurately show brain
tumor location, but they do not provide information
about the involvement and integrity of functional areas
surrounding the tumor. The unprecedented accuracy
of MRI in anatomical imaging led to the suggestion
that multiplanar MRIs might serve as a useful pre-
operative planning aid, also for functional topography
(Berger et al. 1990). The realization that the deoxyhe-
moglobin of the blood could be used as an endogenous
contrast-enhancing agent opened up the possibility of
identifying structures involved in specific functions,
because brain activity involves increase blood flow to
those structures. fMRI has been shown to be a reli-
able tool for preoperative identification of motor areas
(Kwong et al. 1992) and can help to determine the
feasibility of surgical planning in tumor patients (Lee
et al. 1999).

Patient performance of specific behavioral tasks
leads to regionally increased neuronal activity and
localized hemodynamic changes that produce a sig-
nal response on the fMRI. The activation of neural
cell populations can increase regional cerebral blood
flow by as much as 50% (Tieleman et al. 2009). The
deoxyhemoglobin in the blood is paramagnetic and
therefore appears on T2 weighted MRI sequences.
The fMRI signal response is based on the relative
decrease of deoxyhemoglobin in activated brain tissue.
For each voxel, the change in T2 signal is calculated
between rest and activation. This change in signal is
very small, so the signal is averaged over multiple trials

to obtain an acceptable signal-to-noise ratio before it is
subjected to further statistical analysis.

fMRI measurements include motor mapping using
voluntary motor paradigms, language mapping,
and various other cognitive tasks. Voluntary motor
paradigms may need to be adjusted according to the
functional level of the patients. For use with paretic
patients, it has been suggested that the primary motor
cortex is activated when thinking only regarding
motor output, and it has been demonstrated that
even imagining movement can produce activation
in the primary motor cortex (Stippich et al. 2002).
Additionally, passive fMRI paradigms have also been
described where electrical stimulation of median and
tibial nerves is used for activation analysis of the
somatosensory cortex (Gasser et al. 2004).

The distance between the tumor margin and critical
motor areas is the determining factor for the surgical
resection and outcome. It has been proposed that the
safety margins between the tumor border and fMRI
motor areas should be between 1 and 2 cm to min-
imize morbidity (Tieleman et al. 2009; Gasser et al.
2004). Yet, the area of motor representation identified
by fMRI differs noticeably depending on the statistics
used for analyzing the BOLD data (Fig. 30.1) (Picht
et al. 2009).

fMRI is currently the most commonly used
method for preoperative motor mapping, in large part
because of the widespread availability of MR units.
Nonetheless, it has been suggested that tumor-induced
changes of cerebral vasculature and neurovascular cou-
pling can compromise the validity of this method.
Current research with fMRI focuses mainly on its
capacity to analyze complex networks. Its use for
establishing a detailed cartography of cortical function
has been decreasing.

Magnetoencephalography (MEG)

The electrical activity of the brain has been frequently
measured with a commonplace electroencephalogram
(EEG) for over a century now. As simple and use-
ful as it is for other applications, the EEG has never
entered into modern usage in preoperative mapping of
the motor cortex, despite recurrent periods of interest
in the 20th century. However, the electrical activity of
the brain (as measured by a commonplace EEG) is



30 Preoperative Motor Mapping 293

Fig. 30.1 Gadolinium-enhanced sagittal T1-weighted MRI:
white area = centrally located metastasis, orange area = fMRI
activation (finger tapping). Left panel: fMRI result at analysis
threshold of p < 0.0001 (activations within the premotor, the

sensory and the primary motor cortex). Right panel: fMRI result
at analysis threshold p < 0.000001 (activation only within the
primary motor cortex)

naturally accompanied by magnetic field changes. This
has led relatively recently to the development of the
most highly sophisticated and powerful imaging tech-
nology available: magnetoencephalography (MEG).

MEG uses a few hundred superconducting quan-
tum interference detectors (arranged in a helmet placed
over the patient’s head) to measure magnetic flux from
a few hundred points above the patient’s scalp. In its
raw form, MEG provides signal traces of brain activity
(like an EEG) from the few hundred sensors, arranged
in a topographic layout. This raw MEG data are then
normally combined with anatomical data from a stan-
dard structural MRI to produce activation maps of the
brain with the functional information overlaid on the
corresponding anatomy.

MEG is capable of measuring electromagnetic
changes from neuronal activity with an exceptionally
high temporal resolution of mere milliseconds. For vol-
untary movements, these electromagnetic changes are
detected immediately before the onset of movement.
The primary somatosensory cortex can be located by
stimulating various body parts tactilely or by stimu-
lating peripheral nerves electrically. MEG has demon-
strated its ability to reliably identify the precentral
gyrus in healthy subjects and also in tumor patients
(Nagarajan et al. 2008). Preoperative functional imag-
ing using MEG has been compared with intraoperative
direct cortical stimulation, and the accuracy was found
to be sufficient to define the motor and somatosensory

strips (Roberts et al. 1995). Schiffbauer et al. (2003)
compared preoperative MEG recordings integrated
into a neuronavigation system to intraoperative elec-
trophysiological cortical mapping and concluded that
the two modalities demonstrated a favorable degree
of quantitative correlation. According to their find-
ings, the distance between two corresponding points
determined using magnetic source imaging and elec-
trophysiological cortical mapping was 19 ± 1.3 mm
for motor comparisons.

Because MEG measures magnetic fields, artifacts
can easily arise. MEG must be conducted in a spe-
cial shielded room to minimize interference from
external magnetic sources, including other electri-
cal equipment, radio signals, and even the Earth’s
own magnetic field. Nonetheless, artifacts can still
arise from the patient (from dental fillings, cardiac
pacemakers, spinal implants, etc.) and may interfere
with the recordings. In order to improve the signal-
to-noise ratio, it is often necessary to average tens
or hundreds of event-related responses. New signal
processing techniques are being studied to optimize
MEG recordings. One such technique is the Signal
Space Separation (SSS) method, which can efficiently
remove several types of artifacts often seen in clinical
practice (Taulu et al. 2004). MEG is uniquely capable
of observing brain activities, due to MEG’s near-real-
time temporal resolution. Regrettably, the high cost
of MEG systems restricts its usage to a very limited
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number of highly specialized centers. Currently, it is
best suited for research studies, especially those requir-
ing extremely high temporal resolution to study the
sequence of cortical brain events.

Transcranial Magnetic Stimulation (TMS)

TMS delivers magnetic stimulation to points on the
brain, and then records the motor output by EMG.
More specifically, an electric current passes through
a coil placed above the patient’s skull, and this gen-
erates a magnetic field, which then creates electric
countercurrents inside the patient’s skull. This then
causes depolarization of the neurons, which, if they
are responsible for controlling motor output, leads to
a muscle response that can be recorded on a standard
EMG. By moving the coil and stimulating multi-
ple spots on the brain, the functional topography of
essential areas of the motor cortex can be precisely
mapped. The predominant application of TMS is plan-
ning surgery in the area of the primary motor cortex,
but it can also be used to map secondary or supplemen-
tal motor cortices or language cortices (by disrupting
speech).

TMS was introduced into clinical practice as early
as 1985 for other applications (Barker et al. 1985), but
the first articles on the use of TMS for the preoper-
ative work-up of motor cortex surgery only appeared
a decade later (Krings et al. 1997). Even then, TMS
remained an obscure technology not widely used or
known among neurosurgeons, because the early TMS
systems were more demanding to use and less infor-
mative than TMS systems of today. Since then, both
the hardware and the software of TMS systems have
been substantially improved. The two main improve-
ments of the hardware have been the refinement of the
stimulation coils to make them more precisely focused
(thus, increasing the accuracy of the results), and the
development of more versatile navigation systems to
guide the stimulation (rather then relying on conjunc-
tures from anatomical landmarks on the skull). The
two main improvements of the software have been that
it now takes into account all known physical factors
that have an influence on the stimulation (thus, better
calculating the true location and intensity of stimula-
tion) and also that it now has a much more intuitive
user-interface, so the examiner can concentrate on the

mapping rather than on deciphering the TMS system
itself.

These recent improvements enable more reliable
and practical use of TMS, and thus have led to
TMS being enthusiastically rediscovered by the neuro-
surgery community. TMS is the only painless noninva-
sive method that allows for examination by stimulation
of the brain, like the gold standard of intraoperative
DES. The magnetic stimulation of a precise cortical
spot enables assessment without the complex biomath-
ematical modeling involved in some of the other meth-
ods. Points of the brain where TMS evokes MEPs can
be considered as “essential” with the same reliability
as intraoperative stimulation mapping. For visualiza-
tion of the TMS results, all positive responses close
to the tumor are displayed, and identification of M1
should be self-evident. Negative spots located within
the tumor or immediately adjacent to it can also be
shown, in order to document the lack of function within
the tumor or close to the planned resection margin
(Fig. 30.2).

TMS is easy to use and provides immediate results.
The method does not involve any post-processing,
which allows its interpretation straight forward and
intuitive. The synthesis of the patient’s clinical sta-
tus, MRI findings, and TMS somatotopy in primary
and nonprimary motor areas can improve the surgical
team’s ability to better plan the surgical strategy (Picht
et al. 2011). TMS is evolving as a powerful probe for
preoperative analysis of motor topography.

Diffusion Tensor Imaging (DTI)

Whereas the functional imaging methods and nonin-
vasive stimulation mapping are restricted to the gray
matter, diffusion tensor imaging (DTI) enables the
noninvasive visualization of the white matter fiber
tracts. DTI is a specific application of MRI technology,
which projectively models the descending motor path-
ways, based upon analysis of the random motion of
water molecules, as detected on the MRI. Water diffu-
sion is less restricted parallel to the white matter tracts
than perpendicular to them (Witwer et al. 2002), so by
analyzing the direction of water diffusion on an MRI,
the pathway and volume of the white motor tracts can
be modeled. It has been suggested that imaging of the
pyramidal tract with DTI can also reflect the functional
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Fig. 30.2 Left panel: gadolinium-enhanced axial T1-weighted
MRI of a right fronto-parietal low-grade glioma. Middle panel:
overlay of T1 and FLAIR MRIs with the tumor border according
to T1 MRI outlined in yellow and the tumor border according to
FLAIR MRI outlined in red. Right panel: preoperative TMS with

the tumor border according to T1 MRI outlined in yellow, nonre-
sponsive TMS stimulation spots shown in gray, and responsive
TMS stimulation spots shown in color (no motor function within
the T1 hypointense area; motor function within the FLAIR area
beyond the T1 hypointense area)

condition of the fibers, but this interpretation remains
controversial (Yamada et al. 2003).

In neurosurgery, DTI is currently used to model the
spatial location of the white matter tracts relative to
the tumor. The effect of a brain tumor on the white
matter tracts, as analyzed by DTI, can be categorized
into four groups: displacement, invasion, edema and
destruction; but the exact effect of the tumor on the
tract can only be elucidated together with the stan-
dard MRI images and the clinical findings and may
nevertheless remain unclear. When integrating the DTI
data into the neuronavigation for intraoperative use,
one must remain aware that the white matter tracts
are at risk usually only after debulking of the tumor
and occurrence of relevant amounts of brainshift. Thus,
the location of white matter tracts as indicated by DTI
may no longer be accurate when they are encountered,
even if it was exactly accurate before the operation
began.

DTI has two major advantages. First, DTI is cur-
rently the only method available that allows for visu-
alization of white matter tracts. Second, the raw data
for DTI can be acquired from every MRI scanner with-
out much extra scan time. Yet, running DTI software
depends heavily on the examiner’s expertise, espe-
cially for determining the thresholds used to analyze
the diffusion of the water. These thresholds strongly
influence the volume and direction of the fibers that
are computer-modeled on the MRI. Although DTI is
a promising technology which would add the unique

capability of visualizing white matter tracts, the actual
benefits of DTI for treatment planning still remain to
be seen.

Comparative Evaluation of the
Technologies

Comparative Advantages and Limitations
of PET

PET offers some advantages such as higher signal-to-
noise ratio, less susceptibility to artifacts (from motion,
draining veins, etc.), and a unique ability to evaluate
tumor metabolism (which is useful for distinguishing
recurrent tumor from radiotherapy-induced necrosis).
However, PET has disadvantages in terms of exam
duration, personnel requirements, and expense, due to
the complexity of both the examination set-up and the
raw data evaluation. Currently, only specialized centers
use PET for preoperative functional mapping because
PET has high costs for both initial acquisition and
ongoing maintenance.

Several studies have compared PET and fMRI.
Results of PET scanning using the tracer 15O H2O
have been compared with fMRI in 11 patients (Bittar
et al. 1999). It was found that 96% of the activation
peaks obtained by each of the two techniques were
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located on either the same or the adjacent sulci and
gyri; overlapping of voxels activated by each modality
occurred in 92% of the cases. Another study compared
fMRI and 15O H2O PET in 25 patients with tumors
of various etiologies near the central region (Reinges
et al. 2004). The mean (SD) localization difference
between fMRI and PET was 8.1 (4.6) mm, so the
investigators concluded that both techniques demon-
strate comparable results and are sensitive, reliable
tools to map the central region. In a study compar-
ing 18F-FDG PET, fMRI, and direct cortical stimu-
lation, 12 patients had overlapping results, 6 patients
had neighboring results of PET and fMRI (between
1 and 2 cm distance), and 1 patient demonstrated
discordance between fMRI and PET with direct cor-
tical stimulation, speaking in favor of fMRI (Krings
et al. 2002). Those investigators concluded that neu-
rosurgeons must decide on a case-by-case basis which
imaging modality to use. Although both PET and fMRI
are commonly accepted modalities with widespread
availability, the lower cost and greater technical ease
of fMRI has led to its greater usage.

Comparative Advantages and Limitations
of fMRI

The first obvious advantage of fMRI is that it is already
widely available at many hospitals and also that there is
a vast scientific literature regarding its use and interpre-
tation. A sufficient spatial correlation between fMRI
and other mapping techniques seems to exist for the
motor areas. fMRI enables analysis of the whole brain
over a period of time. Although the temporal resolu-
tion is low, it is sufficient to enable the medical team
to distinguish between areas that are activated almost
simultaneously versus areas that are activated sepa-
rately. So, fMRI can provide rough information on the
temporal sequence of all the neural areas involved in
a task. Thus, one may draw conclusions regarding dis-
tinct networks and their interconnections. Additionally,
longitudinal fMRI data make it possible to visualize
any long-term brain plasticity after a tumor resection,
which can have important implications on the further
therapeutic strategy.

fMRI has various methodological shortcomings,
including tumor-induced neurovascular uncoupling
and artifacts from electromagnetic interference or
patient head motion (Tieleman et al. 2009). Also, there

are no standardized, user-independent protocols. It has
been reported that slight changes in task design, task
performance, or data analysis can have substantial
impact on the activation maps one obtains (McGonigle
et al. 2000). Successful identification of the precentral
gyrus depends upon the quality of the data, which is
influenced by many factors: the signal-to-noise ratio,
artifacts, the motor task selected, the subject’s ability to
perform the task, and an intact neurovascular coupling.
All these factors can be compromised in tumor patients
and negatively affect the accuracy of the fMRI map-
ping result. Even when the data are of good quality, the
biomathematical analysis of the data requires an expert
examiner who knows by experience which analysis
threshold best reflects reality and still there is a real
risk of false-negatives, especially if there is impaired
neurovascular coupling around the tumor. There is also
a risk of false-positives, primarily due to activation of
non-motor areas, because it is very difficult to selec-
tively activate only the primary motor cortex (Rutten
and Ramsey 2010). For all these reasons, the use of
fMRI has been declining recently.

Comparative Advantages and Limitations
of MEG

The main advantage of MEG is that it has superior
temporal resolution compared to all other methods.
MEG measures electromagnetic changes from neu-
ronal activity on a timescale of milliseconds imme-
diately before the onset of voluntary movement. By
contrast, fMRI is based on the measurement of hemo-
dynamic responses to neuronal activation, which are
much longer than the underlying neuronal activity,
lasting up to 15 s after a stimulus; and TMS can-
not analyze the temporal activation pattern of distinct
cortical areas at all, because it measures EMG motor
output, not brain activity. MEG’s superior temporal
resolution enables the medical team to analyze each
step of motor planning and performance in millisec-
ond slices (Mäkelä et al. 2006). This ultrafine tem-
poral analysis of the motor network is not possible
with any other mapping modality. But like fMRI and
PET, MEG involves biomathematical analysis of the
raw data that is time consuming and requires expert
knowledge.

A few studies have compared the accuracy of
MEG and other mapping technologies. In one study,
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somatosensory-evoked fields were measured after
median nerve stimulation and compared with fMRI in
12 normal volunteers and 11 patients with intracranial
tumors (Inoue et al. 1999). The fMRI-defined central
sulcus coincided with the MEG-defined central sul-
cus in 82% of the affected hemispheres. In another
study, MEG was compared with fMRI and intraop-
erative cortical mapping in 15 patients with a lesion
near the primary sensorimotor cortex (Korvenoja et al.
2006). MEG depicted the central sulcus correctly in
all patients as verified by intraoperative mapping, but
fMRI agreed with intraoperative mappings in only 11
patients. So far, there have been no studies comparing
MEG and TMS, undoubtedly because neither tech-
nology is widespread yet and only a few centers in
the world have them both. Unfortunately, MEG has
a very high cost – for both initial acquisition and
ongoing maintenance. Therefore, it is available only at
highly specialized centers. Furthermore, the procedure
is also long and requires more personnel than for other
methods.

Comparative Advantages and Limitations
of TMS

Intraoperative direct electrical stimulation (DES) is
the gold standard for functional mapping of the pri-
mary motor cortex, and DES has 100% sensitivity for
detection of eloquent structures, according to a recent
review of the literature (Mandonnet et al. 2010). In
comparison to functional neuroimaging methods, TMS
has the benefit of being the only painless preopera-
tive method that establishes a causal link between the
stimulation of an area and the observed motor out-
put, in a fashion analogous to DES. The advantage
of TMS over DES is that the former is conducted
preoperatively. Clearly, this allows a more timely and
thorough examination of motor topography with TMS,
especially if the operation is challenging (e.g., due to
a severe tumor mass effect). Moreover, if intraopera-
tive complications are encountered, these can lead to
aborting DES mapping altogether.

Currently available results suggest that navigated
TMS motor mapping has an accuracy similar to that
of DES. In a recent study the mean ± SEM dis-
tance between the APB hotspots of nTMS and DES
was 7.83 ± 1.18 mm (Picht et al. 2011). Two earlier

articles also reported a good correspondence between
TMS and DES (Kantelhardt et al. 2010; Krings et al.
1997), although each paper’s comparison of TMS and
DES was based on only two patient cases each, so the
findings cannot be taken as conclusive. In a previous
report, exactly the same spots were stimulated with
TMS and DES in a 5 mm raster (Picht et al. 2009).
The median (range) distance between TMS and DES
hotspots in that study was 5 (0–7) mm. It should be
stressed that for both TMS and DES, the exact extent
of the stimulated cortical area still remains unclear. So
we do not know exactly where the depolarization of
pyramidal cells takes place, and we do not know how
large the area of suprathreshold stimulation is. Despite
this uncertainty, it is still safe to assume that points
of the brain where TMS (like DES) does not elicit an
MEP, are not essential for function and can be safely
resected.

TMS and fMRI findings would not necessarily
agree completely because they activate the motor sys-
tem quite differently and measure different outputs. So
far, only one small (n = 15) study from the gray lit-
erature has compared fMRI and TMS to DES in the
same patients (Forster and Szelényi 2010). They found
a mean (SD) distance of 10.5 (5.7) mm between the
TMS and DES hotspots and 15.0 (7.6) mm between
the fMRI and DES hotspots. Further peer-reviewed
comparisons of the topographic precision of fMRI
vs. TMS are still needed, but regardless, the strong
point of fMRI is the visualization of complex net-
works and the possible changes in brain activation
patterns due to tumor-induced plasticity. In contrast,
TMS is especially well-suited for clarifying the peritu-
moral functional anatomy, and it can be conducted on
patients who are not able to perform movement tasks
for functional imaging. Thus, TMS and fMRI are com-
plementary methods, each best suited for answering
different kinds of questions.

Comparative Advantages and Limitations
of DTI

DTI is the only imaging method that allows visualiza-
tion of subcortical motor pathways. All other modal-
ities discussed here are limited to the cortex. For this
reason, DTI is never an alternative to the other modal-
ities. Instead, it serves as an important compliment
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Fig. 30.3 Left panel: results from TMS motor cortex mapping
in a patient with a postcentral metastasis transferred to the DTI
tracking software (yellow spots represent TMS stimulation spots
which evoked a MEP in the hand (abductor pollicis brevis mus-
cle) and leg (tibial anterior muscle) with the green spot depicting

the strongest MEP response. Right panel: DTI fiber tracking
image. The strongest MEP response from the TMS study (green
dot) has been used to start the fiber-tracking algorithm. This
physiologically-based fiber-tracking shows that the pyramidal
tract is located immediately anteriorly to the tumor

when the tumor may be compromising essential white
matter tracts. In such cases, DTI enables a more com-
plete preoperative risk assessment. Results of cortical
mapping (from fMRI or TMS for example) can be
used to facilitate DTI (Kleiser et al. 2010) (Fig. 30.3).
Although DTI is difficult to validate in terms of spatial
accuracy, it has already found its way into the presur-
gical work-up, due to its unique capability to visualize
white matter tracts.

The Multimodal Approach to
Preoperative Surgical Planning

Because each of the five technologies discussed has
its unique advantages and limitations, their usage can
and should be combined as needed on a case-by-case
basis to improve the overall preoperative assessment
of surgery candidates with a tumor in or near the
motor cortex. Having different methods for preopera-
tive analysis of motor topography at hand, the surgical
team must decide which one or which combination
of methods would be the most useful, i.e., which
technologies are needed to optimize the therapeutic
effectiveness and patient safety. Generally, the com-
bination of similar methods (e.g., two measurements

both relying on changes in the cerebral blood flow)
is less beneficial than the combination of methods
using different means of analyzing the motor system.
For example, in the case of a centrally located sub-
cortical tumor with unclear cortical anatomy due to
mass effect of the tumor and edema, various ques-
tions must be addressed. First, the precentral gyrus
must be identified, which is especially important if
a transcortical approach is being planned. Here, a
method which allows for a targeted analysis of corti-
cal topography would be advisable, e.g., by TMS or
MEG. Next, the possible displacement of the pyrami-
dal tract should be clarified preoperatively. This can
be achieved by applying a DTI fiber-tracking algo-
rithm to the diffusion-weighted MRI dataset. If there
is a discrepancy between the imaging results and the
clinical findings (for example, a large tumor within
M1 but no noticeable motor deficits), analysis of the
cortical motor network to check for possible plastic
changes would be beneficial. For example, this could
be done by fMRI or PET. Of course, economic consid-
erations must be taken into account and usually only
2 or 3 of these methods would be available at any one
hospital; but the surgical team should be aware of all
possible methods and their capabilities and their lim-
itations in order to perform the optimal preoperative
work-up or to refer patients to specialized centers with
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the capability to provide additional examinations as
needed.

Conclusion

In brain tumor surgery, the dilemma has always been
the trade-off between maximizing the extent of resec-
tion versus minimizing the risk of causing new neu-
rological deficits. The prerequisite for counseling the
patient about balancing maximal resection and mini-
mal morbidity is detailed knowledge of the functional
topography. Because functional eloquence cannot be
reliably predicted from the anatomical features alone,
neurosurgeons need to take advantage of modern
technology and mapping techniques to create indi-
vidualized maps and management plans. Outside of
research environments, the methods of preoperative
mapping must be precise and reliable, easy to integrate
into the surgical workflow, and cost-effective over the
years.

fMRI is a powerful and readily available way
to investigate the motor network and detect plastic
changes induced by the tumor or the surgery. But its
poor test-retest reliability due to the complex statistical
analysis involved has decreased its use in clarifying the
functional anatomy and planning neurosurgical proce-
dures. MEG provides unsurpassed temporal resolution
enabling the examiner not only to visualize the spatial
pattern of network activation but even more so the tem-
poral pattern. Only PET can detect metabolic changes
with the cortex, though this information is only rarely
needed. Despite their unique capabilities, the use of
MEG and PET for motor mapping is restricted to spe-
cialized centers, due to their high costs. Navigated
TMS it is a new method in neurosurgery which has
demonstrated its usefulness in routine neurosurgical
planning (Picht et al. 2011). It is introducing the gold
standard of electrocortical stimulation mapping to the
preoperative setting, thereby allowing for a reliable tar-
geted analysis of peritumoral motor topography. Since
subcortical tumor resection is often the step of the pro-
cedure defining the morbidity, DTI fiber tracking is a
valuable emerging supplement to these technologies.

Functional mapping should be regarded as manda-
tory whenever an operation is planned in or near the
motor cortex. The sophisticated technologies that have
become available in recent decades are substantially

improving our ability to surgically resect tumors with
less patient morbidity. Reliable interpretation and use
of the results of any of these technologies requires
both a clear understanding of the methodology that
produced the results and thorough knowledge of func-
tional brain anatomy.
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Chapter 31

Intraoperative Monitoring for Cranial Base Tumors

Ryojo Akagami, Charles Dong, and Henrik Huttunen

Abstract Intraoperative neurophysiological moni-
toring is used to guide surgery and predict the postop-
erative neurological function of patients. Surgery for
basal neurosurgical tumors is fraught with difficulties
due to the important neurovascular anatomy at risk.
During these often long surgical cases, the function
of the nerves and long tracts at risk can be moni-
tored, giving the surgeon near real time feedback on
how the patient is doing and what functions if any
are being affected. This information is useful in trying
to reduce and prevent injuries for quality control and
improve patient outcomes. With the advent and effec-
tiveness of alternative treatment strategies for many
of these tumors, such as focused stereotactic radia-
tion as primary treatment or surgery plus radiation (for
planned subtotal resections), surgical outcomes need to
be looked at critically; it becomes necessary to be able
to perform these operations with minimal morbidity.
Intraoperative monitoring is an adjunct to surgery that
aids the surgeon in procedures for patients with these
difficult tumors.
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Introduction

Every neurosurgery trainee learns that neurosurgery
is unique amongst the surgical specialties in that the
surgeon does not know how the patient is doing
(neurologically) until the patient wakes up in the post-
operative unit. Even when a procedure is preformed
without any incident, there is a certain amount of anx-
iety that is lifted when a patient wakes up and is
able to perform the neurological tests. By their nature,
more difficult or longer cases may cause more con-
cern for the neurosurgeon; surgery for cranial base
tumors are such cases. Intraoperative monitoring is an
attempt to monitor how the patient is doing neuro-
logically during the operation, information sometimes
useful in changing what is being done, and relieving
some of the inherent anxiety related to these proce-
dures by reassuring the surgeons that certain select
neurological pathways are still intact. Neurosurgeons
are experts at surgical anatomy, but unfortunately,
when operating on tumors, the anatomy is distorted
and predictions of the location of certain structures
can often be incorrect. Monitoring can help localize
certain important structures; for example in the ocu-
lomotor nerve can be difficult to find in en plaque
medial sphenoid wing meningiomas, and in our experi-
ence the facial nerve can be stimulated on the posterior
wall of an acoustic neuroma in approximately 1/100
cases. Like many techniques or technology in surgery,
there are no randomized control trials looking at these
techniques. At best there are only case series and
before and after studies with historical controls, often
with small numbers. Surgeons who use these tech-
niques feel strongly that they are beneficial. Despite
the lack of class 1 data, intraoperative monitoring
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techniques have become routine and almost standard
of care for a number of procedures. The lack of class
1 data is not unique to intraoperative monitoring, and
is true of surgical data in general, particularly relat-
ing to surgical technique. Neurosurgeons have learned
that ‘Anatomical’ preservation (for example nerves)
does not imply ‘functional’ preservation and newer
monitoring techniques are able to predict functional
preservation of neurological structures during surgery.

Indications

The indications for the use of monitoring are quite
straightforward. If a particular neurological structure
is at risk and being discussed with a patient as surgi-
cal risk, monitoring its function should be considered.
In the case of skull base tumors, these refer to specific
cranial nerves, as well as the motor and sensory path-
ways. A number of techniques are available as outlined
in the overview that follows. Monitoring is resource
intensive. It takes valuable operating time to set-up and
requires a dedicated team to do the monitoring since
the more demanding technique requires expertise to
set-up, perform, and interpret. Surgeons have to have
enough confidence in the monitoring and experience to
know what to do with the information that the monitor-
ing provides. Changes encountered during monitoring
have to be correlated to what is being done and manip-
ulated; they need to be addressed and not ignored. Like
anything, some practice and experience is required and
these techniques should be used often and not just in
the most complex cases. One needs to know their own
monitoring machine, its unique warning noises and be
familiar with the technician or neurophysiologist who
you are working with and helping to alert you to any
changes.

Overview of Monitoring Techniques

Several electrophysiological techniques are commonly
used to monitor the function of neural structures at risk
during cranial base surgeries. These techniques include
auditory evoked potentials (AEPs), electromyography
(EMG), somatosensory evoked potentials (SSEPs) and

transcranial electrical stimulation (TcES) myogenic
motor evoked potentials (mMEPs).

Auditory Evoked Potentials

Auditory evoked potentials (AEPs) are electric sig-
nals generated along the auditory pathway in response
to transient sound stimulation and include brainstem
auditory evoked potentials (BAEPs), cochlear nerve
action potentials (CNAPs) and electrocochleogram
(ECochG). Since ECochG evaluates the most distal
portion of the auditory pathway (i.e. the cochlea and
the distal end of the auditory nerve), damage to the
proximal portion of the nerve or the brainstem will not
be detected by this modality. Therefore, its utility in
monitoring cranial base procedures is limited. The fol-
lowing discussion will focus on BAEPs and CNAPs
only.

Brainstem Auditory Evoked Potentials

The BAEP is one of the most commonly used monitor-
ing modalities in posterior fossa surgeries. It provides
functional assessment of the auditory pathways from
the distal to the proximal eighth cranial nerve (CN) and
to the brainstem up to the level of the caudal midbrain.
It is usually recorded from the vertex and earlobe elec-
trodes and normally contains five waves I–V within
10 ms from the onset of stimulus (Jewett and Williston
1971).

Waves I, III, and V are the most consistently present
and easily identifiable waves and thus are usually fol-
lowed intraoperatively. Although there is lack of a
one-to-one relationship between the neural generators
and individual BAEP waves, for monitoring purposes it
is generally accepted that wave I is generated from the
most peripheral portion of the auditory nerve near the
cochlea, wave III in the lower pons around the region
of the cochlear nucleus and wave V in the caudal mid-
brain near the area of the inferior colliculus (Legatt
1999).

Insert foam or miniature stereo earphones are placed
in the external ear canal for stimulation. Each ear is
stimulated independently, one ear at a time. Stimuli
consist of broadband clicks with either a rarefaction or
an alternating polarity, driven by 100-μs rectangular



31 Intraoperative Monitoring for Cranial Base Tumors 303

electrical pulses. In the cases where stimulus artifact is
excessive, clicks of alternating polarity are preferred
to cancel out those unwanted activities with oppo-
site phases during averaging. Relatively high stimulus
intensities (70–100 dB HL or 105–135 dB peSPL) are
utilized to compensate for ambient noises in the operat-
ing room and any pre-existing conductive hearing loss.
Despite a mild detrimental effect on BAEP amplitude,
fast repetition rates (11.3–33.7 stimuli per second)
are used to obtain BAEP responses as quickly as
possible.

Standard EEG cup electrodes applied with collo-
dion to the vertex and earlobes are used to record
BAEPs. An adhesive surface electrode is placed on the
forehead or the shoulder as the ground electrode. With
careful skin preparation, impedances at all electrodes
are kept below 5 k Ohms. Sterile subdermal needle
electrodes can be used as an alternative for recording
as they can be quickly applied and provide consistent,
stable impedances. However, care should be taken to
secure the needle electrodes and prevent them from
being dislodged during the operation.

The montage most commonly employed during
BAEP monitoring includes the vertex (Cz) to the ipsi-
lateral earlobe (Ai) and the vertex (Cz) to the contralat-
eral earlobe (Ac). A time base of 15–20 ms is needed
to demonstrate the delayed responses in certain patho-
logic conditions and provide a suitable display for
easy peak identification and measurement. Although a
bandpass filter of 30–3000 Hz is routinely used in the
outpatient clinical laboratory, a more restrictive filter
setting of 100–1500 Hz is often employed to facili-
tate rapid BAEP acquisition during surgery. Because
BAEPs are in the sub-microvolt range and embedded
in larger background noise, averaging of 800–1500
individual trials is required to obtain an interpretable
BAEP waveform.

Interpretation of intraoperative BAEP changes is
primarily based on the measurement of the absolute
latencies and amplitudes of waves I, III and V if
present, and on the comparison of these measures with
baseline obtained after the induction of anesthesia and
opening the dura. Measurement of interpeak latencies
of I–III, III–V and I–V is helpful, but practically one
may obtain the information of changes in interpeak
latencies by visual inspection and comparison of the
BAEP waveform with baseline. On the basis of our cur-
rent understanding of the neural generators of BAEP
components and the pattern of BAEP changes, the

locus or loci of dysfunction in the auditory pathway
may be roughly inferred. If wave I becomes delayed
and attenuated or disappears with parallel changes in
the subsequent waves, damage to the cochlea or the
distal auditory nerve is likely the cause. If wave I is
largely unchanged while waves III and V are prolonged
and decreased in amplitude with little change in the
IPL III–V or these late waves are completely obliter-
ated, there is strong evidence that the function of the
auditory nerve proximal to its cochlear end has been
affected or damaged by surgical manipulations. In the
case that there is a delay and a decrease in amplitude
of wave V but waves I and III remain relatively sta-
ble, changes in the function of the brainstem should be
suspected.

Currently, there is no consensus on the warning cri-
terion of intraoperative BAEP changes. In practice,
wave V has often been selected as the most important
indicator of neural conduction along the auditory path-
way (Hatayama and Moller 1998). Greater than 50%
amplitude decrease and/or greater then 1.0 ms latency
prolongation of wave V are usually considered signif-
icant. However, since BAEPs are very robust in the
face of changes in anesthesia and/or fluctuations of the
blood pressure, even smaller, but consistent, changes
in the BAEP are noteworthy.

Cochlear Nerve Action Potentials

The CNAP represents the temporal and spatial sum-
mation of conduction of action potentials in the eighth
nerve in response to sound stimuli. It is recorded with
an electrode placed directly on or in the vicinity of
the exposed proximal eighth nerve near the brainstem
referenced to a distant electrode, usually a needle elec-
trode inserted in a muscle flap of the surgical field or a
cup electrode on the scalp (Moller and Jannetta 1983).

The CNAP is usually biphasic or triphasic. The
initial small positive wave is generated by neural depo-
larization approaching the recording electrode and the
large negative wave N1 produced when depolarization
passes under the recording electrode. Because of the
short distance between the neural generator and the
recording electrode, this near field potential has rela-
tively high amplitude in the range of 5–50 μV. Thus, a
reliable CNAP response can be obtained very quickly
with averaging of only a few to 100 individual tri-
als and changes in neural conduction in the eighth
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nerve due to surgical manipulation can be detected
promptly.

Several types of electrodes are suitable for record-
ing CNAPs from the exposed eighth nerve. One is a
fine, Teflon-insulated wire electrode with a 2 mm bare
tip sutured with a cotton wick (Moller and Jannetta
1983). A single contact disc electrode with a del-
icate lead wire can also be used for this purpose.
Another type of these electrodes is a C-shaped self-
retaining electrode (Cueva et al. 1998), which is about
6 mm in diameter and can be attached to the proximal
eighth nerve using an applicator. Stimulus and record-
ing parameters are the same as those for BAEPs, except
that a time base of 10–15 ms is appropriate for the
CNAP because its latency usually falls between 3 and
4 ms.

Intraoperatively, the amplitude and latency of the
major negative wave N1 in the CNAP are measured.
A 50% decrease in amplitude and/or >1 ms delay in
latency has been used to alert the surgeon of impending
injury to the eighth nerve if not tended. These criteria
are useful but have not been proven to correlate with
postoperative hearing. Because the CNAP is very resis-
tant to alterations in anesthesia, any consistent changes
in the response that exceed baseline variability can be
significant. The primary drawback of this technique
is that it is only applicable during removal of small
cerebellopontine (CP) angle tumors and requires sta-
bilizing the recording electrode on the eighth nerve to
obtain reliable responses.

Electromyography

EMG records the electrical potentials of muscle fibers
with electrodes in or on the surface of the muscle
and is commonly used to monitor the motor compo-
nents of cranial nerves III, IV, VI, V, VII, IX, X, XI
and XII. Although intraoperative EMG monitoring uti-
lizes different muscles for different cranial nerves (e.g.
the medial, and/or superior rectus muscles for CN III,
the lateral rectus for CN VI, the masseter for motor
CN V, the orbicularis oculi and oris for CN VII, the
cricothyroid or vocalis muscle for CN X), the basic
principles for monitoring each of motor cranial nerves
are the same. Standard EMG monitoring techniques
include spontaneous EMG, also known as free-running
EMG and stimulus triggered compound muscle action
potentials (CMAPs) or triggered EMG.

Spontaneous Electromyography

Spontaneous EMG involves continuous recording of
motor unit potential activity from the muscle(s) inner-
vated by a nerve. Among several different types of
EMG activities that can be recorded during surgery, the
neurotonic discharge is of the major interest (Daube
and Harper 1989), which is defined as bursts (<200 ms
in duration) or trains (>200 ms) of motor unit poten-
tials that fire in a rapid (30–100 Hz) and irregular
manner in response to mechanical or metabolic stim-
ulation of the nerve innervating the muscle. The burst
activity is usually associated with inadvertent mechan-
ical irritation of the nerve during dissection and can
alert the surgeon of the close proximity of the nerve,
but does not necessarily indicate neural injury. Train
activities, on the other hand, are produced by mechan-
ical manipulation, compression and ischemia of the
nerve and may signify potential injury of the nerve.
However, these long trains of neurotonic discharges
can also be induced by saline irrigation due to the
change of the metabolic environment around the nerve
without adverse sequelae. In addition, acute transec-
tion of a nerve is less likely to produce neurotonic
discharges. Therefore, there is only a rough correla-
tion between neurotonic discharges and postoperative
outcome.

Two types of electrodes are commonly used for
recording spontaneous EMG activities during surgery:
one is the subdermal needle electrode and the other the
hook wire electrode. The subdermal needle electrodes
can be easily placed subcutaneously or directly in the
muscle. However, they need to be secured in place with
adhesive tapes to prevent possible dislodgement during
surgery and may be too bulky for some deep, small
muscles (e.g., extraocular muscles). Alternatively, a
pair of hook wire electrodes can be inserted into the
muscle with a small needle (e.g., 26-gauge). Their
2–3 mm bared hooked tips provide the recording sur-
face and help keep the wires in place when the needle
is removed. They require special adapters for amplifier
connection and may take longer to set up. In gen-
eral, both types of these electrodes provide reliable and
good-quality recordings.

Spontaneous EMG recordings are usually obtained
with an amplifier gain of 100–200 μV per division,
a bandpass filter of 30–10,000 Hz and a time base of
1000–5000 ms. These EMG activities are made audi-
ble through a loudspeaker and visible on the screen of
the monitoring machine for quick feedback.
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Compound Muscle Action Potentials

CMAPs represent the temporal and spatial summa-
tion of individual muscle fiber action potentials in
response to direct electrical stimulation of the nerve
innervating a muscle. They can be used to locate and
identify the nerve and provide the assessment of nerve
function along the course of surgery. Two types of
hand-held stimulators, i.e. monopolar and bipolar stim-
ulators, are commonly in use. A monopolar stimulator
utilizes the cathode to stimulate in the surgical field
and the anode is placed some distance away from the
nerve (>4 cm), either a needle electrode in a mus-
cle flap of the surgical field or a surface electrode
on the shoulder or knee. When used to search for a
nerve, a monopolar stimulator is very sensitive, but
can be unspecific due to current spread to nearby
nerves. With a bipolar stimulator, on the other hand, the
cathode and anode are only several millimeters apart
and provide very focal stimulation. However, current
shunting may occur between the cathode and anode of
the bipolar stimulator if there is excessive fluid in the
surgical field, preventing effective stimulation of the
nerve.

Both constant current and constant voltage stimu-
lation can be used. Stimuli consist of electrical pulses
with 0.05–0.1 ms duration delivered at a rate of 2–5 per
second. For the purpose of searching, a stimulus inten-
sity of 1–1.5 mA is usually adequate. Higher intensities
may be required for damaged nerves, but intensities
>2 mA should be avoided to prevent current spread to
adjacent nerves. Recording parameters are the same as
for spontaneous EMG except for a shorter time base
(i.e. 20–40 ms). Additional surface electrodes placed
on the muscle may be helpful for accurate quantitative
measurement.

Two principal criteria are used to determine the
functional status of a cranial nerve during surgery.
One is the change in threshold for stimulation and
the other is the proximal to distal CMAP amplitude
ratio obtained with supramaximal stimulation. If the
stimulation threshold of a nerve is markedly increased,
there is a strong indication that the nerve is injured to
some degree along the course of surgical dissection. If
the nerve can be stimulated well at the site distal but
not proximal to that of surgical manipulation making
the CMAP ratio very small, significant damage to the
nerve should be expected. On the other hand, main-
taining CMAP amplitude with proximal stimulation

reassures the surgeon the functional integrity of the
nerve. In the case of CN VII monitoring, it has been
found that a >0.3 proximal to distal facial CMAP
ratio and a proximal stimulation threshold ≤0.3 mA
predict good postoperative facial function (Silverman
et al. 1994; personal experience). The major disadvan-
tage with this technique includes that it is unavailable
before identifying the nerve on the brainstem, which
is usually late in the procedure, especially for large
tumors.

Somatosensory Evoked Potentials

SSEPs are electrical signals recorded along the
somatosensory pathways in response to electrical stim-
ulation to the peripheral nerves and can be used
intraoperatively to assess the functional integrity of
these pathways during surgical procedures in/around
the spinal cord, brainstem and cerebral cortex. SSEPs
to median nerve stimulation alone or to both median
and tibial nerve stimulation are monitored for vari-
ous types of surgery. The techniques described here
tend to be more relevant to monitoring of cranial base
procedures.

Median Somatosensory Evoked Potentials

The median nerve is stimulated with a pair of adhesive
surface (“stick-on”) or subdermal needle electrodes at
the wrist between the tendons of the palmaris longus
and flexor carpi radialis muscles, with the cathode
approximately 2–3 cm proximal to the wrist crease and
the anode 2–3 cm distal to the cathode. Although they
can be quickly applied, needle electrodes carry risks of
bleeding and infection and need to be well secured in
place. Constant current stimulation is commonly used
to compensate for variations in electrode impedance
and provide consistent effective stimulation. Stimuli
consist of monophasic rectangular pulses of 200–300
μs duration delivered at a rate of 4.3–6.9 per second.
Supramaximal stimulus intensities, usually between
15–25 mA for surface electrodes and 5–10 mA for nee-
dle electrodes, are used to ensure adequate activation
of the nerve and repeatable responses recorded at cen-
tral locations. Each of the median nerves (i.e. left and
right) is stimulated alternately.
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SSEP responses are recorded with EEG cup, adhe-
sive surface or subdermal needle electrodes. Skin
preparation is needed to keep the electrode impedance
below 5 k�. A minimum of two-channel recording
is required. A peripheral channel, with adhesive sur-
face or subdermal needle electrodes placed at the
ipsilateral (active) and contralateral (reference) Erb’s
points or on the medial surface of the arm at the mid-
humeral level, registers passage of the afferent volley
past the recording sites and confirms the delivery of
stimulation. A cortical channel, consisting of EEG cup
or subdermal needle electrodes at CPc (active, 2 cm
posterior to C3 or C4 scalp site of the International
10–20 System contralateral to the stimulated limb)
and CPi (reference, 2 cm posterior to C3 or C4 scalp
site of the 10–20 System ipsilateral to the stimu-
lated limb), records N20, a near-field negative potential
with a latency of about 20 ms generated in the sen-
sorimotor cortex contralateral to the stimulated limb
(Desmedt and Cheron 1981). A third channel consist-
ing of electrodes at CPi (active) and a non-cephalic site
(e.g. Erb’s point, reference) may be added to record
subcortical far-field potentials of brainstem and/or
thalamus origin including P14 and N18 (Desmedt
and Cheron 1981, 1982). However, inclusion of this
channel into monitoring is sometimes discouraged
because its low signal-to-noise ratio increases averag-
ing time, resulting in a significant delay in surgical
feedback.

The bandpass filter settings are generally 30–500 Hz
for cortical and subcortical SSEPs and 100–1000 Hz
for peripheral responses. A time base of 40–50 ms
is appropriate. The number of trials to be averaged
is determined by the signal-to-noise ratio at the time
of recording, but is usually 150–300 for cortical and
peripheral responses and 1000–1500 for subcortical
responses.

Tibial Somatosensory Evoked Potentials

The posterior tibial nerve is usually stimulated with a
pair of adhesive surface (“stick-on”) or subdermal nee-
dle electrodes at the ankle, with the cathode placed
between the medial malleolus and the Achilles ten-
don just proximal to the malleolus and the anode
2–3 cm distal to the cathode. The same considerations
for median nerve stimulation towards the type and

parameters of stimulus apply to tibial nerve stimula-
tion, except that higher stimulus intensities (35–50 mA
with surface “stick-on” electrodes and 10–15 mA with
subdermal needle electrodes) and lower repetition rates
(3.7–5.1 per second) are required.

Electroencephalography cup, adhesive surface or
subdermal needle electrodes can be used to record
tibial SSEPs. A minimal montage includes a periph-
eral and a cortical channel with a possible addition
of a subcortical channel. The peripheral channel reg-
isters the afferent volley at the popliteal fossa with a
pair of adhesive surface or needle electrodes placed
in the midline, 2 cm (active) and 5 cm (reference)
respectively above the popliteal crease, and verifies
the delivery of stimulus. The cortical channel, con-
sisting of a pair of EEG cup or subdermal needle
electrodes placed at the designated scalp sites (see
below), records P40, a near-field positive potential of
about 40 ms latency generated in the primary corti-
cal somatosensory receiving area (Allison and Hume
1981; Desmedt and Cheron 1981). Because there is
considerable variability in the scalp topography of the
P40 response, mapping its scalp distribution is needed
to determine the optimal derivations to record this
potential (MacDonald 2001). Commonly used deriva-
tions include CPz (2 cm posterior to Cz of the 10–20
system)–CPc, CPi–Fpz and CPz–Fpz. The subcortical
channel records the far-field P31 and N34 potentials
of brainstem and/or thalamus origin with EEG cup or
needle electrodes at Fpz (active) and C5S (reference).
Similar to median SSEPs, the usage of this channel is
limited because of its low signal-to-noise ratio caus-
ing delayed surgical feedback. Except for a longer time
base (75–80 ms), other recoding parameters are the
same as for median SSEPs.

Although a warning criterion for spinal cord mon-
itoring has been put forth, which includes 50%
amplitude reduction and/or 10% latency prolonga-
tion of cortical SSEP responses (Brown et al. 1984;
Nuwer 1999), there is no consensus on warning cri-
teria of SSEP changes for cranial base surgeries.
However, it is advisable that, after technical fac-
tors are excluded and anesthetic alterations taken
into account, any sudden, consistent changes beyond
the normal variability in cortical responses should
be immediately brought to the surgeon’s attention to
allow the underlying causes to be treated as early as
possible.
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Transcranial Electrical Stimulation
Myogenic Motor Evoked Potentials

TcES mMEPs are EMG responses recorded from limb
or cranial muscles following transcranial electrical
stimulation of cerebral cortex. They can be used to
monitor the function of the corticospinal and corticob-
ulbar tracts as well as the spinal and motor cranial
nerves during different types of surgical procedures
where these neural structures are at risk of iatro-
genic injury. The techniques presented here are more
applicable to monitoring of cranial base surgeries.

Limb Myogenic Motor Evoked Potentials

Limb mMEPs can be elicited with multipulse TcES
delivered through a pair of electrodes placed at C1 and
C2 or 1 cm anterior to these scalp sites, with the anode
contralateral to the limb from which MEP responses
are recorded. Although stimulating electrodes can also
be placed at C3 and C4 or 1 cm anterior to produce
limb mMEPs, stimulating at these scalp sites is not
recommended for cranial base procedures because of
potential deeper penetration of current to the site cau-
dal to the neural structures at risk resulting in false
negative findings and larger stimulus-evoked mus-
cle movement interfering with surgical manipulation.
Several different types of electrodes can be used for
TcES, which include EEG cup, subdermal needle and
corkscrew needle electrodes. Among them, corkscrew
electrodes are preferred by many users because they
can be easily applied, are well secured in place and
provide stable contact resistance. Constant voltage or
current stimulation is commonly used which consists
of trains of 3–6 electrical pulses of 50–500 μs dura-
tion and 2–4 ms interstimulus interval (ISI). Supra-
threshold stimulus intensities are applied to obtain
reliable limb muscle responses. For upper extremities,
150–250 V or 50–80 mA is normally sufficient, while
for lower extremities, higher stimulation intensities,
usually in the range of 250–450 V or 80–150 mA, are
needed.

MEP responses are recorded with needle or sur-
face electrodes from the thenar or the first dorsal
interosseous muscle and forearm flexors in the upper
limb and the tibialis anterior and abductor hallucis
muscles of the lower extremity. The bandpass filter

settings are usually between 30 and 5000 Hz. A time
base of 75–100 ms is appropriate. Because these limb
muscle responses have large amplitude, averaging is
not required and thus they can be obtained instanta-
neously. The primary disadvantage of this technique is
the stimulus-induced muscle twitches that may inter-
fere with surgery. Therefore, the stimulus intensity
should be kept as low as possible to minimize mus-
cle movement but high enough to allow reliable MEP
recordings.

Due to the large inherent variability of limb
mMEPs, the presence or absence of these MEP
responses has been used as a warning criterion during
spinal cord monitoring (Dong et al. 2002). However,
there is no enough data to suggest that this crite-
rion can be safely extended to monitoring of cranial
base surgeries. Until more experience is obtained, it is
advisable to report to the surgeon any consistent sig-
nificant reduction (50–75%) in mMEP amplitude after
other confounding factors are excluded.

Cranial Myogenic Motor Evoked Potentials

Cranial mMEPs are recorded from muscles innervated
by motor cranial nerves following multipulse TcES.
Because most of our experience with cranial mMEPs is
attained with facial nerve monitoring during CP angle
surgery, only facial mMEP techniques will be elabo-
rated here. These techniques, however, can be easily
extended to other cranial nerves or muscles (e.g. vocal
muscle MEPs for CN X).

To obtain facial mMEPs, TcES is applied through a
pair of corkscrew needle or EEG cup electrodes fixed
at the sites 1 cm anterior to C3 or C4 and Cz, with
the anode contralateral to the operative side and the
cathode at the midline. Advantages of this stimulating
montage include that the lateral anode is close to the
facial motor cortex, permitting lower stimulus intensity
to minimize current spread, movement and stimulus
artifact and the midline cathode is far from the targeted
facial nerve to avoid direct distal activation. Constant
voltage or current stimuli are employed, consisting of
trains of 4–6 electrical pulses of 50–500 μs duration.
A short ISI (i.e. 1–2 ms) is used to limit the duration of
stimulus artifact and prevent it from overriding short-
latency facial mMEPs. Stimulus intensity is adjusted
individually, usually between 150 and 300 V or 50 and
100 mA, to obtain supra-threshold facial mMEPs while
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preventing excessive stimulus-evoked movement. In
order to exclude the possibility of direct facial nerve
stimulation at a site distal to that of potential injury
due to current spread, the absence of facial muscle
responses to single pulse stimulation needs to be con-
firmed for the stimulus intensity used and the onset
latency of the responses consistent with the central
origin.

Facial mMEPs are recorded from the same needle
electrodes in the ipsilateral orbicularis oris muscle for
EMG monitoring, with the responses obtained from
the needle electrodes in the thenar or the first dorsal
interosseous as a systemic control. The bandpass fil-
ters are usually set between 30 and 5000 Hz. However,
it is often necessary to raise the low frequency filter
to 100 Hz to minimize the stimulus artifact. A time
base of 50–75 ms is required to properly display facial
mMEPs.

Facial mMEPs tend to be polyphasic with an
onset latency of 12–16 ms. Similar to limb mMEPs,
they exhibit large intra-subject trial-to-trial and inter-
subject amplitude variability. Interpretation of intra-
operative facial mMEP changes has to be put in the
context of surgical events and anesthetic alterations. A
retrospective study conducted by our group has shown
a strong correlation between facial mMEP changes and
postoperative facial outcome (Akagami et al. 2005;
Dong et al. 2005). Based on our analysis, it is rec-
ommended that, after technical and anesthetic factors
are taken into account, any consistent >50% amplitude
decrements of facial mMEPs be reported to the surgeon
to minimize the risk of permanent severe facial nerve
injury.

Anesthetic Considerations

An anesthetic technique to facilitate accurate, reli-
able and reproducible conditions for intraoperative
monitoring requires an understanding of the monitor-
ing techniques, knowledge of the effects of various
anesthetics on intraoperative monitoring and com-
munication between anesthesiologists, surgeons and
neurophysiologists. The most commonly used intra-
operative monitoring techniques during cranial base
tumor surgery are: brainstem auditory evoked poten-
tials (BAEPs), electromyography (EMG), somatosen-
sory evoked potentials (SSEPs), and motor evoked

potentials (MEPs). Effects of various anesthetics on
these monitoring modalities will be further described
in this section. The most common clinical decision in
anesthetic drug choices involves the decision between
maintenance of anesthesia with volatile or intravenous
based anesthesia, as well as whether neuromuscular
blockade will be required for surgery. Regardless of
the intraoperative monitoring techniques used or the
anesthetic regimen employed, once baseline neuro-
physiologic signals have been recorded, it is important
to avoid bolus doses or rapid changes in anesthetic
depth during key portions of surgical resection to avoid
confounding influences on signal integrity at a time
when the monitoring modality is most useful.

Brainstem Auditory Evoked Potentials

BAEPs are much less sensitive to anesthetic effects
than other types of IOM. High anesthetic concentra-
tions can obliterate most cortically recorded evoked
potentials, yet BAEPs remain robust even during iso-
electric EEG conditions. Inhalational anesthetics can
statistically but not clinically significantly increase
latency of wave V, as these latency changes are less
than 0.75 ms (Legatt 2002). Nitrous oxide causes
no change in either amplitude or latency of sig-
nals (Manninen et al. 1985). Continuous infusions
of intravenous anesthetics or narcotics have mini-
mal effects of BAEP latency or amplitude. Yet, high
dose or bolus administration of propofol has been
reported to decrease amplitude and increase latency.
Neuromuscular blocking drugs commonly used to
facilitate tracheal intubation or for maintenance of
paralysis have no effect on BAEPs as these drugs act at
neuromuscular junctions which are not involved in the
signal transduction pathway of BAEPs.

Electromyography

Facial nerve EMG is frequently recorded in addition
to BAEPs during cranial base tumor surgery par-
ticularly during resection of cerebellopontine angle
tumors. Both free running EMG as well as stimu-
lated EMG (CMAP) is used. EMG signals are easily
recorded under both volatile and intravenous anesthetic
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maintenance regimens. Since EMG monitoring records
the compound muscle action potential, neuromuscular
blocking drugs will depress EMG signals in a dose-
dependent fashion, as these agents act at suppressing
neural transmission at the neuromuscular junction. If
neuromuscular blockade (NMB) is required to facili-
tate safe surgical resection, NMB should be maintained
at less than 50% to ensure recordable facial nerve
EMG signals (Cai et al. 2009). In addition to localizing
nerve structures to minimize iatrogenic injury at time
of tumor resection, facial nerve EMG has also been
used to determine anesthetic depth and predict patient
movement under anesthesia (Jellish et al. 2009).

Somatosensory Evoked Potentials

While SSEPs are not degraded to the same extent
as motor evoked potentials by inhalational anesthet-
ics, they exhibit a dose-related increase in latency and
decrease in amplitude under volatile anesthesia. When
volatiles are used, they are commonly dosed below one
MAC (minimum alveolar concentration) to maintain
SSEP signal quality. This is often facilitated by the co-
administration of potent opiates, which do not affect
signal quality. The addition of nitrous oxide is typi-
cally avoided, as it results in further degradation of the
signal.

The use of intravenous anesthetics such as propofol,
thiopental, or midazolam infusion results in superior
signal quality compared to volatile agents. Ketamine
and etomidate have been reported to increase the
amplitude of SSEPs, though the effect that this has on
their sensitivity and utility remains a matter of specu-
lation. Neuromuscular blocking agents have no effect
on SSEPs (Banoub et al. 2003).

Motor Evoked Potentials

MEPs are the most sensitive to anesthetics of the
monitoring techniques described for cranial base
surgery; therefore, a tailored approach is required
when selecting the most appropriate anesthetic reg-
imen. Transcranial magnetic stimulation generated
MEPs are much more sensitive to anesthetics than
transcranial electrical stimulation (TcE), as a result,

transcranial electrical stimulation is almost exclusively
used as the stimulation technique during intraopera-
tive monitoring. Preliminary work with TcE MEPs
showed that single pulse signals were extremely sensi-
tive to anesthetics even at subclinical doses (Lotto et al.
2004). Subsequently, multi-pulse stimulation tech-
niques have been shown to improve both low ampli-
tude baseline signals as well as anesthetic depressed
MEP signals. Anesthetics also cause a time dependent
decrease in MEP signal amplitude, proportionate to
the length of surgery regardless of the anesthetic reg-
imen (Lyon et al. 2005). This phenomenon is referred
to as “anesthetic fade”. Anesthetic fade can be over-
come by increasing stimulation energy, but may lead
to false-positive signal changes.

Volatile anesthetics are commonly used for the
maintenance of anesthesia. Unfortunately, all cur-
rently used halogenated ethers cause significant dose-
dependent depression of myogenic MEP signals. With
desflurane or sevoflurane at 0.5 MAC (minimum alve-
olar concentration) with either nitrous oxide or a
narcotic infusion, MEPs are recordable in 100% of
patients (Lo et al. 2006; Reinacher et al. 2006), yet
there is sparse evidence to date to show adequate clin-
ical recording conditions with a volatile anesthetic as
compared with total intravenous anesthetic options (Lo
et al. 2006).

Propofol is currently the most popular anesthetic
agent for the maintenance of anesthesia during MEP
monitoring since it is easily titratable and has a
favourable pharmacokinetic profile. Titrating propo-
fol intraoperatively among clinically relevant concen-
trations does not significantly affect MEP responses
(Scheufler et al. 2005). Bolus administration of propo-
fol can lead to loss of MEP signals; yet, due to its rapid
redistribution and metabolism, signals return within
minutes (Kalkman et al. 1992). Other intravenous
anesthetics including, midazolam, ketamine, and eto-
midate do not clinically significantly suppress MEPs.
Opioids are commonly administered in conjunction
with other anesthetic agents. Opioids are frequently
used when MEP monitoring is required as they have
minimal effects. At target controlled plasma concen-
trations, remifentanil has the least effect (Scheufler and
Zentner 2002).

Neuromuscular blockade is frequently desired to
facilitate tracheal intubation. However, boluses of mus-
cle relaxants lead to loss of MEPs, as they block signal
transduction at the level of the neuromuscular junction.
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Careful infusions of neuromuscular blockers with 20–
50% maintenance of single twitch height have been
shown to allow reliable MEP recordings when used
in conjunction with a minimally suppressant anesthetic
and multi-pulse TcE (van Dongen et al. 1999). Caution
should be used in patients with preoperative neuro-
logic deficits as they appear to be more sensitive to
the depressant effects of neuromuscular blocking drugs
(Lang et al. 1996). It is generally acceptable for a
single dose of a short acting neuromuscular blocking
agent to be used at the time of induction of anesthe-
sia, however, maintenance of neuromuscular blockade
or re-bolusing can pose considerable challenges to the
interpretation of MEPs.

Use of Monitoring During
Surgery/Benefits

As mentioned previously, there are no randomized con-
trol trials of studies looking at the benefits of intraop-
erative monitoring. Like any tool used in surgery, sur-
geons who use it swear by it while those who either did
not use it in their training, do not have access to it, or do
not use it (or use it only intermittently) may not be as
enthusiastic (Cabraja et al. 2009). We have learned that
relying just on preserving anatomy does not always
correlate to useful function (Samii and Matthies 1997;
Nielsen 1942), and anatomic preservation of certain
structures such as facial or vestibulocochlear nerve
does not always correlate with functional outcome.
Intraoperative monitoring looking at function, as in
motor evoked potentials of cranial nerves is predictive
of functional integrity during surgery and able to pre-
dict very well how nerves will work postoperatively
(Akagami et al. 2005). Use of intraoperative monitor-
ing (in addition to careful microsurgical technique) has
increased the functional preservation of nerves dur-
ing these types of procedures (Delgado et al. 1979;
Sekhar et al. 1995). Of course the simple act of using
monitoring will not allow for better outcomes and sur-
geons need to have experience to know what to do
with the information. As a rule of thumb, any change
approaching 50% of baseline in SSEP’s, limb/cranial
nerve MEP’s, or wave 5 of BSAER are clinically sig-
nificant. With anything persistently lower that 50% of
baseline, premature termination of surgery should be
considered if you want a patient to wake up without a

significant corresponding deficit. Changes need to be
correlated with what is being done at that moment and
adjustments to the technique need to be made. Often
changes are not all or none and recovery can occur;
surgeons may need to work in other areas or simply
pause to wait for any recovery prior to proceeding. If
using a monopolar stimulator, care must be exercised
particularly with non-insulated stimulators that what
you are looking at is actually being stimulated and not
a proximal structure that the instrument is resting on.
When using a monopolar stimulator, surgeons need to
know that stimulators only stimulate a small point of
contact and not an ‘area’. It is also important to check
and make sure there are no technical problems with the
monitoring. Baseline recordings are often done preop-
eratively. At the beginning of an operation when using
a stimulator, check for the stimulus artifact, and check
that the stimulator working on an easily identifiable
motor nerve (such as the accessory nerve in posterior
fossa surgery).

Conclusion

Intraoperative monitoring is a relatively new technol-
ogy, which like many technologies, have now been
incorporated into regular practice of many surgeons.
It maybe considered standard of care in certain proce-
dures (Sekhar et al. 1995; Cabraja et al. 2009). It is a
benefit to the surgeon, by relieving anxiety, and pro-
viding reassurance that critical functions are still intact
during surgery. Subtle changes may lead the surgeon
to change what he is doing in an attempt to preserve
these functions. It allows for good quality control;
the surgeon being able to correlate changes to cer-
tain maneuvers, or in the case where multiple surgeons
are involved in a complex case, isolating when any
injury occurred. If a conservative operation is being
planned, being able to stop surgery before damage
occurs is preferable; this can be predicted by changes
in monitoring. The worst-case scenario is doing a con-
servative operation but finding out postoperatively that
the patient already has the deficit that one was trying to
avoid (and the patient not being ‘cured’, with residual
tumor left behind). In the case of acoustic neuromas,
the advent of monitoring techniques for cranial nerves
have changed the preservation rates of facial nerve
function by significant magnitude, and despite lack
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of ‘evidence’, no neurosurgeon would have their own
tumor operated on without adequate monitoring. Over
the last decade it has become rare to have facial nerve
palsies for these tumors. These techniques have made
surgery safer for patients and helps reassure surgeons
during complex long cases.
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Chapter 32

Brain Tumours: Pre-clinical Assessment of Targeted, Site
Specific Therapy Exploiting Ultrasound and Cancer
Chemotherapeutic Drugs

Anthony P. McHale and Nikolitsa Nomikou

Abstract Although recent advances in developing
drug carriers and targeting systems to facilitate site-
directed, cancer chemotherapy-based treatment modal-
ities for solid tumours in general have indicated very
significant patient benefit, tumours occurring in the
brain have presented significant challenges. The pur-
pose of this chapter will be to review existing ther-
apeutic applications of transcranial ultrasound and to
examine current experimental approaches based on the
use of ultrasound to non-invasively enhance the action
of cancer chemotherapeutics in a site-specific manner.
Benefits afforded by such therapeutic strategies in the
treatment of localised intracranial solid tumours will
be highlighted.

Keywords Transcranial ultrasound · Site-directed ·
Chemotherapy-based · Cancer chemotherapeutics ·
Localised brain tumours · Malignant gliomas

Introduction

Despite modern medicine affording ever-increasing
post-treatment survival rates following diagnosis of
brain cancer, the prognoses for a wide variety of
tumours in the brain remain relatively poor. The
principle modes of treatment for relatively localised
brain tumours include surgical resection, treatment
with radiation, chemotherapeutic drugs or combina-
tions of these approaches. Poor therapeutic outcome
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derives from a number of challenges including the
pernicious infiltrative nature of tumours such as malig-
nant gliomas that precludes accurate pre-surgical
mapping and subsequent complete surgical resec-
tion (Neuwelt 2004). Although advances in mod-
ern diagnostic approaches are addressing the former
(Vincenzini et al. 2008), the latter remains a significant
challenge and usually necessitates subsequent follow
up with some form of adjuvant therapy (Moustakas
and Kreisl 2010). Amongst the therapeutic options cur-
rently available for the treatment of brain tumours,
chemotherapy plays only a limited role either as a
concurrent or follow-up adjuvant therapy (Nishikawa
2010). The limited role for cancer chemotherapeu-
tics in the treatment of brain tumours essentially
derives from the existence of the blood–brain bar-
rier (BBB). This relatively impermeable barrier results
from a sophisticated vascular architecture comprised
of endothelial cell tight junctions reinforced by an
endothelial cell basement membrane. This structure
is surrounded in turn by perivascular cells, an astro-
cyte basement membrane and finally the flattened
protrusions of astrocytes. Essentially this barrier pre-
cludes the movement of ionised, water-soluble sub-
stances with molecular weights >180 Da (Daltons) into
the brain unless those substances exploit endogenous
transporter mechanisms. Since many currently used
cancer chemotherapeutic agents range in size from
2000 to 12,000 Da, they are effectively precluded from
entry into the brain. The situation is further compli-
cated by the heterogeneous nature of the blood-tumour
barrier (BTB) in brain lesions, with that barrier some-
what leakier towards the centre and much less so at
the actively growing regions in the tumour periphery.
Unfortunately, the amount of chemotherapeutic drug
accessing the latter regions can be negligible. Although
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the above challenges present a considerable obstacle
to the successful application of chemotherapeutics in
the treatment of brain tumours, the search for improved
means of exploiting this therapeutic option has led to
approaches that seek to either deliver drugs directly
to the brain or to disrupt the blood brain barrier. In
experimental settings, directly introducing drugs to the
brain has been accomplished via intracerebral implan-
tation, intracerebroventricular infusion or convection
enhanced diffusion (Vykhodtseva et al. 2008). Because
these strategies are based on diffusion, limited penetra-
tion into the brain still compromises these approaches
and this is further exacerbated by rapid elimination of
drugs from the brain by active drug efflux transport
mechanisms. More recent advances in drug delivery
systems have sought to exploit nanoparticulate and
liposomal formulations of systemically administered
cancer chemotherapeutic agents to circumvent the
BBB, however, non-localised uptake presents a chal-
lenge even with strategies such as these (Orive et al.
2010). Alternatives approaches have involved transient
disruption of the BBB including the use of intracarotid
arterial infusion of hyperosmotic solutions and alter-
native suggested experimental strategies using disrup-
tive agents such as dimethylsulphoxide and vasoactive
agents (Patel et al. 2009). Despite some exciting recent
advances, the major limitation with these approaches
however derives from the lack of control over anatom-
ical positional deposition of these BBB-disrupting
agents, resulting in non-localised uptake of the ther-
apeutic agent and consequential collateral damage at
non-target sites.

An ideal therapeutic regime might involve the use of
some form of extracorporeal stimulus that could stim-
ulate controlled, site-specific, transient compromise of
the BBB in order to facilitate passage of a therapeutic
agent across the BBB at an identified target site. Such
an approach would very positively enhance the uptake
of systemically-administered chemotherapeutic agents
and preclude the negative aspects associated with the
above-mentioned alternative modulators of the BBB.
In addition, this approach would enhance the capabil-
ities offered by recent developments in the design of
drug carriers and strategies based on molecular target-
ing. In this chapter we will review recent advances in
exploiting ultrasound to enhance the action of cancer
chemotherapeutics and suggest how such approaches
could provide mainstream therapeutic modalities for
the treatment of brain tumours.

Ultrasound, Sonoporation and Cancer
Chemotherapeutics

Ultrasound may be defined as an oscillating pressure
wave propagating through a gas, liquid or solid at
frequencies in excess of 20 kHz. Propagation veloc-
ity through living tissues is dependant on the nature
of the tissue and this has had a profound influence
on the development of ultrasound for medical appli-
cations. In medicine the historical development of
ultrasound has primarily been related to diagnostics
although the suggestion that it may play a role in
therapeutics is certainly not a new one. It has been
suggested that the first report by Wood and Loomis in
1927, describing the effects of ultrasound on tissues,
led to the development of ultrasound as a therapeu-
tic tool (ter Haar 2007). Indeed since then, many
reports relating to the use of ultrasound in the treat-
ment of cancer have culminated in the development of
what is now known as HIFU treatment or high inten-
sity focused ultrasound treatment. Such an approach
is based on exploiting the ability to non-invasively
focus ultrasound to a single point in three dimen-
sions in order to stimulate a localised increase in
temperature thereby delivering a hyperthermic abla-
tive capability. More recent developments in this area
have centred on coupling MR imaging capabilities
with the HIFU approach and such devices are currently
being trialled in a number of clinical settings (Jolesz
2009; McDannold et al. 2010). Some of these ther-
apeutic applications will be discussed in more detail
below in the context of transmitting ultrasound into the
brain.

Although all current clinical treatments for can-
cer using ultrasound exploit site-specific hyperthermic
ablation, it has also been recognised that ultrasound,
at somewhat lower intensities, can induce transient
changes in living cells and tissues that could lead to
the development of new treatment strategies. Here it is
perhaps worth taking time out to describe some of the
parameters by which ultrasound is characterised when
using it as a therapeutic tool. For therapeutic appli-
cations of ultrasound, exposures may be characterised
by frequency, intensity (acoustic pressure/power den-
sity), the manner in which the ultrasound is delivered
to the target (pulsed or continuous wave) and finally
the duration of exposure. In addition, ultrasound may
be delivered to a target as a columnar or focused beam.
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The advantages associated with the latter relate to
delivery of ultrasound at therapeutic levels to deeper
sites within the organism without exposing the inter-
vening tissues to ultrasound at those therapeutic doses.
For hyperthermic treatments based on the use of HIFU,
which obviously uses a focused beam configuration,
the intensity or power density is usually greater than
5 W/cm2 at the focal point/therapeutic site. In practice,
it is usually much higher than this and treatment dura-
tion will be relatively short. For more subtle responses
ultrasound power densities usually range from 1 to
5 W/cm2 and it is these types of responses we will
primarily be dealing with here. In addition, although
frequencies ranging from 3 to 10 MHz are com-
monly employed in diagnostic ultrasound imaging,
frequencies at or below 1 MHz are normally exploited
for therapeutic or cell/tissue-modifying applications
because tissue attenuation of ultrasound increases with
increasing frequency. Essentially, lowering the ultra-
sound frequency ensures enhanced tissue transmis-
sion/penetration and permits greater access to target
sites deep within the body. In any case, as mentioned
above, ultrasound at intensities of 1–5 W/cm2 has
been reported to elicit effects on living cells and tis-
sues that can not be entirely attributed to increases in
temperature. Using both in vitro and in vivo model sys-
tems it has been shown that exposure to ultrasound
at specific intensities and frequencies can induce a
transient breakdown in the semi-permeable nature of
cell membranes and this has become known as sono-
poration (reviewed by Nomikou and McHale 2010).
Discovery of this phenomenon has proven exciting
from a therapeutic perspective because it can be
induced non-invasively and in a site-specific manner,
is a reversible phenomenon and can be exploited to
enhance passage of therapeutic materials into target
cells. Many reports have appeared in the literature
describing the combined use of cancer chemothera-
peutic agents together with ultrasound (Feril et al.
2002; Li et al. 2008; Nomikou et al. 2010) and they
describe the exciting potential offered by such an
approach in delivering site-specific, enhanced action
of cancer chemotherapeutic drugs using an external,
non-invasive physical stimulus. In many of these stud-
ies, particularly those employing cell culture-based
model systems, it has been suggested that enhanced
action of the chemotherapeutic agent is facilitated,
at least in part, by sonoporation events induced by

the ultrasonic stimulus. In our own studies we have
confirmed this using in vitro test systems, although
we have further suggested, based on data using in
vivo models, that the ultrasound-induced enhancement
may also be due to increased tissues dispersion of the
chemotherapeutic agent following exposure to ultra-
sound (Nomikou et al. 2010). Regardless of the precise
mechanism by which exposure of tissue to ultrasound
renders them more susceptible to chemotherapeutic
agents, it is difficult to ignore the significant therapeu-
tic potential suggested by the wealth of reports in the
literature.

In further exploring sonoporation and its therapeutic
potential, researchers have found that this phenomenon
is greatly enhanced in the presence of microbubble-
based ultrasound contrast agents (reviewed by
Nomikou and McHale 2010). Microbubbles are
usually comprised of a shell surrounding some form
of inert gas and gases commonly exploited for these
purposes include air, sodium hexafluoride or a range of
perfluorocarbon gases. The shells of these microbub-
bles, which serve to stabilise the overall entity, may
be composed of denatured albumin, polymers or
lipids and can further include surface modifications
including polyethylene glycol (PEG) coatings to
enhance stability (reviewed by Nomikou and McHale
2010). As mentioned above these microbubbles are
exploited clinically to enhance ultrasound-mediated
imaging by providing increased echogenicity and are
routinely employed in echocardiography and in the
determination of gross vascular integrity. Essentially,
because ultrasound does not travel very effectively
through a gas, these agents yield an enhanced echo
as a result of reflection from the tissue–gas interface.
It has also been found that at specific ultrasound
intensities these microbubbles can give rise to either
stable or inertial cavitation. At a microscopic level, if
a microbubble is proximal to a target cell membrane,
stable ultrasound-induced cavitation (or oscillation)
can give rise to disturbances such as microstreaming
in that micro-environment. If the ultrasound intensity
is increased (usually to intensities greater than those
used in diagnostic ultrasound imaging) so that inertial
cavitation or catastrophic collapse of the microbubble
occurs, then these violent effects can have a signifi-
cant impact on a cell membrane that is proximal to
those effects. It is believed that these violent effects
underpin the mechanism by which microbubbles
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enhance sonoporation or transient compromise in
the permeability of cell membranes thereby facili-
tating entry of extracellular materials to intracellular
spaces. Because these microbubbles respond in such
a manner to ultrasonic fields and because their shells
can also accommodate therapeutic payloads, it has
been suggested that they may represent a convenient,
stimulus-responsive drug delivery vehicle for use
with cancer chemotherapeutic agents (Nomikou and
McHale 2010). Essentially, the drug trapped on the
microbubble would be administered systemically.
During exposure of the target site (tumour) to ultra-
sound at intensities that would result in inertial
cavitation, microbubbles passing through capillaries
in the exposed tissues would disintegrate resulting in
deposition and accumulation of the cancer chemother-
apeutic payload at that pre-determined target site.
Because such a strategy would facilitate accumulation
of the cancer chemotherapeutic agent at the target site,
the approach would permit administration of a reduced
overall dose thereby impacting positively on thera-
peutic indices of relevant cancer chemotherapeutic
agents.

One other aspect of ultrasound that indicates its
exciting potential in site-specific delivery of drugs, par-
ticularly for the treatment of cancer, is suggested by
relatively recent reports indicating that ultrasound can
stimulate site-specific extravasation. It has been shown
that treatment with ultrasound at specific intensities
can result in extravasation of circulating marker dyes
(e.g. Evans blue) with clear demonstration of the dye
in extravascular tissues at the treatment site. Since dyes
like Evan’s blue interact very strongly with plasma pro-
teins such as albumin, the data indicate compromise
of the microvasculature at the ultrasound-treated target
site (Bohmer et al. 2010). In our own laboratories we
have also observed this phenomenon in the presence
or absence of microbubbles although the presence of
microbubbles enables the phenomenon to be observed
at lower ultrasound intensities. Observations such as
these present the exciting possibility that ultrasound
can play a role in facilitating (i) site-specific deposi-
tion of drugs from a microbubble-based vehicle (ii)
extravasation of those drugs from the microvasculature
to extravascular target tissues, (iii) dispersion of drugs
through those extravascular tissues and finally (iv)
entry into target cells via sonoporation events. Since
the above aspects are facilitated using a non-invasive,
extracorporeal stimulus (namely ultrasound), exciting

potential therapeutic options become possible, particu-
larly for the non-invasive treatment of brain lesions. Of
course realising such options would be dependant on
being able to non-invasively deposit ultrasonic energy
at a single, pre-determined point in 3-dimensions in
the brain and the following section will review current
developments in this area.

Transcranial Ultrasound

The suggestion that ultrasound might be exploited
from a neurological perspective is not novel. In the
1940s, the Austrian neurologist, Karl Dussik together
with his brother Friedrich working at the University of
Vienna, experimented with transcranial ultrasound to
locate brain lesions and cerebral ventricles (reviewed
by Baker 2005). Since then many of the develop-
ments in the use of ultrasound relating to the brain
have centred on brain ultrasonography, primarily in
assessing brain vasculature (Seidel et al. 2004). It
has long since been recognised that the skull and
in particular the manner in which ultrasound passes
through the bones of the skull represents perhaps the
most serious challenge to the development of ultra-
sound as either a transcranial diagnostic or therapeutic
tool. Because of the unpredictable nature of ultra-
sound transmission through many of the bones that
constitute the skull, technology for ultrasonography
was primarily developed to exploit what is known as
the ‘temporal window’ and this was chosen because
the temporal bones of the skull are relatively thin.
Indeed exploiting the temporal window, led to devel-
opments in ultrasound imaging strategies including its
use in assessing cerebral artery integrity and cere-
bral artery infarction (Seidel et al. 2004). Following
on from the recognition that ultrasound could tran-
sit this temporal window with some degree of pre-
dictability, a therapeutic application for ultrasound was
suggested that involved using ultrasound to enhance
tPA (tissue plasminogen activator)-mediated throm-
bolysis in the treatment of brain ischemia resulting
from stroke. Others have shown that inclusion of
microbubble preparations in such strategies can further
enhance t-PA-mediated thrombolysis in a manner that
significantly limits adverse post-treatment haemor-
rhagic events (Hitchcock and Holland 2010). Although
this transcranial therapeutic application of ultrasound
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has encountered a number of setbacks in transla-
tion to the clinic, the considerable literature describ-
ing pre-clinical and clinical outcomes does emphasise
that it is possible to deliver ultrasound transcranially,
with considerable spatial control for therapeutic pur-
poses. Taken in concert with the above listed poten-
tial attributes associated with ultrasound in terms of
enhancing the action of cancer chemotherapeutics, a
role for ultrasound in facilitating site-specific deposi-
tion of cancer chemotherapeutics for the treatment of
brain lesions seems possible.

As mentioned above, delivery of ultrasound through
the bones of the skull can present a significant chal-
lenge to its exploitation in facilitating treatment of
intracranial lesions. Looking at this in more depth,
the challenge basically relates to the unpredictable
nature of ultrasound as a result of strong scattering
and attenuation by the bones of the skull. In order to
understand this behaviour and in an attempt to predict
the nature of ultrasound on passage into the brain, a
large number of studies have described the behaviour
of ultrasound as it passes through the skull bones.
Studies such as these have described direct effects of
ultrasound on the bones through which the ultrasound
is transmitted and particularly on tissues overlaying
and underlying the bone at the point of transmission.
It has been shown that even at relatively low frequen-
cies (which are normally chosen as a result of the
relationship between ultrasound attenuation and fre-
quency) significant thermal accumulation can occur at
tissue-bone interfaces (Hynynen et al. 2006). Some
of these studies were performed in order to ascer-
tain whether or not HIFU-based approaches could be
exploited in developing thermal ablative treatments for
tumours in the brain. In this approach the objective
was to deposit ultrasound at a sufficient energy den-
sity to facilitate thermal ablation at a precisely targeted
focal point without destruction of tissues between the
emitting surface of the transducer and that focal point.
In those studies it was clear that ultrasound could be
transmitted from focused transducers with sufficient
accuracy and precision to enable hyperthermic treat-
ments of tumours with a diameter of 10 mm. In a more
recent clinical study, aimed at achieving hyperthermic
ablation, McDannold et al. (2010) confirmed localised
deposition of ultrasonic energy in three glioblastoma
patients with an extremely high degree of precision.
As mentioned above, deposition of ultrasonic energy
at densities to facilitate tissue ablation caused adverse

thermal accumulation at the scalp–skull and skull–
brain interfaces. However, in applying ultrasound to
enhance or target the action of cancer chemothera-
peutics, the ultrasonic energy required would be much
lower than that required for HIFU-based thermal abla-
tion and the above mentioned challenges would there-
fore be significantly reduced. In addition, because the
application of ultrasound to the brain for enhanc-
ing cancer chemotherapeutics at a precise point in
three dimensions necessitates the use of focused trans-
ducers, geometric configurations with relatively large
curvatures could be exploited, thereby minimising the
energy striking these interfaces and this would fur-
ther serve to circumvent thermal accumulation at the
bone–tissue interfaces.

In terms of non-invasively delivering ultrasound
through the skull to a single point in three dimensions
in the brain and because of the potential for signif-
icant distortion as the ultrasound passes through the
bones of the skull, an elegant approach involving the
use of a time reversal mirror can be exploited in order
to enhance targeting to that single point. This involves
the use of an array of transducers that emit an acous-
tic wave front towards a target, receive and analyse the
return signal from the target and re-emit a subsequent
wave front that is corrected for distortion and focused
on the target. Using this approach Pernot et al. (2007)
demonstrated that the use of HIFU to facilitate non-
invasive brain surgery with a high degree of geometric
precision was feasible. The approach also suggested
that patient-specific distortions (as a result of variations
in skull geometry) with respect to transcranial ultra-
sound transmission could be addressed. It is clear from
the above, that ultrasound can be delivered through
the skull with a degree of precision and at acoustic
pressures (ultrasound intensities) that facilitate either
enhanced thrombolysis for the treatment of ischemia
in stroke patients or for thermal ablation of tissues in
the treatment of brain tumours. Since ultrasound can be
transmitted to specific sites in the brain for the above
listed therapeutic applications and since the ultrasound
power densities required for bioeffects that enhance the
action of cancer chemotherapeutic agents (sonopora-
tion, drug dispersion, extravasation) are much lower,
a therapeutic approach that involves the combined
use of ultrasound and cancer chemotherapeutic drugs
in the treatment of brain lesions seems extremely
feasible.
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Ultrasound, the Blood Brain Barrier
and Cancer Chemotherapeutic Drugs

As mentioned in the Introduction, the blood-brain bar-
rier poses one of the most significant challenges to suc-
cessful treatment of brain tumours using chemother-
apeutic drugs. Treatment of tumours in the brain by
systemic administration of cancer chemotherapeutics,
either as a front-line or adjuvant therapy is hindered
by this barrier and achieving a dose that can result in
a therapeutic effect necessitates alternatives to conven-
tional systemic administration. Recognition of this has
led to the development of alternative strategies which
have involved circumventing the BBB using inva-
sive procedures or compromising the BBB in a rela-
tively non-specific manner. Many of these approaches,
although certainly providing therapeutic benefit over
and above that provided by direct systemic administra-
tion, can lead to complications such as brain toxicity
resulting from compromise to the BBB at non-target
regions and/or toxicity resulting from prolonged com-
promise to the BBB. In an ideal therapeutic regime
involving the use of cancer chemotherapeutic agents
for the treatment of brain lesions, non-invasive stimu-
lation of site-specific transient compromise of the BBB
to enable uptake of systemically administered low
dose cancer chemotherapeutic drug would be highly
desirable. In addition, as a result of brain tumour
architecture and atypical vasculature, a means of non-
invasively stimulating site-specific tissue dispersion
of the drug, once delivered, would also be expected
to provide significant therapeutic advantage. Finally,
a means of non-invasively stimulating entry of the
cancer chemotherapeutic drug into target cells would
again provide therapeutic advantage since many can-
cer chemotherapeutic drugs have intracellular targets.
This aspect would also be highly relevant where drug
resistance by cellular drug export mechanisms may be
evident.

The realisation that ultrasound can induce extrava-
sation of dyes from the microvasculature in general
has led to a number of studies that have investigated
its effects on the BBB. Indeed in some of the stud-
ies related to intracranial ultrasound-enhanced throm-
bolysis and HIFU applications for ablation, it was
noted that the blood-brain barrier was compromised
at the treatment site. It was subsequently noted that
exposure of rat brain to ultrasound together with a

microbubble-based ultrasound contrast agent led to an
enhanced degree of compromise of the BBB and this
compromise was dose dependant with respect to the
microbubbles (Mychaskiw et al. 2000). It was subse-
quently demonstrated using this approach that compro-
mise to the BBB could also be related to the ultrasound
dose and depending on the dose delivered; compromise
appeared to be self-healing (Hynynen et al. 2006). The
latter study was performed using contrast enhanced
MRI to monitor compromise of the BBB and it was
found that self-healing occurred within 6 h when an
appropriate dose of ultrasound was delivered. More
recent studies using the mouse as a model supported
earlier studied in determining that the net effect of
inclusion of microbubbles in treatment regimes served
to reduce the acoustic pressure (ultrasound intensity)
required to facilitate transient BBB disruption without
collateral tissue damage (Tung et al. 2010). In addi-
tion to the above studies using relatively small animal
models, Xie et al. (2008) demonstrated BBB com-
promise in larger animal models (porcine) showing
ultrasound-induced, site-specific uptake of MRI con-
trast agents at pre-defined sites in the brain. In these
studies it was also confirmed that the effects were more
apparent when ultrasound was administered through
the temporal bone.

In attempts to exploit ultrasound-induced compro-
mise of the BBB in chemotherapy-based treatment of
brain tumours, Mei et al. (2009) compared ultrasound-
mediated compromise of the BBB to direct internal
carotid artery injection for delivery of methotrex-
ate to chosen areas of the brain. In that study, the
authors were able to demonstrate that ultrasound treat-
ment resulted in a 10-fold increase in the amount
of methotrexate at the targeted regions of the brain
following systemic administration of the drug. When
compared with the best results achieved by direct
carotid artery injection, concentrations of methotrex-
ate in the treated regions were 3.7-fold higher in
the ultrasound treated subjects. In an approach that
involved the use of microbubbles, Treat et al. (2007)
explored the possibility of delivering doxorubicin to
precise locations in the brain using focused ultra-
sound. The objective was to determine whether or not
ultrasound could stimulate site-specific deposition of
therapeutic concentrations (in humans) of the drug at
pre-defined regions of the rat brain. When compared
with the level of drug in the brain following systemic
administration and depending on the acoustic pressure
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(ultrasound intensity) employed, up to a 23-fold
increase in doxorubicin concentration was detected
at ultrasound-treated sites. Although in this work the
authors did not premeditatedly attach the doxorubicin
to the microbubble preparation, it has previously been
demonstrated that microbubbles can serve as carriers
for this drug with appropriate design of the microbub-
ble (Nomikou and McHale 2010). The latter raises the
interesting possibility of employing the microbubbles
as an ultrasound-responsive chemotherapeutic carrier
for delivery to lesions in the brain and from a thera-
peutic perspective this would be expected to provide
benefit by facilitating a reduction in the amount of drug
administered to the patient. In terms of targeting cancer
chemotherapeutic agents to tumour tissues in the brain,
Liu et al. (2010a) examined the effect of ultrasound
in modifying the BBB to enhance delivery of sys-
temically administered BCNU [1,3-bis(chloroethyl)-1-
nitrosourea] to a glioblastoma model in rats. They were
able to show that ultrasound treatment enhanced pen-
etration of intravenously-administered BCNU across
the blood brain barrier and demonstrated that drug
uptake at the treated sites was enhanced by 200%.
They were also able to demonstrate that while admin-
istration of BCNU in the absence of ultrasound was
only transiently capable of controlling glioblastoma
growth, treatment with ultrasound prior to administra-
tion of the BCNU led to very significant reductions
in tumour growth and enhanced animal survival. The
enhanced therapeutic effects were attributed to open-
ing of the BBB by ultrasound and subsequent enhanced
uptake of the drug at that site. In addition to the
above, it has also been demonstrated that focused
ultrasound can be exploited to enhance uptake of the
chemotherapeutic epirubicin attached to a nanopartic-
ulate carrier by glioma tumours in the rat brain (Liu
et al. 2010b). In that study it was found that treat-
ment of tumours with ultrasound in the presence of
the drug-nanoparticle carrier reduced tumour growth
and significantly enhanced survival. In addition to
clearly providing pre-clinical evidence demonstrating
that ultrasound can be exploited in enhancing uptake
of a cancer chemotherapeutic drug to facilitate a site-
directed therapeutic response in the brain, this report
further demonstrated the versatility of the approach in
enabling enhanced uptake of a nanoparticulate entity.
The latter is important in the context of characterising
the nature of ultrasound-induced compromise to the
BBB and indicates that the approach can be employed

to enable large entities to bypass the BBB. This has
positive consequences where entry by macromolecu-
lar biotherapeutics may be a necessity. Although it
has already been demonstrated that ultrasound-induced
compromise of the BBB can facilitate entry of anti-
body molecules into the brain, these molecules are
much smaller than entities such as plasmid DNA
which may, in the future, be exploited in gene-based
therapies for the treatment of localised brain lesions.
Indeed it has been demonstrated some time ago that
ultrasound can be exploited to facilitate gene trans-
fer into target cells in the brain in a site-specific
manner (Shimamura et al. 2004) although the DNA
was administered intracranially and it remains to be
seen whether or not ultrasound-induced compromise
of the BBB could facilitate uptake of therapeutic DNA
constructs following systemic administration. From a
cancer chemotherapy perspective, advances in gene
targeting to lesions in the brain could be exploited
using strategies such as gene-directed prodrug therapy
thereby further enhancing the specificity of treatment.
A typical example of this approach is illustrated by
the insertion of a transgene encoding Herpes simplex
thymidine kinase (HSVtk) into target cells. When the
target cells are exposed to the prodrug, ganciclovir, the
HSVtk catalyses its phosphorylation and the resulting
activated drug then competitively inhibits incorpora-
tion of dGTP into nucleic acid in the target cell which
then results in cell death (reviewed by Nomikou and
McHale 2010). Using such an approach, the degree
of specificity incorporated into the therapeutic regime
may, in the future, provide a particular advantage in
treating highly metastatic brain lesions.

In all of the above approaches, the ability of ultra-
sound to non-invasively stimulate BBB by-pass com-
bined with cell membrane permeabilisation at the tar-
get site underpins the enormous therapeutic potential
offered by such strategies. Understanding the mecha-
nism by which ultrasound facilitates BBB compromise
is key to further developing the approach and its trans-
lation into the clinic. Although we have discussed
ultrasound transmission through the skull to facilitate
site-directed deposition of energy sufficient to facil-
itate opening of the BBB, the mechanism by which
this occurs at tissue and molecular level needs to be
explored further. In a study involving the use of a
mouse model system with systemic administration (IV
and IP) of a BBB impermeable gadolinium-based MRI
contrast agent and fluorogenic tracer dyes to assess
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BBB compromise post-ultrasound treatment, Baseri
et al. (2010) demonstrated that observed effects at a
histological level were dependant on acoustic pressure
(ultrasound intensity). They found that effects ranged
from intense tissue disruption to mildly diffuse open-
ing across the brain parenchyma with minimal tissue
damage and they concluded that ultrasound parame-
ters could be chosen to select for the latter. In this
study microbubbles were employed to enhance the
effects and on that basis one can conclude that the
observed bioeffects resulted from ultrasound-induced
inertial cavitation, particularly at the acoustic pres-
sures exploited. In another study a rat glioma model
was employed to examine the effects of ultrasound in
combination with microbubbles on the blood-tumour
barrier (BTB) (Shang et al. 2010). This study involved
the use of Evan’s blue to assess compromise of the
barrier and further sought to examine the effects of
ultrasound treatment at a molecular level by examining
mRNA expression levels of tight junction-related pro-
teins. They found that following exposure of tissues to
ultrasound, compromise of the BTB was afforded and
when expression levels of tight junction-related pro-
teins were examined at various times post treatment,
those levels dropped significantly at 3 h post treatment
and subsequently recovered at 12 h post treatment. The
authors suggested that reduced expression of these pro-
teins in the post treatment period could be related to
compromise of the BTB. From these studies, it is clear
that ultrasound together with microbubbles are exert-
ing a significant disruptive effect on the microvascula-
ture at treatment sites and this results in a weakening
of the tight junction architecture that subsequently per-
mits release of the tracer dyes into the surrounding
tissues. Although this can explain enhanced deposition
of a chemotherapeutic agent into a target region in the
brain, it is perhaps worth noting that it may not fully
explain the observed potentiation of chemotherapeutic
drugs in the brain. As already mentioned ultrasound-
induced bioeffects can also involve enhanced diffu-
sion of chemotherapeutic agents through relatively
impermeable tissues and this can provide significant
therapeutic benefit particularly in the treatment of
solid tumours where the vasculature and tissue archi-
tecture can be extremely atypical (Nomikou et al.
2010). In addition, sonoporative effects on cells at
the tumour site, where transient permeabilisation of
the target cell membrane can be achieved, could also
play a significant role, particularly since many cancer

chemotherapeutic drugs exploit intracellular targets (Li
et al. 2008). In any event and regardless of the precise
mechanisms involved, it is clear from the above that
ultrasound can play a major role in facilitating com-
promise of the BBB/BTB and the non-invasive nature
of this potentiating stimulus suggests some very excit-
ing possibilities in terms of delivering site-directed
chemotherapy for the treatment of brain lesions.

Conclusions

In the above chapter we have sought to relate stud-
ies describing the translation of transcranial ultrasound
for therapeutic purposes into the clinic to pre-clinical
studies describing the benefits afforded by exploit-
ing ultrasound to enhance or potentiate the action
of cancer chemotherapeutic drugs. Recent advances
relating to clinical therapeutic applications of ultra-
sound have demonstrated site-specific deposition of
ultrasonic energy to facilitate hyperthermic tissue abla-
tion and the precision and predictability with respect
to targeting without collateral tissue damage along
the ultrasound transmission path is extremely impres-
sive. From those and other studies, it was realised
that ultrasound, at specific frequencies and acoustic
pressures (intensities) could be exploited to facili-
tate site-selective opening of the BBB/BTB. On the
other hand a significant body of pre-clinical data has
been accumulated over the years demonstrating signif-
icant benefit associated with the use of ultrasound to
potentiate the action of cancer chemotherapeutics in a
site-specific manner. Essentially ultrasound, together
with microbubble-based ultrasound contrast agents,
can facilitate entry of cancer chemotherapeutic drugs
into target cells by promoting transient, cell membrane
permeabilisation. In addition, ultrasound can promote
dispersion of drugs through the relatively impermeable
tissues of solid tumours. If one takes the latter two
observations in concert with ultrasound-induced tran-
sient opening of the BBB/BTB, the therapeutic poten-
tial offered by combining this non-invasive stimulus
with systemically-administered cancer chemothera-
peutics for the treatment of brain lesions is staggering.
Essentially, the approach suggested primarily involves
ultrasound-mediated opening of the BBB/BTB in the
vicinity of the lesion. In doing so ultrasound will
also serve to ‘hyper-sensitise’ the relevant lesion, by
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(i) facilitating dispersion of the cancer chemotherapeu-
tic drug through impermeable tumour tissues and (ii)
facilitating entry of the cancer chemotherapeutic drug
into target cells via sonoporation. Based on some of the
data presented here, there is strong evidence to support
a move towards translation of this overall approach into
the clinic. Indeed there is also sufficient evidence to
indicate very significant patient benefit in being able
to provide non-invasive, site-specific chemotherapy in
the treatment of brain lesions since the approach would
permit a reduction in the overall dose of chemother-
apeutic administered to the patient. This would be
expected to provide a positive impact on apparent ther-
apeutic indices of cancer chemotherapeutic drugs. In
addition, this approach would also enable the use of
highly effective chemotherapeutic agents that are cur-
rently not indicated for the treatment of brain lesions
on the basis that they are incapable of crossing the
BBB. Significant patient benefit using this approach
would also derive from minimising the invasive nature
of existing therapeutic alternatives. We believe that
existing technological developments in site-specific
delivery of transcranial ultrasound, the wealth of pre-
clinical data relating to ultrasound potentiated cancer
chemotherapy and perceived patient benefit, provide
compelling evidence for translation of this approach to
the clinic, particularly for the treatment of focal brain
lesions.
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Chapter 33

Headaches in Patients with Brain Tumors

David Fortin and Philippe Goffaux

Abstract Although most people who suffer from
headache do not present with an underlying mass
lesion, a large number of patients with brain tumors
do complain of headache (as many as 60% in our insti-
tution). The problem for clinicians is that the tumor-
headache association is not universal, as evidenced by
anecdotal reports of patients with large tumors, ele-
vated intracranial pressure but a complete absence of
headache. In this chapter, we examine over 80 years
of research on brain tumor headaches, delineating the
link between tumor location, laterality, growth-rate,
and pain. Most importantly, we position our review
within the context of current aetiological theories and
propose new models involving the peripheral and cen-
tral sensitization of nociresponsive neurons. A brief
examination of headaches as a result of surgery and
adjuvant chemo-radiation therapy is also provided.

Keywords Headache · Brain tumors · Intracranial
pressure · Migraine-like · Tension type · Cluster
headaches

Headache as a General Symptom

Headache is an extremely prevalent and often non
specific symptom. Prevalence estimates indicate that
35–90% of us will experience headaches at least once
in our lives (Dousset et al. 2000). The most common
type of headache is by far tension type headache
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(69–88%) followed by migraine (6–25%) and clus-
ter headaches (0.006–0.24%) (Dousset et al. 2000). In
some cases, headaches do not readily fit into the clas-
sification categories established by the International
Headache Society, and are thus considered atypi-
cal. Prevalence estimates for atypical headaches are
scarce, but a relatively recent study conducted to
test the utility of magnetic resonance (MR) imaging
in the evaluation of chronic headache revealed that
15.9% of referred cases were atypical, whereas 40%
of cases were migraine-like and 17.6% were tension
type headaches (Wang et al. 2001). One must inter-
pret these numbers with caution, as they were likely
biased toward higher representation of atypical cases,
since these cases are more likely to be considered for
neuroimaging. Nevertheless, it is important to properly
investigate atypical headaches since major abnormal-
ities are found following MR imaging in 14.1% of
cases, as opposed to 0.6% for migraine and 1.4% for
tension type headache (Wang et al. 2001).

Headache as a Symptom of a Brain
Tumor

So when does a headache signal the presence of an
intracranial neoplasm? As is often the case in medi-
cal sciences, there is no straightforward answer to that
question. Headaches often are early indicator of cen-
tral nervous system tumors. However, headaches are
also present in a wide variety of other conditions, and
are sometimes (surprisingly) absent in patients with
primary neoplasms or metastatic tumors. This thus
prevents the formulation of a generalized statement
linking headache to the presence of an intracranial
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Table 33.1 Signs warranting the need for further investigation

Red Flags

Sudden onset headache or persistent headache associated with an absent family history of migraine
Headaches that have changed in character/quality
Headaches not resembling any of the primary headaches
Headaches associated with nausea/vomiting in nonmigraineur patients
Persistent headaches associated with substantial episodes of confusion, disorientation, or emisis
Rapid onset of headache following strenuous exercise
Papilledema, diplopia, blurred vision
Headaches that awaken the patient repeatedly from sleep or occur immediately on waking
Focal neurological symptoms other than visual or sensory aura and/or hemicrania associated with contralateral neurological

symptoms

neoplasm. Let us thus examine the data available on
this interesting topic, with the purpose of drawing
some generalizations.

Headaches are rarely the result of a brain tumor;
however brain tumors are frequently associated with
headaches. As a general rule, approximately 50%
of patients bearing a brain tumor will complain of
headache pain. Studies addressing the question specif-
ically have reported estimates varying from 33 to 71%.
Interestingly, Schankin et al. (2007) reported that when
headaches are presents, they rarely occur in isolation,
presenting as such in only 10% of case. Loghin and
Levin (2006) reported that brain tumor headaches are
typically accompanied by varied symptoms, includ-
ing nausea, emesis, papilledema and blurred vision
(in the context of intracranial hypertension), person-
ality changes, seizures, and/or other focal neurologi-
cal signs. These companion symptoms are considered
“red flags”, and call for immediate imaging inves-
tigations (brain MRI or scan), lest the presence of
a lesion be missed (Table 33.1). More so, accord-
ing to Forsyth and Posner (1993) a change in a
pre-existing headache can also be indicative of a
newly expending mass lesion and should definitely be
investigate.

The character of the headache per se can be of some
diagnostic value. Most brain tumor headaches are
expressed as dull, aching pain, and are rarely described
as throbbing or pulsating, as described by Schankin
et al. (2007). According to Forsyth and Posner (1993),
the general consensus seems to be that brain tumor
headaches mostly mimic tension type headaches. On
some occasions, however, Pfund et al. (1999) reported
that brain tumor headaches will be described as similar
to migraine-like headaches (in approximately 10% of
cases). Nevertheless, drawing parallels between brain
tumor headaches and idiopathic or primary headaches

(e.g., tension type or migraine – see description and
comparison in Table 33.2) can be useful, especially
given the sometimes complex mechanisms underlying
the development of brain tumor headaches.

Does Headache Localization Echo Tumor
Location?

Historically, it was thought that the topographic distri-
bution of headaches could have some predictive value
in determining the location of underlying mass lesions.
The tremendous advancements in neuro-imaging have
largely rendered the pursuit of this relation obsolete.

However, over 80 years of research on this
issue have provided valuable data allowing cer-
tain generalizations. Thus, Dalessio (1978) reported
that infratentorial lesions are more frequently asso-
ciated with occipital than frontal or temporal
headaches. Infratentorial tumors can also be accom-
panied by nuchal pain and cervical muscle spasms.
Supratentorial tumors, on the other hand are more
frequently associated with vertex and frontal pain
according to Suwanwela et al. (1994). Kunkle et al.
concluded on the fact that frontal headache per se
has poor localizing value since it can be produced
by tumors in remote locations. In addition, published
prevalence estimates pairing supratentorial tumors to
frontal headaches indicate that this association happens
in less than 50% of cases, according to Forsyth and
Posner (1993), thus emphasizing the looseness of this
association.

Despite the limited utility of precise localization
attempts, correspondence between headache lateral-
ity and tumor location is much higher. Headaches, it
seems, occur more frequently on the ipsilateral side
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Table 33.2 Clinical characteristics underlying migraine, tension type headache, cluster headache, and brain tumor headache

Migraine Tension type headache Cluster headache Brain tumor headache

Headache attacks last
anywhere from 4 to 72 h

Headaches last anywhere
from 30 min to 7 days

Frequency can vary from one
every other day to as many
as eight per day and last
from 15 to 180 min

Headaches may be
intermittent and are often
relieved by simple
analgesics

Headaches are typically
unilateral and pulsating

Headaches are bilateral and
typically described as
pressing/tightening
(non-pulsating)

Headaches are associated
with sever
unilateralorbital,
supraorbital, and/or
temporal pain

Headaches can be unilateral
or bilateral (depending on
the location of the tumor
and on the presence of
elevated intracranial
pressure), and are more
frequently described as
dull, deep aching pain

Headaches are moderate to
severe and limit daily
activities

Headaches are mild to
moderate and do not
prohibit daily activities

Cluster headache attacks are
debilitating and patients
often become agitated

Headaches are usually mild
to moderate but can be
fulminatory if the tumor
grows rapidly. Elevation
of intracranial pressure is
not necessary for its
occurrence

Accompanied by photo- or
phono-phobia, and by
nausea/vomiting.
Sometimes accompanied
by one or more fully
reversible aura symptoms
indicating focal cerebral,
cortical, or brainstem
functions

Photo- or phono-phobia are
usually absent and
headaches are not
accompanied by
nausea/vomiting

Associated with conjunctival
injection, lacrimation,
nasal congestion,
rhinorrhoea, forehead and
facial sweating, miosis,
ptosis, eyelid oedema

Typically associated with the
classic triggers of
worsening in the morning,
coughing, or Valsalva
manoeuvre when
accompanied by elevated
intracranial pressure
and/or when the tumor is
located along midline
structures

Headaches are not better
explained by an
underlying physical or
neurological disorder

Headaches are not better
explained by an
underlying physical or
neurological disorder

Headaches are not
accompanied by
gastrointestinal
disturbances and are not
associated with trigger
points (as in trigeminal
neuralgia)

Often include the
presentation of
neurological symptoms
related to the growth of a
mass lesion within brain
parenchyma

of unilateral tumor(s), particularly in the absence of
elevated intracranial pressure. In fact, in the absence
of high intracranial pressure, Suwanwela et al. (1994)
found that headaches correctly predict the lateral-
ization of supratentorial lesions in 100% of cases.
According to Dalessio (1978), this is likely due to
the absence of extensive brain displacement and ven-
tricular obstruction, both of which tend to produce
distal rather than proximal traction on pain-sensitive
structures such as veins and meningeal arteries. In
the absence of distal traction, headaches occur region-
ally, and are thus more predictive of tumor location.
It was reported by Forsyth and Posner (1993) that for
similar reasons, dural-based tumors produce localized
headaches of predictive value, which develop in close
proximity to the tumor site.

As the tumor grow and produce an increase in
intracranial pressure, however, headache pain looses
its localizing/lateralizing value, as the distal traction
produced by elevated pressure activates pain sensi-
tive structures in widespread areas and away from the
tumor.

It thus becomes relevant to pay attention and under-
stand the pathogenesis of brain tumor headaches. The
next section deals specifically with this issue.

Headaches associated with a mass lesion are often
worse in the morning, since brain edema increases
overnight from the effects of gravity in the reclining
position. When associated with projectile vomiting and
an abrupt worsening in mental state, such headaches
are always a cause for concern and call for immediate
investigation.
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Pathogenesis of Brain Tumor Headache

Traction Hypothesis

Being devoid of pain receptors, the brain parenchyma,
is insensitive to pain per se. Thus, headache pain
has to be triggered by surrounding structures. Intra-
and extra-cranial pain-sensitive structures potentially
involved in the genesis of headache include venous
sinuses, dural and cerebral arteries, dura, skin, sub-
cutaneous and muscle tissue, and the periosteum of
the skull. The most frequently cited cause of brain
tumor headache is the presence of traction on intra- and
extra-cranial pain-sensitive structures. In brain cancer,
traction results from the expansion of tumoral tissue,
oedema, and, secondary hemorrhages, as reported by
Kunkle et al. (1942).

A number of tumor-associated features tend to
validate the traction hypothesis of brain tumor
headaches. For example, tumor-associated peritumoral
edema, papilledema, and supratentorial midline shift
(Fig. 33.1) are all key markers of increased intracranial

A

B

Fig. 33.1 Coronal brain section (gadolinium-enhanced T1
magnetic resonance slice) showing the presence of a signif-
icant tumor-induced horizontal shift of the third ventricle.
Measurements for horizontal shift typically involve subtracting
the measured distance from the inner table of the skull to the
midpoint of the third ventricle (a) from one-half the distance
between the inner tables of the skull (b)

pressure, and can be paired to the presence of diffuse,
poorly localized headaches, as reported by Pfund et al.
(1999). Pressure-induced traction is the most likely
explanation in the genesis of these diffuse headaches.

According to Loghin and Levin (2006), the growth-
rate of space occupying lesions also plays an impor-
tant role in predicting the occurrence of traction and
headache pain. Tumors that increase rapidly in size
can cause sharp, intense pain because the intracranial
space does not have a chance to adapt to the increased
pressure. As described above, this is thought to result
from the sudden irritation of pain-sensitive structures.
Slow growing tumors, on the other hand, produce
headaches that are transitory and occur only later in
the course of disease, principally because protracted
mechanical adaptation to the expanding tumor is
possible.

A final clinical feature which tends to validate the
traction hypothesis is tumor location. Although tumor
location does not always predict where headaches will
occur, it adequately predicts if headaches will occur.
Suwanwela et al. (1994) concluded that tumors that
typically provoke headaches include intraventricular,
midline, and posterior fossa lesions. Here, CSF flow
obstruction, followed by internal hydrocephalus and
local or distal traction is the most likely explanation.

Traction Hypothesis in Intracranial
Hypertension: The CSF Dynamics

It is common knowledge that intracranial hyperten-
sion will most commonly be accompanied diffuse dull
headaches.

However, it is important to point out that increased
intracranial pressure can also lead to transitory but
intense headaches. One possible explanation for the
development of such acute pain is a periodic obstruc-
tion of the ventricular system (e.g., ball-valving of
a mass within the ventricular system or intermittent
compression of a pedunculated mass upon the sys-
tem). A change in posture, exertion, coughing, or
the Valsalva manoeuvre can all lead to such peri-
odic obstruction. Acute onset headaches can also occur
as a result of abnormal pressure waves or “plateau”
waves. These waves, originally described by Lundberg
(1960), are due to a vasodilatatory cascade consisting
of: (i) a rise in blood volume as a result of vasodi-
latation, (ii) a decrease in cerebral perfusion pressure,



33 Headaches in Patients with Brain Tumors 329

and (iii) a sharp elevation in intracranial pressure,
as reported by Rosner and Becker (1984). According
to Castellani et al. (2009), the normal autoregulatory
response which would otherwise induce vasoconstric-
tion is lost (or at least delayed) during plateau waves.
Pressure waves can last anywhere from 5 to 30 min,
which coincides with the rapid-onset, short-duration
headache described by patients who have documented
plateau waves.

Despite the value of intracranial pressure in fore-
casting brain tumor headaches, an important limitation
must be addressed. Markers of intracranial pressure
(e.g., papilledema, ventricular shifts or compression)
do not systematically predict headache pain in patients
with brain tumors. This may result from the lack of
specificity provided by these clinical and radiological
markers. In other words, papilledema or ventricular
shifts may be good markers of increased intracra-
nial pressure, but they are not specifically tied to the
appearance of headaches. Obtaining more direct mea-
sures of brain, blood, or cerebrospinal fluid (CSF)
parameters may help establish a closer link between

intracranial pressure and distal traction on pain sen-
sitive structures. Along these lines, Loghin and Levin
(2006) recently argued that we should turn our atten-
tion to the measurement of CSF dynamics, since
changes here may be important in helping to pre-
dict when increased intracranial pressure is associated
with brain tumor headaches. Interestingly, neurosur-
geons have known for quite a while (since the 1940s)
that a progressive distension of the lateral ventricle
with a balloon during surgery provokes homolateral
headache pain. This is thought to occur because of
an ensuing irritation of adjacent pain sensitive struc-
tures/vessels. In the same manner, saline injections
into the ventriculo-subarachnoid system stretches arte-
riovascular networks, activating nociceptive afferents
which can provoke pain along venous and arterial
branches, as originally reported by Fay (1940) – see
Fig. 33.2 for a depiction of tumor growth effects on
trigemino-vascular free-nerve endings).

Unfortunately, researchers have not capitalized on
these original findings, and so there is currently a
remarkable lack of data describing the role played by

Dura

Trigemino-vascular 
free-nerve ending

Primary sensory 
afferent

Peritumoral 
edema

Intraparenchymal 
tumor

Local 
traction

Distal 
traction

Trigeminal 
ganglion

Brain 
parenchyma

Fig. 33.2 Innervations of
dura and blood vessels by
branches of the trigeminal
nerve terminate within the
trigeminocervical complex
extending from the brainstem
to the dorsal horns of C1 and
C2. According to the traction
hypothesis, expanding tumor
tissue and peri-tumoral edema
produces a progressive
irritation of intracranial
pain-sensitive structures.
Depending on the presence or
absence of raised intracranial
pressure, traction-effects can
be either far removed or
located close to the presenting
lesion, resulting in headaches
that are, respectively,
described as either diffuse or
well circumscribed in nature
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CSF circulatory dynamics in brain tumor headaches.
To address this limitation, future studies should obtain
explicit measures of CSF pressure and flow using non-
invasive techniques to measure CSF flow through the
cerebral aqueduct, foramen of Monro, or the prepon-
tine cistern using MR imaging with phase-contrast.
With this technology, McGirt et al. (2006) found
that occipital headaches were strongly associated with
hindbrain CSF flow abnormalities, even in the absence
of visible compression on MR imaging. Measuring
CSF flow, therefore, may help detect subtle pathologi-
cal changes (e.g., arachnoid scarring and minor occlu-
sions of the ventricular system) missed by conventional
MR scans. CSF obstruction may also explain why
some patients continue to report headaches even after
successful surgical debulking. Actually, as reported by
Pfund et al. (1999) approximately 15% of patients
with pre-treatment headaches report persistent post-
treatment headaches. Despite the possibility that such
patients present with idiopathic rather than symp-
tomatic headaches, the prospect of continued CSF flow
obstruction remains. Future research in this field is
needed to illuminate this possibility.

Cranial or Cervical Nerve Compression

While direct compression of cranial (e.g., trigeminal)
and cervical (C1 and C2) nerve roots is a possible
cause of brain tumor headaches, a large number of
neuro-oncology patients present no direct evidence
of nerve compression or entrapment, despite report-
ing headache pain. Vazquez-Barquero et al. (1994)
reported that nerve compression, in fact, is very
rarely suspected as a cause of brain tumor headache.
According to McGirt et al. (2006), even in patients
with Chiari I malformations, nerve compression result-
ing from the downward displacement of posterior fossa
structures into the foramen magnum does not always
cause headaches. Furthermore, the pain described by
patients suffering from brain tumor headaches is very
different from the intense, paroxystic pain felt when
sensory afferents are stretched or compressed, as in the
case of trigeminal neuralgia, as summarized by Kunkle
et al. (1942).

When cervical nerve compression does occur, the
associated headache may be accompanied by mus-
cle tenderness and the presence of myofascial trigger

points. In this situation, headaches would probably
be aggravated by neck movements and external pres-
sure over the upper cervical or occipital region on the
symptomatic side.

In cases where the tumor is located near the
cervicomedullary junction, Hashiguchi et al. (2007)
reported that entrapment of the occipital nerve can
cause symptoms which mimic occipital neuralgia (a
condition characterized by chronic pain in the upper
neck, back of the head and behind the eyes. Pain local-
ized in the back of the head and up to or behind the eye,
therefore, suggests a posterior fossa localization, and
indicates a possible, albeit rarely occurring, compres-
sion of the greater occipital nerve, as reported by Garza
(2007). More frequently, infratentorial lesions produce
pain which can be referred to one or more regions
of the head or face. Since this type of presentation
is also true of cervicogenic headaches, it is important
to consider the set of characteristics which generally
indicate the presence of a cervicogenic, as opposed to
neoplastic headaches. Symptoms more closely tied to
cervicogenic headaches include: (i) pain which begins
in the occipital region and then progressively spreads
upwards into the head, (ii) pain which can be made
worse (or actually initiated) by head or neck move-
ments, and (iii) the presence of marked tenderness in
the suboccipital region.

Peripheral Sensitization

In cases where intracranial pressure produces a pro-
longed irritation of pain sensitive structures, afferent
branches innervating cerebral, venous, and pial vessels
may eventually release pro-inflammatory neuropep-
tides at the site of inflammation, further enhancing
vascular oedema and the consequent infiltration of
immune cells. Welch (2003) discussed the fact that
this focal, antidromic, reaction is known as neuro-
genic inflammation, a phenomenon which predomi-
nantly involves the release of substance P and cal-
citonin gene-related peptide (CGRP), and which is
thought to underlie some forms of refractory headache
pain. Substance P and CGRP facilitate plasma pro-
tein extravasation, vascular permeability, and mast cell
degranulation, each of which contribute to the periph-
eral sensitization of nociceptive fibers (Goadsby 2009).
If prolonged, neurogenic inflammation can lead to
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structural changes in dura matter which will maintain
headache pain well beyond the resorption of intracra-
nial pressure according to Bendtsen (2000). Although
neurogenic inflammation plays a key role in the devel-
opment of idiopathic headache, it is not yet clear
what percentage of intractable headache pain in brain
tumor patients is attributable to this prolonged inflam-
matory response. Addressing this question is partic-
ularly relevant since brain tumors normally release
pro-inflammatory agents as reported by Nitta et al.
(1994), adding to the chemical soup already present as
a result of mechanical irritation.

Central Sensitization and Impaired
Brainstem Inhibition

Over the last few decades, the basic neuroscience
of brain tumor headache has focused on the irri-
tation of pain sensitive pericranial structures. More
recently, however, Bartsch et al. (2003) have studied
in greater detail the central sensitization of second-
order trigeminovascular neurons and the impaired
response of mesencephalic modulatory neurons; these
are now considered as key players in the develop-
ment and maintenance of prolonged headache pain.
Thus, in predisposed individuals, prolonged irritation
from pericranial structures can lead to the sensitiza-
tion of trigeminal convergent neurons. This induces:
(i) a reduction in the activation threshold of nocicep-
tors, (ii) an increased response to afferent stimulation,
and (iii) an enlargement of peripheral receptive fields.
These mechanisms are consistent with the develop-
ment of prolonged, refractory headache pain in patients
presenting with primary supratentorial lesions, and
offer an explanation for why surgical decrease in mass
effect does not systematically eradicate all pain in all
patients.

Strassman et al. (1996) reported that sensory affer-
ents originating from meninges and cranial vessels ter-
minate within the medullary dorsal horn of the caudal
trigeminal nucleus whereupon they synapse onto con-
vergent neurons. Prolonged stimulation from primary
afferents provokes local hypersensitivity to painful
drives. Local segmental hypersensitivity is considered
a hallmark of central sensitization and has, histori-
cally, been very difficult to control. This underscores
the importance of quickly addressing initial complaints

of pain. It is important to point out, however, that
increased excitability to converging synaptic inputs
may additionally result from a decrease in local seg-
mental inhibition. Nociceptive drives entering spinal
and trigemino-cervical neurons are subject to modu-
lation by descending inhibitory efferents arising from
brainstem nuclei, including the periaqueductal grey
(PAG), the locus coeruleus, and the nucleus raphe mag-
nus, as reported by Behbehani (1995). Under normal
conditions, endogenous inhibitory responses produce
profound antinociception even on trigeminovascular
inputs (Leonard et al. 2008). Interestingly, dysfunc-
tional pain-modulating circuits in the brainstem have
recently been found in patients suffering from migraine
(Sandrini et al. 2006) and tension type headache
(Pielsticker et al. 2005), suggesting a pathogenic con-
tribution of inhibitory systems in headache pain. The
possibility of deficient brainstem inhibition and/or seg-
mental hypersensitivity resulting from prolonged per-
icranial irritation as a cause of refractory headache
pain in neuro-oncology patients remains to be tested.
Doing so could explain why some patients remit from
neoplastic headache pain, while others do not.

Veiling Headache Pain Because of
Tumor-Induced Sensorial Defects

Although the growth of a mass lesion can produce
headache pain, it can also lead to significant sensory
deficits, thus interfering with the proper processing
of pain intensity and/or unpleasantness. This possi-
bility was originally raised by Kunkle et al. (1942)
who noticed that some of their neuro-oncology patients
showed apathy, especially when the tumor was located
near the frontocallosal region. This affliction can lead
to a deficiency in the proper processing and the articu-
lation of pain. Thus, when patients suffer from apathy,
headache pain might be under-reported, possibly bias-
ing overall prevalence estimates.

Despite the importance of paying attention to the
possibility of tumor-induced sensorial deficits, very lit-
tle research has been carried out on this issue. One
exception is the work carried out by Greenspan et al.
(1999), who showed that neoplastic lesions involv-
ing the parietal operculum, either alone or with the
adjacent posterior insula, lead to elevated heat and
pin-prick pain thresholds. Interestingly, the authors
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also found that cold-pain tolerance was greater on the
hand contralateral to the lesion, especially when the
tumor involved a large part of the insula. Since cold-
pain tolerance involves more affective/motivational
aspects of pain than threshold tests, this confirms
recent suggestions by Apkarian et al. (2005) which
propose that the insula is involved in both affective and
sensory/discriminative processes. Finally, it is impor-
tant to point out that lesions which spared the parietal
operculum were associated with normal threshold val-
ues. These findings suggest that the functional integrity
of nociresponsive neurons located within the pari-
etal operculum are essential to the proper processing
of painful signals and may alter the perception of
headache pain when compromised by a nearby lesion.

Distinguishing Surgical from Brain
Tumor Headaches

In most instances, patients with primary or metastatic
brain tumors will require some form of surgical
intervention. This means that surgery-induced pain
(i.e., cranial or headache pain) is a likely prospect.
Important to clinicians is the fact that neurosurgery-
induced headaches display a different set of charac-
teristics and a more predictable evolution than tumor-
induced headaches. For example, surgical pain is
somatic in nature and usually remains confined to the
affected dermatome. This is not the case for brain
tumor headaches. Furthermore, surgical headaches
are typically characterized as pulsating or pounding,
much like migraine headaches but unlike brain tumor
headaches, as described by de Gray and Matta (2005).
Finally, post-craniotomy headaches appear within the
first 48 h of surgery, and rapidly wane thereafter. Such
fleeting pain is not a common presentation for brain
tumor headaches.

Interestingly, patients who suffer from neoplas-
tic headaches commonly report an alleviation of
their symptoms following surgery. This improvement
strongly suggests that patients must have suffered
from a variant of hypertension headache, and indi-
cates that debulking surgery must have decreased the
ill-effects of prolonged traction on pain sensitive struc-
tures. It appears, therefore, that alleviating intracranial
hypertension, by any means, including surgery, will
help to reduce the tension-type pain which develops

contemporaneously with elevated pressure. The clin-
ical price to be paid for neurosurgery is the possi-
ble appearance of temporary post-craniotomy pain.
Despite this possibility, such pain-for-pain substitu-
tions are warranted since post-operative pain is much
less severe than hypertensive headache pain, not to
mention clinically defensible.

Although post-craniotomy pain is common, it is
not ubiquitous, and appears to be closely tied to the
surgical approach chosen and to the cranial region
involved. Skull base surgeries such as sub-occipital
or sub-temporal craniotomies are particularly prone
to the development of severe post operative pain, as
observed by Vijayan (1995). Standard pterional cran-
iotomies must also be included among the group of
usual suspects since they often provoke intense post-
surgical pain. In view of the fact that skull base
and pterional surgeries produce significant pain, one
can presume that pain sensitive structures are signifi-
cantly more compromised during these interventions,
as opposed to high convexity surgeries. This is con-
sistent with anatomical data – and our own clinical
experience – showing that soft tissues, dura matter,
and pericranial muscles found near the skull base (all
proven pain sensitive structures) are massively vio-
lated during sub-occipital, sub-temporal, and pterional
craniotomies. In further support of this explanation,
Rocha-Filho et al. (2007) recently confirmed that post-
craniotomy patients suffering from headache pain have
greater masticatory muscle tenderness and greater joint
limitations than patients without headaches, thus high-
lighting the importance of preserving muscle integrity
if post-craniotomy pain is to be minimized.

Finally, it is important to note that, compared to
other types of surgery, craniotomies are usually con-
sidered at the lower end of the pain intensity spec-
trum. This may explain why post-operative pain is
not regarded as a clinical priority in the neurosurgi-
cal context. We must also remember that there is a
constant need for the neurosurgery staff to preserve
and assess the wakefulness of patients. Thus, aggres-
sive analgesic treatments, along with their accompa-
nying side-effects, may be ill-advised. Nevertheless,
it is estimated that at least 60% of patients will com-
plain of post-craniotomy pain. This estimate advo-
cates for the expenditure of adequate analgesic use
in these patients. Interestingly, a study conducted by
Stoneham and Walters (1995) revealed that opiopho-
bia among neuroanesthetists constitutes a continuing



33 Headaches in Patients with Brain Tumors 333

barrier to the ultimate resolution of post-operative pain.
The authors found that even if 97% of consultant
members of the Neuroanaesthesia Society of Great
Britain used intramuscular codeine for post-operative
analgesia, and even if most members thought it pro-
vided inadequate analgesia, only 3% of those surveyed
would ever consider using stronger opioids during the
post-operative period. The remaining 97% would not
consider stronger opioids because of prevailing fears
regarding cardio-respiratory depression and altered
consciousness (i.e., traditional prejudices against opi-
oids). Clearly, more work is needed to address these
(nevertheless) legitimate fears, while also encouraging
the proper control of post-operative pain.

Adjuvant Therapies as Pain Inducers

Following the surgical resection of a mass lesion,
adjuvant chemotherapy and/or ionizing radiotherapy
is often necessary. These additional treatments do not
systematically cause pain in neuro-oncology patients,
but have been known to do so in a small percent-
age of cases. For example, Cross and Glantz (2003)
reported that acute radiotherapy-induce encephalopa-
thy can occur within two weeks of radiation treatment
onset, and can cause headache pain because of white
matter edema (secondary to diffuse myelin sheath
damage) and an ensuing rise in intracranial pressure.
Treatment with corticosteroid therapy is recommended
to alleviate this type of headache pain.

Chemotherapeutic agents can also cause tempo-
rary headaches in neuro-oncology patients. For exam-
ple, temozolomide, one of the most commonly used
drugs to treat malignant gliomas, can cause headaches
in up to 25% of patients. Plotkin and Wen (2003)
reported that thalidomide, methotrexate, cisplatin,
etoposide, imatinib, and hydroxyurea may also cause
headaches. Unfortunately, the underlying neurobiol-
ogy of chemotherapy-induced headache pain is still
poorly understood. One possible explanation is that
chemotherapeutic agents produce oxidative stress, alter
cytokine regulation and/or induce deficits in neuronal
repair, all of which can lead to decreased central ner-
vous system function, inflammation, and increased
pain. This hypothesis is also consistent with a grow-
ing amount of research showing that the chemotherapy

agents most closely associated with inflammatory
cytokine release are also the most likely to cause
neuropathic pain. Additional research is necessary to
identify patients most at risk of developing neuropathic
or vascular pain following the use of chemotherapeu-
tic agents to treat their malignancy. Prospective studies
that evaluate inter-individual differences in circulating
and central nervous system cytokine concentrations
are also needed to clearly establish the putative link
between chemotherapy, inflammation, and pain.

Conclusion

Despite historical attempts to establish headache pain
as a pathognomonic marker of brain tumor, the preva-
lence of headache pain in neuro-oncology patients is
insufficiently high, and its presentation too diverse to
justify using this symptom as a diagnostic hallmark.
Among neuro-oncology patients, intracranial pressure
and traction upon pain sensitive structures remains the
most likely cause of headache pain. However, it is clear
that for some patients, peripheral and central sensitiza-
tion contributes to the pain felt during and following
the removal of their tumor. Finally, it is important
to point out that despite the absence of pain recep-
tors in brain parenchyma, neurosurgery and adjuvant
chemo-radiation therapy can be a source of pain and
discomfort to patients. This is often overlooked in our
desire to treat the underlying malignancy, but deserves
our full attention if we are to help patients maintain
elevated quality of life levels for as long as possible.
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Chapter 34

Headache Associated with Intracranial Tumors

Luca Valentinis and Antonio Palmieri

Abstract A secondary headache in patients with
a brain tumor is defined in the International
Classification of Headache Disorders (ICHD-II) in
subchapter 7.4. Headache can be attributed to a brain
tumor if it develops in close temporal relation to
the neoplasm and improves after effective treatment.
Despite the fact that headache is known as a cardinal
sign of intracranial tumor, special analysis of this com-
plaint is relatively rare in the literature. The studies
performed after the advent of modern neurodiagnos-
tic techniques have pointed out that the “classic” brain
tumor headache (i.e., severe, worse in the morning,
with nausea and vomiting) is uncommon. Although
there are no absolute indications that the headache is
related to a brain tumor, a few predictive factors for an
intracranial mass (the so called “red flags”) can guide
the physician in establishing an accurate diagnosis.

Keywords Secondary headache · Brain tumor ·
Neurodiagnostic techniques · Nausea · Papilledema ·
Vomiting

Introduction

Headache is one of the most frequent complaints of
patients seeking medical care. Headaches secondary
to organic brain diseases, including those caused by
brain tumors, constitute less than 10% of all recorded
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headaches (Loghin and Levin 2006). Despite this rela-
tively rare incidence, however, patients with headaches
are often concerned that they may have a brain
tumor. The prevalence of headache in patients with
intracranial tumors varies in different epidemiologi-
cal studies. Considering only the studies performed
after the advent of modern neurodiagnostic techniques,
it ranges between 32.2% (Vazquez-Barquero et al.
1994) and 71% (Suwanwela et al. 1994) in unse-
lected series. Although headache may be the patient’s
first complaint in a quarter of cases (Pfund et al.
1999), it very seldom occurs as the sole present-
ing symptom (Vazquez-Barquero et al. 1994). More
frequently, brain tumor headaches are accompanied
by nausea, emesis, papilledema, blurred vision (in
the context of intracranial hypertension), personality
changes, seizures, and/or other focal neurological signs
(Goffaux and Fortin 2010).

Clinical Features of Headache Associated
with Intracranial Tumors

Special analysis of headache associated with intracra-
nial tumors is relatively rare in the literature. Moreover,
data regarding its characteristics are often discordant.
These discrepancies are most likely due to differences
in patients’ samples, in study methodology and in the
definition of intracranial tumor headache. The “clas-
sic” brain tumor headache is mild at onset, begins
when the patient awakens in the morning, disappears
shortly after he or she arises, and recurs the following
morning (De Angelis and Posner 2009). Changes in
position, coughing, straining and Valsalva’s maneuver
may exacerbate headache (Giglio and Gilbert 2004).
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The headaches gradually increase in frequency, dura-
tion, and severity until, in their later stages, they are
almost constant and they are associated with vomit-
ing (Ropper and Brown 2005; De Angelis and Posner
2009). However, the “classic” brain tumor headache
is uncommon, occurring in less than 20% of cases
(Forsyth and Posner 1993; Valentinis et al. 2010). On
the contrary, the general consensus seems to be that
brain tumor headaches usually have no specific fea-
tures (Goffaux and Fortin 2010). Pain is usually located
bilaterally over the frontal region (Forsyth and Posner
1993; Valentinis et al. 2010), non-throbbing in quality
(Suwanwela et al. 1994; Schankin et al. 2007) and of
moderate intensity, requiring common analgesics for
sufficient control (Suwanwela et al. 1994; Schankin
et al. 2007; Valentinis et al. 2010); it is rarely asso-
ciated with nausea or vomiting (Valentinis et al. 2010).
The headaches are usually intermittent, they last for
few hours and present no typical daily distribution
(Suwanwela et al. 1994; Pfund et al. 1999; Valentinis
et al. 2010). Nocturnal awakening because of pain
occurs in only a small proportion of patients and is
by no means diagnostic (Forsyth and Posner 1993;
Ropper and Brown 2005). To complicate matters,
brain tumor headache may mimic a variety of primary
headache types, such as migraine, tension-type or clus-
ter headache (Suwanwela et al. 1994). Furthermore,
brain tumors may only increase a patient’s pre-existing
chronic headaches (De Angelis and Posner 2009).

Risk Factors for Brain Tumor-Related
Headache

It was reported by De Angelis (2001) that the
malignant astrocytomas (anaplastic astrocytoma and
glioblastoma multiforme) are the tumors most com-
monly associated with headache. Beside tumor type,
other factors may be associated with an increased risk
of headache. Forsyth and Posner (1993) reported a
link between tumor area and the presence of headache,
but their findings have not been confirmed in later
studies (Pfund et al. 1999; Schankin et al. 2007).
As documented in many studies (Suwanwela et al.
1994; Pfund et al. 1999, Valentinis et al. 2010),
headache seems to be much more common in tumors
situated below the tentorium cerebelli than in those
above. As stated by Loghin and Levin (2006), the

role of increased intracranial pressure (ICP) in gener-
ating headache remains controversial in tumor cases.
Nevertheless, several authors (Forsyth and Posner
1993; Suwanwela et al. 1994; Valentinis et al. 2010)
found a trend towards an increased prevalence of
tumor-related headache in association with increased
ICP. Furthermore, the ICHD-II distinguished between
headache in brain tumor patients with and without
increased ICP (Headache Classification Committee of
the International Headache Society 2004). In addition
to tumor-related factors, a history of prior headaches
seems to be associated with a higher risk to develop a
headache secondary to an intracranial tumor (Forsyth
and Posner 1993; Schankin et al. 2007; Valentinis et al.
2010).

Headache in Children with Brain Tumors

Headache frequently heralds the development of a
brain tumor in a child. Headache, however, is suf-
fered by 5–30% of elementary school children (Linet
and Stewart 1984), whereas the annual incidence of
brain tumor in this age group approximates only three
per hundred thousand (0.003%) (Young and Miller
1975; Schoenberg et al. 1976). Uncritical imaging
would result in a large number of normal neuroimaging
studies (Dobrovoljac et al. 2002). In a large retrospec-
tive study of the Childhood Brain Tumor Consortium
(1991), analysing 3291 patients, more than 60% of
the children with brain tumors experienced headache
prior to their first hospitalization. This symptom was
more common in infratentorial tumors (70%) than
in supratentorial ones (58%). However, regardless of
tumor location, at diagnosis the duration of headache
was less than 1 year in most cases and less than
1% of children with headache had no other recorded
symptom. Furthermore, fewer than 3% of children
with headache and a brain tumor had no abnormality
on neurological examination. These data are consis-
tent with the recent study of Wilne et al. (2006),
who reported that the majority of 82 children with
brain tumor and headache as initial manifestation
will have abnormal neurological findings (above all
papilledema, cranial nerve signs or cerebellar signs)
at the moment of diagnosis. The authors stated that
among children who present with a single symptom
(other than seizures) and have a normal neurological
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examination and normal growth very few will have an
underlying brain tumor.

Headache in Cancer Patients

About 15% of cancer patients complain of headache
(Clouston et al. 1992). In one-third of cases the
cause is intracranial metastases (Clouston et al. 1992;
Christiaans et al. 2002). Christiaans et al. (2002),
using multivariate logistic regression analysis, found
that headache duration of less than 10 weeks, emesis
and headache pain not of tension type were inde-
pendent predictors of intracranial metastasis. Despite
these predictors, few patients could be excluded from
undergoing MRI study, because of a low specificity.
Therefore the general consensus is that MRI of the
brain is warranted in every cancer patient with new or
changed headache of recent onset (Loghin and Levin
2006; Kirby and Purdy 2007).

Uncommon Headaches in Patients
with Intracranial Tumors

Headache associated with brain tumors has no specific
features and may mimic a variety of primary headache
types, especially tension-type headache and migraine.
However, it is not unusual that its phenotype resembles
less common primary headache syndromes. This latter
occurrence is relatively frequent in the case of pitu-
itary tumors: Levy et al. (2005) reported a series of 84
patients with pituitary micro- and macroadenomas and
troublesome headache and found that 5% had short-
lasting unilateral neuralgiform headache attacks with
conjunctival injection and tearing (SUNCT), 4% had
cluster headache and 1% had hemicrania continua. On
the contrary, paroxysmal headache is associated with
colloid cyst of the third ventricle or other pedunculated
tumors that block the flow of cerebrospinal fluid (CSF).
The headache occurs suddenly and has a brief duration
(several minutes to a few hours) and is characterized by
severe and bi-frontal pain, precipitated by changes in
position. It may be associated sometimes with loss of
consciousness, sudden “drop attacks”, vertigo, nausea,
vomiting, and even sudden death (Loghin and Levin
2006; Kirby and Purdy 2007).

Pathogenesis of Brain Tumor-Related
Headache

The brain parenchyma is insensitive to pain as well
as are the ependyma, the choroid plexus, the skull,
the pia mater, the arachnoid, and the dura mater at
the vertex. The pain is the result of the stimulation
of nociceptive terminals located in intra- and extracra-
nial structures, including: skull base cerebral arteries;
intracranial venous sinuses; dura mater at the skull
base; dural, arachnoid, and pial vessels; eyes, ears,
nasal cavity, and sinuses; the Vth, IXth, and X cra-
nial nerve as well as the first three cervical nerves;
skin, subcutaneous tissue, muscles, vessels, and perios-
teum in the skull (Boiardi et al. 2004). The tumor
can cause headache by traction on the intra- and
extracranial pain-sensitive structures or, in rare cases,
compression and entrapment of cranial (e.g., trigemi-
nal, glossopharyngeal, or vagus) and cervical (C1 and
C2) nerve roots. Alternatively, the mass can deter-
mine an obstruction to the CSF efflux leading to
intracranial hypertension. The headaches can present
different clinical manifestations even in the presence
of tumors sharing similar anatomic site and histologic
characteristics. The disease duration as well as the
tumor growth speed are thought to play a key role in
the development of the headache. According to most
authors, in the slowly growing tumors (e.g., menin-
giomas), the headaches are less frequent and would
appear in the late stages, since the nociceptive struc-
tures could adapt to the modification induced by the
tumor. On the other hand, the headache would be more
frequent and early in onset in fast growing tumors
such as high grade astrocytomas and methastases, in
which the brain compensative mechanism would be
prevented by the rapid and aggressive development
of the neoplasm. An increase in ICP might play an
important role in the development of the headache
in patients with brain tumor. The headache associ-
ated with obstructive hydrocephalus is presumed to
be determined by the traction and/or dislocation of
the periventricular nociceptive structures. In the other
cases of raised ICP the underlying mechanisms caus-
ing headache are still being debated. However, the
speed of ICP increase appears to be critical: a tumor
constricting the foramen of Monroe or the aqueduct
can provoke a sudden raise in ICP, usually resulting
in paroxysmal headache. On the other hand, gradual
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increase of the ICP may be associated with mild or
no headache. The pituitary adenomas constitute a sep-
arated chapter. It has long been thought that headaches
associated with pituitary adenomas may be caused by
the traction on the dura mater operated by the tumor
growing within the sella turcica and, at least in part,
to the compression of the ophthalmic branch of the
trigeminal nerve and the internal carotid artery fol-
lowing the infiltration of the cavernous sinus in which
these structures are located. Nevertheless, these mech-
anisms have not been confirmed in a recent study by
Levy et al. (2004). The authors examined 63 individu-
als affected by hypophyseal tumor in which a headache
was reported by 70% of the sample. However, the
“Clinical Headache Score” – an index of headache
severity – was not correlated neither with the size
of adenoma nor with the extent of the cavernous
sinus invasion. On the basis of those findings, the
authors have hypothesized that the headache asso-
ciated with pituitary tumors could be secondary to
biochemical and neuroendocrine rather than mechan-
ical factors, also taking into account that headache is
particularly frequent in patients with secreting adeno-
mas – first of all prolactinomas – and it is usually
dramatically improved by endocrine therapies, includ-
ing bromocriptine and octreotide. However, it cannot
be excluded that mechanical factors play a key role
in a minority of cases, particularly when headache
is accompanied by ipsilateral trigeminal autonomic
symptoms (e.g., cluster headache, SUNCT).

Neuroimaging Studies in the Evaluation
of Headache

Neuroimaging studies must be considered as part of the
work up in every patient with headache and an unex-
plained abnormal finding on the neurological examina-
tion (Loghin and Levin 2006). Otherwise, their value
is controversial. As reported by Frishberg (1994) and
Evans (1996), the chance of a brain tumor as the
cause of headache in a patient with normal neurolog-
ical examination is exceedingly low (about 1%), but
that chance is never zero (Kirby and Purdy 2007).
Therefore, neuroimaging is not usually warranted in
headache patients with normal neurological examina-
tion, but it should be considered in the presence of

the following clinical parameters (the so-called “red
flags”): headaches of new onset in an adult aged
>40; significant change in previous headache pattern;
headaches subacute and progressive in nature (over a
period of days/weeks); headaches not resembling any
of the primary headaches; headaches that awaken the
patient repeatedly from sleep or occur immediately
on waking; headaches precipitated or exacerbated by
exertion; headaches associated with episodes of confu-
sion, seizures, change in personality; headaches that do
not respond to reasonable therapy (Loghin and Levin
2006; Goffaux and Fortin 2010).

Treatment of Headache Associated
with Intracranial Tumors

In most cases, headache associated with brain tumors
disappears after surgery (Pfund et al. 1999; Valentinis
et al. 2010). Before the operation and when surgery
is not recommended, the therapy may vary according
to the severity of the disease, to the type of tumor
and to the patient’s functional status. For patients
presenting with headache and evidence of cerebral
edema, corticosteroids are the mainstay of treatment.
Their anti-edema effect is probably due to the decrease
of the capillary permeability of the blood-brain bar-
rier as a result of decreased expression of vascular
endothelial growth factor (Loghin and Levin 2006).
The optimal dose and best preparation of corticos-
teroids are not established: the dosage should probably
vary with the nature of the problem and its severity
(De Angelis and Posner 2009). Dexamethasone is the
most potent corticosteroid (nearly six times as potent
as prednisone) and it may be preferred to other syn-
thetic glucocorticoids because of its relatively long
half-life, limited mineral corticoid effect and dimin-
ished inhibition of leukocyte migration (Loghin and
Levin 2006; De Angelis and Posner 2009). In patients
with brain tumors the effective dose of dexamethasone
is usually 2–4 mg twice daily, although an initial dose
of 10 mg delivered intravenously, followed by 4 mg
every 6 h, may be used for brief periods (Froehler
2008). Beside corticosteroids, medical management of
cerebral edema includes osmotic therapy and diuret-
ics. Hypothermia, fluid restriction, and elevation of
the head of the bed at 30◦ to increase jugular venous
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outflow are additional general measures that should
be initiated when signs of severe ICP are present
(Loghin and Levin 2006; Froehler 2008). In the case
of ICP secondary to hydrocephalus, patients may get
some headache relief in response to oral acetazo-
lamide; however, in the long term, these patients will
require ventricular drainage and/or ventricular shunt-
ing of CSF (Loghin and Levin 2006; Froehler 2008).
If no edema is present, or if headache persists despite
corticosteroids, conventional analgesics and adjuvant
therapies including antidepressants or anticonvulsants
are appropriate. Non-steroidal anti-inflammatory drugs
(NSAIDs) should constitute the first choice for patients
with mild headache. Opioids are commonly prescribed
for the relief of moderate to severe pain (Loghin and
Levin 2006). Metastatic disease is treated symptomat-
ically with corticosteroids and whole brain radiation,
and in patients with limited numbers of metastases and
a reasonable performance status, stereotactic radio-
surgery or surgical resection. Palliative radiotherapy
relieved headache in 82% of patients with brain metas-
tases (Kirby and Purdy 2007).
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Chapter 35

Patients with Brain Cancer: Health Related Quality of Life

Philippe Goffaux, Kathya Daigle, and David Fortin

Abstract The last few decades have seen an increase
in the amount of research dedicated to the quality of
life (QOL) of cancer survivors, especially for breast
and lung cancers. Unfortunately, relatively little atten-
tion has been paid to the QOL of neuro-oncology
patients. Moreover, reports on the QOL of brain can-
cer patients are often qualitative and/or converge on
a single dimension of well-being. Future QOL stud-
ies will have to focus on multiple dimensions of
QOL, establishing prospective evaluations of base-
line and serial parameters. Research objectives should
also include the concomitant exploration of radiolog-
ical, histopathological, and patient-related factors as
potential predictors of QOL. Comprehensive models
are particularly useful because they can help account
for the reciprocal connections often observed between
baseline variables, and because they promise to shed
light on some of the contradictory results observed
in the field, such as the presumed long-term bene-
fits of resection. Empirical QOL data obtained within
a biopsychosocial framework may guide the develop-
ment of new treatment avenues and may help promote
the application of focused, patient-centered support
programs.

Keywords Brain tumor · Health related quality of life
(HRQOL) · Neuro-oncology · QLQ-C15 · FACT-G ·
QLQ-C30
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Introduction

For brain tumor patients, health related quality of life
(HRQOL) is an important issue. This is understandable
if we consider that patients are regularly confronted
with serious challenges to their health. Given these
challenges, understanding what defines quality of life
is essential, especially if the provision of professional,
compassionate care is to be encouraged. Although long
neglected, HRQOL has received increased attention in
the last few years.

Unfortunately, there is still no accepted standard
for the definition, and measurement of HRQOL.
Moreover, the concept is still evolving. In fact, we
now know that HRQOL is culturally biased, varies as
a function of age, and represents a multidimensional
construct.

Thus, it may be unwise to seek a single, mono-
tonic description of HRQOL. Many authors, in
fact, suggest that several key concepts contribute to
HRQOL, including, the subjective appreciation of
physical, psychological, and emotional function, the
ability to perform everyday activities, and the enjoy-
ment of social or personal relations (Aaronson 1988;
Cella and Tulsky 1990). Recognizing the multidi-
mensional nature of HRQOL in clinical research is
paramount, but potentially problematic if researchers
keep using different definitions of HRQOL and dif-
ferent instruments to measure it. The pernicious
effect of measuring HRQOL in different ways is that
inter-study comparisons become nearly impossible to
make.

Circumscribing a unique but comprehensive defi-
nition of HRQOL in neuro-oncology, therefore, will
certainly help the field move forward.
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Assessing HRQOL in Neuro-oncology

Measurement of patient-rated well being has improved
dramatically over the past few years, and there are
now excellent HRQOL tools available in oncol-
ogy and neuro-oncology. In fact, the field has pro-
gressed so much that it is no longer considers the
use of physician-rated functional scores, such as
the Karnofsky Performance Scale (KPS), as a valid
way to measure HRQOL. Today, generic instruments
exist which have gone through years of develop-
ment and which have strong psychometric properties.
Excellent examples include the European Organization
for Research and Treatment of Cancer (EORTC) QLQ-
C30, the Functional Assessment of Cancer Therapy –
General (FACT-G), and, the Short Form 36 Health
Survey (SF-36). The EORTC QLQ-C30 contains 30
items regrouping five functional domains (physical,
role, cognitive, emotional, and social), three symp-
tom domains (fatigue, pain, and nausea and vomit-
ing), six single-items, and two global HRQOL scores
(Aaronson et al. 1993). The QLQ-C30 must be com-
bined with the EORTC Brain Cancer Module (BN20)
in order to capture both core and disease-specific con-
cerns (Osoba et al. 1996). The FACT-G is also a widely
used instrument (Cella et al. 1993). It contains 26
items and covers physical, family, social, emotional,
and functional well-being domains. Like the EORTC
QLQ-C30, it has to be administered in conjunction
with a brain tumor module (Br). The Br module con-
tains 23 items and taps into symptoms which are
clinically relevant to brain cancer patients (Weitzner
et al. 1995; Cella et al. 2003). As a rule, the FACT-Br
is more frequently used in the United States, whereas
the EORTC-BN20 is more frequently used in Europe
and Canada (Conroy et al. 2004). Despite being two
of the most popular HRQOL instruments, the EORTC
QLQ-C30 and the FACT-G have rarely been compared
directly.

Studies which have tried to equate these ques-
tionnaires confirm the presence of comparable scores
on physical, emotional and functional/role domains.
Scores obtained on the social domain, however, remain
extremely discrepant (see an excellent recent exam-
ple from Holzner et al. 2006). Despite consider-
able overlap in structure between the QLQ-C30 and
the FACT-G, complete replacement of scores from
questionnaire-to-questionnaire is not possible, and the

direct comparison of results from study-to-study is
probably ill-advised.

The SF-36 (Ware and Sherbourne 1992) is also
frequently used to assess HRQOL in neurooncology.
This 36-item self-report questionnaire provides eight
scale-scores reflecting physical functioning, role lim-
itations caused by physical health problems, bodily
pain, general health perception, vitality, social func-
tioning, role limitations caused by emotional problems,
and general mental health. The SF-36 was designed
for use in clinical practice, health policy evaluations,
and general population surveys. It was not designed
for use among neuro-oncology patients and so tends to
underrepresent social, psychological, and neurocogni-
tive functions (Farace and Shaffrey 2005). Here again,
the use of a module specific to patients with brain
tumors should be employed to supplement the SF-36
in neurooncological settings.

A potential problem associated with the use of
separate questionnaires to capture general and disease-
specific effects is that long testing sessions are
required. Long sessions burden patients who already
have to deal with increased fatigue and concentration
difficulties. To prevent this problem, a single, concise
instrument should be used. The importance of brevity
during testing has even pushed the EORTC quality of
life group to develop a new shorter version of their
widely-used core HRQOL questionnaire (i.e., their
original QLQ-C30). The EORTC’s new, shorter instru-
ment, the QLQ-C15, is an extremely promising tool
and its conception demonstrates that even a short ques-
tionnaire (i.e., 15 questions) can adequately measure
global quality of life issues (Groenvold et al. 2006).
The QLQ-C15, however, is not sensitive to disease-
specific concerns (nor was it intended to be) and
must be supplemented by items or modules measuring
missing issues. To our knowledge, the only ques-
tionnaire currently available that measures both core
and disease-specific concerns germane to neuroon-
cology patients is the Sherbrooke Neuro-Oncology
Assessment Scale (SNAS, see Goffaux et al. 2009).
This instrument was recently developed in our lab and
is composed of 30 items which cover seven multi-
item scales. These scales include functional well-
being, symptom severity/fear of death, social sup-
port/acceptance of disease, autonomy in personal care,
digestive symptomatology, neurocognitive function,
and pain. The SNAS is highly consistent (Cronbach
alphas for all scales ≥0.65), and reflects the known
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multidimensional nature of HRQOL (Aaronson et al.
1993; Cella et al. 1993; Groenvold et al. 2006). In
addition to the questionnaire’s elevated internal con-
sistency, it adequately discriminates between patients
with varying degrees of functional performance (KPS
scores) and clinical status (exposure to neurosurgery,
radiotherapy, and use of chemotherapy and anticon-
vulsants). The SNAS, therefore, demonstrates that
it is possible to properly assess HRQOL while
avoiding the pitfalls associated with modular testing
approaches.

HRQOL in Brain Cancer Patients

A review of the literature on HRQOL in neuro-
oncology confirms that high-grade glioma patients
have significantly lower HRQOL scores than healthy
age- and sex-matched adults (Taphoorn et al. 2005;
Bosma et al. 2009). Unfortunately this information is
not very informative if we cannot distinguish between
general and disease-specific effects.

Regrettably, very few studies have directly com-
pared the HRQOL scores of brain tumor patients with
the HRQOL scores of patients suffering from another
medical condition. One notable exception is a study
conducted by Klein et al. (2001) who tested newly
diagnosed glioma patients and compared their HRQOL
scores to those of patients suffering from lung cancer.
The authors found that brain and lung cancer patients
showed much poorer overall HRQOL than healthy
adults. However, compared to lung cancer patients,
glioma patients reported significantly more neuro-
logical symptoms, including visual problems, motor
dysfunctions, communication deficits, headaches, and
epileptic seizures. Moreover, glioma patients presented
with greater objectively-assessed (and subjectively-
experienced) cognitive deficits. This means that malig-
nancies affecting the brain produce condition-specific
effects that are neurological and neuropsychological in
nature. This agrees with logical considerations regard-
ing brain function and with the results obtained by
other studies interested in this issue (Osoba et al.
2000a; Giovagnoli et al. 2005). Interestingly, when
high-grade glioma patients are compared to patients
suffering from another central nervous system condi-
tion, such as multiple sclerosis or polyneuropathy, the
former tend to show more problems with attentional

function (Giovagnoli et al. 2005). It is important to
point out, however, that the presence of greater cogni-
tive deficits among brain cancer patients is not ubiqui-
tous. For example, Anderson et al. (1990) showed that
patients with lesions caused by tumors were signifi-
cantly less affected than patients with similarly located
lesions caused by stroke. In fact, cognitive impair-
ments caused by brain tumors were generally quite
mild.

This finding is likely attributable to the infiltrat-
ing nature of brain tumors which displace, rather than
destroy neural tissue. Stroke, on the other hand is
closely associated with neuronal death and with long-
lasting loss of function. The diffuse, infiltrative growth
pattern of tumor cells is a key characteristic of gliomas,
and explains why neurosurgeons and neurooncologists
often find extensive tumors that fail to provoke exten-
sive deficits. This neurobiological fact must always be
kept in mind when studying (and treating) neuroon-
cology patients. Together, these findings indicate that
generalities regarding HRQOL in neuro-oncology are
hard to formulate. This is because too many factors
(including clinical, demographic, and social variables)
influence patient welfare for sweeping statements to
be made. The next section, therefore, pays particular
attention to the specific factors which affect HRQOL
in neuro-oncology.

Biomedical Attributes as Predictors
of HRQOL

As expected, factors directly associated with disease
severity have a significant impact on patient well-
being. For example, tumor grade (or histotype) is
known to predict HRQOL, such that patients with
high grade tumors report poorer HRQOL scores than
patients with low grade tumors. Domains most affected
by tumor grade appear to include functional status,
cognitive functioning, and fear of death (Giovagnoli
et al. 2005; Osoba et al. 2000a; Veilleux et al. 2010).
This finding, however, must be viewed cautiously since
Kayl and Meyers (2003) found that the effects of
histology on patient well-being (especially cognitive
function) disappear when tumor volume and tumor
location are controlled for. Thus, it is possible to con-
clude that tumor cell proliferation/aggressiveness is
not, on its own, causally related to quality of life in
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brain tumor patients – although it is undeniably related
to survival.

Interestingly, the results obtained by Kayl and
Meyers (2003) indicate that tumor location may
have an important impact on patient well-being.
Unfortunately, the influence of tumor location on
HRQOL and adjustment is currently inconclusive, and
probably attributable to the far-reaching effects of dis-
ease which can disrupt functional circuits well beyond
the site of the tumor. In spite of a tenuous link between
tumor location and the appearance of circumscribed
deficits, current studies indicate a tendency whereby
left-sided tumors are associated with greater depres-
sive symptoms, more memory problems, and poorer
verbal abilities, while right-sided tumors are associated
with greater anxiety and the presence of prosopag-
nosia (Hahn et al. 2003; Mainio et al. 2003). The use
of adapted neuropsychological testing batteries should
help validate these preliminary findings.

Treatment-related factors are another important
contributor to HRQOL in neuro-oncology. Treatment
in neuro-oncology typically involves surgery, radio-
therapy, chemotherapy, and the use of concomitant
medication. If we first consider the effects of surgery, it
is clear that extent of resection positively predicts sur-
vival. However, it is still a matter of debate whether
extent of resection benefits HRQOL. Part of the rea-
son why equivocal results persist is because extent
of resection is poorly quantified. Volumetric measure-
ments are considered the accepted standard, however,
many centers still rely on the surgeon’s report or on
the two dimensional measurement of post-operative
MRI sequences. Two-dimensional measurements are
a rudimentary way of calculating tumor volume.
This approach involves calculating the largest cross-
sectional area of the enhancing tumor. It continues to
be used in clinical settings to track the progression of
brain tumors and to facilitate the comparison of results
between patients. Using this approach, a patient’s can-
cer may be considered clinically progressive when,
on follow-up MRI scans, the product of the largest
perpendicular diameters of his/her contrast enhancing
tumor is ≥25% (worsening of neurological status is
also indicative of progression). However, when a pre-
cise quantification of the tumor is required, volume
measurements are preferred. Volume measurements
are obtained by calculating individual axial areas on
each MRI slice, multiplying each by the appropriate
slice thickness (typically 1 mm), and summing the

subvolumes. Volume measurements provide the pre-
cision necessary for researchers to conduct reliable
investigations of the effects of surgery and tumor vol-
ume. Unfortunately this approach is rarely used to
study the link between tumor volume and HRQOL.

Another reason why it is difficult to provide strong
conclusions regarding the benefits of cytoreduction by
surgery is because surgery is not an option for all
patients. In fact, the reasons which preclude surgery
(such as a patient frailty or tumors with multiple-foci)
are also included among the factors which negatively
predict HRQOL. As a result of this shared associ-
ation, surgery tends to be an option only for those
who have the best (or at least better) HRQOL. This
means that any study which attempts to define the
relationship between resection and HRQOL is nec-
essarily biased. Along the same lines, peri-tumoral
edema may also prejudice the association between
tumor size and HRQOL. This is because peri-tumoral
edema has profound effects in terms of focal neu-
rological deficits such as motor weakness, epilepsy,
visual field defects, aphasia, and pain. From the point
of view of HRQOL, therefore, the control of peri-
tumoral edema may be as important as the control of
the tumor itself. This issue has recently been explored
by Pan et al. (2008) who investigated the impact of
peri-tumoral edema on the HRQOL of brain cancer
survivors. The authors found that decreased edema vol-
umes were associated with better HRQOL but not with
prolonged survival. Not surprisingly, the authors also
found that the use of dexamethasone, a corticosteroid
drug prescribed to reduce inflammation, promoted bet-
ter HRQOL. Long-term corticosteroid use, however,
may not be a good idea since it can lead to important
side-effects such as swelling, muscle weakness, and
irritability. This means that a balanced approach must
be used when prescribing corticosteroids, and that the
effects of corticosteroids on HRQOL will depend on
time-on-drug. It is important to point out that in addi-
tion to peritumoral edema, seizures are also a common
problem. The incidence of seizures may even be as
high as 5% for neuro-oncology patients who undergo
a supratentorial craniotomy (Warnick and Petr 2008).
To prevent the appearance of seizures, antiepileptic
drugs are prescribed. Unfortunately, these drugs lead
to important adverse effects, mostly with respect to
cognition. Our experience with patients who receive
antiepileptic medication is that despite the possibility
of adverse effects, the benefits of proper seizure control
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largely outweigh the costs. When it comes to assessing
HRQOL, therefore, researchers and clinicians must be
aware of the adverse effects provoked by antiepilep-
tic drugs, and must be careful to note and statistically
controlled for these effects.

In contrast to the relatively short-term and
reversible side effects produced by antiepileptic med-
ication and corticosteroid drug use, radiation ther-
apy can have irreversible neuro-toxic effects. Indeed,
when prolonged whole-brain, high-fraction doses are
used to treat neurooncology patients, late-delayed
radiation encephalopathy can develop. Late-delayed
encephalopathy is a serious disorder characterized
by local radionecrosis, diffuse leucoencephalopathy
and cerebral atrophy (Taphoorn and Klein 2004).
Cognitive disturbances are always present (usually
mental slowing, impaired attention, and decreased
memory). Luckily, clinicians are very aware of these
delayed negative effects and thus radiotherapy is now
carefully delivered. In fact, when focal, low fraction
doses (less than 2 Gy) are used, very little side effects
are observed, at least in the short-term. It is important
to note that a set of companion papers on low grade
glioma survivors confirmed that radiotherapy is never
completely safe (see Klein et al. 2002; Douw et al.
2009). The authors of these papers found that despite
minor changes in cognitive status at 6 years followup,
patients who received radiotherapy (even less than
2 Gy) showed a progressive decline in attentional func-
tioning, executive control, and information processing
at 12 years follow-up. These deficits were closely asso-
ciated with radiological abnormalities but independent
of fraction dose, tumor lateralization, extent of resec-
tion, age, and antiepileptic drug use. The authors con-
clude that long-term risks, including the possibility of
cognitive dysfunction and cortical damage, should be
carefully considered when contemplating radiotherapy
for low grade gliomas.

Although standard care for high grade tumors
includes surgical resection with subsequent radio-
therapy, chemotherapy is also frequently prescribed.
In fact, increased efforts have been made in the
last decade to develop new chemotherapy agents.
These efforts have led to the introduction, and
widespread use, of temozolomide (TMZ), an oral
alkylating agent which is now used for the treat-
ment of high grade tumors, and which has largely
replaced Procarbazine-Lomustine-Vincristine (PCV)
chemotherapy. The effect of TMZ treatment has, of

course, been measured by looking at its effects on
survival (including progression-free survival), but, it
has also been measured by looking at its effects
on HRQOL. Thus, we now know that TMZ therapy
for glioblastoma multiform promotes survival/delays
relapse and improves HRQOL when compared to tra-
ditional procarbazine treatment (Osoba et al. 2000b).
Moreover, when TMZ is given during ionizing radio-
therapy, its effects on survival are even stronger (Stupp
et al. 2005). This has favoured the endorsement of
chemoradiation therapy with concomitant TMZ as the
new standard of care for the treatment of glioblastoma.
However before radiotherapy plus adjuvant TMZ could
be considered as the new standard of care, it had
to be demonstrated that HRQOL was not negatively
affected – or at least not for long. This, in fact, is
exactly what was shown. The research team investi-
gating this issue noted that during treatment, patients
receiving both radiotherapy and TMZ reported more
side effects (nausea, vomiting, appetite loss, constipa-
tion, and fatigue) than patient receiving radiotherapy
only (Taphoorn et al. 2005). However, these negative
effects were rather mild and short lived (recovering
by 1 year follow-up). The conclusion drawn was that
chemoradiation therapy with TMZ prolonged survival
without producing significant and long-lasting nega-
tive effects on HRQOL. This example is highlighted
here because it is arguably one of the best clini-
cal/drug validation studies in our field. Considering
both survival and HRQOL as critical determinants of
therapeutic success demonstrates a good understand-
ing of the importance placed on both the quantity and
quality of survival.

A final factor which is known to affect HRQOL in
neuro-oncology is chronological age. Using a develop-
mental life-stage perspective to assess and interpret the
impact of age, our research team recently showed that
younger and older adults were differently affected by
the presence of a supratentorial tumor (Veilleux et al.
2010). Even after having controlled for disease and
treatment-related effects, younger adults maintained
higher functional well-being and better neurocogni-
tive scores than older adults. More importantly, we
found that the factors which predicted HRQOL dif-
fered depending on age. Thus, support from friends
and the presence of physical pain were strongly related
to general well-being for younger adults, whereas con-
centration difficulties and the capacity to enjoy life
were strongly related to general well-being for older
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adults. Interestingly, the ability to continue working
was closely related to well-being at all ages. This sug-
gests that work-related productivity and the impact
access to work has on financial standing, financial
independence, housing, etc., are important at all ages.
Together, these findings indicate that developmental
life-stage, indexed by chronological age, affects bio-
logical, social and personal life-goals. These goals are
not static, but instead evolve through time – changing
as we do.

The Importance of Longitudinal Designs

While the effects of disease, treatment, and sociode-
mographic variables are important, and have been the
focus of a growing amount of research, existing studies
are largely retrospective. This makes it very difficult to
identify how HRQOL changes over time. It also makes
it difficult to know which of concurrent or sequen-
tial treatments are affecting HRQOL, and which of
patient-, tumor-, or treatment-related factors are hav-
ing the greatest impact. Longitudinal designs, although
rare, offer an opportunity to answer these questions.
One good example is a study published by Liu et al.
(2009), which compared the HRQOL scores of low
grade glioma patients to those of healthy controls and
found lower well-being scores for patients than con-
trols. Their analyses also confirmed that patients main-
tain baseline HRQOL levels throughout the course of
their treatment. Most importantly, the authors did not
limit their analyses to a comparison between inter- and
intra-group variability (computed as the F-ratio), but
instead regressed their independent variables onto dif-
ferent intra-individual change parameters using hierar-
chical linear modeling (HLM). HLM, or growth curve
modeling, is increasingly used to analyze HRQOL data
in cancer research, but is still rarely used in the field of
neuro-oncology (Liu et al. 2009). This is regrettable
since individual growth models allow researchers to
define the shape and direction of change for individ-
ual patients, and to identify the tumor- or treatment-
related variables which are associated with individual
differences in HRQOL trajectory. Future longitudi-
nal studies interested in exploring the HRQOL of
brain cancer patients should use both standard gen-
eral linear models and HLM if they wish to take
full advantage of complex outcome data. Examples of

questions that can be answered, by using this approach
include: Does HRQOL change significantly as patients
progress from baseline to follow-up? What are the
change parameters which best describe within patient
variations in HRQOL over time? What treatment- or
tumor-related factors predict variations in the trajec-
tory of change between patients?, etc. Although the
study published by Liu et al. (2009) was well con-
ducted, it focused exclusively on low grade glioma
patients. Prospectively studying high grade glioma
patients is also of interest since high grade gliomas
evolve rapidly and since the maintenance of HRQOL
may be a primary objective for patients with this type
of tumor. In an attempt to address this issue, Bosma
et al. (2007) studied the course of neurocognitive
functioning in high grade glioma patients and found
marked deterioration in cognitive functioning from
baseline to 8 month follow-up. Of course, this was
less pronounced when tumor recurrence was absent.
In fact, when the authors completed a second study
focusing specifically on long-term high grade glioma
survivors, they found that long-term survivors had
normal HRQOL scores (i.e., comparable to those of
healthy controls, see Bosma et al. 2009). Interestingly,
short-term and long-term survivors did not differ with
respect to their baseline HRQOL scores, suggesting
that HRQOL, although important, has little prognos-
tic value (also see Mauer et al. 2007). One exception
to the poor prognostic value of patient related factors
seems to be the predictive value afforded by cogni-
tive test scores. In a detailed study of patients with
recurrent brain tumors, Meyers and Hess (2003) found
that brain function began to worsen well before MRI
evidence of tumor progression – by as much a 6
weeks! This early decline was particularly obvious for
verbal memory and fine motor control. Tests of cog-
nitive function, therefore, may be especially useful
when seeking to predict tumor evolution and patient
well-being. The prospective exploration of HRQOL
data and neurocognitive function among patients with
high-grade gliomas demands consideration of patient
fatigue, loss of communication skills, and impaired
comprehension. Indeed, given the cognitive deficits
that high grade gliomas can produce, especially in the
late stages of disease, substantial amounts of miss-
ing data are to be expected when testing patients.
The best approach developed so far to remedy this
problem has been to use proxy reports by partners or
health care providers (Sneeuw et al. 2002; Giesinger
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et al. 2009). This approach, however, has met with
mixed results, and can only be recommended tenta-
tively. Nonetheless, a provisional conclusion regarding
the use of proxy ratings might be that there is a fairly
good agreement between patient- and proxy ratings
when it comes to judging tangible dimensions of well-
being such as physical functioning, sleep disturbances,
or appetite loss, but that the correlation weakens when
it comes to measuring subjective or ethereal dimen-
sions such as social and emotional functioning, the
presence of fatigue, or the disability provoked by pain
(Giesinger et al. 2009). Despite what the literature may
suggest, it is important to remember that HRQOL will
always constitute a subjective measure and that the
personal parameters against which HRQOL is judged
can change over time. This phenomenon is known as
response shift, and reflects the change in personal stan-
dards adopted by patients when judging HRQOL in
the face of a life-threatening disease. As a result of
response shift, patients may gradually consider mild
decline in HRQOL as a gain when significant decline
is both possible and probable. Response shift is hard to
appreciate for proxies, and usually leads to an under-
estimation of patient HRQOL scores. For this reason,
missing data and the substitution of scores by prox-
ies will always have to be considered carefully in
neuro-oncology research.

Conclusion

Despite general recognition that HRQOL is an impor-
tant end-point in neuro-oncology, it remains largely
understudied. Longitudinal studies, in particular, are
needed to better understand the trajectory of change
experienced by patients. It is no longer useful to
merely quantify the presence of change, but rather,
it is important to know why change occurs and what
can slow the progression of disease and the decline
of patient well-being. Brief and focused questionnaires
that respect patient fatigue and frailty are also needed.
This includes the use of short cognitive test-batteries
for studies interested in obtaining objective mea-
sures of cognitive function. Moreover, the inclusion
of baseline scores, healthy controls, and proxy ratings
may be useful additions to consider when conducting
longitudinal studies. Finally, although HRQOL may
have little prognostic power when compared to host-,
tumor- or treatment-related attributes, it remains an

important part of what defines therapeutic success.
Including it as a variable of interest in clinical trials
is now considered as good practice and good clinical
science.

References

Aaronson NK (1988) Quality of life: what is it? How should it
be measured? Oncology (Williston Park) 2:69–76, 64

Aaronson NK, Ahmedzai S, Bergman B, Bullinger M, Cull
A, Duez NJ, A Filiberti, H Flechtner, Fleishman SB, de
Haes JC (1993) The European Organization for Research
and Treatment of Cancer QLQ-C30: a quality-of-life instru-
ment for use in international clinical trials in oncology. J Natl
Cancer Inst 85:365–376

Anderson SW, Damasio H, Tranel D (1990) Neuropsychological
impairments associated with lesions caused by tumor or
stroke. Arch Neurol 47:397–405

Bosma I, Reijneveld JC, Douw L, Vos MJ, Postma TJ, Aaronson
NK, Muller M, Vandertop WP, Slotman BJ, Taphoorn MJ,
Heimans JJ, Klein M (2009) Health-related quality of life
of long-term high-grade glioma survivors. Neuro-oncology
11:51–58

Bosma I, Vos MJ, Heimans JJ, Taphoorn MJ, Aaronson NK,
Postma TJ, van der Ploeg HM, Muller M, Vandertop WP,
Slotman BJ, Klein M (2007) The course of neurocognitive
functioning in high-grade glioma patients. Neuro-oncology
9:53–62

Cella D, Paul D, Yount S, Winn R, Chang CH, Banik D,
Weeks J (2003) What are the most important symptom tar-
gets when treating advanced cancer? A survey of providers
in the National Comprehensive Cancer Network (NCCN).
Cancer Invest 21:526–535

Cella DF, Tulsky DS (1990) Measuring quality of life today:
methodological aspects. Oncology (Williston Park) 4:29–38

Cella DF, Tulsky DS, Gray G, Sarafian B, Linn E, Bonomi A,
Silberman M, Yellen SB, Winicour P, Brannon J (1993) The
Functional Assessment of Cancer Therapy scale: develop-
ment and validation of the general measure. J Clin Oncol
11:570–579

Conroy T, Mercier M, Bonneterre J et al (2004) French version
of FACT-G: validation and comparison with other cancer-
specific instruments. Eur J Cancer 40(15):2243–2252

Douw L, Klein M, Fagel SS, van den HJ, Taphoorn MJ,
Aaronson NK, Postma TJ, Vandertop WP, Mooij JJ, Boerman
RH, Beute GN, Sluimer JD, Slotman BJ, Reijneveld JC,
Heimans JJ (2009) Cognitive and radiological effects of
radiotherapy in patients with low-grade glioma: long-term
follow-up. Lancet Neurol 8:810–818

Farace E, Shaffrey ME (2005) . In: Schiff D, O’Neill BP (eds)
Principles of neuro-oncology. McGraw-Hill, New York,
p 201

Giesinger JM, Golser M, Erharter A, Kemmler G, Schauer-
Maurer G, Stockhammer G, Muigg A, Hutterer M, Rumpold
G, Holzner B (2009) Do neurooncological patients and their
significant others agree on quality of life ratings? Health
Qual Life Outcomes 7:87



348 P. Goffaux et al.

Giovagnoli AR, Silvani A, Colombo E, Boiardi A (2005) Facets
and determinants of quality of life in patients with recurrent
high grade glioma. J Neurol Neurosurg Psychiatry 76:
562–568

Goffaux P, Boudrias M, Mathieu D, Charpentier C, Veilleux
N, Fortin D (2009) Development of a concise QOL ques-
tionnaire for brain tumor patients. Can J Neurol Sci 36:
340–348

Groenvold M, Petersen MA, Aaronson NK, Arraras JI, Blazeby
JM, Bottomley A, Fayers PM, de Graeff A, Hammerlid E,
Kaasa S, Sprangers MA, Bjorner JB (2006) The development
of the EORTC QLQ-C15-PAL: a shortened questionnaire for
cancer patients in palliative care. Eur J Cancer 42:55–64

Hahn CA, Dunn RH, Logue PE, King JH, Edwards CL,
Halperin EC (2003) Prospective study of neuropsychologic
testing and quality-of-life assessment of adults with primary
malignant brain tumors. Int J Radiat Oncol Biol Phys 55:
992–999

Holzner B, Bode RK, Hahn EA, Cella D, Kopp M, Sperner-
Unterweger B, Kemmler G (2006) Equating EORTC QLQ-
C30 and FACT-G scores and its use in oncological research.
Eur J Cancer 42:3169–3177

Kayl AE, Meyers CA (2003) Does brain tumor histology influ-
ence cognitive function? Neuro-oncology 5:255–260

Klein M, Heimans JJ, Aaronson NK, van der Ploeg HM, Grit
J, Muller M, Postma TJ, Mooij JJ, Boerman RH, Beute
GN, Ossenkoppele GJ, van Imhoff GW, Dekker AW, Jolles
J, Slotman BJ, Struikmans H, Taphoorn MJ (2002) Effect
of radiotherapy and other treatment-related factors on mid-
term to longterm cognitive sequelae in low-grade gliomas: a
comparative study. Lancet 360:1361–1368

Klein M, Taphoorn MJ, Heimans JJ, van der Ploeg HM,
Vandertop WP, Smit EF, Leenstra S, Tulleken CA,
Boogerd W, Belderbos JS, Cleijne W, Aaronson NK (2001)
Neurobehavioral status and health-related quality of life in
newly diagnosed high-grade glioma patients. J Clin Oncol
19:4037–4047

Liu R, Solheim K, Polley MY, Lamborn KR, Page M, Fedoroff
A, Rabbitt J, Butowski N, Prados M, Chang SM (2009)
Quality of life in low-grade glioma patients receiving temo-
zolomide. Neuro-oncology 11:59–68

Mainio A, Hakko H, Niemela A, Tuurinkoski T, Koivukangas
J, Rasanen P (2003) The effect of brain tumour laterality
on anxiety levels among neurosurgical patients. J Neurol
Neurosurg Psychiatry 74:1278–1282

Mauer ME, Taphoorn MJ, Bottomley A, Coens C, Efficace
F, Sanson M, Brandes AA, van der Rijt CC, Bernsen HJ,
Frenay M, Tijssen CC, Lacombe D, van den Bent MJ
(2007). Prognostic value of health-related quality-of-life data
in predicting survival in patients with anaplastic oligoden-
drogliomas, from a phase III EORTC brain cancer group
study. J Clin Oncol 25:57315737

Meyers CA, Hess KR (2003) Multifaceted end points in brain
tumor clinical trials: cognitive deterioration precedes MRI
progression. Neuro-oncology 5:89–95

Osoba D, Aaronson NK, Muller M, Sneeuw K, Hsu MA, Yung
WK, Brada M, Newlands E (1996) The development and
psychometric validation of a brain cancer quality-of-life
questionnaire for use in combination with general cancer-
specific questionnaires. Qual Life Res 5:139–150

Osoba D, Brada M, Prados MD, Yung WK (2000a) Effect of dis-
ease burden on health-related quality of life in patients with
malignant gliomas. Neuro-oncology 2:221–228

Osoba D, Brada M, Yung WK, Prados M (2000b) Health-related
quality of life in patients treated with temozolomide versus
procarbazine for recurrent glioblastoma multiforme. J Clin
Oncol 18:1481–1491

Pan HC, Sun MH, Chen CC, Chen CJ, Lee CH, Sheehan
J (2008) Neuroimaging and quality-of-life outcomes in
patients with brain metastasis and peritumoral edema who
undergo Gamma Knife surgery. J Neurosurg 109(Suppl):
90–98

Sneeuw KC, Sprangers MA, Aaronson NK (2002) The role of
health care providers and significant others in evaluating
the quality of life of patients with chronic disease. J Clin
Epidemiol 55:1130–1143

Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher
B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C,
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, Gorlia
T, Allgeier A, Lacombe D, Cairncross JG, Eisenhauer E,
Mirimanoff RO (2005) Radiotherapy plus concomitant and
adjuvant temozolomide for glioblastoma. N Engl J Med 352:
987–996

Taphoorn MJ, Klein M (2004) Cognitive deficits in adult patients
with brain tumours. Lancet Neurol 3:159–168

Taphoorn MJ, Stupp R, Coens C, Osoba D, Kortmann R, van
den Bent MJ, Mason W, Mirimanoff RO, Baumert BG,
Eisenhauer E, Forsyth P, Bottomley A (2005) Health-related
quality of life in patients with glioblastoma: a randomised
controlled trial. Lancet Oncol 6:937–944

Veilleux N, Goffaux P, Boudrias M, Mathieu D, Daigle K, Fortin
D (2010) Quality of life in neurooncology – age matters. J
Neurosurg 113:325–332

Ware JE Jr, Sherbourne CD (1992) The MOS 36-item short-
form health survey (SF-36). I. Conceptual framework and
item selection. Med Care 30:473–483

Warnick RE, Petr MJ (2008) Neuro-oncology: the essentials. In:
Bernstein M, Berger MS (eds). Thieme Medical Publishers,
Inc., New York, p 132

Weitzner MA, Meyers CA, Gelke CK, Byrne KS, Cella DF,
Levin VA (1995) The Functional Assessment of Cancer
Therapy (FACT) scale. Development of a brain subscale and
revalidation of the general version (FACT-G) in patients with
primary brain tumors. Cancer 75:1151–1161



Chapter 36

Emerging Role of Brain Metastases in the Prognosis
of Breast Cancer Patients

Amanda Hambrecht, Rahul Jandial, and Josh Neman

Abstract An estimated 40,000 women die each year
from breast cancer, the vast majority due to complica-
tions from metastases (Jemal et al. 2011, CA Cancer J
Clin). Paradoxically, the incidence of brain metastases
has increased dramatically in subsets of breast can-
cer patients, possibly as an indirect result of improved
systemic and targeted therapies that are effective at
controlling extracranial disease. Once diagnosed with
a brain metastasis, patients have a dismal 20% proba-
bility of surviving more than 1 year (Gril et al. 2010,
Eur J Cancer 46:1204–1210; Lin and Winer 2007,
Clin Cancer Res 13:1648–1655). Other than radiother-
apy and neurological surgery, no standard treatment
options exist, underscoring the significant need to
investigate the biology of these clinically recalcitrant
tumors.

Keywords Breast cancer · Brain metastasis ·
Recalcitrant tumor · Triple-negative · Basal-like ·
Melanoma

Introduction

The brain has increasingly become the site of untreat-
able relapse (Neman et al. 2010). Moreover, breast
cancer is the most common malignancy in women
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in the United States (Cheng and Hung 2007). An
estimated 40,000 women die each year from breast
cancer, the vast majority due to complications from
metastases (Jemal et al. 2011). Autopsy studies have
shown that up to 25% of patients who die from cancer
develop brain metastases (Deeken and Loscher 2007).
The top five primary tumors that lead to brain metas-
tasis are lung, breast, melanoma, renal and colorectal
(Lin et al. 2010). Brain metastases have a 5-year cumu-
lative incidence rate in 16% of lung cancer patients,
7% of breast cancer patients and 5% of colon cancer
patients (Deeken and Loscher 2007). The incidence
rate in melanoma patients has been reported as high
as 55% (Deeken and Loscher 2007). More than 25% of
tumors found in the brain are metastatic lesions derived
from melanoma, lung cancer and breast cancer (Fidler
et al. 2002). However, each type of cancer has a vari-
able period of dormancy prior to relapse in the brain
(Neman et al. 2010). In the United States, up to 40%
of cancer patients develop brain metastasis (Lin et al.
2010). The median survival of untreated patients is 1–2
months (Lin et al. 2010). Once diagnosed with a brain
metastasis, patients have a dismal 20% probability of
surviving more than 1 year (Gril et al. 2010; Lin and
Winer 2007). But, chemotherapy, in conjunction with
surgery and radiation therapy, can extend survival to 4–
6 months (Lin et al. 2010). Poor prognosis is primarily
due to chemoresistance, as brain metastases are highly
resistant to chemotherapy (Lin et al. 2010). Given the
emerging role of brain metastases in the prognosis of
breast cancer patients, a better understanding and more
research studies need to be conducted in order to come
up with therapies and trial that will allow eligibility of
brain metastatic patients to participate in them.
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Primary Breast Cancer Subtypes

There are several subtypes of breast cancer, two of
which are triple-negative and basal-like breast can-
cers. Triple-negative breast cancers are defined as
tumors that lack expression of estrogen receptor (ER),
progesterone receptor (PR) and Her2 (Foulkes et al.
2010). Basal-like breast cancers are characterized by
the absence or low levels of ER expression, absence
of Her2 overexpression and the expression of many
genes usually found in basal or myoepithelial cells of
the normal breast (Foulkes et al. 2010). Even though a
majority of basal-like cancers are also triple-negative
breast cancers and about 80% of triple-negative breast
cancers are also basal-like, they are not synonymous
(Foulkes et al. 2010). Up to 20% of basal-like cancers
express ER or overexpress Her2 (Foulkes et al. 2010).
Triple-negative breast cancers encompass other molec-
ular subtypes of breast cancer including: claudin-low
tumors enriched with cells that have properties similar
to stem cells and features of epithelial-mesenchymal
transition (EMT) as well as interferon-rich tumors
associated with considerably better prognosis than
other triple-negative breast cancers (Foulkes et al.
2010). 12–17% of women with breast cancer have
triple-negative breast cancer and as a group, these
patients have a relatively poor outcome (Foulkes et al.
2010). They cannot be treated with endocrine ther-
apy or therapies targeted against Her2 (Foulkes et al.
2010). When Her2 is overexpressed, it is a target
for Trastuzumab, the humanized monoclonal antibody
(Foulkes et al. 2010). Both triple-negative and basal-
like breast cancers are more likely to metastasize to
viscera, such as the lungs and brain, and are less likely
to metastasize to bone (Foulkes et al. 2010).

Triple-negative and basal-like cancers are very het-
erogeneous at the genetic level (Foulkes et al. 2010).
They account for almost 15% of all invasive breast can-
cers and usually have a high histologic grade (Foulkes
et al. 2010). Both types occur more frequently in young
black and Hispanic women than in young women of
other racial or ethnic groups (Foulkes et al. 2010).
Women who develop a basal-like breast cancer had
certain features not shared by women without cancer
(Foulkes et al. 2010). They reached menarche at an ear-
lier age, they had a higher body mass index during pre-
menopausal years, had higher parity and lower lifetime
duration of breast-feeding (Foulkes et al. 2010). The

risk of basal-like breast cancer rises with increasing
parity and an increasing ratio of waist-to-hip circum-
ference, indicating a complex interplay of genetic and
societal factors (Foulkes et al. 2010). Basal-like breast
cancer cells possess some phenotypic characteristics
that are consistent with those of breast stem cells and
display gene-expression patterns consistent with cells
undergoing an EMT (Foulkes et al. 2010). Cancer stem
cells are ultimately responsible for the maintenance of
a population of malignant cells with metastatic poten-
tial (Foulkes et al. 2010). They do not necessarily have
to arise from the tissue stem cells, but can come from
other differentiated cancer cells that have acquired the
property of self-renewal (Foulkes et al. 2010). Cancer
cells from triple-negative and basal-like breast can-
cers display a profile of cell-surface markers that is
similar to that of breast cancer stem cells, such as
the phenotype CD44+CD24− and the expression of
aldehyde dehydrogenase (Foulkes et al. 2010). It is cur-
rently unclear if all basal-like cancers are enriched with
cancer stem cells or if they have a disproportionately
high content of cells undergoing EMTs (Foulkes et al.
2010).

There is a link between the BRCA1 pathway, basal-
like breast cancers and triple-negative breast cancers
(Foulkes et al. 2010). More than 75% of tumors in
women with a BRCA1 mutation also have a triple-
negative phenotype, a basal-like phenotype, or both
(Foulkes et al. 2010). Basal-like breast cancers and
tumors with a BRCA1 mutation have many charac-
teristics in common as compared with nonhereditary
breast cancers or BRCA2-related tumors (Foulkes
et al. 2010). They both rarely have amplifications
of the cyclin D1 gene (CCND1), they both express
lower levels of p27 and they both express higher lev-
els of S-phase kinase associated protein 2 (SKP2),
cyclin E, fascin, caveolins 1 and 2, osteonectin and
caspase 3 (Foulkes et al. 2010). One study found
that both basal-like breast cancer and BRCA1-related
breast cancer have a defect in the maintenance of nor-
mal chromosome X inactivation (Foulkes et al. 2010).
This suggests that similarity between the two tumor
types could lie in chromatin remodeling (Foulkes et al.
2010). In other studies, a subgroup of basal-like breast
cancers with low levels of BRCA1 expression had high
levels of inhibitor of DNA binding 4 (ID4) expres-
sion, a BRCA1 silencer (Foulkes et al. 2010). Recent
experiments have found that levels of BRCA1 protein
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may be lower in grade 3 tumors that do not express
ER or PR and possess a basal-like phenotype than
in other types of breast cancer (Foulkes et al. 2010).
This downregulation could be mediated by epigenetic
changes (Foulkes et al. 2010). Mice deficient in both
Brca1 and p53, a tumor suppressor gene, in mam-
mary epithelial cells develop tumors that are both
triple-negative and basal-like (Foulkes et al. 2010). The
resulting tumors are very similar to those that occur in
humans with a BRCA1 mutation (Foulkes et al. 2010).
This suggests that BRCA1 plays a permissive role in
the transition of undifferentiated breast cells to their
more mature counterparts (Foulkes et al. 2010).

Triple-negative and basal-like breast cancers show
aggressive clinical behavior (Foulkes et al. 2010). The
survival curve for patients with either type of breast
cancer has a sharp decrease during the first 3–5 years
after diagnosis (Foulkes et al. 2010). However, a dis-
tant relapse is much less common after this time
(Foulkes, et al. 2010). After 10 years, ER-positive
cancer patients are more likely to relapse than are
those with ER-negative tumors (Foulkes et al. 2010).
There is some hope for a small subgroup of patients
with either triple-negative or basal-like breast cancer.
This population is markedly sensitive to chemotherapy
and is associated with a good prognosis when treated
with conventional chemotherapy agents (Foulkes et al.
2010). Some triple-negative and basal-like breast can-
cers have a dysfunctional BRCA1 pathway, which may
make them sensitive to certain agents (Foulkes et al.
2010).

Many studies have shown that angiogenesis is
involved in breast cancer metastases to the brain
(Cheng and Hung 2007). Brain metastatic tumors
showed more angiogenesis but a lower vascular perme-
ability than did the primary breast cancer, suggesting
that the cranial environment is leakage resistant but
proangiogenic (Cheng and Hung 2007). Several essen-
tial factors for breast cancer metastasis are vascular
endothelial growth factor (VEGF), matrix metallopro-
teinases (MMPs) and the chemokine receptor CXCR4
(Cheng and Hung 2007). VEGF is expressed nearly
four times higher in primary breast cancer patients
with brain metastases than in those without (Cheng
and Hung 2007). It was speculated that VEGF might
enhance the transendothelial migration of tumor cells
through the downregulation of endothelial integrity
(Cheng and Hung 2007). This was confirmed in sev-
eral studies in which increased VEGF expression was

marked by an increase in the adhesion of tumor cells
on the HMBEC monolayer (Cheng and Hung 2007).
Brain metastatic lesions of several variants showed a
higher vascular density and released significantly more
VEGF and IL-8 when compared with the original cell
line (Cheng and Hung 2007). A VEGF receptor spe-
cific tyrosine kinase inhibitor that targeted endothelial
cells reduced angiogenesis and restricted the growth
of brain metastases (Cheng and Hung 2007). Matrix
metalloproteinases are zinc-dependent proteinases that
play a key role in extracellular matrix degradation
(Cheng and Hung 2007). In a breast cancer brain
metastasis rat model, a micrometastasis showed a sig-
nificantly higher expression of MMP2, 3 and 9 as well
as an increase in MMP2 and three activities as com-
pared to the normal brain (Cheng and Hung 2007).
The development of a brain metastasis was signifi-
cantly decreased with treatment of a selective synthetic
MMP inhibitor (Cheng and Hung 2007). Another study
confirmed that in human breast cancer cells over-
expressing MMP2, there was a higher incidence of
metastasis to the brain (Cheng and Hung 2007). An
in vitro study showed that brain-seeking breast cancer
cells had a higher total and active amount of MMP1
and 9, which provide the cells with a greater migration
and invasion capacity (Cheng and Hung 2007). These
capacities, as well as the amount, could be decreased
with the application of a MMP1 and/or nine inhibitors
(Cheng and Hung 2007).

It is known that malignant breast cancer cells
express the chemokine receptor CXCR4. The expres-
sion of CXCR4 is consistently higher in primary
breast tumor cells than in normal breast epithelial cells
(Cheng and Hung 2007). When these cells invade the
ECM and circulate in the blood and lymphatic ves-
sels, they are attracted to SDF-1α (Cheng and Hung
2007). The malignant cells then leave the circula-
tion and migrate into organs with large amounts of
chemokines (Cheng and Hung 2007). Once there, the
cancer cells proliferate, induce angiogenesis and form
metastatic tumors (Cheng and Hung 2007). In vitro
studies showed that SDF-1α could induce blood vessel
instability by increasing vascular permeability, result-
ing in the penetration of breast tumor cells through
the HMBECs (Cheng and Hung 2007). In another
study, anti-CXCR4 antibodies decreased transendothe-
lial breast cancer migration as well as vascular per-
meability (Cheng and Hung 2007). It has been shown
that ErbB2 could induce CXCR4 expression and may
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interact with the chemokine in order to contribute to
brain metastasis (Cheng and Hung 2007).

Other chemokines and their receptors play an
important role in brain metastases. The results from
a recent study that analyzed a set of 142 aux-
illary node positive breast cancer patients sug-
gested the chemokine receptor, CX3CR1, and its
ligand, fraktalkine, are significantly associated with
brain metastases (Cheng and Hung 2007). Another
chemokine and receptor pair that may be involved in
breast cancer metastases is Slit and Robo (Cheng and
Hung 2007). The Slit family of secreted proteins are
Slit1, 2 and 3 and their corresponding Robo recep-
tors are Robo1, 2, 3 and 4 (Cheng and Hung 2007).
They play an integral role in neuronal development as
Slit proteins guide the directional migration of neu-
rons in the brain and olfactory system (Cheng and
Hung 2007). Slit1 is predominantly expressed in the
nervous system (Cheng and Hung 2007). Studies have
suggested that Slit/Robo1 signaling may be involved in
the metastasis of breast cancer to the brain (Cheng and
Hung 2007). An in vitro study showed that Slit2/Robo1
signaling was capable of inducing directed migration
(Cheng and Hung 2007). Slit2 acted as a potent attrac-
tor for breast cancer cells expressing Robo1 (Cheng
and Hung 2007). Attracted by Slit, circulating Robo
expressing tumor cells will attach to the vascular
endothelial cells in the brain (Cheng and Hung 2007).
The increased activities of MMP9 and VEGF facili-
tate their penetration of the blood-brain barrier (BBB)
(Cheng and Hung 2007).

Store-operated Ca2+ influx is also known to be
involved in cancer cell migration (McCarthy 2009;
Yang et al. 2009). Yang et al. (2009) determined that
the function of two known regulators of Ca2+ influx
was essential for breast cancer metastasis (McCarthy
2009). The two regulators, ORAI1 and stromal interac-
tion molecule 1 (STIM1), have different roles in main-
taining store-operated Ca2+ influx in non-excitable
cells; STIM1 is a Ca2+ sensor and ORAI1 is part of a
pore that enables store-operated Ca2+ entry (McCarthy
2009; Yang et al. 2009). Studies have shown that inhi-
bition of store-operated channels suppressed serum-
induced cell migration (McCarthy 2009; Yang et al.
2009). Small interfering RNAs against STIM1 or
ORAI1 indicated that these proteins are required for
the migration of MDA-MB 231 human breast tumors
cell in vitro (McCarthy 2009; Yang et al. 2009).
Cells with reduced levels of ORAI1 and STIM1 had

impaired migration because the assembly and dis-
assembly of focal adhesions are crucial for cellular
migration (McCarthy 2009; Yang et al. 2009). MDA-
MB 231 cells with reduced expression levels of either
STIM1 or ORAI1 showed significantly lower levels
of metastatic growth (McCarthy 2009; Yang et al.
2009). A pharmacological inhibitor of store-operated
Ca2+ channels, SKF96365, reduced growth of 4T1
mouse breast cancer cells after orthotopic injections
(McCarthy 2009; Yang et al. 2009). Thus, STIM1 and
ORAI1 are potential new targets for the inhibition of
breast cancer cell migration and metastasis (McCarthy
2009; Yang et al. 2009).

There are several conventional treatments such as
corticosteroids, whole brain radiation therapy, surgical
resection, stereotactic radiosurgery and chemotherapy,
as well as new techniques available for the treatment of
brain metastases. Corticosteroids relieve symptoms by
decreasing cerebral edema surrounding brain metas-
tases, but have not shown large improvements in over-
all patient survival (Cheng and Hung 2007). Whole
brain radiation therapy (WBRT) is the most com-
mon choice for patients with multiple brain metastases
(Cheng and Hung 2007). It is also a popular choice for
patients that have a solitary brain metastasis that does
not qualify for either surgical resection or stereotactic
radiosurgery (Cheng and Hung 2007). This treatment
is able to control neurologic symptoms and has been
shown to improve the quality of life in about 75–85%
of patients (Cheng and Hung 2007). It can also prolong
the mean survival of patients compared with corticos-
teroids alone (Cheng and Hung 2007). An advantage
of surgical resection is that it allows for pathologic
diagnosis (Cheng and Hung 2007). By decompress-
ing the effect of the tumor mass, it may improve
neurologic symptoms as well and increase the qual-
ity of life (Cheng and Hung 2007). It improves the
overall median survival compared to supportive care
alone (Cheng and Hung 2007). However, unless there
is an obvious symptomatic lesion, surgical resection
in patients with multiple brain metastases has lim-
ited use (Cheng and Hung 2007). Stereotactic radio-
surgery uses a linear accelerator or multiple cobalt-60
sources to deliver focal radiation to areas smaller than
3.5 cm, minimizing radiation exposure (Cheng and
Hung 2007). It is less invasive than surgical resection
and is given to patients who cannot tolerate surgery
or have surgically inaccessible lesions (Cheng and
Hung 2007). A study showed that the combination
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of stereotactic radiosurgery and WBRT significantly
improved the overall survival of patients with a single
brain metastasis, but provided no survival advantage
for patients with multiple brain metastases (Cheng and
Hung 2007). Chemotherapy is not a very useful treat-
ment for brain metastases because the tight junctions
of the blood–brain barrier prevent the entry of most
chemotherapeutic agents into the CNS as previously
discussed (Cheng and Hung 2007). Some drugs, how-
ever, have shown promise when used in combination
with radiation therapy (Cheng and Hung 2007). For
example, Efaproxiral can increase tumor oxidation and
therefore, increase radiation sensitivity (Cheng and
Hung 2007). Studies have also shown an improvement
in median survival when chemotherapy was used in
combination with WBRT compared to WBRT alone
(Cheng and Hung 2007). Several strategies for new
delivery techniques are currently being tested in ani-
mal models. The placement of carmustine (BCNU), an
impregnated polymer wafer that protects hydroxylas-
ing and allows for the slow release of chemotherapeu-
tic agents, in the resection cavity has shown success
in primary brain tumors (Cheng and Hung 2007). It
is now being tested in metastasis cancers (Cheng and
Hung, 2007). Intracerebral microinfusion has shown
effectiveness in animal studies but has not yet been
tested in humans (Cheng and Hung 2007).

Therapies can, however, indirectly influence the
course and pattern of metastasis by delaying systemic
disease and favoring the emergence of recurrences in
specific organs (Nguyen et al. 2009). Several stud-
ies observed a rising incidence of brain metastasis
in ErbB2-positive breast cancer patients when they
were treated with the ErbB2 antibody Trastuzumab (or
Herceptin) (Nguyen et al. 2009). The FDA approved
Herceptin as an anti-cancer treatment in 1998 (Cheng
and Hung 2007). It has shown an improved disease-
free and overall survival when delivered with cytotoxic
chemotherapy to patients with ErbB2 overexpressing
metastatic breast cancer cells (Cheng and Hung 2007).
However, patients frequently developed brain metas-
tases, with an incidence of 25–50%, while responding
to Herceptin (Cheng and Hung 2007). The develop-
ment of brain metastases varied from 4 to 24 months
(Cheng and Hung 2007). ErbB2 overexpression is now
known to be a predictive factor for CNS relapse in
breast cancer patients treated with Herceptin (Cheng
and Hung 2007).

Chemotherapy is the current treatment available
for women with triple-negative breast cancer (Foulkes
et al. 2010). As a group, they have a worse outcome
after chemotherapy than patients with breast cancer
of other subtypes (Foulkes et al. 2010). Neoadjuvant
studies have suggested that treatment is very effec-
tive in the minority of women with triple-negative
breast cancer whose tumors are extremely sensitive
to chemotherapy (Foulkes et al. 2010). These patients
show a complete pathological response and thus, have
an excellent outcome (Foulkes et al. 2010). The use
of cisplatin and carboplatin to treat triple-negative
breast cancers is currently being assessed in clinical
trials (Foulkes et al. 2010). Initial findings suggest
that neoadjuvant use of cisplatin results in high rates
of complete pathological response in patients with
breast cancer who have BRCA1 mutations and maybe
in patients who triple-negative cancer (Foulkes et al.
2010). Overexpression of EGFR is more common in
triple-negative breast cancer than in other subtypes
(Foulkes et al. 2010). The use of the monoclonal
antibody Cetuximab, targeted against EGFR, is cur-
rently being studied in combination with carboplatin
(Foulkes et al. 2010). However, triple-negative and
basal-like breast cancers often display abnormalities
in PTEN, which is frequently associated with resis-
tance to anti-EGFR therapies (Foulkes et al. 2010). A
recent clinical target in triple-negative breast cancer
is the enzyme PARP [poly(adenosine diphosphate-
ribose) polymerase] (Foulkes et al. 2010). It is involved
in base-excision repair after DNA damage (Foulkes
et al. 2010). Inhibitors of PARP have shown very
encouraging clinical activity in early trials with BRCA
mutation tumors and sporadic triple-negative cancers
(Foulkes et al. 2010). In a recent randomized phase II
trial, a PARP inhibitor was used in combination with
chemotherapy and resulted in statistically significant
improvements in the rate of tumor regression, median
progression-free survival and median overall survival
(Foulkes et al. 2010).

Breast to Brain Metastases

Breast to brain metastases appear in either the
parenchyma or along the leptomeninges (Cheng and
Hung 2007). The majorities of tumors occur in
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the parenchyma and follow a vascular distribution
mainly through hematogeneous spread (Cheng and
Hung 2007). Clinical symptoms of parenchymal brain
metastases include headache, mental status change,
cognitive disturbances and other manifestations that
could reflect the location of the lesion (Cheng and
Hung 2007). Leptomeningeal tumors are less com-
mon but can arise through multiple pathways includ-
ing: hematogeneous spread, infiltration from vertebral
metastases via the venous plexus and extension along
nerves or perineural lymphatics (Cheng and Hung
2007). Clinical symptoms of leptomeningeal metas-
tases tend to be nonlocalizing, such as pain, headache
and cranial neuropathies (Cheng and Hung 2007).
Two types of neuroimaging are popular for detect-
ing brain metastases: gadolinium-enhanced MRI and
contrast-enhanced CT (Cheng and Hung 2007). MRI
is preferred over CT because it is more sensitive for
identifying parenchymal and leptomeningeal metas-
tases (Cheng and Hung 2007). CSF cytology has a
higher specificity than that of MRI and can be used to
detect leptomeningeal metastases as well (Cheng and
Hung 2007).

Studies have revealed that directly or indirectly,
an individual’s genetic background can determine
metastasis susceptibility in breast cancer (Nguyen
and Massague 2007). Population-genetic studies have
revealed inherited tendencies to develop cancer and
have suggested the existence of alleles that predis-
pose breast cancer metastasis (Nguyen and Massague
2007). A study combining gene expression analysis
and population genetics revealed that tumors from
pre-menopausal African-American patients expressed
a gene signature that typifies the basal subtype of
breast cancer with higher prevalence than those from
Caucasian patients (Nguyen and Massague 2007).
This polygenic signature correlates with aggressive
metastatic relapse (Nguyen and Massague 2007).
Using a QTL analysis and multiple cross-mapping
study researchers identified a single nucleotide poly-
morphism (SNP) in SIPA1, a GTPase-activating pro-
tein (GAP) that inhibits RAP1 and RAP2 activity,
which determined metastatic susceptibility (Nguyen
and Massague 2007). This SNP resulted in an
amino-acid substitution that hindered RAP-GAP func-
tion, attenuating pulmonary metastasis (Nguyen and
Massague 2007). Polymorphisms of this kind have
been reported in human breast cancer samples and
correlate with poor prognosis (Nguyen and Massague

2007). Recent research has pointed to complex sets of
genes engaged in various mechanisms that play a role
in mediating metastasis (Nguyen and Massague 2007).
In a lobular breast cancer model, overexpression of
TWIST and SNAI1, promoted EMT and intravasation
(Nguyen and Massague 2007). The pleiotropic effects
of these developmental and lineage-determining fac-
tors might contribute to multiple steps in malignant
progression, from the aggressiveness of local tumor
cells to their dissemination and the onset of distant
organ metastasis (Nguyen and Massague 2007).

A member of the epidermal growth factor recep-
tor (EGFR) family, ErbB2/Her2/neu, plays an essential
role in breast cancer to brain metastasis and over-
all patient survival (Cheng and Hung 2007). The
ErbB2 gene encodes a transmembrane receptor tyro-
sine kinase that is elevated in 20–30% of human
breast cancers (Cheng and Hung 2007). The eleva-
tion results from genomic amplification of the ErbB2
proto-oncogene and transcriptional upregulation of the
ErbB2 promoter (Cheng and Hung 2007). Patients
with overexpression of ErbB2 had a worse overall
survival as it predicts Tamoxifen resistance in the pri-
mary tumor (Cheng and Hung 2007). Furthermore,
ErbB2 overexpression has been shown to be associated
with the brain metastatic phenotype (Cheng and Hung,
2007). ErbB2 amplification is an important risk fac-
tor for brain metastasis (Cheng and Hung 2007). The
correlation between ErbB2 overexpression in primary
breast cancers and subsequent brain metastases is 97%
(Cheng and Hung 2007).

Upon activation, ErbB2 phosphorylates many
downstream molecules that activate a variety of sig-
naling cascades (Cheng and Hung 2007). By activating
different pathways, ErbB2 causes alterations in a vari-
ety of gene expressions at different levels such as
transcription, translation and protein stability that are
implicated in cell growth, survival and metastases
(Cheng and Hung 2007). Overexpression of ErbB2 has
been found to increase membrane degradation by acti-
vating the transcription of and enhancing the secretion
of MMP9 (Cheng and Hung 2007). It also increases
the invasiveness of breast cancer cells by upregulat-
ing the chemokine receptor CXCR4 (Cheng and Hung
2007). Breast cancer cells that express high levels of
CXCR4 increase the permeability of brain endothelial
cells, facilitating their invasion into the brain (Cheng
and Hung 2007). If a therapeutic drug can penetrate
the blood–brain barrier, ErbB2 directed therapy could
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be targeted against ErbB2 overexpressing breast can-
cer cells growing in the brain (Cheng and Hung 2007).
Lapatinib is an irreversible inhibitor of the ErbB2 tyro-
sine kinase that can cross the BBB (Cheng and Hung
2007). In a study to determine its effects, responses
were observed in 2 out of 39 patients (Cheng and Hung
2007).

In order to improve prognosis for patients, early
therapeutic targeting of both the disseminating seed
and the evolving metastatic soil is essential (Psaila and
Lyden 2009). These therapies may need to be tailored
to specific stages of the metastatic cascade (Psaila and
Lyden 2009). When metastasis suppressor genes are
re-expressed in malignant cells, they prevent metasta-
sis without affecting growth at the primary tumor site
(Psaila and Lyden 2009). They may alter the ability
of cells to respond to survival signals received from
the local microenvironment (Psaila and Lyden 2009).
This determines whether a certain microenvironment
is permissive or inhibitory for the establishment of
metastasis (Psaila and Lyden 2009). Thus, it may
be beneficial for systemic therapies targeted to the
metastatic microenvironment to be used early (Psaila
and Lyden 2009). Immunological features of the pre-
metastatic niche can be used to identity a propensity
to develop metastatic disease earlier than prognostic
techniques are able (Psaila and Lyden 2009). By exam-
ining the destination sites for metastasis, patients who
present with a seemingly localized disease, but have
evidence of pre-metastatic niche formation, can be
helped (Psaila and Lyden 2009).

Epithelial-Mesenchymal Transition

During embryonic development, mesenchymal cells
form from a primitive epithelium and acquire a mor-
phology that is appropriate for migration in an extra-
cellular environment and settlement in areas involved
in organ function (Thiery 2002). An epithelial-
mesenchymal transition (EMT) is essential to this
process. It is characterized by the conversion of polar-
ized epithelial cells into motile cells (Thiery 2002).
Epithelial cells shed their differentiated characteristics
such as cell adhesion, polar and apical-basal polar-
ity and lack of motility and acquire mesenchymal
features including motility, invasiveness and a height-
ened response to apoptosis (Polyak and Weinberg

2009). The same regulatory mechanisms that con-
vert epithelial cells to migratory mesenchymal cells,
which are crucial to the formation of organs during
embryonic development, become abnormally activated
in cancer and contribute to invasion and metastasis
(Polyak and Weinberg 2009). An essential differ-
ence between the embryonic and tumorigenic process
is that the latter involves genetically abnormal cells
that progressively lose their responsiveness to nor-
mal growth-regulatory signals (Polyak and Weinberg
2009). Epithelial-mesenchymal transitions contribute
to invasion, metastatic dissemination and the acquisi-
tion of therapeutic resistance (Polyak and Weinberg
2009). This process generates cancer cells with stem
cell-like characteristics (Polyak and Weinberg 2009).
These cells possess the ability to evolve, which is
derived from the inherent genetic and epigenetic
instability in most neoplastic cell types (Polyak and
Weinberg 2009). This instability generates multiple
distinct subpopulations of cancer cells within larger
tumors, constituting a source of phenotypic hetero-
geneity within tumors (Polyak and Weinberg 2009).
There is evidence that an EMT gives rise to the dis-
semination of single cancer cells from primary tumor
sites (Thiery 2002). The initiation of an EMT can
occur from multiple extracellular signals and sig-
nificant crosstalk, in the form of multiple positive
feedback loops, among downstream intracellular sig-
naling pathways and transcription factors (Polyak and
Weinberg 2009). This network of interactions leads to
increased stability of the acquired mesenchymal cell
phenotype (Polyak and Weinberg 2009). Recent data
have shown that sustained activation of an EMT leads
to progressive epigenetic changes in cells (Polyak and
Weinberg 2009). These alterations induce heritable
effects that maintain the mesenchymal state even after
EMT-initiating signals are no longer present (Polyak
and Weinberg 2009).

Mesenchymal-Epithelial Transition

Distant metastases derived from primary cancers are
largely composed of cancer cells with an epithelial
phenotype that closely resembles that of cancer cells
in the primary tumor (Polyak and Weinberg 2009). In
order to disseminate, cancer cells must pass through
an EMT and acquire mesenchymal features, but the
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resulting metastases look like the primary cancers
at the histopathological level (Polyak and Weinberg
2009). Following metastatic spread and colonization,
a mesenchymal-epithelial transition (MET) usually
coverts the disseminated mesenchymal cancer cells
back to a more differentiated, epithelial cell state
(Polyak and Weinberg 2009). In the absence of sig-
nals that actively promote the induction and continued
expression of an EMT, many normal and neoplastic
cells will revert back to the epithelial state because
of a transcriptional default mechanism (Polyak and
Weinberg 2009). For example, several studies have
shown that the DNA methylation status of the CDH1
promoter varies at different stages of the metastatic
process (Polyak and Weinberg 2009). In primary
breast cancers, the tumor cells that undergo tran-
sient hypermethylation and silencing of CDH1 expres-
sion are more invasive and metastatic (Polyak and
Weinberg 2009). However, E-cadherin expression is
re-induced in metastases and is accompanied by the
demethylation of the CDH1 promoter (Polyak and
Weinberg 2009). Epithelial-mesenchymal transitions
and their converses, mesenchymal-epithelial transi-
tions, are central regulators of cellular plasticity in can-
cers (Polyak and Weinberg 2009). They have important
roles in therapeutic resistance, tumor recurrence and
metastatic progression (Polyak and Weinberg 2009).

The Role of the Blood Brain Barrier
in Metastasis

Of all the central nervous system (CNS) barriers, the
blood-brain barrier (BBB) exerts the greatest control
over the immediate microenvironment of brain cells
(Abbott et al. 2006). The BBB is a selective bar-
rier formed by the endothelial cells that line cerebral
microvessels (Abbott et al. 2006). The tight junctions
between adjacent endothelial cells force most molec-
ular traffic to take a transcellular route rather than
a paracellular one (Abbott et al. 2006). The lumi-
nal and abluminal membranes have specific transport
systems that regulate the transcellular traffic across
the BBB (Abbott et al. 2006). The BBB protects
the brain from exposure to toxins, both endogenous
and exogenous (Deeken and Loscher 2007). It func-
tions as a physiologic obstruction to the delivery of

systemic chemotherapy and newer drugs to the brain
parenchyma and CNS (Deeken and Loscher 2007).
Mahar Doan et al. (2002) analyzed 18 different phys-
iochemical properties of drugs used to treat CNS and
non-CNS disease to determine which molecules have
the greatest efficacy in treating the brain (Deeken and
Loscher 2007). They found that transcellular passive
diffusion is restricted to small, nonpolar and lipophilic
compounds, while water-soluble or polar compounds
can only penetrate via active transport across the BBB
(Deeken and Loscher 2007).

The blood–brain barrier has several important roles
in brain homeostasis, such as supplying the brain
with essential nutrients, mediating the efflux of many
waste products, restricting ionic and fluid movements
between the blood and the brain and protecting the
brain from fluctuations in ionic composition after
a meal or exercise (Abbott et al. 2006). The BBB
also helps keep separate the pools of neurotransmit-
ters and neuroactive agents that act centrally and
peripherally (Abbott et al. 2006). In addition to the
endothelial BBB, the homeostasis of the brain also
depends on the epithelial blood-cerebrospinal fluid
(CSF) barrier located at the choroid plexus and outer
arachnoid membrane (Deeken and Loscher 2007). The
surface area of the BBB, however, is about 5000 fold
larger than that of the blood–CSF barrier (Deeken and
Loscher 2007).

Early histological studies have shown that brain
capillaries are surrounded by or closely associated
with several cell types, including the perivascular
endfeet of astrocytic glia, pericytes, microglia and
neuronal processes (Abbott et al. 2006). Recently, per-
icytes, perivascular macrophages and neurons have
been shown to contribute to induction of the blood–
brain barrier (Abbott et al. 2006). The blood–brain
barrier also consists of capillary endothelial cells and
a basement membrane (Cheng and Hung 2007). The
astrocytes have tight junctions between each other,
enclosing the capillary on all sides (Cheng and Hung
2007). Astrocytes can regulate many features of the
BBB, such as expression and polarized location of
transporters and specialized enzyme systems, result-
ing in tighter tight junctions (Abbott et al. 2006).
Astrocyte endfeet cover over 90% of the endothelial
cell surface (Deeken and Loscher 2007). They tightly
ensheath the vessel wall and seem to be critical for the
induction and maintenance of the endothelial barrier
(Deeken and Loscher 2007). Astrocytes can secrete a
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range of chemical agents, such as TGF-β, glial-derived
neurotrophic factor (GDNF), bFGF and angiopoietin
1 (ANG1), which induce aspects of the BBB pheno-
type in endothelial cells in vivo (Abbott et al. 2006).
The endothelial cells within the BBB are nearly leak-
proof (Cheng and Hung 2007). They are equipped
with selective substance permeability and only allow
in particles less than 20 nm in diameter (Cheng and
Hung 2007). The brain capillary network is extensive
(Deeken and Loscher 2007). The surface area of the
capillary endothelium is about 20 m2 and it is thought
that 100 billion capillaries measuring 650 km in length
comprise the brain vasculature (Deeken and Loscher
2007). Every neuron is likely perfused by its own
blood vessel (Deeken and Loscher 2007). Therefore,
substrates are delivered directly to each neuron if, of
course, they can cross the BBB (Deeken and Loscher
2007).

Characteristics of the brain endothelium differen-
tiate these cells from those found in endothelial beds
in other organs of the periphery (Deeken and Loscher
2007). In endothelial cells forming peripheral capillary
beds, there are intercellular clefts maintained by rela-
tively loose attachments (Deeken and Loscher 2007).
Endothelial cells can form fenestrae with invaginations
that increase the surface area over which substrates can
diffuse (Deeken and Loscher 2007). Also, plasmalem-
mal or pinocytic vesicles can be formed at the cell
surface (Deeken and Loscher 2007). Brain endothelial
cells, on the other hand, have continuous tight junc-
tions, no fenestrations and exhibit very low pinocytic
activity (Deeken and Loscher 2007). A basal mem-
brane and ECM, as well as pericytes and astrocyte
foot processes surround the brain endothelial cells
(Deeken and Loscher 2007). These all form the BBB
and mediate its permeability (Deeken and Loscher
2007). Pericytes embrace the capillaries and contribute
to the development, maintenance and regulation of the
BBB (Deeken and Loscher 2007). Brain capillaries
have greater numbers and volumes of mitochondria
than peripheral tissue capillaries (Deeken and Loscher
2007). Brain capillaries have a high transendothelial
electrical resistance (TEER), measured between 1000
and 2000 Ohm cm2, while that of peripheral capil-
laries is typically measured at 10 Ohm cm2 (Deeken
and Loscher 2007). The cause of the high electrical
resistance is thought to be due to differences in pro-
tein composition, such as high occludin and claudin

expression (Deeken and Loscher 2007). Expression of
claudin 3, claudin 5 and possibly claudin 12 appear
to contribute to the high TEER in brain endothelial
cells (Abbott et al. 2006). The transmembrane pro-
teins occludin and the claudins are also important
contributors to the tight junction structure (Abbott et al.
2006). The junctional adhesion molecules (JAM), such
as JAM-A, JAM-B and JAM-C, are present in brain
endothelial cells and are involved in tight junction
function and maintenance (Abbott et al. 2006).

Many features of the BBB phenotype are sub-
ject to change or modulation (Abbott et al. 2006).
Astroglia can release chemical factors and signals that
modulate the permeability of the brain endothelium
(Deeken and Loscher 2007). The transcription factor
NF-κB can alter tight junction protein expression and
therefore, regulate BBB permeability (Abbott et al.
2006). Traditionally, resistance of brain metastasis to
chemotherapy has been attributed to the blood-brain
barrier (Lin et al. 2010). However, recent studies have
revealed that the BBB is not intact in larger metas-
tases because the metastatic tumor cells release VEGF,
a vascular permeability factor (Lin et al. 2010). The
blood-brain barrier remains intact in and around exper-
imental brain metastases smaller than 0.25 mm in
diameter (Fidler et al. 2002). More than 70% of brain
metastasis cases exhibit enhanced lesions on magnetic
resonance imaging due to leakage of contrast agents
from blood vessels, indicating BBB permeability (Lin
et al. 2010). With larger tumors, the tight junctions
between the endothelial cells become stretched out
(Cheng and Hung 2007). Primary and metastatic can-
cerous tumors involve alterations in brain endothelial
cells (Deeken and Loscher 2007). There is a compro-
mised tight junction structure and an increase in the
perivascular space (Deeken and Loscher 2007). Blood
vessels within the tumors have fenestrations that mirror
those found in the peripheral vasculature (Deeken and
Loscher 2007). There is also an increase in the num-
ber and activity of pinocytic vesicles present (Deeken
and Loscher 2007). The blood brain barrier is an obsta-
cle to tumor cells with its tight layer of endothelial
cells and astrocyte foot processes (Nguyen et al. 2009).
Brain metastasis might involve an active crosstalk
between the cancer and stromal cells, as suggested
by the range of unique cell types that constitute the
brain parenchyma and their anatomical organization
(Nguyen et al. 2009).
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Astrocytes are the predominant cells in the brain
and maintain homeostasis of the brain microenviron-
ment (Lin et al. 2010). They transport various nutrients
from the circulation to the neurons, participate in neu-
ral signal transduction and buffer the ionic balance or
the extracellular matrix (Lin et al. 2010). Under patho-
logical conditions, such as trauma, ischemia and neu-
rodegenerative disease, astrocytes become activated,
as indicated by the upregulation of glial fibrillary
acidic protein (GFAP) (Lin et al. 2010). These reactive
astrocytes have been shown to protect neurons from
injury-induced apoptosis (Lin et al. 2010). Reactive
astrocytes can also protect melanoma cells in brain
metastases from cytotoxicity due to chemotherapeutic
drugs (Lin et al. 2010). An experiment by Lin et al.
(2010) studied the sensitivity of melanoma cells to
chemotherapeutic agents when co-cultured with mouse
astrocytes or fibroblasts. Their results revealed that
astrocytes, not fibroblasts, reduced apoptosis in human
melanoma cells treated with various chemotherapeutic
drugs (Lin et al. 2010). The chemotherapeutic effect
was dependent on physical contact and gap junctional
communication (GJC) between astrocytes and tumor
cells (Lin et al. 2010). Gap junctional communica-
tion channels directly connect the cytoplasm between
adjacent cells (Lin et al. 2010). The channels have
been shown to be involved in the transmission of sur-
vival and apoptotic signals between neighboring cells
(Lin et al. 2010). Gap junctions between astrocyte pro-
cesses allow them to communicate with each other
(Lin et al. 2010). The results from Lin et al.’s exper-
iments showed that the astrocytes sequestered calcium
from the cytoplasm of tumor cells (Lin et al. 2010).
Calcium is one of the most important second mes-
sengers transmitted through GJC channels (Lin et al.
2010). It has been shown to play a causal role in cell
death (Lin et al. 2010). Melanoma cells incubated with
chemotherapeutic agents showed an increase in cyto-
plasmic calcium followed by an appearance of frag-
mented DNA, a hallmark of apoptosis (Lin et al. 2010).
An analysis of cytoplasmic Ca2+ in paclitaxel-treated
tumor cells by flow cytometry revealed that co-culture
with astrocytes significantly reduced cytoplasmic cal-
cium levels when compared with tumor cells incu-
bated with paclitaxel in the absence of astrocytes (Lin
et al. 2010). Their data implicate calcium sequestration
through GJC channels as a key mechanism by which
astrocytes protect the tumor cells from chemother-
apy (Lin et al. 2010). Brain tumors can harness the

neuroprotective effects of reactive astrocytes for their
own survival (Lin et al. 2010). Successful treatment of
brain metastasis will require chemotherapy in combi-
nation with agents that selectively interfere with the
GJC channels (Lin et al. 2010). Targeted therapies
could include GFAP antibodies to tumor-associated
astrocytes or short nucleotide sequences complemen-
tary to GFAP mRNA (Lin et al. 2010). The results from
Lin et al. delineate a previously unrecognized mecha-
nism for resistance in brain metastases that might be of
relevance to the clinic (Lin et al. 2010).

The blood–brain barrier is composed of xenobi-
otic transporters that extrude substrates from the brain
into the CSF and systemic circulation (Deeken and
Loscher 2007). These transporters also extrude drugs
and toxins if they gain entry into the cytoplasm of
brain endothelial cells (Deeken and Loscher 2007).
It is expected that lipid-soluble drugs would read-
ily cross the BBB, but studies have found that many
of them have a lower permeability than predicted
by their lipid solubility (Deeken and Loscher 2007).
These drugs happen to be substrates for the drug efflux
transporters, which are also present in the blood–CSF
barrier (Deeken and Loscher 2007). The activity of
these transporters very efficiently removes the drugs
from the CNS and thus, limits brain uptake (Deeken
and Loscher 2007). Studies have identified numer-
ous efflux transporters that comprise the BBB, such
as P-glycoprotein, members of the multidrug resis-
tance protein family (MRP) as well as members of the
organic cation and anion transporter families (OCT and
OAT, respectively) (Deeken and Loscher 2007).

P-glycoprotein (or ABCB1) is encoded by the mul-
tidrug resistance gene MDR1 (Deeken and Loscher
2007). It was initially discovered as a highly expressed
protein in multidrug resistant tumor cell lines (Deeken
and Loscher 2007). Its expression in the brain has been
found in many species including humans, rats and pri-
mates (Deeken and Loscher 2007). In the blood–CSF
barrier, P-glycoprotein is mostly expressed in the prox-
imity of the apical membrane in the choroid plexus
(Deeken and Loscher 2007). Its likely role is to trans-
port substrates into the CSF from the endothelium
and brain parenchyma (Deeken and Loscher 2007).
The exact location of P-glycoprotein in the blood–
CSF barrier has been debated, however, as one study
found it to be expressed in vesicles adjacent to the api-
cal membrane of the choroid epithelium rather than
in the membrane itself (Deeken and Loscher 2007).
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There it may serve as a transporter which effluxes
drugs into vesicles, which in turn, are inserted into
the apical membrane for substrate exocytosis into
the CSF (Deeken and Loscher 2007). In the brain
capillary, P-glycoprotein is principally expressed at
the luminal membrane where it serves as an efflux
pump to extrude substrates back into the circula-
tion, restricting or preventing entry into the brain
parenchyma (Deeken and Loscher 2007). Interestingly,
many of the chemotherapeutic agents used in clini-
cal practice have been discovered to be substrates for
P-glycoprotein (Deeken and Loscher 2007). In Mdr1
knockout mice, researchers observed an increase in
the brain of P-glycoprotein substrates from the cir-
culation as compared with wild-type mice (Deeken
and Loscher 2007). Similarly, animals treated with
inhibitors of P-glycoprotein have increased amounts
of P-glycoprotein substrates in the CNS (Deeken and
Loscher 2007). Mice with a xenograft glioblastoma
tumor were given paclitaxel and a P-glycoprotein
inhibitor and showed an increased brain concentration
of paclitaxel and improved tumor response as com-
pared to animals given paclitaxel alone (Deeken and
Loscher 2007). This increased penetration of drugs
after P-glycoprotein inhibition has been confirmed in
a human study (Deeken and Loscher 2007).

There are other important transporters involved
in forming the BBB (Deeken and Loscher 2007).
Multidrug resistance protein 1 (MRP1) through MRP9
are all members of the ABCC family of transporters
(Deeken and Loscher 2007). Recent studies have
reported a predominantly apical plasma membrane dis-
tribution for MRP1, MRP2 and MRP5 and an almost
equal distribution for MRP4 on the apical and baso-
lateral membranes (Deeken and Loscher 2007). The
transporter ABCG2 (or BCRP) was initially named the
breast cancer-resistant protein as it was first discov-
ered in a chemotherapy-resistant breast cancer cell line
(Deeken and Loscher 2007). It has been detected in
the capillary endothelial cells of the brain in humans
as well as in other species, and is mainly expressed on
the luminal surface (Deeken and Loscher 2007). Based
on mRNA expression levels, ABCG2 may be even
more strongly expressed than either P-glycoprotein
or MRP1 (Deeken and Loscher 2007). In one study,
Bcrp1 knockout mice had a 2.5-fold increase in brain
concentration of a substrate for ABCG2 as com-
pared with wild-type mice (Deeken and Loscher 2007).
Similarly, another study found that co-administration
of an ABCG2 substrate and inhibitor resulted in a

4.2-fold increase in bran penetration (Deeken and
Loscher 2007). Organic anion and cation transporter
families have also been found in the brain endothelium
(Deeken and Loscher 2007). They typically exchange
anions and cations, respectively, across concentration
gradients from the blood to the brain or vice versa
(Deeken and Loscher 2007). Therefore, drug transport
into and out of the brain will depend on ionic or drug
gradients (Deeken and Loscher 2007). The exact loca-
tion of transporters from the OAT and OCT families
as well as those from the organic anion-transporting
polypeptide (OATP) family is unclear (Deeken and
Loscher 2007). Organic cation transporter 2 (OCT2)
is expressed in the choroid plexus and is localized in
cytosolic vesicles or in the apical membrane (Deeken
and Loscher 2007). In rats, OATP2 is expressed in the
apical and basolateral membranes, while in humans
OAT3 is predominantly expressed at the basolateral
membrane (Deeken and Loscher 2007). Organic anion
transport 1 (OAT1) has been found in the brush bor-
der of the choroid plexus (Deeken and Loscher 2007).
Studies determining the role of OATs and OATPs in
forming the BBB are difficult to perform given the
overlapping substrate specificity of OATs and OATPs
with ABC transporters (Deeken and Loscher 2007).
However, in a mouse model, OATP3 has been shown
to play a significant role in forming the blood-brain
barrier (Deeken and Loscher 2007).

Primary and metastatic cancerous tumors involve
alterations in the expression of transporters (Deeken
and Loscher 2007). The expression level of
P-glycoprotein in blood vessels supplying melanoma
CNS metastases was only 5% of that seen in normal
brain tissue (Deeken and Loscher 2007). Similarly, the
vasculature around CNS lung metastases had just 40%
of the P-glycoprotein expression found in normal brain
vasculature (Deeken and Loscher 2007). Two different
studies found conflicting levels of P-glycoprotein
expression in the vasculature of malignant gliomas
(Deeken and Loscher 2007). Becker et al. (1991)
found diminished expression as compared with normal
brain vasculature, while Toth et al. (1996) found no
difference between tumor vasculature and normal
tissue (Deeken and Loscher 2007). Haga et al. (2001)
also found no difference in the expression level of
P-glycoprotein and MRP2 between normal brain and
malignant glioma cells (Deeken and Loscher 2007).
However, they did find increased expression of MRP1
and MRP3 in the endothelial cells forming the vascu-
lature around tumor sites (Deeken and Loscher 2007).
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Difficulty with Treatment

Primary brain malignancies are intrinsically resistant
to most chemotherapies and metastatic releases are
often associated with resistance to treatment (Deeken
and Loscher 2007; Nguyen et al. 2009). This might
be due to cell-intrinsic mechanisms, such as genetic
alterations, that confer drug resistance after a period of
therapeutic response (Nguyen et al. 2009). Resistance
to therapy can also be coupled with the potential acqui-
sition of pro-metastatic functions in tumors (Nguyen
et al. 2009). Cancer cells in the CNS could be shielded
by the blood-brain barrier from drug delivery or pro-
tected with survival signals from the host microenvi-
ronment (Nguyen et al. 2009). The unique structure
of the BBB limits the effectiveness of current treat-
ments (Cheng and Hung 2007). In brain tumors, there
is a breakdown of the BBB, however (Abbott et al.
2006). Studies have observed a downregulation of the
tight junction proteins claudin 1 and 3 (Abbott et al.
2006). During inflammation, certain released agents
have the ability to increase the permeability of the
brain endothelium (Abbott et al. 2006). Bradykinin
acts on endothelial bradykinin B2 receptors to raise
intracellular Ca2+ concentrations and open tight junc-
tions (Abbott et al. 2006). It also activates NF-κB in
astrocytes, resulting in the release of IL-6, which can
amplify the effect by acting back on the endothelium
(Abbott et al. 2006). TNF-α can further increase BBB
permeability by directly acting on the endothelium
and by indirectly involving the production of endothe-
lin 1, which is present on the endothelium, and IL-1β

release from astrocytes via an immunoregulatory loop
(Abbott et al. 2006). The BBB disrupted at the site of
significant brain disease has been termed the “tumor–
blood barrier” (Deeken and Loscher 2007). But, only
in larger tumors is it greatly impaired in terms of trans-
porter expression and function as well as in terms
of the permeability of the endothelium (Deeken and
Loscher 2007). This allows a sufficient amount of sys-
temically delivered chemotherapy to reach the tumor
and affect a response (Deeken and Loscher 2007).
A number of studies performed in the 1980s investi-
gated levels of chemotherapy agents in brain tissues
and found higher levels at sites of larger tumors than
in neighboring tissues (Deeken and Loscher 2007).
In smaller aggregates of metastatic tumor cells, the

disruption of the BBB is less significant (Deeken
and Loscher 2007). Since a smaller amount of drug
reaches these micrometastases, they can grow, develop
neovasculature structures and ultimately, reach a clini-
cally significant size (Deeken and Loscher 2007).

There are three general methods in use to increase
drug delivery to the brain (Deeken and Loscher 2007).
The first is the administration of chemotherapy agents
directly into the CNS with the use of Ommaya reser-
voirs, intrathecal injections, intra-arterial injections
or high-dose systemic therapy (Deeken and Loscher
2007). Although this approach has found success, tox-
icities can be significant (Deeken and Loscher 2007).
The second method is to disrupt the BBB followed by
administration of chemotherapy (Deeken and Loscher
2007). In order to increase the CNS penetration of
chemotherapy agents, the BBB is often disrupted with
hypertonic solutions such as mannitol (Deeken and
Loscher 2007). Another agent that disrupts the BBB is
RMP-7, a synthetic analogue of the peptide bradykinin
(Deeken and Loscher 2007). It is specific for the
bradykinin-P2 receptor, which participates in the mod-
ulation of tight junctions in brain endothelial cells
(Deeken and Loscher 2007). In preclinical models,
RMP-7 has been found to increase the brain con-
centration of a chemotherapy agent using intracarotid
or intravenous administration (Deeken and Loscher
2007). Unfortunately, this activity was not observed in
two phase II trials (Deeken and Loscher 2007). The
third approach is to deliver chemotherapy drugs with
an agent that inhibits the drug transporters of the BBB
(Deeken and Loscher 2007). Inhibition of ABCG2
has been tested preclinically (Deeken and Loscher
2007). Researchers have found a higher CNS pene-
trance of chemotherapy agents (Deeken and Loscher
2007). Nonselective inhibitors of MRP1 have also
been tested in preclinical models (Deeken and Loscher
2007). A neuroblastoma cell line has been shown to
have an increased cellular sensitivity to chemother-
apy (Deeken and Loscher 2007). Over the past two
decades, researchers have been looking to develop
agents that inhibit P-glycoprotein at the cellular level
and thus, increase intracellular concentrations of toxic
chemotherapy agents in resistant tumors (Deeken and
Loscher 2007). However, clinical trials have been dis-
appointing (Deeken and Loscher 2007). Promising
phase II trials were followed by negative phase III trials
(Deeken and Loscher 2007). But, all hope is not lost.
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In animal models, the administration of P-glycoprotein
inhibitors has been found to increase intracranial
concentrations of chemotherapy agents (Deeken and
Loscher 2007).

There are several creative strategies to deliver
drugs across the blood-brain barrier currently being
tested in both in vitro and in vivo models. The
human brain microvascular endothelial cell (HBMEC)
is a widely used in vitro model system that mim-
ics the in vivo human blood-brain barrier (Cheng
and Hung 2007). With this model, researchers
have used nanoparticles to facilitate the entry of
drugs into the brain parenchyma (Deeken and
Loscher 2007). They encapsulated chemotherapy
agents and other drugs in 250-nm diameter nanoparti-
cles using poly(butyl)cyanoacrylate (PBCA) (Deeken
and Loscher 2007). The nanoparticles were then endo-
cytosed by the BBB endothelium and the drug was
free to diffuse into the brain parenchyma (Deeken
and Loscher 2007). Researchers using animal mod-
els tested the delivery of drugs across the BBB by
tagging or attaching liposome-containing drugs to an
antibody that recognizes receptors along the endothe-
lium (Deeken and Loscher 2007). Endogenous large-
molecule peptides, such as transferrin, insulin and
leptin cross the BBB via receptor-mediated transport
by attaching to such receptors (Deeken and Loscher
2007). The monoclonal antibody OX26, which rec-
ognizes the transferrin receptor, was attached to
a liposome-containing digoxin, allowing digoxin to
cross the BBB (Deeken and Loscher 2007). Huwyler
et al. (1996) used the OX26 immunoliposome to trans-
port daunorubicin using an animal in vivo model and
found increased brain delivery and higher concentra-
tions of the drug by a factor of 4 log values when
compared to delivery without this vehicle (Deeken
and Loscher 2007). Another approach is to deliver
chemotherapy drugs with an agent that selectively
utilizes the influx transporters on the BBB (Deeken
and Loscher 2007). Influx transporters move sub-
stances from the circulation into the brain parenchyma
(Deeken and Loscher 2007). They line the endothe-
lium, both on the luminal and basolateral surfaces
(Deeken and Loscher 2007). This is an important strat-
egy to not only circumvent the efflux capacity of the
blood–brain barrier but also increase drug delivery to
brain tumors (Deeken and Loscher 2007).

Potential Therapeutic Interventions

Micrometastases often remain after conventional
surgery, radiotherapy and/or chemotherapy (Thiery
2002). By targeting the signal transduction pathways
that contribute to the invasive and metastatic prop-
erties of cancer cells, therapeutic interventions have
the potential to block tumor progression and prevent
metastasis (Thiery 2002). Several receptor tyrosine
kinases (RTKs) are mutated and constitutively active
in many cancer types (Polyak and Weinberg 2009).
Obvious targets include Met, Igfr1 and those of the
ErbB family (Thiery 2002). Approved by the FDA
in 1998 and currently on the market is Trastuzumab
(Herceptin), a monoclonal antibody directed against
ErbB2 (Thiery 2002). Given that EMTs are associ-
ated with a poor clinical outcome in multiple tumor
types, it is essential to understand the processes that
trigger EMTs in order to prevent them (Polyak and
Weinberg 2009; Thiery 2002). In several studies, an
EMT has been shown to result in cancer cells with
stem cell-like characteristics, such as invasion of the
parenchyma and resistance to certain therapeutic inter-
ventions (Polyak and Weinberg 2009). Cancer cells
with stem cell characteristics are enriched in the resid-
ual tumors remaining after standard chemotherapeutic
treatments (Polyak and Weinberg 2009). Thus, inhi-
bition of EMTs is an attractive therapeutic approach
(Polyak and Weinberg 2009). However, the complex-
ity of the signaling networks involved that regulate the
induction of EMTs and the reversibility of the acquired
mesenchymal phenotype pose significant challenges to
researchers (Polyak and Weinberg 2009). So it is not
known when therapies that could inhibit this transi-
tion should be initiated (Polyak and Weinberg 2009).
It is also unknown which pathways should be inhibited
to be most effective while causing minimal toxicity in
normal tissues (Polyak and Weinberg 2009). The pro-
cess is further complicated by the similarities between
EMT and normal stem cell programs (Polyak and
Weinberg 2009).

Previous studies have shown that to produce brain
metastasis, tumor cells must reach the vasculature
of the brain, attach to the endothelial cells of the
microvasculature, extravasate into the parenchyma,
proliferate in response to growth factors and induce
the formation of new blood vessels (Fidler et al. 2002).
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Vascular endothelial growth factor (VEGF) stimulates
the proliferation and migration of endothelial cells
and induces the expression of MMPs and plasmino-
gen activity (Fidler et al. 2002). Overexpression of
VEGF in tumor cells enhances tumor growth and
metastasis by stimulating vascularization and increas-
ing microvessel density (Fidler et al. 2002). Studies
outlining the important role of VEGF in the pro-
gressive growth of brain metastases showed that
VEGF expression is necessary, but not sufficient,
for the production of brain metastases (Fidler et al.
2002).

Given the important role of VEGF in cancer pro-
gression and neo-angiogenesis, several VEGF antag-
onists have been approved by the FDA (Joyce and
Pollard 2009). They increase survival in patients with
metastatic breast and colorectal cancers when com-
bined with chemotherapy (Joyce and Pollard 2009).
Despite its positive effects on established local-
ized tumors, inhibition of angiogenesis can result in
increased tumor invasion and metastasis (Paez-Ribes
et al. 2009). In a glioblastoma multiforme (GBM)
mouse model, treatment with sunitinib (a VEGFR and
PDGFR kinase inhibitor) or SU10944 (a VEGFR-
selective kinase inhibitor) increased invasion (Paez-
Ribes et al. 2009). The data suggest that VEGFR
inhibitors might precondition the host microenviron-
ment, making it favorable for metastasis (Paez-Ribes
et al. 2009). The proper timing of anti-angiogenic ther-
apy needs to be determined (Paez-Ribes et al. 2009).
It is also unclear whether combining these agents with
chemotherapy or other treatments can counteract the
unfavorable effects (Paez-Ribes et al. 2009).

Three strategies have been developed for reconsti-
tuting protein function in metastasis suppressor genes
(Smith and Theodorescu 2009). One approach is the
reconstitution of metastasis suppressor expression by
induction of the endogenous locus through gene ther-
apy (Smith and Theodorescu 2009). Another approach
is to target essential downstream pathways that are
activated by loss of suppressor function (Smith and
Theodorescu 2009). The third technique is direct
administration of the suppressor protein itself (Smith
and Theodorescu 2009). Restoring endogenous expres-
sion is one potential advantage of targeting metastasis
suppressors over the related tumor suppressor genes
(Smith and Theodorescu 2009). Tumor suppressors are
often inactivated by mutation early in the development
of cancer and are not amenable to re-induction at the

endogenous locus (Smith and Theodorescu 2009). In
recent years, researchers have created a massive repos-
itory of gene expression data from several cell lines
after treatment with over 1000 bioactive compounds,
termed the Connectivity Map (Smith and Theodorescu
2009). It provides the signatures of gene expres-
sion profiles induced by such materials (Smith and
Theodorescu 2009). This results in a systemic frame-
work for the potential discovery of drugs that target an
entire signature (Smith and Theodorescu 2009).

Conclusion

It is currently unknown whether metastasis emerges
from a progenitor pool that is present in early seed-
ing or from later dissemination of cells that acquired
their aggressiveness in the primary tumor (Nguyen and
Massague 2007).

The need to understand the biology of metastasis
becomes increasingly important as clinical oncology
moves toward personalized medicine (Nguyen et al.
2009). This may be enhanced by the better classifi-
cation of tumors on the basis of molecular markers
for metastatic potential and therapeutic intervention for
both latent and active tumors (Nguyen et al. 2009).
However, recapitulating the metastatic niche within in
vitro studies is difficult, as it has a highly complex
cellular and molecular architecture (Psaila and Lyden
2009). It is naïve to think that individual cell types
function in isolation in such a complex system (Joyce
and Pollard 2009). Advancements in the treatment of
both primary and metastatic cancers will require an
understanding, through a systems biology approach, of
the role wielded by the microenvironment in order to
model these complex interactions and their evolution
over time (Joyce and Pollard 2009).
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