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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 information 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 assess-
ment, and prognosis of tumors of the central nervous system, cancer recur-
rence, 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
fourteen-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 inter-
pretation 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 important. 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.

The contents are divided into six parts: types of tumors, diagnosis, ultra-
sonography, surgery, brain metastasis, and general CNS Diseases, for the
convenience of the readers. Molecular characterization and other aspects of a
large number of tumor types, including embryonal tumors, oligodendroglio-
mas, hemangiopericytoma, schwannomas, gliosarcoma, mesenchymal chon-
drosarcoma, retinoblastoma, and supratentorial primitive neuroectodermal
tumors, are discussed. Advantages and limitations of using computer systems
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for cell counting in histopathologic slides of tumors of the CNS are explained.
Also is explained the advantage of using intraoperative power Doppler ultra-
sonography for intracranial tumors. Factors responsible for local recurrence
of brain metastasis are discussed. The details of the application of intraopera-
tive confocal microscopy technology in conjunction with surgical resection
for metastatic brain tumors are presented.

Treatments for brainstem cavernomas and differentiation choroid plexus
from metastatic carcinomas are discussed. Immunotherapies for brain cancer,
including human trials, are explained. Alexander disease, which is a fatal CNS
degenerative condition of infants, and lipoma, which is a benign neoplasm of
angiogenesis in brain cancer development, are clarified. Whether or not the
use of mobile phones presents risk of brain cancer is objectively discussed.

This is the thirteenth volume in the series, Tumors of the Central Nervous
System. As in the case of the 12 previously published volumes, this volume
mainly contains information on the diagnosis, therapy, and prognosis of brain
and spinal cord tumors. Various aspects of a large number of tumor types,
including neuroblastoma, medulloblastoma, meningioma, and chordoma, are
discussed. The contents are divided into four parts: molecular mechanisms,
children’s cancer, treatments, and radiosurgery, for the convenience of the
readers. Molecular profiling of brain tumors to select appropriate therapy in
clinical trials of brain tumors is discussed in detail. The classification/diagnosis
of brain tumors based on function analysis is presented. CDK6 as the
molecular regulator of neuronal differentiation in the adult brain and the role
of aquaporins in human brain tumor growth are explained. Children’s tumors,
including neuroblastoma and medulloblastoma, are discussed. Molecular
genetic alterations in medulloblastoma are explained. Survival differences
between children and adults with medulloblastoma are pointed out. The use
of various types of imaging methods to diagnose brain tumors is explained.
Important, effective treatments for patients with brain and spinal tumors are
included. Treatments, such as stereotactic radiosurgery, endoscopic neurosur-
gery, electrochemotherapy, transsphenoidal surgery, focal ablation, whole
brain radiation therapy, and recraniotomy, are detailed. The remaining
volumes in this series will provide additional recent information on these and
other aspects of CNS malignancies.

By bringing together a large number of experts (oncologists, neurosur-
geons, physicians, 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 effec-
tively the complexity of diagnosis, 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 78 contributors representing 14 coun-
tries. 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
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three parts: pineal tumors, pituitary tumors, and spinal tumors 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 rele-
vant cancer syndromes. 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, finan-
cial funding by governments must give priority to eradicating this deadly
malignancy over military superiority.

I am thankful to Dr. Dawood Farahi and Philip Connelly for recognizing
the importance of medical research and publishing through an institution of
higher education. I am also thankful to my students for their contribution to
the preparation of this volume.

Union, NJ, USA M.A. Hayat
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Embryonal Tumor:
Molecular Characterization
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Histological diagnosis may sometimes be
potentially subjective. In fact, depending on the
weight given to each morphological and even
immunohistochemical features of a single lesion,
inter-observer variability is possible. The knowl-
edge of the molecular traits of the tumors offers
ancillary and more objective diagnostic criteria.
An example of a tumor for which the molecular
biology plays a diagnostic key role is the atypical
teratoid rhabdoid tumor. It is now universally
accepted that, as discussed below, the demonstra-
tion of alterations in /NI-1gene is essential in the
diagnosis of this malignant tumor.

Current therapeutic strategies and prognosis
were in the past mainly determined on the basis
of some clinical (i.e. patient age, extent of the
surgery, spread of the tumor) and histological
variable (i.e. histotype and grade). In recent
years the molecular alterations have assumed a
great importance for both the therapy and the
prognosis. In this regard it should be just remem-
ber the prognostic and therapeutic impact of
the evaluation of MYC genes amplification in
medulloblastomas.

Techniques

It’s been several decades since molecular biolo-
gists have begun to learned to characterize, iso-
late, and manipulate the molecular components,
DNA, RNA, and proteins, of the cells.

Many techniques are available to study the
molecular characteristics of the cells. Some of
these are especially used in basic research.
The techniques most commonly used in clinical
oncology are those with good versatility, easy to
use and applicable to routinely formalin fixed
and paraffin embedded tissue samples. Among
these there are Fluorescence In Situ Hybridation
(FISH) and the related Chromogenic In Situ
Hybridation (CISH), Polymerase Chain Reaction
(PCR) and Reverse Transcriptase PCR (RT-PCR),
Real Time PCR, DNA sequencing, and immuno-
histochemistry.

FISH is based on the use of fluorescence-
labeled oligonucleotide probes that specifically
bind to their complementary DNA sequence

A.M. Buccoliero et al.

target and label that region with fluorescence
color. The labeled region is visualized under a
fluorescence microscope. CISH, utilizes oligo-
nucleotide probes conjugated to enzymes which
catalyze a color producing reaction thus,
analogously to immunocyto-histochemistry
(see below), the reactions are visualized under a
standard bright-field microscope.

PCR is a technique to amplify a single piece of
DNA. The method relies on thermal cycling, con-
sisting of cycles of repeated heating and cooling
of the reaction for DNA melting and enzymatic
DNA replication. Short DNA fragments (prim-
ers) containing sequences complementary to the
target region and the enzyme TAQ DNA poly-
merase play the key role to obtain selective and
exponential amplification of the target. The result
of the reaction can be visualized through gel elec-
trophoresis (amplified DNA copies are identical
in electrical charge and molecular weight thus
migrate simultaneously forming a single band on
the gel) or through capillary electrophoresis (the
primers are labeled with fluorescent dye there-
fore the PCR product can then analyzed in a cap-
illary electrophoresis instrument which tracks the
fluorescence of the identical PCR sequences as
the migrate). RT-PCR allows to amplify an RNA
target sequence that is first converted to a double-
stranded nucleic acid sequence (cCDNA) by using
a reverse transcriptase enzyme obtained from a
retrovirus.

Real-time PCR is quantitative PCR method
for the computerized determination of copy num-
ber of PCR templates such as DNA or cDNA in a
PCR reaction. It enables both detection and quan-
tification (as absolute number of copies or rela-
tive amount when normalized to DNA input or
additional normalizing genes) of one or more
specific sequences in a DNA sample. A fluores-
cent reporter molecule is used to monitor in real
time the PCR as it progresses assuming that the
amount of fluorescence is proportional to the
number of copies of the amplification target.

Gene sequencing consists in the determination
of the order of the nucleotide bases in a genomic
tract amplified by PCR. The technique involves
the use of automated instruments which read the
nucleotidic sequence of the gene of interest allowing
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to the evaluation of the presence of mutations.
After a first PCR round, the sequencing reaction
inserts nucleodites each one labeled with differ-
ent fluorescent dye. Through a capillary electro-
phoresis the instrument registers and allocates
the different fluorescence to each nucleotide.

Immunocyto-histo-chemistry is a method of
detecting cellular antigen of interest (e.g. pro-
teins) on cytological or histological samples by
means of specific antibodies. The visualization of
the antibody-antigen interaction is commonly
accomplished in two ways. The most widely used
method uses antibodies conjugated to an enzyme,
such as peroxidase, that catalyze a color produc-
ing reaction. Alternatively, the antibody may be
conjugated to a fluorophore. In the first case the
reaction is visualized under a standard bright-
field microscope, in the second case the reaction
is visualized under a fluorescence microscope.
Immunocyto-histo-chemistry has the advantage
of being able to show exactly where a given
protein is located within the tissue examined.
The demonstration of the presence, absence and
localization of a specific protein in a cell (i.e.
nucleus, cytoplasm, cell membrane) or tissue (i.e.
focal, diffuse) has diagnostic, prognostic and
therapeutic implications. In addition, as we shall
see, it may indirectly give us information on the
genetic profile of that cell or tissue.

Classification and Histopathology

CNS embryonal tumors include a broad spectrum
of malignancies that share the predilection for the
pediatric age, the proclivity to early disseminate
throughout the CNS via the cerebro spinal fluid,
the high mortality and the significant long-term
morbidity for survivors. The current World Health
Organization (WHO) classification of the CNS
system tumors distinguishes three main entities
which are medulloblastoma, CNS Primitive Neuro-
ectodermal Tumors (CNS PNETs) and Atypical
Teratoid Rhabdoid Tumor (AT/RT) (Louis et al.
2007a, b).

Furthermore, in this family of tumors we
could also consider pineoblastoma. Indeed,
although this tumor has not been included by the

WHO in the group of embryonal tumors (it is
part of the tumors of the pineal region together
with pineocytoma, pineal tumor of intermediate
differentiation and papillary tumor of the pineal
region), it shares with the embryonal CNS
tumors the same embryonal features. However,
pineoblastomas are distinct from the others
embryonal tumors for their peculiar photosen-
sory differentiation.

To all embryonal tumors it has been assigned
the highest histological grade (WHO IV).

Medulloblastoma

Medulloblastoma represents the largest group of
CNS embryonal tumor. Several familial cancer
syndromes are associated with an increased risk
to develop medulloblastoma including Turcot
(APC gene mutation) and Gorlin (PTCH gene
mutation) syndromes. Medulloblastoma exclu-
sively arises in the cerebellum (usually in the ver-
mis in younger children and in the cerebellar
hemispheres in the older children and in young
adults) where it is believed to originate from
transformed granule cell precursors. The WHO
identifies, besides the classical form (‘“classic”
medulloblastoma), four different histological
variants designated as desmoplastic/nodular
medulloblastoma, medulloblastoma with exten-
sive nodularity, large cell medulloblastoma and
anaplastic medulloblastoma and two morpholog-
ical patterns designated as medullomyoblastoma
and melanotic medulloblastoma. Classic medul-
loblastoma is composed of densely packed cells
with round—to-oval hyperchromatic nuclei sur-
rounded by scanty cytoplasm. Rosettes, particu-
larly neuroblastic (Homer Wright) rosettes which
consist of tumor cell nuclei arranged in a circular
fashion around tangled cytoplasmic processes
may be observed. Less frequently tumoral cells
are arranged in parallel rows (spongioblastic
architecture).

The desmoplastic/nodular medulloblastoma
variant has a lobular architecture with nodular
reticulin-free areas containing small neurocytic
cells in a fibrillary background. These areas are
surrounded by reticulin rich inter-nodular



compartment composed of densely packed and
highly proliferative small undifferentiated cells.
Medulloblastoma with extensive nodularity differs
from desmoplastic/nodular medulloblastoma for
the predominance of the reticulin free nodules.

Large cell medulloblastoma consists of large
spherical cells displaying discohesive growth,
large nuclei, vesicular chromatin, prominent nuclei
and abundant apoptotic and mitotic (often atypical)
figures. Anaplastic medulloblastoma when compared
with large cell medulloblastoma is composed of
more pleomorphic and less discohesive cells.
Since both, large cell and anaplastic medulloblas-
tomas, often coexist in the same tumor, they are
merged into a combined large cell/anaplastic cat-
egory (Eberhart 2011). In addition, in the fourth
edition of International Classification of Diseases
for Oncology (ICD-O) anaplastic medulloblas-
toma and large cell medulloblastoma share the
same code 9474/3 (Louis et al. 2007a, b).

Medullomyoblastoma and melanotic medullo-
blastoma shows selectively muscular (striated muscle
fibers, myogenic and rhabdomyoblastic cells) and
melanotic (pigmented cells) differentiation.

A dismal prognosis has been associated
with anaplastic/large cell medulloblastoma so
that aggressive therapeutical regimes have been
employed in these cases. Conversely, desmoplas-
tic medulloblastoma and medulloblastoma with
extensive nodularity are associated with a better
prognosis (Ellison et al. 2011).

Central Nervous System Primitive
Neuroectodermal Tumors
(CNS PNETSs)

CNS PNETSs constitute a heterogeneous group of
commonly non cerebellar undifferentiated or
poorly differentiated tumors which may show
divergent differentiation along neuronal, astro-
cytic and ependymal lines. In this group of
tumors have been included CNS/supratentorial
PNET and four histological variants which are
CNS neuroblastoma, CNS ganglioneuroblastoma,
medulloepithelioma, and ependimoblastoma.
However, this family of tumors still remains in a
state of flux. For example, a rare pediatric embryonal
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tumor called neuroblastic tumor containing
abundant neuropil and true rosettes has been
some years ago described (Eberhart et al. 2000).
It is still not clear whether this lesion is a variant
of other embryonal tumors or is a distinct tumoral
entity of its own (Judkins and Ellison 2010).

CNS PNET is a tumor most commonly found
in the cerebrum. It is typically composed of very
poorly small cells showing round regular nuclei
and high nucleus/cytoplasm rations.

Tumors better differentiated along a neuronal/
ganglionic lineage are termed CNS neuroblas-
toma and CNS ganglioneuroblastoma.

Medulloepithelioma may develop both in the
supra- and infra-tentorial compartments. It may
also occur outside the CNS i.e. orbital cavity,
nerve trunks, pelvic cavity and may also occur
associated with others CNS embryonal tumors
(Buccoliero et al. 2010). Medulloepithelimoma
morphologically mimics the embryonic neuronal
tube (pseudostratified tall epithelium delimitated
by a basement membrane and disposed in glands-,
tubules- or canals-like structures).

Ependymoblastoma is characterized by the
presence of multilayered ependymoblastic rosettes
consisting of undifferentiated cells arranged around
a central lumen.

Neuroblastic tumor containing abundant
neuropil and true rosettes is morphologically
characterized by undifferentiated neuroepithelial
cells arranged in clusters, cords and several types
of rosettes (i.e. ependymoblastic, Homer-Wright,
Flexner-Wintersteiner and perivascular) in a
neuropil-rich background (Fig. 1.1). Exceptionally.
Neuroblastic tumor containing abundant neuropil
and true rosettes may also display a composite
morphology including medulloepithelioma,
mesenchymal and epithelial areas (Buccoliero
et al. 2010).

Atypical Teratoid Rhabdoid
Tumor (AT/ RT)

AT/RT is a rare and highly malignant polypheno-
typic neoplasm of uncertain origin that often
occurs in the posterior fossa of early childhood.
It can be sporadic or can occur in the setting of
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Fig. 1.1 Neuroblastic tumor containing abundant neuropil and true rosettes. These tumors characteristically show
numerous rosettes, i.e. ependymoblastic (a) and Homer-Wright (b). HE; original magnification (a, b) x200

the rhabdoid tumor predisposition syndrome.
This syndrome is characterized by an increased
risk to develop malignant rhabdoid tumor in CNS
and outside CNS (i.e. kidney, head and neck, soft
tissue, heart, mediastinum and liver). AT/RTs are
morphologically heterogeneous lesions charac-
terized microscopically by a variable presence of
small/embryonal cell, mesenchymal and epithe-
lial features. The most typical, even if inconstant,
morphological aspect is the presence of rhabdoid

cells with vesicular chromatin, eccentric nuclei,
prominent nucleoli, abundant cytoplasm contain-
ing inclusion-like mass of filaments.

Pineoblastoma
Pineoblastoma is a rare malignant brain tumor

which arises from the pineal gland. It can be spo-
radic or occur in association with retinoblastoma



(ectopic intracranial retinoblastoma) in the setting
of the trilateral retinoblastoma syndrome (Blach
et al. 1994). Pineoblastoma is a highly cellular
neoplasm composed of undifferentiated cells.
Pineoblastomas may exhibit histopathological
features indicative of photosensory differentiation
ranging from immunohistochemical expression
of retinal S-antigen to characteristic Flexner—
Wintersteiner rosettes and fleurettes reminiscent
of retinoblastic differentiation.

Molecular Characterization
of Central Nervous System
Embryonal Tumors

From the above it may appear that the histopatho-
logical diagnosis of the different type of embryo-
nal tumors is easy and that all these malignancies
are prognostically and therapeutically equivalent
tumors. Actually, it is sometimes difficult to diag-
nose these tumors with the morphological analy-
sis only, and also not all of these tumors, with an
equal stage and treatment, have the same behav-
ior. For these reasons, a molecular approach
either for the diagnosis and for the prognostic and
therapeutical stratification of these entities, have
been advocated.

Medulloblastoma

Many studies have been conducted with the aim
of evaluating the genetic basis of medulloblasto-
mas and so obtaining data useful for the diagno-
sis, the prognosis and the personalization of the
therapeutic strategy.

The most common chromosomal aberrations
observed in medulloblastomas involve the chro-
mosome 17. Changes in chromosome 17 have
been identified in several types of human cancer.
In particular, a peculiar chromosomal abnormal-
ity called isochromosome 17q (i17q) frequently
occurs in some cancers and among these medul-
loblastomas where has been found in 30-40% of
the cases (Pfister et al. 2010). This abnormal ver-
sion of chromosome 17 combines loss of 17p and
gain of 17q. As a result, the chromosome has an
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extra copy of some genes and is missing copies of
other genes. il7p correlates with histological
variants and predicts the survival. i17q is more
frequently observed in classic and anaplastic/
large cell medulloblastoma and has been
associated with a poor clinical outcome when
compared with that of desmoplastic/nodular
medulloblastoma and medulloblastoma with
extensive nodularity. This observation suggests
that this cytogenetic alteration may contribute to
the development of aggressive histotypes
(Lamont et al. 2004; Gilbertson and Ellison 2008;
Gulino et al. 2008). It has been postulated the
existence of tumor suppressor gene(s) on 17p and
of oncogene(s) on 17q. In reality, specific genes
recurrently mutated in 117q cases have not yet
been identified. In this regard it is interestingly to
note that 7P53 gene, one of the best known and
frequently mutated tumor suppressor gene,
located at 17p13.1 is not mutated more com-
monly in medulloblastomas with i17q than those
without i17q. On the other hand, the possibility
of a inactivation of a specific gene at the 17p
breakpoint has been considered unlikely because
the breakpoint has a variable localization and
occurs in a gene poor chromosomal region
(Pfister et al. 2010). Notably, loss of 17p and gain
of 17q can also occur independently. Stratification
by chromosome 17 data alone demonstrated an
unfavorable outcome in patients with isolated
17p loss and suggested a best survival in patients
with isolated 17q gain (McCabe et al. 2011).
Alterations in MYC genes have also been
described as about 5% of medulloblastomas in
mixed cohorts (Lamont et al. 2004; Aldosari
et al. 2002). The MYC oncogene family consists
of at least three genes: c- (on 8q24), N- (on 2p24),
and L- MYC(on 1p32). These proto-oncogenes
are among the most powerful activators of
tumorigenesis and are frequently overexpressed
in several tumors. However, it is still unclear how
MYCs promote tumor formation and confer aggres-
sive phenotypes and metastatic potential. It is
believed that they act by targeting diverse cellular
processes, including cell cycle, proliferation,
differentiation, apoptosis, telomere maintenance,
cell adhesion and angiogenesis. What is certain is
that MYC genes code for proteins that bind to the



1 Embryonal Tumor: Molecular Characterization

DNA of other genes and are therefore a transcrip-
tion factors. They act as activator or, in some
cases, repressor, of gene expression (Zitterbart
et al. 2011; Takei et al. 2009). The MYC oncop-
roteins play a central role as regulators of tumori-
genesis in numerous different human cancers.
Deregulated expression of MYCs is often associ-
ated with aggressive, poorly differentiated
tumors. High-level amplification (>10-fold) of
MYC oncogenes is particularly associated with
the large cell/anaplastic phenotype. A moderate
MYC oncogenes amplification (>5-fold but <10-
fold), particularly c-MYC and N-MYC, is some-
times detected in other histological subtypes and
may depend on the presence a large cell/anaplas-
tic component in this medulloblastomas (Eberhart
et al. 2004; Stearns et al. 2006; Takei et al. 2009).
MYC amplification may also be acquired in
recurrent medulloblastomas. Survival analysis
showed, independently of histological subtype, a
decreasing survival in MYC non-amplified (<5-
fold), MYC moderately amplified (<10-fold) and
MYC highly amplified (>10-fold) medulloblasto-
mas. Actually, no widely accepted cut-off has
been established for defining MYC amplification
when, as usual, it is evaluated by FISH method.
In arecent report on a large series it has been sug-
gested to considered MYC amplification as clini-
cal relevant when more than 10% of tumor cells
exhibit either more than ten signals or innumera-
ble thigh clusters of signals of the respective
probe (Pfister et al. 2009). However, lower cut off
(MYC copy number >4-5 fold) has been also sug-
gested (Takei et al. 2009) (Fig. 1.2). In any cases
it is remarkable that it has been proposed to use
the evaluation of the MYC amplification as a
molecular stratification factor in the Société
Internationale d’Oncologie Pédiatrique en
Europe (SIOP Europe) PNET 5 and 6 MB trials.
Lastly, some preclinical investigations analyzed
the value of MYC expression (particularly
c-MYC) in the response of tumors to anticancer
therapy. In particular, c-MYC over-expression
seems to be associated with enhanced suscepti-
bility of medulloblastoma to radiotherapy- and to
etoposide-, doxorubicin-, and cisplatin-induced
apoptosis. Consequently, more aggressive treat-
ment approach might be considered in the future

to improve the outcome in those patients (von
Bueren et al. 2011).

The occurrence of medulloblastoma as a pos-
sible manifestation of a number of familial syn-
dromes persuaded many authors to investigate
whether alterations in the same molecular path-
way are implicated in the development of spo-
radic medulloblastomas.

Particular interest was given to the genetic
abnormalities responsible for the type 2 Turcot’s
syndrome, in which patients have a predisposi-
tion to colon cancer due to mutations in the APC
tumor suppressor gene lies on chromosome 5q21.
APC protein is a negative regulator of the Wnt/
Wingless (Wnt/Wg) pathway. It forms a complex
with glycogen synthase kinase 3b and axin and
together they control the activity of beta-catenin.
Beta-catenin is encoded by the CTNNBI gene
that maps to chromosome 3p22. Beta-catenin
binds the actin of the cytoskeleton and is part of a
complex of proteins that constitute adherens
junctions. Through these skills it is implicated in
the transmission the contact inhibition signal that
causes cells to stop dividing once the epithelial
sheet is complete and in the creation and mainte-
nance of epithelial cell layers by regulating cell
growth and adhesion between cells. Sporadic
medulloblastomas may show mutation in the
Wnt/Wg pathway at different levels: B-catenin,
axin and APC genes. Wnt/Wg pathway activation
destabilizes the protein complex, upregulating
levels of beta-catenin and enhancing its translo-
cation to the nucleus. Here, it cooperate in the
regulation of cell cycle progression, apoptosis,
and differentiation. Thus, nuclear accumulation
of beta-catenin is a marker for physiologic or
abnormal Wnt/Wg pathway activation. Mutations
of the Wnt/Wg pathway occur in approximately
15% of sporadic medulloblastomas (mainly as a
consequence of a mutation in the CTNNBI gene)
and are predicted to cause aberrant pathway acti-
vation (Rubin and Rowitch 2002). Children with
medulloblastomas that showed a nucleopositive
beta-catenin immunophenotype had significantly
better overall and event-free survivals than chil-
dren with tumors that showed either membra-
nous/cytoplasmic beta-catenin immunoreactivity
or no immunoreactivity (Rubin and Rowitch
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Fig.1.2 FISH analyses showing not amplified c-MYC gene
(less than five red signals for each cells) (a) and amplified
c-MYC gene (more than ten signals or innumerable thigh

2002; Ellison et al. 2005; Fatet et al. 2009). This
finding might be unexpected due to studies of
colonic, lung, and hepatocellular carcinomas
indicate that nuclear beta-catenin immunoreac-
tivity is associated with both enhanced cell pro-
liferation and an aggressive behavior (Lugli et al.
2007; Martensson et al. 2007). On this regard, we

clusters of red signals; green signals correspond to the
gene centromere) (b)

can suppose that multifactorial molecular inter-
actions are involved in the Wnt/Wg pathway in
different tumors.

Inactivating germline mutations on tumor sup-
pressor PTCH gene, mapping on chromosome 9q
and coding for a transmembrane protein (Ptch),
are responsible for Gorlin syndrome (also called
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nevoid basal cell carcinoma syndrome) in which
patients have a predisposition to developmental
disorders and benign and malignant tumors.
Affected individuals develop multiple basal cell
carcinomas, odontogenic keratocysts of the jaws,
palmar and plantar dyskeratoses, skeletal anoma-
lies, intracranial calcifications, macrocephaly,
dysgenesis of the corpus callosus, congenital
hydrocephalus and medulloblastomas particu-
larly of the desmoplastic variant. Somatic muta-
tions on this gene have been also identified in
about 8% of sporadic medulloblastomas. These
mutations, both germline and sporadic, deter-
mine the truncation of the Ptch protein. Ptch pro-
tein is a receptor for secreted hedgehog protein
family of signaling molecules. It acts as inhibitor
of the hedgehog pathway and through complex
mechanisms controls the proliferation and differ-
entiation of progenitor cells. Ptch has an essen-
tial role in embryonic patterning. This may
explain the congenital anomalies associated with
Gorlin syndrome. As known medulloblastomas,
or at least a subset of them, arise from the exter-
nal granular cell layer of the developing cerebel-
lum. Interestingly, hedgehog is secreted by
Purkinje cells and received by external granule
cells for which it acts as mitogen. The lack of
inhibition of hedgehog by Ptch may contribute to
the onset of medulloblastomas (Pfister et al.
2010; Raffel et al. 1997; Eberhart 2011).

Central Nervous System Primitive
Neuroectodermal Tumors
(CNS PNETSs)

Genetic traits of PNETS are less known than those
of medulloblastomas. However, genetic analyses
are greatly contributing to our understanding
these tumors. Indeed, based on molecular studies,
it has been recently demonstrated that neuroblas-
tic tumor containing abundant neuropil and true
rosettes and ependymoblastomas comprise a sin-
gle biological entity. Indeed, both showed the
same specific cytogenetic aberration consisting
in a highly specific focal amplification at chro-
mosome band 19q13.42 containing a cluster of
mi-RNA-coding genes (Korshunov et al. 2010).

Atypical Teratoid Rhabdoid
Tumor (AT/ RT)

AT/RT is characterized by deletions and/or muta-
tions of INI-1 tumor-suppressor gene also known
as hSNF, SMARCB1 or BAF47 gene on chromo-
some band 22q11.2 (Pfister et al. 2010). Genomic
changes in INI-I tumor-suppressor gene have
been described in families with an inherited pre-
disposition to rhabdoid tumors (rhabdoid tumor
predisposition syndrome). The encoded protein,
INI-1 protein, is part of a multiprotein complex
involved in chromatin remodeling, an essential
process in the cell nucleus for regulation of gene
expression. This protein is normally expressed in
all tissues. Genetic alterations of INI-I gene
cause loss of INI-1 protein expression which can
easily demonstrated by immunohistochemistry
(Fig. 1.3). However, loss of INI-1 nuclear stain-
ing is typical but not specific of tumor displaying
rhabdoid morphology. Indeed, immunohisto-
chemical negative nuclear staining for INI-1
protein may also be observed in non rhabdoid
tumor such as epithelioid sarcoma, myxoid
chondrosarcoma and in medullary carcinoma
(Hornick et al. 2009) while positive nuclear
staining is observed in rhabdoid meningiomas
(Buccoliero et al. 2011).

Pineoblastoma

Molecular profile of pineoblastoma are still
largely unknown because of the extreme rarity of
this tumor. In the few cases studied were found
monosomy of the chromosome 22 and missense
INI-1 mutations (Biegel et al. 2000). It have been
also referred recurrent rearrangements in short
arm of chromosome 1 and unbalanced gain of
chromosome 17q (Brown et al. 2006).

Germinal mutation in RBI gene on 13q typi-
cally occur in heritable pineoblastomas. The RB/
product, the retinoblastoma protein (pRB), is a
nuclear protein that plays a critical role in cell
cycle regulation, cellular differentiation, senes-
cence, apoptosis, and embryonic development.
In quiescent cells pRB binds and inactivates the
E2F protein. The E2F protein normally activates
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Fig.1.3 AT/RT: Loss of immunohistochemical expression of INI-1 in nuclei of neoplastic cells with retained expression

in intratumoral blood vessels. Original magnification x200

gene transcription by binding to consensus positive
regulatory DNA elements in gene promoters.
RB1 mutations make the pRB unable to bind E2F,
causing continued cell growth. Although children
with germ line mutations of RB/ gene are at high
risk to develop pineoblastoma, losses on 13q are
not commonly seen in sporadic pineoblastoma.

Conclusion

In conclusion, the recent decades there were radical
changes in our way of approaching the pathological
diagnosis of tumors. Sophisticated tools and meth-
odologies have progressively supported the old
optical microscope thus increasing the resolving
power of our diagnostic capabilities. This allowed
us to classify tumors, not only on morphological
basis but also on molecular basis with major impli-
cations both prognostic and therapeutic.
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Abstract

Brain tumors with an oligodendroglial component
represent up to 20% of all primary brain
tumors. Many of these tumors are sensitive to
procarbazine, lomustine and vincristine (PCV),
or temozolomide (TMZ) chemotherapy. In
patients with oligodendroglial tumors that are
resistant to PCV or TMZ chemotherapy, few
treatment options are available and improved
therapy is needed. One strategy, administration
of chemotherapy via the intra-arterial (IA)
route, can result in a higher concentration of
drug delivery to the brain and brain tumor
cells, with a lower systemic exposure, resulting
in increased tumor-specific cytotoxicity, and
avoidance of systemic toxicities. Osmotic blood-
brain barrier disruption (BBBD), achieved
by IA infusion of a hyperosmotic agent such as
mannitol, can further intensify drug delivery to
the tumor and surrounding brain, particularly in
smaller, less permeable tumors and when using
higher-molecular weight chemotherapy agents.
General experience with IA chemotherapy, and
IA chemotherapy combined with BBBD in
patients with many tumor types is extensive.
In the case of aggressive oligodendroglial tumors,
hopeful results have been reported using
combination delivery of IA chemotherapy (IA
melphalan, IA carboplatin and IV etoposide
phosphate) in conjunction with BBBD, with
acceptably low toxicity and encouraging response
data in many patients. Delivery of chemother-
apy via the IA route, in conjunction with BBBD
may be a good option in those with aggressive
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oligodendroglial tumors. Further work is required
to uncover the true potential of TA therapy
in the setting of aggressive oligodendroglial
tumors.

Introduction

Oligodendroglial brain tumors are now felt to
represent up to 20% of primary brain tumors using
expanded criteria (Bromberg and van den Bent
2009). Diagnosis of oligodendrogliomas as a sepa-
rate entity from astrocytoma is important for a few
important reasons. First, oligodendroglial tumors are
often highly sensitive to procarbazine, lomustine and
vincristine (PCV), or temozolomide (TMZ) chemo-
therapy (Cairncross et al. 1994; van den Bent et al.
1998). Second, the combined loss of the short arm of
chromosome 1 (1p) and the long arm of chromosome
19 (19q) as genetic lesions occurring in 60-90% of
oligodendrogliomas is associated with an improved
response to chemotherapy (Cairncross et al. 1998;
Ino et al. 2001; van den Bent et al. 2003), a more
indolent clinical course, and an enhanced response
to radiotherapy (Bromberg and van den Bent 2009)
compared to tumors which have intact 1p/19q.

Classicoligodendrogliomais a well-differentiated
WHO Grade II glioma. Although nuclear atypia and
occasional mitosis can be noted in classic WHO
grade II oligodendrogliomas, marked mitotic activ-
ity, microvascular proliferation and or necrosis are
hallmarks of anaplastic oligodendroglioma (AO), a
WHO Grade III glioma or glioblastoma, a WHO
grade IV glioma. Oligoastrocytoma (OA), on the
other hand, is a mixed glioma, containing both
neoplastic astrocytes and neoplastic oligodendrog-
lia. Again, the identification of oligodendroglial
differentiation within malignant gliomas is essential,
as these tumors may respond better to chemotherapy
compared to those without oligodendroglial differ-
entiation (Perry et al. 1999).

Treatment Options for Aggressive
Oligodendroglial Tumors

Aggressive and recurrent oligodendroglial tumors
are challenging to treat. Although extensive surgical
resection has been shown, in two prospective
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studies, to be associated with increased survival
(Cairncross et al. 2006; van den Bent et al. 2006),
further adjuvant treatment (radiation or chemo-
therapy) is required in patients with these higher-
grade tumors to prevent recurrence (van den
Bent 2007).

Since oligodendroglial tumors were found to
be sensitive to PCV chemotherapy in the mid
1990s (Cairncross et al. 1994; van den Bent et al.
1998), there has been increased interest in opti-
mizing adjuvant chemotherapy regimens for
these tumors. Most prospective uncontrolled
single arm studies evaluating chemotherapy for
recurrent oligodendroglial tumors have involved
PCV or TMZ chemotherapy. While grouping of
oligodendroglial tumors with other gliomas in
clinical trials makes it difficult to draw conclu-
sions regarding oligodendroglial tumors unequiv-
ocally, two trials specifically evaluated therapies
for aggressive oligodendroglial tumors. A
Radiation Therapy Oncology Group (RTOG)
Phase III trial for grade III oligodendroglioma
randomized 289 patients to receive either radia-
tion alone or neoadjuvant dose intense PCV che-
motherapy followed by radiation. With 3-year
follow-up the median survival times were similar
(4.9 years in the group receiving PCV + radiation
therapy versus 4.7 years in the group receiving
radiation therapy alone). However, PFS time was
increased in the group receiving PCV (2.6 years)
compared to radiation therapy alone (1.7 years,
P=0.004). Unfortunately, 65% of patients
receiving chemotherapy experienced grade 3 or 4
toxicity and one patient died (Cairncross et al.
2006). In another similar multicenter randomized
controlled trial, 368 patients with anaplastic oli-
godendroglioma were randomized to receive
either radiation therapy alone, or radiation fol-
lowed by standard PCV chemotherapy. Results in
this trial were similar, showing no significant dif-
ference in median survival, but increased PFS in
the group receiving PCV (van den Bent et al.
2006). These studies suggest that, although che-
motherapy in addition to radiation can prolong
PFS in patients with aggressive oligodendroglial
tumors, it is associated with significant toxicity
that limits dose escalation.

Because the PCV regimen is associated with
significant hematologic and GI toxicity, and most
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patients do not tolerate the six cycles intended,
TMZ has developed a role as therapy for aggres-
sive oligodendroglial tumors. Compared to PCV
chemotherapy, TMZ is a better-tolerated oral
agent with modest myelosuppression and easily
controlled nausea and vomiting. The reported
response rate of recurrent oligodendroglioma to
TMZ after failure of radiation therapy is up to
50% with a median PFS of 10-12 months (van
den Bent et al. 2003). Although no formal com-
parison between PCV and TMZ in recurrent oli-
godendroglial tumors is yet available, TMZ is
often employed in practice because it is better
tolerated by patients and more easily adminis-
tered (van den Bent 2007).

For cases of aggressive oligodendroglial
tumors that are resistant to PCV or TMZ chemo-
therapy, few treatment options are available.
These patients are often poor candidates for addi-
tional surgery due to tumor size and location,
often involving eloquent brain tissue. And, as
mentioned earlier, simple dose escalations are
limited by systemic toxicities. Improved innova-
tive therapy with low toxicity is required for
treatment of these refractory tumors.

Many innovative approaches have been
investigated with the goal of increasing direct
tumor cytotoxic effects while avoiding non-
specific systemic toxicities. Myeloablative
chemotherapy with autologous peripheral
blood progenitor cell rescue is one approach
that was developed in order to achieve higher
dose intensity and to avoid the toxicities asso-
ciated with radiation therapy. For treatment of
aggressive oligodendroglial tumors, this strat-
egy was investigated several years ago (Mohile
et al. 2008). In this study, 20 patients with
aggressive oligodendroglial tumors were
treated with four cycles of PCV chemotherapy
every 6 weeks. Of the 20 treated patients, 15
demonstrated a response. The 15 responders
were treated with myeloablative chemotherapy
followed by autologous peripheral blood pro-
genitor cell rescue. Fourteen patients under-
went transplantation, with median disease-free
and overall survival of at least 36 weeks (not
yet reached at time of report). Although this
approach allowed deferral of radiation for at
least 3 years, a major limitation was the acute
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toxicity associated with both the induction
and consolidation regimens, making this a
poor option in most cases.

Intra-arterial Chemotherapy

Administration of a chemotherapeutic agent
directly into an artery was first investigated as a
method to treat brain tumors more than 50 years
ago (Newton 2006). The aim of this approach
is to achieve higher dose intensity of chemo-
therapeutic agent directly to tumor cells while
achieving a low systemic exposure, avoiding
many of the systemic toxicities that occur with
dose escalations. This strategy increases the
intra-tumoral cellular concentration of chemo-
therapeutic drug and subsequently can improve
tumor cell death. Because primary and meta-
static brain tumors are localized within brain
tissue and receive an arterial blood supply that
can be accessed using standard interventional
techniques, the regional strategy of IA therapy
is ideally suited.

The benefits of IA over IV administration of a
chemotherapeutic agent, from a pharmacology
viewpoint, occurs with the “first pass” of drug
through the brain and tumor circulation, resulting
in a higher concentration of drug delivered to
brain and tumor tissue (Eckman et al. 1974).
After the first pass, the drug continues to circu-
late through the blood until it is cleared. Certain
drugs with a high extraction fraction, or high
lipid solubility, maximize the first pass effect
when  delivered using this  approach.
Chemotherapeutic drugs with this favorable
pharmacologic profile also possess rapid sys-
temic metabolism and/or excretion. Evidence
from several studies suggests that nitrosourea
drugs, such as carmustine, are ideal for [A admin-
istration. In one early study, up to fivefold deliv-
ery of 14C-labeled carmustine was demonstrated
with IA administration compared to IV in mon-
keys (Levin et al. 1978). In another study, super
selective IA infusion of 11C-labeled carmustine
into the middle cerebral artery of patients with
recurrent gliomas resulted in up to a 50-fold
increase in drug delivered compared to IV admin-
istration (Tyler et al. 1986).



Chemotherapeutic agents possessing a rapid
total body clearance are more appropriate for IA
delivery than those with slower clearance
(Eckman et al. 1974). In this regard, the drugs
most appropriate for IA chemotherapy include
BCNU, cisplatin, carboplatin, and etoposide.
Unfortunately, the two drugs most effective for
IA delivery, BCNU and cisplatin, also have the
most significant neuro-toxicity. Although there
are pharmacological differences making one
agent more appropriate for IA delivery than
another, in general, administration of chemother-
apy via the IA route for the treatment of brain
tumors in both animal studies and clinical trials
has demonstrated a higher concentration of drug
to the tumor and brain surrounding tumor
(Dropcho et al. 1992; Cloughesy et al. 1997) with
less associated systemic toxicity compared with
IV administration. Several investigators have
assessed the toxicity and/or efficacy of specific
antineoplastic agents administered [A to treat
many types of brain tumors (Dropcho et al. 1992;
Mortimer et al. 1992; Shapiro et al. 1992; Stewart
et al. 1992). Experience with IA chemotherapy in
patients with high-grade gliomas is extensive
(Newton 2006). In studies treating patients with
newly diagnosed gliomas using IA chemother-
apy, administration has typically occurred just
prior to or in combination with radiation. Single
agents that have been used in this context include
carmustine, nimustine, HeCNU, cisplatin and
5-fluorouracil. In a review of 15 studies evaluat-
ing a total of 395 patients, the median time to
progression (TTP) of newly diagnosed patients
receiving single-agent IA chemotherapy ranged
from 12 to 32 weeks, with a median survival of
approximately 1 year (range of 32-73 weeks)
(Newton 2006). Combination IA chemotherapy
in patients with newly diagnosed gliomas, in
which one or more drugs were administered via
the TA route has yielded similar results. In a
review of eight studies, evaluating a total of 542
patients, the median TTP of combination IA regi-
mens ranged from 33 to greater than 50 weeks
and the median survival for combination regi-
mens is approximately 1 year, with a range of
40-228 weeks (Newton 2006).
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Naturally, in addition to treatments for newly
diagnosed gliomas, single agents administered
by the IA route have been studied as therapy for
previously treated gliomas that were refractory to
standard therapies. The majority of published
studies evaluated either a nitrosourea derivative
or a platinum analog. In a review of data from 18
studies, involving a total of 348 patients, median
TTP ranged from 13 to 40 weeks in responders,
and median survival ranged from 8 to 50 weeks
in responders. Percent response ranged from no
response to 80%. IA chemotherapy approaches
utilizing multiple IA agents or the combination
of IA agent with oral or IV drug has also been
extensively evaluated for recurrent gliomas. Most
regimens focused on the use of IA carmustine in
combination with other drugs. Data from 11 stud-
ies, with a total of 291 patients showed percent
response ranging from NR to 68%, with median
TTP of 14 to 24 weeks, and median survival of
14-56 weeks. Taken together, these extensive
studies in patients with high-grade gliomas pro-
vide hope for the use of IA delivery in general for
treatment of glial tumors. None of these studies
evaluated IA therapy specifically for oligoden-
droglial tumors.

IA Chemotherapy in Conjunction
with BBBD

One strategy that can be used to promote
increased drug delivery to brain tumor tissue,
further intensifying tumor cytotoxicity while
avoiding systemic toxicity, is osmotic disruption
of the blood-brain barrier (BBB). The normal
intact BBB prevents the passage of ionized water-
soluble compounds with molecular weights
greater than about 180 Dalton (D). As most
chemotherapeutic agents have molecular weights
between 200 and 1,200 D, the BBB is a major
obstacle, preventing chemotherapy access to the
CNS and tumor tissue residing here (Kroll et al.
1998b). Transient osmotic disruption of the
BBB and blood-tumor barriers can be achieved
by IA infusion of the hyperosmotic agent,
mannitol (25%).
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In numerous basic and clinical studies,
osmotic BBBD has been shown to further inten-
sify delivery of chemotherapeutic agent to brain
tumors and surrounding brain tissue (Kroll and
Neuwelt 1998; Kroll et al. 1998; Doolittle et al.
2000; Angelov et al. 2009) particularly in smaller,
less permeable tumors and when using higher-
molecular weight agents. In the case of metho-
trexate, vascular permeability reaches a maximum
by 15 min after A infusion of mannitol, and
returns to normal within 2 h (Neuwelt et al.
1998). Compared to IV administration of chemo-
therapy, IA delivery following BBBD results in a
10-100-fold increase in delivery of chemothera-
peutic drugs to brain tumors and tumor-infiltrated
brain tissue (Muldoon et al. 2007). In humans
BBB permeability continues to be elevated for up
to 2 h after disruption’, returning to baseline lev-
els by 4 h (Siegal et al. 2000). This strategy has
been so successful that centers across the globe
continue to obtain the technical expertise to offer
this option for treatment of specific tumors. The
approach of combining IA administration of che-
motherapy with osmotic BBBD is currently used
to enhance chemotherapy delivery in brain tumor
patients by trained teams at nine centers across
the United States, Canada and Israel. With over
6,000 procedures performed to date, this proce-
dure has demonstrated low morbidity and mortal-
ity (Doolittle et al. 2000). Numerous ongoing
clinical studies are underway to better identify
the specific tumors and chemotherapeutic agent
combinations to lead to improved outcomes over
other strategies.

To date, encouraging results have been
obtained using IA chemotherapy in conjunction
with BBBD in patients with many tumor types
including aggressive oligodendroglioma (Williams
et al. 1995; Muldoon et al. 2007; Neuwelt et al.
2008). Justification for use of this treatment gains
further support from a recent report, summariz-
ing the multi-institutional experience of this
approach in treating newly diagnosed patients
with primary central nervous system lymphoma
(PCNSL). Although PCNSL is often chemore-
sponsive, as are aggressive oligodendroglial tumors,
chemotherapeutic agents are often ineffective due
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to limited ability to cross the BBB. Use of radiation
therapy for PCNSL is often associated with sig-
nificant neurotoxicity. Administration of chemo-
therapy using the IA route after BBBD in 149
consecutive PCNSL patients who had not previ-
ously been treated with whole-brain radiotherapy
demonstrated exciting results, with 25% of
patients alive at 8 years and, in some, survival
extending beyond 20 years (Angelov et al. 2009).
Importantly, in these patients, survival occurred
without the cognitive loss associated with up-
front radiation therapy. Together, these encourag-
ing results, as well as preceding studies that span
more than 20 years (Williams et al. 1995;
Muldoon et al. 2007; Jahnke et al. 2008; Neuwelt
et al. 2008), support further investigation of this
method of improved delivery to other chemore-
sponsive tumors, such as aggressive oligoden-
droglial tumors.

Toxicity of IA Chemotherapy

In general, IA chemotherapy with or without
BBBD can be associated with various specific
and nonspecific toxicities. Specific toxicities
reported include ototoxicity, neurotoxicity, visual
toxicity and procedural toxicities. Ipsilateral
periorbital erythalgia and visual loss have been
described in patients receiving IA chemotherapy.
In some cases this was dose limiting (Gebarski
et al. 1984; Stewart 1991; Basso et al. 2002).
Ototoxicity has been described in patients receiv-
ing IA cisplatin and carboplatin (Stewart 1991;
Neuwelt et al. 2006) with an incidence of symp-
tomatic hearing loss of 5-15% but much higher
rates of hearing loss have been reported, up to
45-62%, when serial audiometric testing was
utilized (Dropcho et al. 1992). Neurotoxicity can
also occur secondary to IA delivery of chemo-
therapy. Acute neurological toxicities occur, typi-
cally within 48 h of infusion, in 8-12% of
patients receiving IA chemotherapy. Acute neu-
rotoxicity is more common with carmustine and
other nitrosoureas and cisplatin, and less frequent
with carboplatin and methotrexate. Symptoms
include seizure, confusion, headaches, and focal
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deficits. This is associated ipsilateral hemispheric
white matter changes, is seen most frequently
after IA treatment with carmustine, and clinically
presents as mild cognitive deficits (Stewart 1991).

When BBBD is combined with IA chemother-
apy, specific toxicities can occur which have been
thoroughly studied and well described (Doolittle
et al. 2000). Adverse effects included catheter-
related complications and disruption-associated
complications. Complications related to A cath-
eter placement include groin hematoma, subinti-
mal tear and vessel thrombosis, although the
frequency of these complications is low. Reported
toxicities related to BBB disruption include sei-
zures and brain edema. Importantly, in contrast to
radiation therapy, the BBBD procedure does not
appear to be associated with any decline in for-
mal neurocognitive assessment. Overall, this
approach has proven to be safe in multiple clini-
cal studies (Doolittle et al. 2000).

IA Chemotherapy with BBBD
for Aggressive Oligodendroglial
Tumors

Because aggressive oligodendroglial tumors have
demonstrated responsiveness to PCV and TMZ
chemotherapy regimens, rationale exists to fur-
ther evaluate the role of IA chemotherapy in con-
junction with BBBD as a means to improve
delivery of known cytotoxic agents directly to
tumor cells. The responsiveness of aggressive
oligodendroglial tumors to this therapy is cur-
rently being investigated in an ongoing prospec-
tive clinical trial. This trial is aimed to evaluate
combination chemotherapy (IA melphalan, TA
carboplatin and IV etoposide phosphate) in con-
junction with BBBD in patients with aggressive
oligodendroglial tumors. The safety and prelimi-
nary efficacy of this study was recently published
(Guillaume et al. 2010). Thirteen subjects with
aggressive oligodendroglial tumors refractory to
TMZ were included. As expected, this drug com-
bination showed very low toxicity as well as
encouraging response data. Five of thirteen
patients demonstrated a response, five remained
stable and only three developing progressive
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disease. In the three patients who demonstrated
progression, this occurred within 1 month from
first IA/BBBD treatment, suggesting severe
advanced disease. In the ten subjects demonstrat-
ing a response or stable disease, the median PFS
using Kaplan-Meier estimation was 19 months.
Overall PES in all 13 subjects was 11 months.
Survival from the date of first treatment ranged
from 1 to greater than 27 months, suggesting
there is a subgroup of patients who respond well
to this therapy. Consistent with other studies
utilizing different treatment paradigms, the five
patients with complete or partial response dem-
onstrated deletion of both 1p and 19q. Conversely,
the two patients in whom both 1p and 19q were
intact developed progressive disease within
1 month and died at 1 and 8 months following
first treatment. Interestingly, the two patients
achieving a complete response did not receive
radiation therapy either prior to or after BBBD
treatment. These preliminary results investigating
IA chemotherapy in conjunction with BBBD for
aggressive oligodendroglial tumors are encour-
aging, and results of the Phase II portion of the
ongoing study are eagerly anticipated.

Conclusions

Administration of many chemotherapeutic agents
via the IA route can lead to improved delivery of
drug to tumor cells and brain tissue, resulting in
increased tumor specific cytotoxicity with avoid-
ance of non-specific systemic toxicities. In many
circumstances, the addition of BBBD can augment
this delivery. Efforts are underway to identify can-
didates for these therapies. As clinical studies con-
tinue to provide evidence of efficacy, applications
continue to grow. This has led to increasing num-
bers of clinical teams across the globe obtaining
the technical expertise necessary to offer this
approach. In the case of aggressive oligodendrog-
lial tumors, there is evidence that this approach is
safe, can lead to a good clinical response in patients
who are refractory to other therapies, and that a
clinical response can occur without radiation
therapy. However, further studies, which are
ongoing, are required to fully evaluate this.
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Abstract

Extracranial/systemic metastasis of a primary
central nervous system glial tumor is very
rare, but the incidence is ever-increasing.
Oligodendroglial tumors are uncommon;
however, after high-grade astrocytomas, they
constitute an important group of tumors which
are reported to cause extracranial metastases.
In the majority of literature-reported cases,
the likelihood of a second primary tumor is
considered as the first approach; therefore
metastases are overlooked. Fine-needle aspi-
ration cytology (FNAC) is currently accepted
as a reliable, accurate, cost-effective and rapid
diagnostic method for possible metastatic lesions
in a patient with known primary tumor. FNAC
findings of metastatic oligodendroglioma and
small-round-cell tumors (SRCT) are quite similar,
therefore differential diagnosis requires com-
bination of the clinical and radiological data.
In addition, application of immunochemistry and
detection of 1p/19q co-deletion on cytological
material confirm the diagnosis.

Introduction

Oligodendroglioma (WHO Grade II) is a slow-
growing glial tumor, although often resulting multiple
recurrence and/or progression, that is classified
as anaplastic oligodendroglioma (WHO grade III),
and has longer median-survival-time compared to
astrocytoma (Reifenberger et al. 2007; Ohgaki and
Kleihues 2005). Especially following high-grade
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progression, due to leptomeningeal involvement,
it may lead to multiple intraneural spread via
cerebrospinal fluid. Extracranial metastases have
been reported in rare cases (<50 case reports).
Given the autopsy cases, however, the true inci-
dence is higher (Jellinger 2009; Krijnen et al.
2010). In the largest series published to date, oli-
godendroglial tumors followed high-grade astro-
cytoma, medulloblastoma, and ependymoma
with regards to the incidence of extracranial
metastases (Liwnicz and Rubinstein 1979).
Although the mechanism of extracranial
metastases is not clearly understood, two differ-
ent patterns can be mentioned: (1) following
repeated craniotomy, development of scalp and/
or regional lymph node metastases, and subse-
quent distant metastases after many years, (2)
development of direct distant metastases via
hematogenous route in the early period
(Macdonald et al. 1989; Ordonez et al. 1981).
The most common target organs are bone, bone
marrow, and lymph nodes (Zustovich et al. 2008).
Metastases to liver, lung, and other visceral
organs, subcutis, mesothelial cavities have also
been rarely reported (Uzuka et al. 2007). Unlike
astrocytic tumors, which often metastasize to
lymph node and lung, oligodendroglial tumors
show significant affinity to bone and bone mar-
row metastasis (Zustovich et al. 2008; Krijnen
et al. 2010). Reported bone metastases are most
often osteoblastic (osteosclerotic) type (Jellinger
et al. 1969; Wu et al. 2011). Again, according to
the post-mortem examination reports, extracra-
nial metastases related with haematogenous
spread are remarkably multisystemic (James and
Pagel 1951; Uzuka et al. 2007). These cases with
multiple occult metastases have a rapid clinical
course and poor prognosis (Morrison et al. 2004;
Merrell et al. 2006; Zustovich et al. 2008; Noshita
et al. 2010; Cordiano et al. 2011). Immediate
diagnosis and treatment of metastases is also
important for chemosensitive character of these
tumors. Therefore, as a routine approach, whole
body bone scan and bone marrow biopsy, if
hematologic abnormalities unexplained by
medication exist (e.g., anemia, pancytopenia, etc.),
may should be recommended. Furthermore,
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considering the fact that these younger patients
with occult metastases, when they fail to survive,
are potential organ donors, transmission of the
tumor to organ recipient may occur (Volavsek
et al. 2009). As a controversial point, limited pub-
lication is also available indicating that meta-
static lesions may show grade II morphology, but
regardless of morphology, may result in poor
prognosis (Ng et al. 2006).

In this context, the following two questions
can be referred in a short paragraph: (1) Why are
the extracranial metastases of neuroglial tumor
so rare? Some answers may be suggested:
absence of lymphatic vessels in the intracranial
parenchyma, blood-brain barrier, narrowing of
veins due to mechanical impact in parallel to the
growing tumor, failure in vascular penetration of
tumor cells, inappropriate microenvironment of
non-brain tissues and short survival time. (2)
Why is the incidence ever-increasing? It is
pointed out that increased survival time and/or
changes in tumor behavior as a result of treat-
ments may explain this consequence (Perry 2004;
Giordana et al. 2004). Furthermore, one of the
main factors that facilitate metastases is recurrent
craniotomies which may provide access to the
parenchyma, dura (subarachnoid and meningeal)
or vascular channels within the scalp (Ordonez
et al. 1981). Parenthetically, glioblastoma but not
oligodendroglial tumor cases have been also
reported that led spontaneous metastasis without
craniotomy (Hulbanni and Goodman 1976).
Chemoradiation may also contribute to the devel-
opment of metastasis by inhibiting acquisition of
immunological defense against tumor. The most
known mechanism of metastasis is ventriculo-
peritoneal shunts.

Practically, any palpable or radiologically
localized mass lesion can be evaluated by FNAC.
The procedure is minimally invasive and accu-
rate. The technique usually provides enough cel-
lular, even tissue material for microscopic
examination and auxiliary diagnostic tests.
Therefore, the appropriate specimen triage is
definitely required the immediate interpretation
of the cytopathologist, who is aware of the
clinical history.
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FNAC of Metastatic
Oligodendroglioma

Generally, some of the FNAC smears are air-
dried and stained by Diff-Quik method (DQ) and
additional smears are immediately fixed in alco-
hol (95% ethanol) and stained by Papanicolaou
method (PAP). The remaining part of the sample,
if present, should be placed in a vial containing
cell-preservative medium and kept for further
studies, which may be required.

Satisfactory data to determine a uniform crite-
rion for the adequacy of specimens are not yet
available. Due to rich vascular network structure,
metastatic lesions may be hemorrhagic; still,
cytological smears are always hypercellular.
However, bone marrow aspirations are suggested
to yield dry-tap results (Choon and Roepke
2004). A few case reports highlighting difficul-
ties of diagnosis with bone marrow aspiration
smear findings are available (Dawson 1997;
Anand et al. 2003).

Cytological preparations show poorly cohe-
sive and singly dispersed small cells that are
fairly uniform (Figs. 3.1, 3.2 and 3.3). The cells
have generally small, but larger than latent lym-
phocyte, round, hyperchromatic nucleus and
scant to moderate cytoplasm with indistinct bor-
ders. Individual cells may have large nuclei with
relatively regular contours. Prominent nuclear
pleomorphism or multinucleation are not seen.
These cells usually lack nucleoli. If the mini-
gemistocytic component or/and gliofibrillary oli-
godendrocytes are not frequent, the cytoplasmic
projections are not conspicuous (Lee et al.
2006; Mitsuhashi et al. 2007; Can et al. 2012).
When examined the loose-cohesive groups,
pseudorosette-like arrangement can be easily
recognized, but prominent nuclear angulation or
molding is not seen. The presence of fibrillary
background varies, generally sparse, and can be
observed with DQ stain. Thin-walled branching
vasculature is prominent (Can et al. 2012; Lopez-
Rios et al. 2000). Endothelial proliferation, which
is considered as a high-grade finding, has not been
reported so far, and this may be speculated as

insufficient paracrine signaling within the target
organ. As in our case, prominent apoptosis and
necrotic debris on the background may not be
seen, while may be detected as important and
frequent finding in the other SRCT group.
Consequently, high mitotic activity is the most
important clue for malignancy. Microcalcifica-
tions on the background and the bland-looking
cells with eccentrically located nucleus and/or
relatively large, distinct cytoplasm that called
mini-gemistocytes, has been described in pri-
mary brain oligodendroglial tumors, and
theoretically may also occur in metastases, but
have not been reported so far (Can et al. 2012).
Again, intracytoplasmic eosinophilic granules
described as a clue feature for primary oligoden-
droglioma cannot be seen in metastatic lesion
(Kojima et al. 2008).

As a result, squash, smear or touch prepara-
tion cytology findings described in the primary
oligodendroglial tumors are slightly different
from FNAC findings of their metastatic lesions
(Watson and Hajdu 1977; Can et al. 2012). For
example, significant fibrillary ground, mini-
gemistocytes and microcalcifications may not
exist in metastases. The reason for this can be
speculated as inappropriate microenvironment
conditions of the target organ and/or insufficient
time to generate their unique tissue pattern.

Cytological features of metastatic oligoden-
drogliomas, particularly of pure ones, necessitate
differential diagnosis with SRCT group and it is
quite difficult. In the literature, very few case
reports in which definitive diagnosis has been
made by cytological findings are available,
though immunocytochemistry (ICC) is generally
required (Lopez-Rios et al. 2000; Can et al.
2012). ICC can be performed on cytospin slides
or smear preparations prepared from FNA mate-
rial. Immunohistochemistry (IHC) can also be
performed on parafin-embedded cell block sam-
ples prepared from FNA material. As oligoden-
droglial tumors are usually observed among adult
age group, differential diagnosis of SRCT
includes small cell neuroendocrin carcinoma,
Ewing’s sarcoma/primitive neuroectodermal tumor
(EWS/PNET), hematolymphoid malignancies,
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Fig. 3.1 The FNA smear. Poorly cohesive cells condensed around thin vasculature. Fairly uniform cells with moderate
anisonucleosis (inser) (x100 and x1,000, DQ)

and rarely small cell variant-melanoma, small-cell
osteosarcoma, mesenchymal chondrosarcoma.
Any positivity of glial fibrillary acidic protein
(GFAP), if present, is very helpful in diagnosis;
however, in contrast, focally positive results are
noted to be obtained particularly with polyclonal
markers in some of the non-glial tumors (Budka
1986). Thus, microtubule-associated protein 2

(MAP-2), SOX10 and glial-lineage markers,
such as Olig-1 and Olig-2, may be more helpful
in the diagnosis than GFAP staining, although
there is insufficient literature data regarding their
expression in other SRCTs (Reifenberger et al.
2007). Neoplastic oligodendroglial cells are also
positive for neuron specific enolase (NSE),
synaptophysin, CD57 (leu-7), and vimentin, but
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Fig.3.2 The FNA smear. Round nuclei with evenly distributed chromatin and minimal membrane irregularity. Frequent
mitosis (inset) (x400 and x1,000, PAP)

these markers have lower specificity, especially
when PNET is considered in the differential
diagnosis. Again, oligodendroglial tumor cells
are positive for nuclear and cytoplasmic S-100
protein, but this marker cannot be used for the
differentiation of PNET, metastatic melanoma or
chondrosarcoma. In the very limited literature
data, oligodendrogliomas are negative for CD99,

as a marker of PNET. Negative results for leukocyte
common antigen (LCA), CD20, CD3, CD138 or
CD38, myeloperoxidase (MPO), desmin, HMB45,
epithelial membrane antigen (EMA), and cyto-
keratin can also be used in differential diagnosis.
However, to know patient’s history will substan-
tially prevent unnecessary and confusing immu-
nochemistry applications.
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Fig. 3.3 Histologic section. Sheets of monotonous, small cells with clear cytoplasm and round nucleus, consistent with
oligodendroglial tumor and residual lymph node tissue (x200, Hematoxylin-Eosin)

Detection of 1p/19q co-deletion by fluorescent
in situ hybridization (FISH), polymerase chain
reaction (PCR) or comparative genomic hybrid-
ization techniques has diagnostic, prognostic and
even predictive value for oligodendroglial tumors.
1p/19q co-deletion was also observed in recur-
rence and metastatic (in few case reports) oligo-
dendroglial tumors (Wang et al. 2004; Bruggers
et al. 2007; Campbell et al. 2008; Krijnen et al.
2010; Noshita et al. 2010; Can et al. 2012). For
the first time, Wang et al. (2004) demonstrated
1p/19q co-deletion by using capillary electropho-
resis and PCR techniques on a cell-bock specimen
obtained from FNAC material of an oligodendro-
glioma case with intraparotid lymph node metas-
tasis. Also, 1p/19q co-deletion by FISH can be
performed on cytospin slides or cell blocks.
However, it should be kept in mind that the

presence of co-deletion is considered highly
suggestive for the diagnosis, while its absence
will not rule out the diagnosis at all.

Result

Clinical and FNAC findings of metastatic oligo-
dendroglial tumors are briefly reviewed. As a take
home message, systemic work-up for metastases
should be done in the patient with history of pri-
mary central nervous tumor, especially when
unexplained clinical symptoms are present and
FNAC, is one of the rapid and direct diagnostic
methods that should be considered for diagnosis of
suspected metastatic mass. Metastatic oligoden-
drogliomas have some cytomorphologic charac-
teristics that may lead to a definitive diagnosis
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with the combination of clinic-radiologic data.
Moreover, some initial ancillary diagnostic studies
such as 1p/19q co-deletion by FISH may provide
additional prognostic and predictive information.
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Abstract

Macroscopically, hemangiopericytoma (HPC)
and meningioma are similar. However, treatment
strategies for these tumors sometimes differ
because of differences in their clinical behavior
and structure, principally their vascularity.

HPC must be totally resected at initial
surgery, which sometimes requires preoperative
embolization, and close radiographic follow-up
is mandatory for detection of local recurrence
or metastasis. In the case of residual tumors,
adjuvant radiotherapy including conventional
radiotherapy, stereotactic radiosurgery, and
stereotactic radiotherapy should be deployed.
Repeat surgery or salvage radiotherapy is effec-
tive. Although chemotherapy has not shown
definitive efficacy until date, novel approaches
for systemic metastasis that cannot be controlled
by present modalities are expected.

Introduction

Intracranial hemangiopericytoma (HPC) is an
aggressive tumor with macroscopic and radio-
graphic features that are similar to those of
meningioma; however, there are distinct differ-
ences in the biology and clinical course of these
two tumors. HPC is a rare tumor that accounts for
2.5% of all meningeal tumors and <1% of all
intracranial tumors (Schiariti et al. 2011). In con-
trast, meningioma is one of the most frequent pri-
mary brain tumors. There is little difference in
the gender incidence of HPC, with only a slight
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male predominance (Lamar and Lesser 2011).
HPC occurs most frequently during the fifth
decade of life.

HPC can arise in any part of the human body;
however, it is most common in the lower extremi-
ties and retroperitoneum. Intracranial or menin-
geal HPCs usually arise from the meninges of the
falx, tentorium, and dural sinuses as meningio-
mas. Supratentorial lesions are more common
than infratentorial or spinal lesions (Sibtain et al.
2007). HPC can also occur in the third or lateral
ventricle (Abrahams et al. 1999), the pineal region
(Stone et al. 1983), Meckel’s cave (Muto et al.
2010), and the sellar region (Juco et al. 2007).

Historically, HPC was first described as a pri-
marily soft tissue tumor arising from pericytes,
which are contractile spindle cells surrounding
capillaries and postcapillary venules (Stout and
Murray 1942). The term “meningioma” was first
used to define whole tumors arising from the
meninges, including tumors originating from
meningothelial (arachnoid) and other mesenchy-
mal cells, such as the angioblastic meningioma
first described by (Bailey et al. 1928).

Begg and Garret (1954) reported occurrence
of HPC in the meninges and termed such masses
“meningeal HPC.” However, there has long been
controversy as to whether these are meningioma
variants of the angioblastic meningioma first
defined by (Cushing 1938).

After much discussion, the WHO classifica-
tion was revised in 1993 (Kleihues and
Scheithauser 1993) and tumors arising from the
meninges but not originating from arachnoid
cells were excluded from meningioma and classi-
fied into another category. Since this revision,
meningeal HPC has been recognized as an inde-
pendent category with a different origin, biologi-
cal behavior, and optimal treatment compared
with meningioma.

Pathological Findings

Macroscopically, HPC is a firm and nodular
tumor attached to the meninges with a clear
margin to the cortical surface. It cannot be distin-
guished from meningioma, except for a high bleeding
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tendency. Microscopically, a characteristic staghorn
pattern of thin-walled vessels, which is the hall-
mark of HPC tumors, is observed (Middleton
et al. 1998). Tumor cells are uniform and polygo-
nal to spindle shaped, often with vesicular nuclei.
Reticulin staining reveals a typical pattern of fine
fibers surrounding the individual tumor cells
(Middleton et al. 1998). HPCs, like meningio-
mas, are positive for vimentin and CD34.
Epithelial membrane antigen (EMA) is generally
negative, but focal reactivity for EMA is some-
times found in HPC (Rajaram et al. 2004).
Immunohistochemical expression of the vascular
endothelial growth factor receptor (VEGFR) has
been reported in HPC tumor cells and in the
endothelium, with overexpression of vascular
growth factors and receptors such as VEGFRI1
and VEGFR?2 in the endothelium (Hatva et al.
1996). A study by Dietzmann et al. (1997)
showed that HPCs frequently overexpress the
platelet-derived growth factor receptor (PDGFR),
which is detectable by immunohistochemistry.

Radiographical Features

On computed tomography (CT) imaging, hyper-
ostosis or calcification, which are frequently
observed in meningiomas, are seldom observed
in HPCs (Chiechi et al. 1996; Barba et al. 2001).
Instead, bony erosion is often found (Chiechi
et al. 1996).

In magnetic resonance (MR) studies, HPCs
are typically isointense to grey matter on T1- and
T2-weighted images (Sibtain et al. 2007). The
intratumoral flow voids suggest high vascularity,
which is sometimes found in meningiomas but is
more frequent in HPCs (Chiechi et al. 1996;
Sibtain et al. 2007).

On angiography, some angioarchitectural pat-
terns have been shown to be common in HPCs
and are useful for distinguishing them from
meningiomas [19]. HPC is supplied from the
internal carotid artery (ICA) or vertebral artery
(VA), and external carotid arteries (ECA), with
dominant supply from the ICA branches rather
than ECA, which is commonly seen in meningi-
omas. There are many intratumoral, irregular,
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corkscrew vessels arising from a main feeder;
intense fluffy tumor staining rather than the sun-
burst pattern observed with meningiomas; no
early draining veins; and a prolonged tumor
circulation time (Marc et al. 1975; Sibtain
et al. 2007).

Clinical Course

HPCs have a peculiar biological behavior and
prognosis with local aggressiveness, a high rate
of recurrence, and a propensity to metastasize to
numerous extracranial locations.

Rutkowski et al. (2010) analyzed 277 patients
with HPC and reported an overall median sur-
vival of 13 years, with 1-, 5-, 10-, and 20-year
survival rates of 95, 82, 60, and 23%, respec-
tively. Schiariti et al. (2011) reported overall sur-
vival rates of 93, 67, 45, and 23% at 5, 10, 15, and
20 years, respectively. Ecker et al. (2003) reported
that the 5-year Kaplan—Meier survival rate among
patients treated since 1990 was 93%. The 5-year
disease-free survival rate was 89%.

For local control, which is influenced by treat-
ment strategy, the 5-, 10-, and 15-year recurrence
rates after surgery without radiation have been
reported to be 54, 92, and 100%, respectively
(Schiariti et al. 2011).

Many patients develop distant metastases.
Because of the small number of cases, the rate of
metastasis varies. Though some authors have
reported around 20% metastasis (Rutkowski
et al. 2012; Olson et al. 2010; Schiariti et al.
2011), Soyuer et al. (2004) reported 5-, 10-, and
15-year distant metastasis-free survival rates of
80, 46, and 21%, respectively. Adjuvant radiation
seems to decrease local recurrence, as is dis-
cussed later; however, it has no effect on the
incidence of metastasis (Dufour et al. 2001;
Rutkowski et al. 2012; Schiariti et al. 2011).
Distant metastasis was correlated with shorter
survival (Kano et al. 2008). Until date, there has
been no report of an effective prophylaxis for pre-
venting distant metastasis. The incidence of
recurrence or metastasis increases with duration
of follow-up (Olson et al. 2010), emphasizing the
necessity of long-term follow-up.
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Presurgical Embolization

HPC usually has multiple feeders and plenty of
intratumoral vascular networks, and thus, pre-
surgical embolization is required. In general,
feeder occlusion and intratumoral embolization
must be differentiated. Proximal feeder occlu-
sion by detachable coils or concentrated glue is
generally safe and easy, especially in ECA feed-
ers. However, proximal feeder occlusion of ECA
feeders, which is sometimes useful in meningi-
oma surgery, has little effect on decreasing intra-
operative blood loss in cases where cortical
(ICA) or vertebral-basilar artery (VA-BA) feed-
ers dominate supply to the tumor. A combination
of embolization of intracranial feeders (ICA,
VA-BA) and surgical detachment of ECA feed-
ers might be useful, although embolization of
intracranial feeders carries greater risks than that
for ECA feeders. Ideally, embolization of the
tumor bed by particles or liquid materials is
required to decrease intraoperative blood loss.
However, in cases of hemangioblastomas, which
are also rich in vascularity and sometimes con-
tain arteriovenous (AV) shunt-like intratumoral
vessels, tumor bleeding after particle emboliza-
tion has been reported (Cornelius et al. 2007). As
in our case 1 (Fig. 4.1), almost complete emboli-
zation can make surgical resection safer and
more comfortable and successful. However,
tumor bleeding and swelling that worsens the
preexisting mass effect of the tumor could some-
times lead to a disastrous situation requiring
emergent decompression.

Thus, presurgical embolization can be con-
sidered in the case of proximal occlusion of a
feeding artery that cannot be accessed in the
early stages of surgery or tumor bed emboliza-
tion can be achieved using liquid formulations
such as n-butyl cyanoacrylate (NBCA) or Onyx
which rarely induces recanalization after embo-
lization. And care should be taken not to avoid
pressure injection of contrast materials or
embolic agents. Preparations should also be
made for emergency situations requiring surgery
for worsening peritumoral edema or tumor
bleeding after embolization.
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Surgery

Surgery represents the mainstay treatment for
HPC, especially in the initial setting. It not only
offers immediate alleviation of the mass effect
but also allows pathological confirmation, thus
facilitating differential diagnosis of HPCs from
meningiomas.

Most importantly, the greater the extent of
resection, the better the prognosis. In a previous
study, local control rates [5-year local control
rates for patients treated with gross total removal
(GTR) and subtotal removal (STR)] were 84 and
38%, respectively (P=0.003) (Soyuer et al.
2004). GTR was also associated with increased
overall survival (log-rank, P<0.05) (Rutkowski
et al. 2012) compared with STR (Rutkowski et al.
2010). Although some reports have not reported
any benefit from radiation (Rutkowski et al.
2012), consistent benefits have been reported for
resection with GTR (Schiariti et al. 2011).

Surgical Concept

As mentioned previously, obtaining a definitive
preoperative diagnosis from radiologic findings
alone is sometimes difficult as discriminating
meningioma from HPC is not easy. Thus, in prac-
tice, the strategy for initial surgery is based on
that for meningioma. However, we have to bear
in mind that HPC is richer in vascularity and is
fed by ICA or VA-BA in addition to ECA; fur-
thermore, it has a higher rate of local recurrence
than meningioma. HPC surgery is therefore
sometimes more challenging than meningioma
surgery. The surgical approach chosen must
ensure both a wider operative field and easy
accessibility to the majority of feeders. In menin-
gioma surgery, the shortest and most direct
approach to the point of tumor attachment should
be the priority.

Thereafter, the following seven basic steps in
meningioma surgery should be strictly applied:
(1) proper craniotomy enabling complete expo-
sure of the dura on the tumor attachment; (2)
devascularization of transosseous, skin, or dural
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feeders; (3) dural incision preserving the bridg-
ing vein; (4) meticulous dissection of the arach-
noid layer away from the tumor capsule; (5)
coagulation and detachment of the tumor attach-
ment; (6) internal decompression of the tumor;
and (7) removal of the entire tumor.

In addition to these basic steps, in HPC sur-
gery, tumor devascularization becomes more
important and is sometimes difficult to perform in
high vascularity tumors fed by cortical arteries
and not dural feeders. Presurgical embolization of
the tumor and its feeding vessels is sometimes
helpful, as discussed previously. However, we
sometimes encounter a difficult situation where
internal decompression is difficult because of the
high bleeding tendency of HPC tumors even after
surgical detachment of ECA feeders or partial
embolization. Difficulties persist until total devas-
cularization including cortical feeders is achieved.
In such cases, because piecemeal tumor resection
is impossible, meticulous hemostasis of the tumor
can be achieved by coagulating all feeders around
the tumor; en-bloc resection may be required.

Another possible reason for the limited extent
of resection is the tumor location where radical
surgery may worsen the patient’s quality of life.
Patients with tumors in the posterior fossa have
been reported to have a significantly lower
median survival of 10.75 years versus 15.6 years
for those with nonposterior fossa tumors
(Rutkowski et al. 2010), suggesting that GTR is
relatively difficult in infratentorial tumors.
Although there is no evidence that a skull base
tumor has an inferior local control rate, HPCs
originating from the skull base or unresectable
structures may have a relatively high incidence of
local recurrence because of the inability to com-
pletely detach the tumor. We experienced four
cases of HPCs located around the petroclival area
from 14 cases of intracranial HPCs. GTR was
achieved in two cases, as is shown for case 1
(Fig. 4.1), STR was achieved in one case, and
partial removal in the other. Trochlear and abdu-
cens nerve palsy appeared in two cases and hemi-
paresis occurred in 1. Local recurrence was
detected in two cases, one each among patients
who achieved GTR and STR, and metastasis
occurred in one case among our skull base series.
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Fig.4.1 Case 1. A 20-year-old female complained of gait
disturbance. Preoperative gadolinium-enhanced MRI of
(a) axial and (b) coronal images showed a dumbbell-type
tumor severely compressing the brainstem. Preoperative
angiography via (¢) ICA and (d) ECA injection showed
marked staining from many feeder branches with intratu-
moral corkscrew vessels. (e) Embolization of the tumor
and its feeder vessels with polyvinyl alcohol with tanta-
lum powder and detachable coils led to nearly complete
disappearance of the tumor stain on common carotid angi-
ography. (f) However, CT revealed a subarachnoid hemor-
rhage and worsening of peritumoral edema 6 h after

embolization. We subsequently performed an emergency
tumor removal. (g) A transpetrosal approach with osteot-
omy of the zygomatic arch was selected to obtain direct
access and a wider operative field as well as a view of the
superior part of the tumor. Drilling of the petrous apex
was not necessary because of bone erosion from the
tumor. Bleeding from the tumor was not prominent, and
softening of the tumor made resection easier than
expected. GTR was achieved. The trochlear and abducens
nerve could not be preserved because of total encasement
by the tumor. (h) Postoperative MRI showed no residual
tumor. Recurrence has not been detected for 41 months
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Radiation

Although some reports have not shown any sig-
nificant effects of radiation therapy on local con-
trol (Soyuer et al. 2004) and have not reported
any survival benefit from initial adjuvant external-
beam radiation therapy (Ecker et al. 2003), it is
widely accepted that radiation is beneficial for
better local control and longer survival.

Historically, conventional external radiother-
apy (ERT) was first found to be effective as an
adjuvant therapy after surgery. However, Schiariti
et al. (2011) reported that patients undergoing
ERT had a 0.33 times increased risk of recur-
rence compared with those who did not (P=0.03).
Patients undergoing GTR followed by ERT had
mean local recurrence-free intervals that were
126.3 months longer than those who did not
receive ERT (P=0.04) and 170 months longer
than those undergoing incomplete resection and
no ERT after adjusting for resection (P>0.05).
Radiation responses are dose-dependent; most
articles have reported that doses more than 50 Gy
are necessary for reducing the risk of local recur-
rence (Dufour et al. 2001) or providing superior
long-term disease-free survival (Bastin and
Mehta 1992).

Recently, high-precision radiotherapies such
as fractionated stereotactic radiotherapy (SRT)
and intensity-modulated radiotherapy (IMRT)
have become available. These technologies guar-
antee the same dose-dependent efficacy as con-
ventional ERT, with less adverse effects as they
avoid unnecessary radiation of surrounding vital
structures. Combs et al. (2005) reported 37 cases
of HPCs treated by SRT or IMRT, with a median
follow-up of 34 months. A median total dose of
54 Gy was delivered, and the median planning tar-
get volume was 58.2 mL. Overall survival rates at
5 and 10 years were 100 and 64%, respectively.
Progression-free survival after radiotherapy was
80 and 61% at 3 and 5 years, respectively.

Stereotactic radiosurgery (SRS) approaches
such as gamma knife radiosurgery (GKR) or cyber
knife (CK) surgery for relatively small tumors
have also been reported. The most common mar-
ginal doses range from 15 to 20 Gy, and higher
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marginal doses are associated with improved
progression-free survival (Kano et al. 2008).

Ecker et al. (2003) reported that 93% of 45
tumors treated by GKR were controlled, and 60%
of 15 patients were alive at a mean 4.4 years after
initial treatment. Kano et al. (2008) reviewed
records relating to patients with 29 consecutive
tumors treated by SRS, with a median target
volume of 4.5 mL (range, 0.07-34.3) and a
median marginal dose of 15 Gy (range, 10-20).
Overall survival after GKR was 100, 85.9, and
13.8% at 1, 5, and 10 years, respectively, and the
tumor control rate was 72.4% after an average of
48.2 months. Olson et al. (2010) and Veeravagu
et al. (2011) reported similar survival and tumor
control rates between GKR and CK.

Given these findings, it appears clear that radia-
tion plays an essential role in local control of the
tumor, leading to improvement in overall survival
but not preventing distant metastasis, which can
also affect overall survival. SRS is preferred for
intracranial metastasis or locally recurrent small-
to-medium-sized tumors, as shown in (Fig. 4.2).
For larger tumors in the vicinity of radiosensitive
structures, SRT or IMRT is theoretically superior to
conventional ERT. Although sufficient data have
not been accumulated yet, the combination of sur-
gery and SRT or IMRT seems to be reasonable for
obtaining the longest survival with the lowest mor-
bidity among patients with STR of large tumors.

Chemotherapy

Chemotherapy provides only marginal benefits
for intracranial HPC. As HPC can be categorized
as a soft tissue sarcoma (Chamberlain and Glantz
2008), regimens such as CAV (cyclophospha-
mide, doxorubicin, and vincristine) and ICE
(ifosfamide, carboplatin, and etoposide) as well
as other chemotherapeutic agents such as metho-
trexate, cisplatin, and mitomycin have been
tested; however, all these have shown limited
efficacy. Ecker et al. (2003) reported that only 1
of 11 patients treated with salvage chemotherapy
responded to treatment with doxorubicin. In the
same patient, however, other metastases developed
and the patient subsequently died. All 11 patients
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Fig. 4.2 Case 2. A 42-year-old female presented with
facial paresthesia. (a) Preoperative gadolinium-enhanced
MRI (coronal view) showed a tumor in the middle fossa
base. The tumor was totally removed via a zygomatic
interdural approach. (b) Postoperative MRI revealed dis-
appearance of the tumor. Two years after surgery, a local

died as a result of their tumors. In a retrospective
study by Chamberlain and Glantz (2008) 15
patients with recurrent HPC were administered a
CAV chemotherapeutic regimen. If this proved
ineffective, then interferon (IFN) was adminis-
tered followed by ICE. The median overall sur-
vival among these patients was 14 months.
Treatment of recurrent HPC with a-IFN showed
the best response (Chamberlain and Glantz
2008). Patients with widely metastatic HPC were
treated with a-IFN, and neither experienced dis-
ease progression at 18 and 24 months (Kirn and
Kramer 1996).

Recent elucidation of the molecular mecha-
nisms behind HPC tumors and angiogenic cells
by immunohistochemistry has led to novel

recurrent tumor disappeared after GKR with a marginal
dose of 20 Gy. (c) Eight years after the surgery, a meta-
static lesion appeared in the right cerebellopontine angle
(CPA). (d) The CPA tumor shrank after GKR with a mar-
ginal dose of 20 Gy. The patient has had no neurological
deficit for 10 years since the initial diagnosis

chemotherapeutic approaches to HPC. Autocrine
and paracrine activation of the VEGF-VEGFR
pathway is considered to be involved in the biol-
ogy of HPC (Park et al. 2010), since VEGFR is
expressed in HPC tumor cells and the endothelium
(Hatva et al. 1996) and because HPC is also asso-
ciated with overexpression of PDGFR (Dietzmann
et al. 1997). These data suggest that antiangio-
genic strategies or targeted therapies may be effec-
tive in treating recurrent tumors (Peters et al. 2010;
Delgado et al. 2011). Clinical trials of targeted
therapies for PDGF and VEGF receptors may
change the treatment strategy for patients with
recurrent and metastatic HPC refractory to surgery
and radiotherapy (Lamar and Lesser 2011), and
these trials are continuing even now.
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Abstract

Recently, numerous experimental reports as
well as clinical trials suggested a possible
therapeutic role of selective cyclooxygenase-2
(COX-2) inhibitors in the treatment of various
tumors. COX-2 is known to convert procar-
cinogens to carcinogens and is upregulated in
several malignant tumors. Its overexpression
seems to correlate with aggressive disease
and poor survival. In human schwannomas,
COX-2 expression was observed in the cyto-
plasma and perinuclear regions of tumor cells.
The available data suggests involvement of
COX-2 in the development and growth of
human schwannomas by regulating angio-
genic factors and inhibition of tumor cell
apoptosis by production of prostaglandins,
particularly PGE,. Furthermore, diverse neu-
rotrophic factors have been also suggested a
biological role in development, maintenance,
and growth of schwannomas. Selective COX-2
inhibitors have a potential role for targeted
therapy against schwannomas.

Introduction

Numerous experimental reports as well as clini-
cal trials have suggested that COX-2 products
like prostaglandins lead to stimulation of tumor
proangiogenic factors and tumor cell prolifera-
tion of various human tumors (Kolev et al. 2007,
Perrone et al. 2005; Zhi et al. 2005). Furthermore,
prostaglandin products support the release of
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various neurotrophic factors, which contribute
additionally to tumor growth. Overexpression of
COX-2 seems to correlate with aggressive dis-
ease and poor survival. In tumors of the central
nervous system, such as astrocytoma (Perdiki
et al. 2007), meningioma (Pistolesi et al. 2007),
and glioblastoma (Buccoliero et al. 2006), COX-2
is also expressed and suggests biological aggres-
siveness. In peripheral nerve disorders, such as
inflammatory demyelinating neuropathy (Hu
et al. 2003) or in nerve injury (Durrenberger et al.
2006), COX-2 immunoreactivity was also
detected. This review will discussed the role of
COX-2 in the development and growth of human
schwannomas.

Pharmacology of Cyclooxygenase

Cyclooxygenase (COX), or prostaglandin endoper-
oxide synthase, is an ubiquitous membrane-bound
enzyme involved in the synthesis of biologically
active lipid compounds, called eicosanoids, from
arachidonic acid, a ®-6 polyunsaturated fatty
acid (PUFA). COX catalyses the conversion of
arachidonic acid to the prostaglandin precursor
prostaglandin H, (PGH,). PGH, is then converted
to other prostaglandins including prostaglandin D,
(PGD,), Prostaglandin F,a (PGF,x), Prostaglandin
E, (PGE,), thromboxane A, and B, (TXA, and
TXB,), and prostacyclin (PGI,). These prostaglan-
dins, particularly PGE,, play an important role in
development and maintenance of pain, fever, as
well as inflammatory reaction.

Thus far, two COX isoenzymes have been
identified. In 1976, COX-1 was isolated success-
fully for the first time. This was followed by iso-
lation and sequencing of COX-2 from
complimentary desoxyribonucleic acid in 1976.
COX-1 is constitutively expressed in normal
mammalian tissues with a “housekeeping” func-
tion, such as cytoprotection of the gastrointesti-
nal mucosa, regulation of renal blood flow, and
control of platelet aggregation. Human COX-1 is
localized to the endoplasmic reticulum and con-
tains 599 amino acids. COX-1 is expressed at
higher concentrations in tissues and in cells
where prostaglandins have specialized signaling
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functions, such as kidney, stomach, platelets, and
vascular endothelium. COX-2 is not regularly
present in most mammalian tissues. However, it
is inducible in various cell types by pro-
inflammatory substances, such as cytokines,
endotoxins, interleukins, and phorbolester, by
ischemia, and by cell injury. Nevertheless,
COX-2 might be expressed in a few specialized
tissues in the apparent absence of activation, such
as brain, testes, and macula densa of kidney.
Human COX-2 is localized to the nuclear mem-
brane and contains 604 amino acids.

Both COX-1 and COX-2 have a homologous
biological structure and possess similar kinetic
properties. COX-1 and COX-2 showed also simi-
lar patterns of expression in inflammatory macro-
phages and the effect of the expression of either
isozyme is also similar, i.e., an enhanced capacity
of tissues to produce prostaglandins. While
COX-2 inhibitors have been used widely as non-
steroidal anti-inflammatory drugs (NSAIDs) for
pain treatment (analgesic) and anti-inflammation
(antiphlogistic), inhibition of COX-1 seems to be
fraught with risk for gastrointestinal bleeding.
The regulation of COX-2 expression is a complex
process involving multiple signal transduction
pathways. In addition to the role of COX-2 in
pain and inflammation, many studies have
reported the inhibitory effects of COX-2 against
diverse human tumors by inhibition of tumor cell
proliferation and angiogenesis, blockade of cell
cycle progression, and induction of tumor cell
apoptosis (Liu et al. 1998; Masferrer et al. 2000;
Tsujii et al. 1998).

COX-2 Expression in Human
Central Nervous System

In the human central nervous system (CNS),
COX-2 is normally expressed in cerebral neu-
rons, glia, cerebrovascular components, and in
spinal neurons. In the peripheral nerve, very few
scattered COX-2 immunoreactive cells were
found in normal nerve tissue of the human bra-
chial plexus (Durrenberger et al. 2006). COX-2
expression was also detected in different periph-
eral nerve disorders, such as inflammatory
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demyelinating polyneuropathy (Hu et al. 2003),
glaucomatous optic nerve (Neufeld et al. 1997),
or during nerve injury (Durrenberger et al. 2006).

Regulation of COX-2 Expression
in Human Tumors

There is growing evidence that COX-2 plays a
contributory role in the pathogenesis of diverse
human tumors, including tumors of the central
nervous system, such as astrocytomas (Perdiki
et al. 2007), meningiomas (Pistolesi et al.
2007), and glioblastomas (Buccoliero et al.
2006). In these tumors, COX-2 expression sug-
gests biological aggressiveness and worse
prognosis. Increase of COX-2 expression in
neoplasms has been reported to be associated
with loss of gene regulation of transcriptional
and post-transcriptional mechanisms due to
cellular differentiation. Several neurotrophic
factors, such as epidermal growth factor (EGF),
transforming growth factor-B1 (TGF-81), and
tumor necrosis factor-oo (TNF-a), are known to
induce COX-2 production (Gately and Li
2004). Overexpression of COX-2 increase
releases basic fibroblast growth factor (bFGF)
and vascular endothelial growth factor (VEGF).

Association of COX-2 overexpression with
loss of wild-type of tumor suppressor pS3 has
been also suggested previously (Subbaramaiah
et al. 1999).

COX-2 contributes to the carcinogenesis of
human tumors by different mechanisms.
Nevertheless, the exact role of COX-2 in tumor
development and growth is not clearly known.
Increased production of prostaglandins supports
cell proliferation of diverse malignant tumors
(Bennet 1986) and modulates cell adhesion and
motility (Tsujii and DuBois 1995). Furthermore,
overexpression of COX-2 inhibits apoptosis and
supports the invasiveness of malignant cells
(Tsujii and DuBois 1995). COX-2 modulates also
inflammation and immune function which sup-
ports tumorigenic action. Among those contribu-
tions, the stimulation of tumor angiogenesis
through products of COX-2 has been suggested
to be the most likely mechanism.

The proangiogenic effects of COX-2 are
mediated primarily by three products of arachi-
donic metabolism: thromboxane A, (TXA,),
prostaglandin E, (PGE,), and prostaglandin I,
(PGL,). TXA,, PGE,, and PGI, promote specific
angiogenic steps and mediators (Fig. 5.1) (Gately
and Li 2004). In human vascular endothelial
cells, the expression of COX-2 is regulated by
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Fig.5.1 COX-2 induces tumor angiogenesis via multiple pathways (Gately and Li 2004; reprint with permission from

Publisher Elsevier)
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Fig.5.2 Immunohistochemical staining of cyclooxygenase-2
(COX-2) expression in vestibular schwannomas demon-
strated a diffuse or focal brown reactivity in the cytoplasma
and perinuclear regions of tumor cells [arrows]. (a) Weak

hypoxia (Schmedtje et al. 1997). Increase of the
levels of prostaglandins stimulate directly endo-
thelial cell sprouting, migration and tube forma-
tion, und subsequently support tumor progression.
COX-2 has been also associated with endothelial
cell motility and ability to form capillary-like
structures, which can be quantified by measure-
ment of microvascular density (MVD) (Kolev
et al. 2007).

COX-2 and Human Schwannomas

Schwannoma is a common tumor of the periph-
eral nerves and accounts for an estimated 8% of
intracranial tumors. Schwannomas are consid-
ered benign tumors originating from Schwann
cells with a growth rate of about 1-2 mm/year.
The average proliferative activity of schwanno-
mas has been reported to be as low as 1-3%.
Schwannomas appear sporadically in the cra-
nium, in the spinal axis, or in peripheral nerves.
The occurrence of multiple schwannomas as seen
in neurofibromatosis type 2 (NF2) is usually
associated with an aberration of a tumor suppres-
sor gene on chromosome 22ql2. Despite its
benign histopathology, progressive growth of
schwannoma may lead to a variety of neurologi-
cal deficits and severe disability. With progres-
sive growth, intracranial schwannomas may be
life-threatening due to compression of the brain-
stem or secondary hydrocephalus.

COX-2 expression has been detected in vestibular
schwannoma in different intensities (Fig. 5.2).

COX-2 expression; (b) moderate COX-2 expression;
(¢) strong COX-2 expression (original magnification,
x400; calibration bar 50 pm) (Hong et al. 2011; reprint with
permission from Wolters Kluwer Health)

The COX-2 expression has been localized in the
cytoplasma and perinuclear regions of tumor cells
(Hong et al. 2011). A significant correlation
between COX-2 expression and proliferation
index was demonstrated indicating the involve-
ment of COX-2 pathways in the development
and growth of schwannomas. In an early study,
Kokoglu et al. (1998) reported elevated concen-
tration of PGE, in schwannomas as compared to
control brain tissue. Increased levels of prosta-
glandins TBX,, PGE,, and PGF were also detected
in retroperitoneal schwannomas (Komiya et al.
1991). Prostacyclin and thromboxane are known
to regulate endothelial sprouting as well as VEGF-
induced vascular permeability. Nevertheless,
there is no report about direct correlations between
TXA, and schwannomas until now.

The exact role of COX-2 in development and
growth of schwannomas is not known. Several
pathways have been suggested which link COX-2
and growth of schwannomas. The stimulation of
tumor angiogenesis through products of COX-2
resulting in increased release of numerous proan-
giogenic factors (e.g. vascular endothelial growth
factor, VEGF; basic fibroblast growth factor,
bFGF) has been suggested to be the most reason-
able hypothesis. PGE, is known to be associated
with angiogenesis in tumor development by
increasing various proangiogenic factors, such as
VEGF, Akt, Bcl-2, o3, MMP-2, MMP-9, and
suppressing the production of IL-2 (Gately and
Li 2004). Furthermore, numerous neurotrophic
factors including nerve growth factor (NGF)
(Charabi et al. 1996), TGF-81 (Cardillo et al.
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1999), bFGF (Murphy et al. 1989), neuregulin
(NRG) (Hansen and Linthicum 2004), erythro-
poietin (EPO) (Dillard et al. 2001), and EGF
(Sturgis et al. 1996) have been suggested to have
a biological role in development, maintenance,
and growth of schwannomas.

It is well established, that angiogenesis is a
prerequisite for proliferation and growth of any
neoplasms. Even in slow-growing tumors like
schwannomas, neovascularization still remains
important for tumor growth. Together with
MMPs and bFGF, VEGF is a potent mediator for
tumor angiogenesis and vessel permeability in
human schwannomas (Koutsimpelas et al. 2007).
Expression of COX-2 and the resultant eico-
sanoid products, promote the release of VEGF.
VEGF is a diffusible glycoprotein, which is
expressed in Schwann cell cytoplasm. VEGF
binds to its receptors, VEGR-1 and VEGR-2,
which are located on vascular endothelial cells.
VEGF and its receptors have been shown to pro-
mote the proliferation of endothelial cells, to
increase the cells’ vascular permeability, and to
induce the production of plasminogen activator
(Uesaka et al. 2007).

Furthermore, VEGF supports the survival of
the pre-existing tumor vasculature. More recently,
VEGEF has also emerged in mobilization of endo-
thelial progenitor cells from the bone marrow to
distant sites of neovascularization. Expression of
VEGEF in tumors of the peripheral nerve, such as
neurofibroma and benign as well as malignant
peripheral nerve sheath tumor (BPNST/MPNST),
has been demonstrated (Wasa et al. 2008). Large
tumors, recurrent tumors and tumors with a high
growth rate had higher levels of VEGFR-1 (Caye-
Thomasen et al. 2005). A clinical trial with human-
ized monoclonal IgGl antibody against VEGF
antibody for vestibular schwannomas revealed a
significantly decrease of tumor growth rate from
62% before treatment to 26% after treatment, as
well as hearing improvement in most patients in
selected patients with NF2-associated vestibular
schwannomas (Plotkin et al. 2009). Furthermore,
radiographic regression of vestibular schwanno-
mas following anti-VEGF therapy (Bevacizumab)
was described (Mautner et al. 2010).

Angiogenesis and tumor invasion require
controlled degradation of the extracellular matrix

(ECM) components in order to allow cell migration
and new tissue formation. Tumor invasion involves
always degradation of the ECM, involving enzymes
such as heparinase, serine proteinases, cathepsins,
and matrix metalloproteinases (MMPs). MMPs
are a large family of over 20 zinc-dependent
endopeptidases that proteolytically degrade most
components of the extracellular matrix. MMPs
are known to facilitate repair mechanisms by pro-
moting cell differentiation and axonal growth dur-
ing axonal regeneration and nerve remyelination
(Lehmann et al. 2009). It was supposed, that neo-
plastic Schwann cells express MMPs abnormally,
and degrade the ECM sheaths in the basal lamina
of peripheral nerve, which is formed by collage-
nous matrices. MMPs are known to be able to
proliferate, migrate and remodel basal lamina.
The exact process, however, how Schwann cells
express MMPs and invade peripheral nerve ECM
remains unclear. Among the MMPs, MMP-2 and
MMP-9 are most frequently involved in human
tumor invasion and metastasis. MMP-2 and
MMP-9 are also known to support tumor growth
by neovascularization. They allow endothelial
cell migration and invasion into the surrounding
tissue during angiogenesis (Mgller et al. 2010).
Interestingly, MMP-2 and MMP-9 are expressed
in diverse tumors of peripheral nerves, such as
schwannoma, malignant peripheral nerve sheath
tumor, and neurofibroma. In  vestibular
schwannoma, tumor concentration of MMP-9
correlates significantly with absolute tumor
growth rate (Mgller et al. 2010).

COX-2 generated prostaglandins may also
enhance bFGF-induced angiogenesis through the
induction of VEGF. bFGF is found in basement
membranes and sub-ECM (Majima et al. 2000).
Previous studies suggested that overexpression of
bFGF in Schwann cells stimulates mitosis and
increases the differentiation and proliferation of
various neuronal populations (Grothe and
Wewetzer 1996). Furthermore, bFGF has been
shown to significantly increase the production of
TXB,, the active metabolite of TXA,, which sup-
ports endothelial migration. In sporadic vestibu-
lar schwannomas, bFGF and VEGF correlated
positively with microvascular density and tumor
growth index (Koutsimpelas et al. 2007; Blair
etal. 2011).
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Other studies have suggested also that apoptosis
resistance of tumor cells correlates with overex-
pression of COX-2 (Tsujii and DuBois 1995;
Arico et al. 2002; Elder et al. 2002). The overex-
pression of COX-2 can lead to the increased pro-
duction of the protein Bcl-2, which increases the
survival of vascular endothelial cells. This anti-
apoptotic process may also support tumor growth
of human schwannomas. Utermark et al. (2005)
demonstrated the reduction of basal apoptosis
rate of primary human schwannoma cells in com-
parison to that of normal Schwann cell. Finally,
decreased expression of integrin o,f; may be
involved in the changes in Schwann cell mor-
phology, loss of extracellular matrix adhesion,
and increased migration (Eliceiri and Cheresh
2006). Integrin o, f5 and its receptors are involved
in cell adhesion, migration, survival, morphol-
ogy, and angiogenesis in neoplasms.

In conclusion, current data suggest that the
COX-2 pathway is involved in the development
and growth of human schwannomas by different
mechanisms. Overexpression of COX-2 corre-
lated with high proliferation rates of schwanno-
mas. The increase of COX-2 products like
prostaglandins resulting in stimulation of tumor
proangiogenic factors is supposed to be the main
mechanism. Furthermore, prostaglandin products
support the release of various neurotrophic fac-
tors, which contribute additionally to tumor
growth. COX-2 may present an interesting new
target for medical therapy in recurrent or difficult-
to-operate schwannomas. Further studies with
selective COX-2 inhibitors are required to under-
line such concepts.
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Abstract

Comprising approximately 2% of all glioblas-
toma cases, adult primary gliosarcoma is a
rare aggressive tumor, composed of a mixture
of malignant glial and sarcomatous elements,
with dismal outcomes. While the general epi-
demiology and presentation reflect that of
other glioblastomas, gliosarcoma has a much
higher rate of metastases, may carry a worse
prognosis, and has not been found to carry the
hallmark characteristic of EGFR overexpres-
sion generally found in glioblastomas. The
histogenesis of the disease remains unclear
but there is increasing molecular and genetic
evidence that the mixed components of the
tumor have a monoclonal origin. In part
because of a lack of information on the dis-
ease, patients with gliosarcoma are generally
managed in the same manner as patients with
other glioblastomas.

Introduction

Adult primary gliosarcoma is a central nervous
system tumor composed of a mixture of malig-
nant glial and sarcomatous elements. Stroebe
(1885) described the first reported case in 1895
but it was not a widely accepted diagnosis
until 60 years later when Feigin and Gross (1954)
described three cases of gliosarcoma in detail.
The malignancy is exceedingly rare, and epide-
miological studies have been limited to small
retrospective studies and case reports. The largest
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study to date has been a SEER database study
comparing about 350 gliosarcoma patients to
more than 16,000 patients with glioblastoma
(Kozak et al. 2009). Currently, the malignancy is
considered a variant of glioblastoma but there is
growing evidence suggesting that it may be a
separate entity. However, the underlying patho-
genesis has not been definitively clarified and the
disease continues to be managed in the same
manner as glioblastoma.

Clinical Presentation and Prognosis

Gliosarcomas account for about 2% (Meis et al.
1990; Galanis et al. 1998; Kozak et al. 2009) of
all glioblastoma cases. The annual incidence in
North America and Europe is approximately one
new case per 1,000,000 (Lantos et al. 1996).
Otherwise, the general epidemiology follows
that of glioblastoma. The median age at presen-
tation is between 50 and 70 years of age, with the
largest study finding a median age of 63 years
(Kozak et al. 2009). Like glioblastoma, gliosar-
coma patients are slightly more likely to be male
(M:F, 1.4-1.8: 1.0) (Morantz et al. 1976; Kozak
et al. 2009). Also, similar to other glioblastomas,
gliosarcomas are almost always located supra-
tentorially but gliosarcomas specifically have a
predilection for the temporal lobe. Kozak et al.
(2009) found that approximately 34.0% of
gliosarcomas were located in the temporal lobe
compared to 23.0% of other glioblastomas.

The clinical presentation of gliosarcoma is
similar to that of other rapidly expanding cere-
bral tumors. Reflecting their location, presenting
symptoms of gliosarcomas include headache,
weakness, nausea, personality changes and con-
fusion, seizures, and aphasia (Morantz et al.
1976; Perry et al. 1995). Salient signs consist of
papilledema, hemiparesis, homonymous hemi-
anopsia, and dysphasia (Morantz et al. 1976).
These signs and symptoms correlate strongly to
the clinical features of glioblastoma.

Interestingly, in contrast to the majority of
glioblastomas, which rarely metastasize outside
the cranium, gliosarcomas have a much higher
likelihood of hematogenous dissemination to
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other organs. Han et al. (2009) found that 11% of
the reported cases in literature were associated
with extracranial metastases. The lungs (72%),
liver (41%), and lymph nodes (18%) were most
often involved (Beaumont et al. 2007), but glio-
sarcoma metastases have been reported in a vari-
ety of anatomic locations, including adrenal
glands, kidneys, skin, oral mucosa, spleen, bone
marrow, ribs and spine. Beaumont et al. (2007)
reported on one patient who had almost univer-
sal spread of disease including to previously
unreported organs such as the thyroid, pericar-
dium, myocardium, diaphragm, pancreas and
stomach. The past several decades have wit-
nessed an increase in the number of gliosarcoma
distant metastasis reports, potentially attributable
to both an increased awareness of the diagnosis
and the modestly prolonged survival offered by
better treatments.

Unfortunately, gliosarcoma is an aggressive
disease with dismal outcomes. In fact, overall
survival of untreated patients has been reported
to be a mere 4 months (Morantz et al. 1976;
Kozak et al. 2009). Kozak et al. found that the
median survival of all gliosarcoma patients was
only 9 months, which is comparable to the
median survival found in the smaller retrospec-
tive studies. They also found that the prognosis
of patients with gliosarcoma was slightly, but
significantly, worse than patients with glioblas-
toma. In addition to receiving treatment, younger
age at diagnosis is also associated with a longer
median survival. Patients diagnosed before the
age of 50 had a median survival of 15 months
compared to 7 months for those diagnosed after
the age of 50. Furthermore, tumor location has an
impact on overall survival; ventricle involvement
predicts worse outcomes.

Interestingly, two distinct morphological
types of gliosarcomas have been described
on gross appearance, suggesting that there may
be two variants of gliosarcomas. On surgical
resection, some gliosarcomas are firm, well-
circumscribed, easily resectable tumors, often
attached to the dura, resembling meningiomas.
Other tumors are necrotic and diffusely infiltrat-
ing and thus difficult to resect, resembling glio-
blastomas (Salvati et al. 2005). On histological
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analysis of 11 patients, Salvati et al. (2005) found
that the meningioma-like tumors had a more
prevalent sarcomatous component, while the
glioblastoma-like tumors had a more prevalent
gliomatous component. Han et al. (2010a) found
that patients with meningioma-like tumors had a
median survival of 16 months compared to
9.5 months for patients with glioblastoma-like
tumors. Furthermore, the time to progression
after treatment (resection and radiotherapy with
concurrent tomozolamide) was also longer in the
former group, supporting the findings of previous
studies (Salvati et al. 2005; Maiuri et al. 1990).
The more favorable prognosis of the meningioma-
like tumors may simply reflect the greater ease of
achieving macroscopic total resection rather than
an inherent difference in disease natural history.

Histology

The 2007 World Health Organization classifica-
tion defines gliosarcoma as “a malignant grade
IV neoplasm with both glial and phenotypically
mesenchymal components” (Louis et al. 2007).
The gliomatous component follows the histo-
logic criteria for glioblastoma while the mesen-
chymal component displays a variety of
morphologies, including fibroblastic, cartilagi-
nous, osseous, smooth muscle and adipocytic dif-
ferentiation. In order to differentiate from other
sarcomas and gliomas, the 2007 WHO criteria
recommends that the glial areas stain positive for
glial fibrillary acidic protein (GFAP) while the
sarcomatous areas stain negative for GFAP but
positive for reticulin.

There has been much controversy concerning
the pathogenesis of gliosarcomas. Feigin and
Gross (1954) supported the “collision” theory,
which purports that the hyperplastic blood ves-
sels of high grade gliomas undergo a neoplastic
transformation. The theory suggested that exces-
sive stimulation of endothelial cells by neoplastic
glial cells induced a malignant transformation.
This early theory has been supported by the find-
ing that the sarcomatous areas of some tumors
are reactive to vascular endothelial markers such
as factor VIII, von Willebrand factor, and Ulex
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europaeus agglutinin-1, a lectin that binds to
surface glycoproteins on endothelium (Perry
et al. 1995). However, these markers are not a
ubiquitous finding, shedding doubt on the verac-
ity of this explanation.

More recently, the idea of a monoclonal origin
of both the sarcomatous and glial components
has become popular. The monoclonal hypothesis
suggests that the neoplastic glial cells undergo a
metaplastic transformation, acquiring sarcoma-
tous phenotypes (Meis et al. 1990). Numerous
genetic studies support this hypothesis. Biernat
et al. (1995) and Reis et al. (2000) found that in
many gliosarcoma tumors both the glial and sar-
comatous cells have identical TP53 mutations.
Reis et al. (2000) also found identical PTEN
mutations, pl6 deletion, and CDK4 amplifica-
tion. In fact, 57% of all chromosomal imbalances
detected in a gliosarcoma tumor are shared by
both components of the tumor (Actor et al. 2002).
Kleihues et al. (2000) also reported TP53 and
PTEN mutations in approximately 25 and 35%,
respectively, of glioblastomas while Reifenberger
et al. (1999) reported CDK4 amplification in
glioblastomas. Further studies have demonstrated
many other glioblastoma-like genetic alterations
common to both areas.

While gliosarcomas generally arise de novo,
there have been 11 reported cases following
whole brain irradiation for either another pri-
mary brain tumor or acute lymphoblastic leu-
kemia. In their retrospective study of 32 cases
of gliosarcoma, Perry et al. (1995) reported
that seven of the cases consisted of tumor
recurrence in patients who received 50-Gy
whole-brain irradiation for a primary glioblas-
toma. Thus, in these patients, the radiation
apparently induced gliosarcomatous transfor-
mation of the initial glioblastoma. The median
time to tumor recurrence, which correlates
with the time from irradiation of the primary
malignancy, was 36 weeks. In a review of radi-
ation induced primary gliomas and brain sarco-
mas, Kaschten et al. (1995) found that in
contrast to gliomas, radiation-induced sarco-
mas did not occur at doses below 20 Gy. The
four cases of radiation-induced primary glio-
sarcomas occurred following a mean dose of



52

37 Gy. The time from irradiation of the primary
disease to presentation of the secondary malig-
nancy varied significantly, from 1 to 12 years.

More recently, there has been some debate
about the possibility of gliosarcomas being a
separate entity from glioblastoma. As previ-
ously mentioned, gliosarcomas are strikingly
different in their tendency to metastasize and
possibly have a worse prognosis than other glio-
blastomas. Though gliosarcomas do share some
of the genetic alterations found in other glio-
blastomas, significant differences have also
been found. Actor et al. (2002) discovered that
although the number of imbalances per tumor
did not vary significantly between gliosarcomas
and glioblastomas, the number of chromosomes
affected by an imbalance was lower for gliosar-
comas. That is, they found that gliosarcomas
have a greater degree of chromosomal stability
than glioblastomas. Their finding was corrobo-
rated by cell culture studies showing that a glio-
sarcoma-derived cell line had a far lower number
of chromosomal imbalances compared to nine
glioblastoma-derived cell lines.

Importantly, no case of gliosarcoma has dem-
onstrated EGFR overexpression/amplification,
which is considered one of the molecular hall-
marks of primary glioblastomas (Reifenberger
et al. 1999; Actor et al. 2002). The rarity of glio-
sarcoma and the modest utility of EGFR inhibi-
tors in glioblastoma management suggest the
therapeutic implications of this observation
remain undefined. In light of the paucity of data,
patients with gliosarcomas will continue to be
managed with the same trimodal approach as
patients with other primary glioblastomas.
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Abstract

Mesenchymal chondrosarcoma is a rare
malignant neoplasm typically arising in the
bones of young adults. It may also arise in
somatic soft tissue, central nervous system and
other organs. There are no specific clinical or
radiological characteristics, and histological
assessment remains the key to diagnosis.
Histological features are similar regardless of
site, and display a characteristic biphasic
pattern composed of highly undifferentiated
small round cells and islands of well differen-
tiated hyaline cartilage. In this chapter, we
discuss the clinical, radiological and histological
features of mesenchymal chondrosarcoma
arising in the central nervous system (CNS),
the important differential diagnoses of small
round cell tumour within the CNS, and the
differentiating features of mesenchymal
chondrosarcoma from Ewing sarcoma/PNET,
medulloblastoma, haemangiopericytoma,
monophasic synovial sarcoma and atypical
teratoid/rhabdoid tumour.

Introduction

Mesenchymal chondrosarcoma is an aggressive
tumour mostly, but not exclusively, involving the
skeletal system of adolescents and young adults.
Involvement of the central nervous system is
extremely rare, and has only been acknowledged
by isolated case reports. Primary cartilaginous
tumours account for 0.16% of all intracranial
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neoplasms, and these include chondromas,
chondrosarcomas, myxoid chondrosarcomas, and
mesenchymal chondrosarcomas. Mesenchymal
chondrosarcoma has a propensity for local
aggressiveness and frequent recurrence, and is
considered one of the most malignant subtypes
of chondrosarcoma (Bingaman et al. 2000).

The characteristic biphasic histological
appearance has been widely described, com-
posing of an undifferentiated small round cell
proliferation and islands of cartilaginous differ-
entiation. Diagnostic complexities arise when only
one of the two characteristic components is sampled
for histological examination. The anatomical and
radiological features, histological characteristics,
the phenomenon of post-chemotherapy cytomat-
uration, as well as differential diagnoses of small
round cell tumours within the central nervous
system are discussed.

Epidemiology/Sites of Involvement

Mesenchymal chondrosarcoma is a rare aggressive
malignancy which usually affects young adults in
their second to third decades with equal gender
distribution (Fletcher et al. 2002; Unni et al. 2005).

It was first described by Lichtenstein and
Bernstein (1959), and has traditionally been
regarded as a neoplasm of bone. However,
extraosseous examples involving areas such as
somatic soft tissues, mediastinum, orbit, and
meninges have been reported in the literature in
recent years (Unni and Inwards 2010; Bingaman
et al. 2000), and the central nervous system
(CNS) is now considered the most common site
of extraosseous mesenchymal chondrosacroma
(Louis et al. 2007). The CNS can be involved by
direct extension from a nearby osseous primary
(cranial or spinal), a lesion of dural origin, or by
arising directly within the brain parenchyma
(Burger and Scheithauer 2007). The most com-
mon location of mesenchymal chondrosarcoma
within the central nervous system is the cranio-
spinal meninges (Fig. 7.1), and most cases are
supratentorial, located in the frontoparietal region
(Chen et al. 2004).

Clinical Presentation

The clinical presentation of intracranial
mesenchymal chondrosarcoma is similar to
those of other mass lesions within the CNS.

Fig. 7.1 Low power view showed the small round blue cell component of the mesenchymal chondrosarcoma attached

to the dura mater (H&E, x20)
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Symptoms and signs are dependent on the location
of the tumour, and frequently reflected the com-
pressive effects of involved neurological structures,
with examples including cranial nerve palsies in
tumours involving the base of skull. Most patients
have a tendency to present with headaches and
other symptoms related to increased intracranial
pressure (Scheithauer and Rubinstein 1978), and
isolated cases may only be detected after the
discovery of metastatic disease.

Radiological Features

Imaging of intracranial mesenchymal chondro-
sarcoma show inconsistent features, however, the
majority of cases are hypointense to normointense
on T1-weighted MRI, with strong enhancement
after administration of gadolinium (Huang et al.
2004). It can be extremely hypervascular on
angiography, and embolisation may be required
prior to surgery. Due to its common involvement
of the meninges and strong enhancement on
MRI, these tumours may resemble malignant
meningioma or haemangiopericytoma on radio-
logical imaging (Chen et al. 2004).

Histopathology

Pathological examination of both extraosseous and
osseous examples shows the same characteristic
biphasic appearance (Scheithauer and Rubinstein
1978). The two distinct elements include islands
of hyaline cartilage and a proliferation of undif-
ferentiated small round cells (Fig. 7.2). The carti-
laginous component is well differentiated and
may appear as benign hyaline cartilage, low-grade
chondrosarcoma, and rarely, as an intermediate-
grade chondrosarcoma (Unni et al. 2005). The
undifferentiated areas show sheets or alveolar
arrangements of small round cells with relatively
uniform nuclei, dense chromatin and sparse
cytoplasm (Fletcher et al. 2002; Unni et al. 2005;
Louis et al. 2007). Staghorn vascular spaces are
commonly seen. The two characteristic components
have a tendency to show an abrupt transition,
however, occasional cases may show a gradual
merging of the two elements. More importantly,
the proportion of each element is highly variable
and diagnostic problems arise when a limited
biopsy only shows one component (Bingaman
et al. 2000; Lin et al. 2012).

Fig. 7.2 Section showed the characteristic biphasic histological appearance, with islands of hyaline cartilage juxta-
posed against a small round blue cell population (H&E, x200)
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Histochemical and
Immunoperoxidase Studies

Histochemical and immunoperoxidase studies
of mesenchymal chondrosarcoma are not
specifically helpful in distinguishing it from
other differential diagnoses. The small cells are
glycogen rich (Burger and Scheithauer 2007),
and stain positively for CD99, vimentin and
Leu7. The chondroid cells are positive for S100
(Fletcher et al. 2002). Sox9, a master regulator of
chondrogenesis, has been shown in a study by
Wehrli et al. (2003) to reliably differentiate
mesenchymal chondrosarcoma from other small
round blue cell tumours, based on the hypothesis
that both small cell and cartilaginous components
are derived from primitive chondroprogenitor
cells. In their study, 21 of 22 cases of mesenchy-
mal chondrosarcoma showed positive nuclear
staining in both components, and the remaining
73 small round blue cell tumours (including
rhabdomyosarcoma, neuroblastoma, Ewing
sarcoma/PNET, lymphoma, small cell carcinoma,
merkel cell carcinoma, small cell osteosarcoma,
extraskeletal myxoid chondrosarcoma and small
cell desmoplastic tumour) displayed negative
staining. Hence, Sox9 may be an useful ancillary
stain for diagnosing mesenchymal chondrosar-
coma when an undifferentiated small round cell
component is present with a lack of chondroid
elements.

Ancillary Tests

Electron microscopy of the undifferentiated
small cells show large nuclei and little organelles,
similar to primitive mesenchymal cells, and the
cartilaginous areas show a usual chondrocyte
appearance (Fletcher et al. 2002; Unni et al.
2005). No specific molecular aberration has
been identified, although an identical
Robertsonian translocation involving chromo-
somes 13 and 21 [der(13;21)(q10;q10)] has been
detected in two cases (Fletcher et al. 2002;
Unni et al. 2005).

L.Linetal.

Diagnostic Complexities

As mentioned previously, the proportion of the
two components is highly unpredictable and the
predominance of either component may result in
diagnostic difficulties. The dominance of carti-
laginous component may lead to a misdiagnosis
of a pure chondroid lesion, and the sole presence
of the small round cell component may result in
the erroneous diagnosis of other small round cell
tumours. Even if the tumour contained both
elements in significant amounts, diagnostic
dilemma may arise if only one element is sampled
in a limited biopsy or debulking procedure.
Furthermore, a recent case report by Lin
et al. (2012) highlighted a diagnostic pitfall in the
diagnosis of mesenchymal chondrosarcoma
arising from the tentorium cerebelli of a 21 year
old woman. Histological examination of the
tissue obtained at the initial debulking procedure
demonstrated a dural-based pure small round cell
population with hyperchromatic ovoid cells, finely
to coarsely granular chromatin, inconspicuous
nucleoli and scanty cytoplasm. The cells were
Periodic acid Schiff (PAS) positive and diastase
sensitive, and immunohistochemically showed
focal strong membranous immunoreactivity
with CD99, and negative staining for epithelial
markers. The diagnosis of Ewing sarcoma/primitive
neuroectodermal tumour (PNET) was made and
the patient underwent chemotherapy and radio-
therapy according to a PNET protocol. However,
the tissue obtained during a definitive complete
macroscopic removal several months after the
initial procedure showed prominent hypercellular
lobules of atypical chondroid cells, prompting the
re-diagnosis as a mesenchymal chondrosarcoma.
This case highlighted diagnostic complexities of
mesenchymal chondrosarcomas in an intracranial
location where limited biopsy material is often
obtained, and potential misdiagnosis if only one
component is sampled. The authors also raised a
second hypothesis of post-chemotherapy cellular
maturation in an attempt to explain the differences
in histological appearances seen in the tissue
obtained from the first and second procedure.
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Post-chemotherapy cellular maturation is a well
known phenomenon described in a range of
pediatric tumours, including pediatric sarcomas
and embryonal tumours, Wilms’ tumour and germ
cell tumours (McCartney et al. 1984; Omar et al.
1986; Coffin et al. 2005; Smith et al. 2002; Nozza
et al. 2010). This phenomenon is thought to be a
secondary event to anti-cancer agents selectively
destroying immature and more anaplastic clones,
and hence, offering relatively benign and mature
cells a survival advantage (McCartney et al. 1984;
Omar et al. 1986). The post-chemotherapy cyto-
maturation phenomenon may potentially explain
the marked differentiation of the cartilaginous
component in this case.

Differential Diagnoses

A small round cell tumour arising in the brain
raises several differential diagnoses. These
include Ewing sarcoma/PNET, medulloblastoma,
haemangiopericytoma, monophasic synovial
sarcoma and atypical teratoid/rhabdoid tumour.
Firstly, Ewing sarcoma/PNET has a tendency to
affect a younger population, with the peak inci-
dence in the second decade (Louis et al. 2007).
Secondly, most reported primary CNS Ewing
sarcoma/PNET are extra-axial, dural based
masses (Theeler et al. 2009). Histologically, the
small round cell appearance in Ewing sarcoma/
PNET show a striking histological similarity to
mesenchymal chondrosarcoma, both exhibiting
sheets of small round cells with PAS-positive,
diastase sensitive, glycogen rich cytoplasm
(Louis et al. 2007; Burger and Scheithauer 2007).
Homer-Wright rosettes may be helpful in distin-
guishing Ewing sarcoma/PNET, however it is
only present in occasional cases. Furthermore,
CD99, a characteristic immunoperoxidase stain
positive in Ewing sarcoma/PNET, may also be
seen in other tumours such as mesenchymal
chondrosarcoma, haemangiopericytoma and
synovial sarcoma (Louis et al. 2007; Kazmi et al.
2007). As a result of these non-specific features,
there is an increasing reliance on the utilisation of
molecular testing, and these include reverse

transcription polymerase chain reaction (rt-PCR)
looking for EWS-FLI1 and EWS-ERG (or other
EWS variant) fusion transcript, and fluorescence
in-situ hybridisation studies (FISH), looking
for characteristic chromosomal translocation
t(11;22)(q24;q12) or other variant translocations,
such as t(21;22)(q22;q12) (Louis et al. 2007;
Kazmi et al. 2007). Sensitivities and specificities
of 91 and 100% respectively have been reported
with FISH, and this is considered a confirmatory
test if positive (Kazmi et al. 2007). However, it is
noted that 5% of these tumours have no detect-
able chromosomal translocation and in these
cases, making the correct diagnosis may be
challenging (Navarro et al. 2007).

Medulloblastoma is also another important
differential diagnosis, as it shows sheets of simi-
lar round blue cells, and Homer Wright rosettes
are only present in less than 40% of cases.
However, it rarely shows a dural-based location,
and has an absence of glycogen rich cytoplasm
and CD99 positivity (Theeler et al. 2009; Kazmi
et al. 2007). Haemangiopericytoma is similarly
meningeal-based, and typically displays charac-
teristic staghorn vessels, which may be seen in
mesenchymal chondrosarcoma (Kazmi et al. 2007).
However, they have different immunophenotype,
with haemangiopericytoma being Factor XIlIla
and CD34 positive. Monophasic synovial sarcoma
may also display a prominent haemangiopericy-
tomatous vascular pattern, cytokeratin and EMA
positivity, and SYT locus rearrangement on FISH
(Fletcher et al. 2002). Atypical teratoid/rhabdoid
tumour shows presence of rhabdoid cells, EMA
positivity and distinctive loss of INI-1 nuclear
expression (Louis et al. 2007).

In conclusion, mesenchymal chondrosarcoma
is a malignant neoplasm rarely encountered in
the central nervous system. Clinical experience
with cranial or spinal mesenchymal chondrosar-
coma is limited, but frequent local recurrence
and distant metastasis is the norm. Mesenchymal
chondrosarcoma should be considered in the
differential diagnosis of any small round blue
cell lesion encountered in a dural-based or
parenchymal lesion, and correlation with the
clinical and radiological information is mandatory,
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especially to ascertain whether the entire lesion
has been removed. Obtaining adequate material
displaying both components, performing the
appropriate immunoperoxidase panel and
molecular testing to exclude other conditions,
and a high index of suspicion is the mainstay
to diagnosis.
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Abstract

Supratentorial PNETS are a group of heteroge-
neous neoplasms which are rarely encoun-
tered especially in adulthood. Because of
the rarity of these tumors, articles describ-
ing the clinical features and their response
to treatment are mostly limited to case
reports and retrospective studies of rela-
tively small series. In Addition, many of the
investigators have analyzed mixed varieties
of these heterogeneous tumors found in differ-
ent age groups. Therefore, it is very hard to
assess the clinical features, true effect of
various treatment modalities, and prognosis
of these tumors. Nowadays, supratentorial
PNETs are distinct from medulloblastomas
and peripheral PNETs.

One of the most crucial steps in treatment
of these neoplasms is total surgical evacua-
tion; however, this cannot be achieved in the
majority of the cases. Accordingly, radio-
therapy, especially in pineoblastomas, and
chemotherapy are used as useful adjuvant
therapies to extend the survival. Multiple
recent reports emphasize on the therapeutic
role of high dose chemotherapy with autolo-
gous stem cell rescue in children and adults.
Various prognostic factors are suggested to
predict the outcome. Unfortunately, the true
effect of many of these factors has remained
controversial and accurate evaluation of the
prognostic significance of those variants
requires larger well-designed studies and
higher level of evidence.

M. Hayat (ed.), Tumors of the Central Nervous System, Volume 13, 61
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Introduction

Primitive neuroectodermal tumors (PNETs)
include a heterogeneous group of highly aggres-
sive and malignant embryonal neoplasms thought
to originate from primitive or undifferentiated
neuroepithelial cells. These tumors occur usually
in children and may arise in any place along the
central nervous system (CNS). Traditionally, sev-
eral terms have been applied to these tumors. In
1973, Hart and Earle described a group of 23
poorly differentiated supratentorial tumors and
introduced the term Primitive neuroectodermal
tumors to refer to supratentorial malignant small
cell neoplasms that were believed to arise from
primitive embryonal cells. Rorke (1983) expanded
the term “PNET” to include infratentorial tumors
as well. There has been considerable debate in the
literature concerning the most appropriate classi-
fication of PNETsS, and some have postulated that
all PNETs, including medulloblastomas, arise
from similar cells and should be classified as
PNETSs and then sub-classified based on evidence
of cellular differentiation and possibly the tumor
location. Others have suggested that the term
medulloblastoma should be maintained for those
tumors arising in the posterior fossa and, simi-
larly, “pineoblastoma” for tumors arising in the
pineal region.

According to the fourth edition of the World
Health Organization Classification of Tumours of
the Central Nervous System, published in 2007,
the term central nervous system (CNS) PNET
should be applied to the neoplasms histologically
indistinguishable from medulloblastoma but
occurring outside the cerebellum. This classifica-
tion endorses the theory that medulloblastoma is
a distinct entity from other PNETS, as recent
molecular studies and reports of the outcome
analysis and responses to therapies have sug-
gested. In addition, the incidence of medulloblas-
tomas is much higher than that of all the other
PNETs, further distinguishing it among this type
of tumors.

In 1986, Dehner proposed the terms “central”
and “peripheral” PNETs. This classification is
widely accepted and PNETs may occur outside
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the CNS throughout the body, as peripheral
neuroblastomas and Ewing sarcomas. It should
be reminded that our discussion is limited to
tumors within the brain. Supratentorial PNETSs
are uncommon and highly heterogeneous tumors.
Because of the rarity of supratentorial PNETS,
articles on clinical features and their response to
treatment are mostly limited to case reports and
retrospective studies of relatively small series
including various pathologies in different age
groups. Accordingly, it should be emphasized
that there are numerous unknown aspects about
these tumors which are yet to be revealed by
well-designed larger series in the future.

Epidemiology

Supratentorial PNETSs are rare, accounting for less
than 1% of all primary CNS neoplasms and 1.9—
7% of childhood brain tumors (Dai et al. 2003;
Gaffney et al. 1985; Johnston et al. 2008; Rickert
and Paulus 2001; Yang et al. 1999). The annual
incidence of these tumors is estimated to be two
per million (Yang et al. 1999). Supratentorial
PNETs are found in both children and adults,
although they are more commonly discovered in
pediatric age groups and tend to occur in young
children. More than half of these tumors manifest
during the first 5 years of life. The mean age at
diagnosis is 3-6.8 years in children (Johnston
et al. 2008; Yang et al. 1999). These tumors have
also been discovered in adults of different age
groups (Kim et al. 2002). No sex predilection
exists either in children or adults (Jakacki 1999;
Johnston et al. 2008; Kim et al. 2002), whereas
medulloblastomas are more frequently found in
males and young adults.

Pathology and Etiology

Historically, the terminology used to describe
medulloblastomas or PNETSs has been confusing.

Upon gross inspection, supratentorial PNETs
are usually pinkish-gray lobulated tumors with
well-demarcated margins. In microscopic eval-
uation, medulloblastoma and other PNETs are
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densely cellular tumors composed predominantly
of small cells with little ill-defined cytoplasm and
hyperchromatic nuclei. The tumor cells are
arranged in cords or nests surrounded by loose or
sometimes desmoplastic connective tissue. Cell
clusters can also aggregate around fibrinoid
matrix. In this case, the nuclei surround a central
clear area made up of cell processes rather than a
vessel  forming  Homer-Wright  rosettes.
Numerous mitoses are usually present, however,
the rate of mitotic activity can be quite variable
(Kim et al. 2002). These tumors are thought to
originate from primitive or undifferentiated
neuro-epithelial cells but they frequently display
histological heterogeneity demonstrating glial or
neuronal differentiation or both in some regions
of the neoplasm. In other words, PNETS are
composed of undifferentiated neuro-epithelial
cells, but frequently contain one or more popula-
tions of differentiated neoplastic cells. Other
types of cellular differentiation such as mesen-
chymal differentiation can also be expected in
these tumors (Kim et al. 2002). Cystic change,
necrosis, and calcification can be detected as well
(Kim et al. 2002).

In Immunohistochemical analysis, synapto-
physin is expressed in 58% of the cases as well
as GFAP which is also expressed in 58% of these
tumors (Kim et al. 2002). Neuron-specific eno-
lase can be positive in such neoplasms as well.
PNETs with ependymal differentiation fre-
quently show perivascular pseudorosetts with
GFAP expression and glial differentiation (Kim
et al. 2002). In different series, the mean value of
KI-67 labeling index (LI) in supratentorial
PNETs is reported to be 6.4-20.6% ranging from
0.4 to 38% (Kim et al. 2002; Yang et al. 1999).
Moreover, the mean value of p53 LI is 5.6-7.6%
ranging from 0 to 19% (Kim et al. 2002; Yang
et al. 1999).

Regardless of location, PNETs share some
morphologic similarities and have the propensity
to spread within the CNS, via CSF dissemina-
tion, and beyond. Similar tumors found in the
pineal gland are termed pineoblastomas, whereas
those in the supratentorial space are termed
PNETSs, ependymoblastomas or neuroblastomas.
According to Dehner’s classification (1986)

ependymoblastomas are PNETs with ependymal
differentiations, while cerebral neuroblastomas
contain neuroblastic-neuronal differentiation and
medulloepitheliomas contain embryonic neural
canal. Dehner also classified retinoblastomas of
the eye and olfactory neuroblastomas of the
intranasal cavity as central neuroectodermal
tumors. Nowadays, retinoblastomas are not clas-
sically recognized as supratentorial PNETs and
recent data basically does not support the idea
that olfactory neuroblastomas can be regarded as
typical PNETs. Supratentorial PNETs may also
be seen in conjunction with bilateral retinoblasto-
mas (altogether called trilateral retinoblastoma).
This situation is caused by germline mutations in
the Rb gene. The supratentorial tumors often
occur in pineal region and thus are classified as
pineoblastomas. Suprasellar or parasellar PNETSs
may also accompany retionoblastomas.
Medulloblastoma has been the term applied to
PNETs arising in the posterior fossa. But recently,
several reports have shown different biological
features including transcriptional and cytogenetic
profiles which have changed the whole previous
concept. Large scale protein expression studies
demonstrate distinct gene activation patterns
between supratentorial PNETs and medulloblas-
tomas. An isochromosome 17q has been recog-
nized as an important abnormality in the
medulloblastomas, whereas only a limited num-
ber of supratentorial PNETs have been found to
have such a phenomenon (Raffel et al. 1993).
Furthermore, it is shown that cerebellar tumors
with similar pathologic features with supratento-
rial PNETSs (i.e., medulloblastomas) have differ-
ent expression of neurofilament proteins,
vimentin, GFAP and platelet derived growth
factor (PDGF) receptors (Smits et al. 1996).
Spatial organization of tumor vessels is also
different among medulloblastomas and supraten-
torial PNETSs (Goldbrunner et al. 1999).
According to the fourth edition of the World
Health Organization (WHO) classification, three
separate subtypes of embryonal central nervous
system tumors are: medulloblastomas, central
nervous system (CNS) primitive neuroectodermal
tumors (PNETs), and atypical teratoid rhabdoid
tumors. Accordingly, medulloblastomas are now
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classified into a distinct tumor entity. Supratentorial
PNETs are also subcategorized into: CNS neu-
roblastoma, @ CNS  ganglioneuroblastoma,
medulloepithelioma, and ependymoblastoma. As
mentioned before similar histologic subtype is
also found in pineal region which is known as
pineoblastoma. Despite some morphological
similarities, supratentorial PNETs are shown to
be clinicopathologically and genetically distinct
lesions from peripheral embryonal tumors as
well (Gyure et al. 1999; Vogel and Fuller 2003).
Although peripheral PNETs are also categorized
among the poorly differentiated neoplasms, they
seem to be a completely separate entity. The cells
of origin, pathophysiology and natural history,
and molecular biology of these two classes of
PNETs are totally different. In addition, evidence
suggests that PNETs of the central nervous sys-
tem (CNS) differ in their genetic aberrations.
Peripheral PNETs are believed to be the more
differentiated end of the spectrum including skel-
etal and extra-skeletal Ewing’s sarcoma (Vogel
and Fuller 2003).

A number of individuals with known
Li-Fraumeni syndrome and documented germ-
line p53 mutations have been shown to develop
supratentorial PNETs (Taylor et al. 2000). As
discussed before, pineoblastomas or supraten-
torial PNETSs can also occur in the setting of a
germline Rb mutation (Taylor et al. 2000). In
addition, theoretical relationship between
Rubinstein-Taybi syndrome, due to germline
mutations in the CREB-binding protein CBP,
and development of supratentorial PNETs has
also been described (Taylor et al. 2000). PNETs
can also arise as a consequence of cranial irra-
diation (Amirjamshidi and Abbassioun 2000;
Chen et al. 2005; Hader et al. 2003).

Clinical Evaluation: Signs
and Symptoms

The majority of symptoms are nonspecific refer-
able to tumor’s mass effect. Regardless of the age
group, the most frequent presenting symptoms
are those related to increased intracranial pres-
sure including nausea or vomiting and headache
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(Johnston et al. 2008; Kim et al. 2002; Yang et al.
1999). Seizures and focal neurological signs are
also common (Yang et al. 1999). Irritability,
visual difficulties, increased head circumference,
lethargy, and ataxia are some other reported
symptoms of supratentorial PNETs (Dai et al.
2003; Johnston et al. 2008; Kim et al. 2002).
Seizures are frequent in children younger than
12 months (Dai et al. 2003). In physical examina-
tion, papilledema, visual field defects (homony-
mous or unilateral hemianopsia), cranial nerves
palsy, dysphasia, and focal neurological deficits
can be found in these patients (Kim et al. 2002).
The diagnosis is usually made over a brief period
of time after appearance of the first symptoms.
The median duration between onset of symptoms
and diagnosis is reported to be as short as 1 month
in children (Johnston et al. 2008). Furthermore,
the mean duration of symptoms before diagnosis
is 26 days in infants (Dai et al. 2003), 3—17 weeks
in children (Yang et al. 1999), and 4 months in
adults (Kim et al. 2002).

Paraclinical Evaluation
Radiologic Evaluation

PNETSs or medulloblastomas are usually diag-
nosed by means of computed tomography
(CT) or magnetic resonance imaging (MRI).
Nonetheless, preoperative radiological diagnosis
is difficult and demands high level of suspicion,
due to nonspecific CT and MRI characteristics
and low incidence in adults. Supratentorial
PNETs can mimic other high-grade tumors on
MR images.

On CT scans, PNETs are typically large and
hyperdense (Fig. 8.1a), showing homogeneous
contrast enhancement, and may be partially cystic.
Calcification can also be found in 41-44% of the
cases (Dai et al. 2003; Johnston et al. 2008; Kim
et al. 2002). They usually have small areas of cal-
cification (Fig. 8.1a) and small cysts; rarely, they
may be extensively calcified. They are mostly
hemispheric (81%) and the remaining 19% of
these tumors are reported to occur in pineal
region (Johnston et al. 2008). The hemispheric
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Fig. 8.1 MRI study of a 28-year old male with pineoblas-
toma. (a) Axial CT scan without contrast: The sharply
demarcated tumor is hyperdense in CT images.
Hydrocephalus is also evident. A small portion of the tumor
is strongly hyperdense representing calcification. (b) and

tumors can occur in frontal, parietal, temporal,
and occipital lobes of the brain (Dai et al. 2003;
Jakacki 1999; Kim et al. 2002). They can also
involve lateral ventricles and third ventricle or
thalamus (Dai et al. 2003; Klisch et al. 2000).
On MRI scans, the tumors are usually isoin-
tense or hypointense on T1l-weighted images,
isointense or hyperintense on T2-weighted
images, and strongly enhancing after gadolinium
injection (Figs. 8.1, 8.2 and 8.3). Usually, there is
a relatively good demarcation between the borders

(c) Axial T1-weighted without contrast and FLAIR MRI:
The tumor is isointense to cortical parenchyma in T1 and
hyperintense in FLAIR. Again signs of hydrocephalus are
visible. (d) Axial T1-weighted with contrast: The lesion is
homogenously enhanced with gadolinium administration

of the tumor and the adjacent brain tissue (Dai
et al. 2003; Kim et al. 2002). Approximately 11%
of supratentorial PNETS are not contrast enhanc-
ing on an MRI scan (Johnston et al. 2008). This
makes postoperative assessment of residual dis-
ease more difficult. Intra- and peri-tumoral hem-
orrhage can be noticed in 12-37% of the cases
(Dai et al. 2003; Johnston et al. 2008; Kim et al.
2002). Radiologic signs of necrosis can also be
visualized in some cases (Kim et al. 2002).
Lepto-meningeal involvement does not preclude
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Fig. 8.2 Sagittal T1-weighted MRI
with contrast of the same patient
discussed in Fig. 8.1: The tumor is
located at the posterior border of third
ventricle, superior to the quadrigemi-
nal plate proposing a lesion arising
from pineal gland and enlarging this
structure. Tri-ventricular hydrocephalus
is evident

the diagnosis and can be discovered in 18% of
cases (Johnston et al. 2008). Non-pineal supra-
tentorial PNETs may be firmly attached to the
dura misleading to the diagnosis of an extra-axial
tumor (Fig. 8.3). The evidence seems to be con-
flicting regarding the amount of peri-tumoral
edema. Dai et al. (2003) and Klisch et al. (2000)
believe that presence of significant vasogenic
peri-tumoral edema is very unusual in these
tumors, while Kim et al. (2002) report it to be
present in almost every case in adults. Solid por-
tions of the supratentorial PNETs are usually
hyperintense in diffusion-weighted images
(DWI) of MRI mainly due to high cell density
(Klisch et al. 2000).

In summary, supratentorial PNETs should be
kept in the list of differential diagnosis when a
large hyperdense supratentorial tumor with sharp
margins is discovered.

Because PNETs can spread throughout the
CNS, many physicians obtain MRI scan of the
spine as soon as the diagnosis of PNET is
entertained. Postsurgical blood and protein may
confound spinal imaging for weeks after surgery,
therefore preoperative spinal MRI may give the

best assessment of spinal metastasis. At the time
of diagnosis, MRI of the spine is reported to be
normal in 88-100% of supratentorial PNETSs
(Johnston et al. 2008; Kim et al. 2002). In angio-
graphic evaluations, focal areas of prominent
vascularity are frequently seen (Kim et al. 2002).
On Magnetic Resonance Spectroscopy (MRS)
examinations, choline increases in these tumors.
The amount of choline is significantly more than
low grade and anaplastic astrocytomas, glioblas-
tomas, and metastases (Majos et al. 2002).

Cerebrospinal Fluid (CSF) Analysis

PNETs often seed within the central nervous
system (CNS) via cerebrospinal fluid (CSF).
These tumors may be multicentric at the time of
diagnosis. In the Children’s Cancer Group
study, metastatic spread at the time of diagnosis
was found in 19% of supratentorial PNETSs
(Cohen et al. 1995). Dirks et al. (1996) reported
a 38.9% rate of intracranial or spinal dissemina-
tion at the time of diagnosis. Other investigators
reported a rate ranging from 7 to 12% for spinal
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Fig. 8.3 MRI study of a 3-year old boy with ependymo-
blastoma. (a) Axial Fat Sat image with contrast: The
supratentorial tumor has a well- defined border with the
adjacent parenchyma and is homogenously enhanced with
gadolinium administration. (b), (c), and (d) Sagittal and
coronal T1-weighted MRI with contrast: The tumor seems

seeding in supratentorial PNETs (Yang et al.
1999). Accordingly, CSF analysis can be help-
ful, if not mandatory, in the primary assessment;
in order to discover any metastatic dissemination
of these tumors into CNS. CSF analysis is
reported to be positive for malignant cells in 9%
of the cases (Johnston et al. 2008).

Bone Marrow Analysis
and Bone Scan Analysis

Supratentorial PNETs may even metastasize
beyond neuraxis. However, systemic metastases
are not frequent, and usually occur at the time of
recurrence (Jakacki 1999; Yang et al. 1999).
Thus, for the newly diagnosed cases of supra-

to have a base on the tentorium and a dural tail along its
surface (shown with the white arrow) resembling a tento-
rial meningioma. This dural tail is actually believed to be
a sign of tumor aggression and malignancy. (e) and (f)
Axial T2-weighted MRI: Significant surrounding edema
exists around the borders of the tumor

tentorial PNETSs, preoperative bone marrow
analysis and bone scans may be unnecessary
and are no longer recommended as part of the
staging process, unless clear symptoms and
signs of involvement of other locations exist
(Johnston et al. 2008).

Surgical Treatment

Surgery is a crucial part of treatment in these
tumors and is beneficial for both diagnosis and
decompression. Nevertheless, total resection is
not always possible in these cases. The preop-
erative administration of corticosteroids appears
to help the surgeon by decreasing the amount of
peritumoral edema and ICP. Their preoperative
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use for at least 24-48 h appears to improve the
whole clinical and neurological status of the
patient. Similarly, pre-and intraoperative admin-
istration of anticonvulsant agents can be helpful
for these tumors.

Standard neurosurgical and anesthetic tech-
niques should be used in the removal of these
tumors. Careful monitoring of urine output
through a Foley catheter is recommended. Since
these can be vascularized tumors, transfusion
may be necessary. Accordingly, adequate venous
access as well as arterial pressure monitoring is
important. This is particularly required in young
children in whom the amount of blood loss can
be significant and may limit the extent of resection.
Doppler cardiac monitoring is also required when
the head is positioned significantly higher than
the heart. Hence, placement of a CV line is
strongly proposed in such cases. Air embolism
must be considered if there is a sudden decrease
of end-tidal PCO, or a drop in O, saturation.

These tumors are generally purplish gray or
pinkish lobulated neoplasms with well demar-
cated borders along the adjacent normal brain
in the majority of cases (Kim et al. 2002).
Debulking of the tumor can allow the surgeon to
bring in the edges of the lesion to better identify
the margins of it. Gross total resection of the
tumor is the optimal goal of surgery, but it must
be balanced against potential neurological defi-
cits particularly when there is adjacency to elo-
quent locations. Complete resection can be
achieved in only 33-58% of the cases (Johnston
et al. 2008; Kim et al. 2002; Timmermann et al.
2002) and as usual, surgeons most familiar with
these tumors achieve the greatest amount of
resection. The wide involvement of the brain and
increased vascularity of these tumors are the
main reasons precluding total or radical exci-
sion. Use of an ultrasonic aspirator greatly
enhances the speed of tumor removal and assists
with reducing blood loss. When the tumors are in
the vicinity of eloquent regions, performing
awake surgeries is another option. Also, surgical
approach can be tailored according to preoperative
diffusion tensor (DTI) images and concomitant
use of neuronavigation. Additional surgical
interventions may be needed when there is local
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recurrence. Stereotactic radiosurgery is another
option when the local recurrence is not volumi-
nous (Kim et al. 2002).

Complications

Hemorrhage in the tumor bed, brain edema, and
new neurological deficits such as hemiparesis are
some of the reported complications of surgery
(Kim et al. 2002). Cerebrospinal dissemination
can be a potential complication of surgical
manipulation of these tumors but the reported
incidence of this phenomenon is negligible (Kim
et al. 2002). In the modern era, the rate of opera-
tive mortality is very low (Jakacki 1999; Kim
et al. 2002).

Postsurgical Assessments

Determination of residual disease is best done by
MRI performed within 2448 h after surgery,
before any enhancement attributable to postop-
erative inflammation or gliosis can cloud the
imaging of residual neoplasm. Cytologic exami-
nation of CSF can also be performed by lumbar
puncture about 2 weeks after surgery, after suffi-
cient time has passed to avoid contamination by
operative debris. Similarly, intraoperative sam-
ples may be taken at the beginning of the proce-
dure. A CSF cytology determination that is
positive for tumor cells, either preoperatively or
postoperatively, predicts a poor outcome. A nega-
tive cytology test, however, does not preclude
advanced disease. Spinal MRI should be done
after surgery if it was not already performed.
Postoperative imaging can occasionally be diffi-
cult because of the presence of postoperative
debris and blood.

Outcomes and Adjuvant Therapy

Despite the concomitant use of hyperfractionated
craniospinal radiation and adjuvant chemother-
apy in the postoperative period, survival is gener-
ally poor in supratentorial PNETS particularly in
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children (Johnston et al. 2008). Local recurrence

and CSF dissemination are chief causes of such a

poor outcome. Current data suggest that children

diagnosed with supratentorial PNETs have a

poorer median survival interval than children

with infratentorial medulloblastomas (Nishio
et al. 1998a; Packer and Finlay 1996; Paulino and

Melian 1999; Reddy et al. 2000). It is possibly

because of younger age at time of diagnosis and

special considerations for radiotherapy or fre-
quent dissemination of such tumors (especially
pineoblastomas) in the earlier phase of the dis-
ease. The 4-year survival of these tumors is also
reported to be 37.7% in children (Johnston et al.

2008). Accordingly, most of the management

protocols have included these patients within

treatment regimens designed for children with
poor-risk medulloblastoma. The prognosis is
usually better for adults (Paulino and Melian

1999; Terheggen et al. 2007), in whom the mean

survival is as high as 86 months and 3-years

survival is 75% (Kim et al. 2002). Another impor-
tant related issue in the management of PNETS is
the quality of life among long-term survivors. It
is now well recognized that a significant number
of long-term surviving children have noticeable
neurocognitive, endocrinologic, and psychologi-
cal sequelae (Packer and Finlay 1996). However,
this does not seem to be true among adults. The
karnofsky performance scales (KPS) in the adult
survivors is generally more than 70 with the
mean follow-up duration of 49 months (Kim

et al. 2002).

There is a paucity of articles discussing the
prognostic factors of supratentorial PNETs.

Some factors have been proposed as being
consistently important for outcome including:
adjuvant therapy, age at the time of diagnosis,
extent of initial resection, evidence of metastatic
disease, histopathology, proliferation markers,
and site of tumor. The impact of most of these
factors on the outcome is highly controversial
and the true prognostic effect of each is yet to be
recognized:

Adjuvant therapy: Although the survival is poor
in general, it can be prolonged with chemo-
therapy and radiation therapy in children
(Jakacki 1999; Johnston et al. 2008; Yang

etal. 1999) and adults (Terheggen et al. 2007).
According to some reports radiotherapy is
even more advantageous compared to chemo-
therapy (Nishio et al. 1998a; Paulino and
Melian 1999; Timmermann et al. 2002).
Radiotherapy is especially beneficial when it
can be tolerated in pineal PNETSs, which are
somewhat resistant to chemotherapy in infants
and young children (Hinkes et al. 2007,
Jakacki 1999). Nevertheless, contradictory
results can also be found in literature. There
are several investigators who could not find
any statistically significant benefit attributed
to chemotherapy in children (Tomita et al.
1988) or adults (Kim et al. 2002) suffering
from supratentorial PNETs. It seems that
long-term survival rates with adjuvant chemo-
therapy, however, is much higher in recent
reports than the previous ones, especially
when high-dose chemotherapy with autolo-
gous stem-cell rescue is used (Broniscer et al.
2004; Butturini et al. 2009; Fangusaro et al.
2008; Gururangan et al. 2003; Perez-Martinez
et al. 2004, 2005; Sung et al. 2007).

Age at the time of diagnosis: Largest series on
PNETs have reported improved survival
rates when these tumors are seen in older
children and adults. Young age (less than
3 years of age) has been consistently shown
to have an adverse effect on prognosis of
these patients (Albright et al. 1995; Dirks
et al. 1996; Hinkes et al. 2007; Jakacki 1999;
Johnston et al. 2008; Kim et al. 2002). But
among adults, age at the time of diagnosis
does not seem to have any significant rela-
tion to outcome (Kim et al. 2002).

Extent of initial resection: Although radical
resection, if possible, is suggested by the
majority of the investigators, the effect of
gross total or radical resection on the outcome
is not clear. Nishio et al. (1998a) proposed
such a beneficial effect in their review of lit-
erature. Albright et al. (1995) reported improved
survival, albeit not statistically significant due
to small sample size, for the patients in whom
postoperative residual tumor was measured
less than 1.5 cm?. Yang et al. (1999) found a
statistically significant relationship between



the extent of surgery and the outcome in
univariate analysis but they failed to show
such a relationship in the multivariate analy-
sis. However, more recent reports could not
find any relationship between the extent of
surgery and outcome either in children
(Johnston et al. 2008) or adults (Kim et al. 2002).

Microscopic features and proliferation mark-

ers: Yang et al. (1999) reported a strong rela-
tionship between presence of tumor necrosis
and worse outcome, whereas according to
another report, presence of intratumoral necro-
sis, cyst, and hemorrhage does not affect the
survival (Kim et al. 2002). The reports on the
influence of histological differentiation on pro-
gression free survival in supratentorial PNETs
have been inconsistent, and conclusions can-
not be drawn since patients were not treated
uniformly (Jakacki 1999). It is claimed that
glial differentiation in PNETSs predicts a poor
clinical outcome but more recent studies have
rejected this theory (Kim et al. 2002; Yang
et al. 1999). Yang et al. (1999) did not find any
prognostic significance for KI-67 LI. In con-
trast, some researchers believe that when
KI-67 LI is greater than 30% worse outcomes
are expected (Kim et al. 2002). Also, there are
some reports emphasizing on the value of
MIBI staining index in prediction of clinical
behavior and survival in these tumors (Nishio
et al. 1998b). According to several reports, pS3
LI does not have any relationship to the outcome
(Kim et al. 2002; Yang et al. 1999).

Presence of metastatic disease at diagnosis:

Most studies concerning M stage have demon-
strated a statistically significant influence on
outcome (Paulino and Melian 1999; Yang
et al. 1999). Albright et al. (1995) found M
stage as the most important prognostic factor
for survival in children with non-pineal supra-
tentorial PNETs. But Johnston et al. (2008)
did not find any prognostic significance for
presence of metastatic disease.

Presenting symptoms: No difference was found

between various presenting symptoms (the
ones associated with increased intracranial
pressure versus others) in terms of outcome
(Kim et al. 2002).
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Race or sex: There is no difference in survival

time according to race or sex (Johnston
et al. 2008).

Tumor site: According to some reports, pineal

location is accompanied with more favorable
outcome (Gilheeney et al. 2008; Jakacki 1999;
Timmermann et al. 2002). Again, Johnston et al.
(2008) reported the opposite. According to their
results the tumor site does not affect the whole
survival. Meticulous analysis of different reports
shows the importance of age and radiotherapy
in these tumors. When pineal region tumors
are seen in older children and adults, in whom
radiotherapy can be performed, the prognosis
seems to significantly improve (Gilheeney
et al. 2008; Hinkes et al. 2007; Jakacki 1999).
In contrast, in very young children and infants,
in whom radiotherapy is not advised, the
worst prognosis is attributed to pineal tumors
(Jakacki 1999; Johnston et al. 2008). This
seems to be due to the combined effect of
radiotherapy, tumor site, presence of metasta-
sis, and age.

Tumor size: Kim et al. (2002) did not find any

relationship between size of these tumors and
survival.

Currently, no established standard of
care for patients with supratentorial PNETs
exists. Nowadays, a variety of therapeutic
strategies ranging from radiation therapy with
or without chemotherapy, to high-dose che-
motherapy with autologous stem cell trans-
plantation are adopted by different treatment
centers.

Radiation therapy: Standard treatment has

usually included radiation therapy. Cushing
was the first to use craniospinal irradiation to
treat these tumors, recognizing their tendency
for CSF propagation. Whole neuraxis radia-
tion with additional boost to the tumor region
is strongly proposed by most of the investiga-
tors, regardless of the metastatic stage. The
exact effect of such a protocol on survival is
not easy to assess. Whether it is required in
every case is still controversial. The dose of
irradiation is also another matter of debate.
The more accepted suggested dose is 54 Gys
at primary site, 30-36 Gys at whole brain, and
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27-36 Gys at whole spine (Kim et al. 2002;
Timmermann et al. 2002).

Attempts have been made to decrease
the morbidity associated with craniospinal
irradiation especially in young -children.
Hyperfractionated irradiation and dose reduc-
tion of craniospinal irradiation have been used
to try to reduce the global effects of irradia-
tion. Radiotherapy is especially effective in
pineal region tumors but is generally not
advised in children below the age of 2 or
3 years. The reported survival is significantly
better in pineal PNETSs in comparison with the
non-pineal tumors when both radiotherapy
and chemotherapy are used as adjuvant treat-
ments. Interestingly, in young children and
infants, where radiotherapy is not allowed,
the survival is much better in the non-pineal
tumors comparing with the pineal ones.
Furthermore, in pineoblastomas the median
overall and progression free survival in older
children (more than years of age) is 8.8 and
7.9 years respectively, while these figures are
only 0.9 and 0.6 years in children under
3 years of age (Hinkes et al. 2007). This data
suggests radiotherapy as an important deter-
minant of survival for pineal region PNETs
(Jakacki 1999). It should be emphasized again
that such a significant difference can be due
to combined effect of age, radiotherapy, and
presence of metastasis (which is more common
among young children).

Chemotherapy: Chemotherapy is now an integral
part of the management of the majority, if not
all, of childhood PNETs. The results are
encouraging especially in infants and young
children with nonpineal PNETs (Jakacki
1999). It is also successfully used as a comple-
mentary treatment along with radiotherapy in
older children (Chintagumpala et al. 2009;
Jakacki 1999; Yang et al. 1999) and adults
(Kim et al. 2002). There are several investiga-
tors who tried preirradiation chemotherapy as
an adjunct to the treatment but some of the
results have been disappointing. Any delay in
radiotherapy according to this type of treat-
ment can be associated with worse outcome
(Timmermann et al. 2002). Multiple recent

reports emphasize on the dramatic therapeutic

role of high dose chemotherapy with autologous

stem cell rescue in children (Broniscer et al.

2004; Butturini et al. 2009; Fangusaro et al.

2008; Gururangan et al. 2003; Perez-Martinez

et al. 2004, 2005; Sung et al. 2007) and adults

(Gururangan et al. 2003).

In conclusion, multimodality therapy includ-
ing maximal surgical resection, aggressive
chemotherapy, and craniospinal radiotherapy
(if allowed) is strongly suggested in supratentorial
PNETs.

Follow-Up

Again, no unanimous protocol for follow-up
can be found throughout the literature. Evidence
of metastasis during recurrence of the disease
justifies frequent examination of CSF cytology or
spinal imaging during the follow-up period
(Yang et al. 1999).
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Abstract

Studies on reproductive decision-making of
couples at increased risk of a child with reti-
noblastoma (Rb) are scarce. The few studies
that have been done, however, clearly show
that Rb influences childbearing. Many couples
decide against having children, or, if they
already have a child, decide against having
more children. Some choose prenatal diagnosis.
Several factors were shown to be of influence
on these decisions: the perceived burden of the
disease (perceived consequences for the child
and parents, type of treatment and sequellae of
treatment) and the perceived impact of oph-
thalmological screening for children at risk. In
a recent study, the most important factor of
influence appeared couples’ perceived risk
more than objective risk. It is important to
explore these factors of influence with couples
at increased risk when discussing family
planning. Since couples’ decisions and con-
siderations on childbearing may change over
time, continued access to genetic counseling
should be offered, even when the increased
risk for offspring is relatively small.

Introduction

Retinoblastoma (Rb) is a childhood cancer of the
eye, estimated to affect between 1:15,000 and
1:20,000 live births (Moll et al. 1997). The initi-
ating event in Rb is inactivation of both alleles of
the retinoblastoma (RB/) gene (Knudson 1971).
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About 40% of Rb cases are hereditary in an auto-
somal dominant way based on a positive family
history, bilateral disease and/or a germline muta-
tion in the retinoblastoma tumor suppressor gene
RBI. Of all non-familial unilateral cases, around
15% are caused by a de novo germline RBI
mutation (Rushlow et al. 2009). The other 85%
of unilateral non-familial cases is assumed to be
caused by two somatic RB/ mutations. In 1987
Lee et al. cloned the RBI gene (Lee et al. 1987).
Current molecular screening techniques detect
around 90% of RBI mutations in familial or
bilateral cases (Rushlow et al. 2009).

Rb can be treated by enucleation of the
affected eye, by local therapy (laser photocoagu-
lation or cryotherapy), by external beam radia-
tion therapy or radioactive plaque brachytherapy
or chemotherapy (Shields and Shields 2010).
Chemotherapy can be administered systemically
or can be delivered locally as superselective
ophthalmic artery chemotherapy, via microcath-
eterization. Choice of therapy may depend on
laterality, seize and location of the tumor, as well
as the age of the child, among other factors.

Management of children with Rb and their
families is complex and relies on close coopera-
tion between members of a multidisciplinary team
including a specialized ophthalmologist, pediatric
oncologist, radiologist, interventional neuroradi-
ologist, pathologist and clinical geneticist, as well
as specialized nurses and sometimes a psycholo-
gist. Children at increased risk for Rb are offered
ophthalmological screening from birth. Starting
at the age of 3 months these exams are performed
under anesthesia. When no retinoblastoma has
developed, screening is discontinued at the age of
4 years (Moll et al. 2000).

Healthy parents of a child with Rb may have
an increased risk of having another child with Rb,
as do Rb patients. This increased risk varies
between less than 1 and 50%, and depends on the
results of DNA testing and family history. Four
possible situations for a counselee with an
increased risk are displayed in Table 9.1. When a
child is affected by unilateral non-familial Rb,
the eye is enucleated and RB/ mutation testing on
tumor material detects two RBI mutations and
these mutations are not detected in DNA from

C.J. Dommering and L. Henneman

Table9.1 Possible family situations leading to an increased
risk of developing retinoblastoma in offspring of counselees

Rb risk

for (future)
Family situation offspring (%)*
Counselee is a carrier of a germline 50
RBI mutation
Counselee has had unilateral 0.5-1
non-familial Rb, without a detectable
germline RB/ mutation
Counselees are healthy parents 2-3
of a child with a de novo RB/ mutation
Counselees are healthy parents <1

of a child with unilateral non-familial
Rb without a detectable germline RB/
mutation

Rb retinoblastoma
“Based on GeneReviews (http://www.ncbi.nlm.nih.gov/
books/NBK1452/) and a RBI mutation detection rate of 90%

leucocytes of the child, there is no increased
recurrence risk for the parents (Lohmann and
Gallie 2010). Because of the small chance
(1-2%) of low-grade mosaicism in the child for
one of the RBI mutations found in the tumor,
there will be a small recurrence risk, however,
for future children of the affected child (0.6%)
(Lohmann and Gallie 2010).

Couples with an increased risk have several
reproductive options. They may decide to remain
childless, or, if they already have an affected
child, have no more children.

They may adopt a child or choose gamete
donation. If a germline RB/ mutation is detected,
couples can choose prenatal diagnosis (PND).
If the child is a carrier of the mutation, they could
opt for termination of the pregnancy, although
some may find termination of a pregnancy of a
potentially treatable disease debatable.

If one of the parents is a RB/ mutation carrier,
preimplantation genetic diagnosis (PGD) may
also be an option to avoid the birth of an affected
child. PGD involves DNA testing of the parental
RBI mutation in two cells of a 3-day old embryo
during in vitro fertilization. Only embryos with-
out the mutation are transferred to the uterus.
Alternatively, couples can decide to accept the risk
and have biological children without using the
above mentioned options. Genetic counseling may
facilitate informed reproductive decision-making
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by couples at increased risk of a child with Rb. To
accommodate the needs of these couples, it is
important to obtain more insight into their repro-
ductive behavior and into difficulties they may
experience. In this chapter the current knowledge
about reproductive decision-making of couples at
increased risk of a child with retinoblastoma is
discussed.

Reproductive Decision-Making
Process

Little is known about the reproductive decision-
making process of affected individuals with Rb
or of healthy parents with a child with Rb. Several
studies, however, have examined reproductive
decision-making of couples at increased risk of
having a child with another hereditary disease.
One study in the Netherlands, for example, did a
follow-up study of 164 couples who had visited a
Clinical Genetics Department for a variety of dis-
orders concerning childbearing (Frets et al. 1991)
during the 1980s. Forty-three percent of the
couples experienced the reproductive decision-
making process as difficult, had doubts about the
decision that was made, or were unable to make
a decision. Factors associated with problems in
the decision-making process in these couples
were: no post-counseling relief, anticipation of a
high risk of affected children prior to counseling,
relatives’ disapproval of the decision, a decision
against having children and the presence of an
affected child (Frets et al. 1991). A more recent
study by (Kelly 2009) showed that parents of
children with a genetic condition or impairment
may not pursue further childbearing or decline
the use of prenatal diagnostics, in order to avoid
making a difficult decision (Kelly 2009), i.e.,
parents chose not to choose. As was already
shown in 1979, in the study by Lippman-Hand:
parents tend to make a “non-decision” if they are
not able to process the “facts” to provide a sense
of coping (Lippman-Hand and Fraser 1979a).
Dommering et al. published a qualitative inter-
view study of 14 couples of childbearing age at
increased risk for a child with Rb, exploring the
impact of prospective risk on reproductive deci-
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sions and the needs of couples with regard to
reproductive counseling (Dommering et al. 2010).
This study was followed by a cross-sectional
questionnaire survey among 81 individuals with
an increased risk of a child with Rb (Dommering
et al. 2012). The results show that 44% of the 81
respondents from all four risk groups (see
Table 9.1) had had doubts about their reproduc-
tive decisions as a result of Rb, while 38% had
changed their minds about their decision whether
or not to have any (or more) children. Some
respondents changed their opinion and decided
not to have another child, after having a child
with Rb. This can be illustrated with quotes from
the qualitative study (Dommering et al. 2010),
like this couple with a child with a de novo RBI
mutation:

That second pregnancy was emotionally heavy.
It was a hell in a way. [...] I really wanted three
children, but now I am hesitating. I mean, I have
two healthy children [one with bilateral Rb], all is
going well. I don’t want to tempt fate. I feel Rb
should not rule your life, but basically it does.

Others changed their mind the other way,
deciding to have children (or more children), for
different reasons: e.g., some time having passed
since treatment of their child, after testing negative
for a germline RBI mutation, after talking to other
parents of affected children. This is illustrated by
the following comment of another healthy couple
with a child affected by hereditary Rb:

We always wanted to have two children. But after
we had X [child with Rb] we never wanted to go
through this process ever again. [...] But after you
get out of the hospital, you forget what you have
been through. And your child is playing again and
everything is all right and you start to think: Well,
it doesn’t have to happen again...

These results clearly show that for many couples
at increased risk of having a child with Rb, having
children is not self-evident.

Reproductive Behavior
Again, few studies have addressed the actual

reproductive behavior of couples at increased risk
of a child with Rb. Based on research primarily
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aimed at investigating other aspects of living with
Rb (Byrne et al. 1995; van Dijk et al. 2010;
Cohen et al. 2001), it appears that for many indi-
viduals the risk of Rb influences childbearing.
One study from the USA described the long-term
effects of a genetic testing service for families
with a child with unilateral, non-familial Rb
(Cohen et al. 2001). It was found that RB/ testing
of these children influenced parents’ decision to
have more children in 20% (10/49) of the families.
In the early 1980s, Byrne et al. interviewed 56 Rb
survivors, diagnosed before 1962, to assess long-
term consequences of Rb (Byrne et al. 1995).
Fifteen of these Rb patients had a 50% risk for a
child with Rb. One of their main findings was that
fewer married Rb survivors than controls reported
a pregnancy. Moreover, of the female survivors
who married and became pregnant, 42% had only
one pregnancy compared to 16% of female
controls. The authors concluded that these differ-
ences reflected lifestyle or personal choices
more than impaired fertility (Byrne et al. 1995).
However, these patients were interviewed in
the pre-molecular era, making it difficult to use
this data in current-day practice. Van Dijk et al.
interviewed Dutch Rb survivors in 2005/2006
and found that 68% of the 38 adult hereditary
Rb survivors and 32% of the 54 non-hereditary
Rb survivors indicated that Rb had an impact on
their desire to have children (van Dijk et al.
2010). Overall, 12% of all 92 adult Rb survi-
vors in their study decided not to have children
due to the increased risk of having a child
with Rb.

In the questionnaire study by Dommering et al.
(2012) 43 of the 81 respondents were considering
children after becoming aware of their increased
recurrence risk (Dommering et al. 2012). Twenty-
five (58%) of these 43 respondents reported that
they had changed their reproductive behavior
because of Rb; 20 (80%) decided against having
any (or more) children, including 11 respondents
with a recurrence risk of less than 3%. A healthy
couple with a child with unilateral Rb, without a
detectable RBI mutation put it this way:

We would have considered another child. But now

we decided against it. [...] We didn’t want to go

through this another time. The agony! They say it’s
not hereditary, but still...

C.J. Dommering and L. Henneman

A couple with a 50% risk decided not to have
any children at all:

I think Rb is a very serious disease and looking at
it that way, you know, that decides I don’t want to
try it. I know for sure I don’t want a child with Rb.

In many centers, prenatal diagnosis (PND)
is available for couples at risk. In PND, DNA-
testing of the familial RB/ mutation is performed
during early pregnancy, with the option to terminate
the pregnancy if the fetus is affected. Five couples
out of the 43 respondents considering children from
the study of Dommering et al. (2012) had used cho-
rionic villi sampling to determine whether the fetus
was affected, including three healthy couples with a
child affected by hereditary Rb and a recurrence
risk of 2-3% (Dommering et al. 2012). Like this
healthy couple who became pregnant again shortly
after their first child started intensive treatment for
hereditary Rb and who chose to do PND.

We were barely thinking about the pregnancy, only
in a way like: checking, checking, and checking.
We were 180% busy with X [child with Rb] and 1
kept thinking: what if X’s treatment is not finished
and we will have to go to the hospital with the new
baby? We will get a problem who to give our atten-
tion to. So to get more certainty, we did the test.

Eighteen of the forty-three respondents who
had considered having children after becoming
aware of their increased risk, decided to have a
(subsequent) child and did not choose any of the
alternative reproductive options (Dommering
et al. 2012). A woman affected by hereditary Rb,
who did not feel like using PND or PGD said:

It feels for me like going to the market and buying
yourself a baby. [...] You don’t take a child, you
get one and you get it like it is. Actually, that is
how it’s meant to be. [...] You know life after Rb is
a good and complete life, it’s what you make of it.

Several studies have also documented pre-
implantation genetic diagnosis (PGD) for Rb (Xu
et al. 2004; Dommering et al. 2004; Rechitsky
et al. 2002; Girardet et al. 2003). Since 1999, ten
couples have been referred for PGD in the
Netherlands and four couples in effect decided to
go through with the procedure (Dommering et al.
2012).

Several studies about reproductive decisions
of individuals at increased risk for children with
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other genetic diseases have also found that many
decide against having more children to avoid
having an affected child. For example, 41% of
230 parents of children with metabolic diseases
(Read 2002) and 32% of 181 parents of children
with cystic fibrosis had no further children
(Henneman et al. 2001). Two studies on repro-
ductive decisions of hemophilia carriers showed
that carriers not choosing PND often decided not
to have any (or more) children (Tedgard et al.
1999; Kadir et al. 2000).

In studies assessing attitudes towards PND
and/or PGD for other hereditary cancers (Levy
and Richard 2000; Kastrinos et al. 2007;
Lammens et al. 2009; Douma et al. 2009),
between 33 and 71% considered the use of these
methods to avoid the birth of an affected child.
The recurrence risk in these studies was 50%.
In the study by Dommering et al. (2012) some of
the couples who decided to have PND for Rb
were healthy couples with a child with a de novo
RBI mutation, with a recurrence risk of 2-3%
(Dommering et al. 2012). So in the case of Rb,
even couples with a relatively small recurrence
risk may decide to opt for PND.

Factors of Influence
on Reproductive Decision-Making

Several factors, such as the perceived burden and
familiarity with the disorder, can be of influence
on reproductive decisions of couples at increased
risk of a child with a genetic disorder (Frets
et al. 1990; Henneman et al. 2002). With regard
to Rb, type of treatment was associated with
reproductive decisions, such as whether or not to
have (further) children or use assisted reproduc-
tive technologies. Treatment with bilateral enu-
cleation, chemotherapy and/or radiotherapy was
more of influence on reproductive decisions than
treatment with just unilateral enucleation and/or
local therapy (Dommering et al. 2012):

You can’t explain to your child what’s happening.
He is suffering but doesn’t know what’s happening
at all. [...] Due to the chemotherapy his skin was
ruined and changing diapers became very painful.
So with a second child you risk having to go
through this again. No, we couldn’t face it.
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A study of the quality of life of adult Rb
survivors concluded that bullying in childhood
was one of the predictors of a worse quality of
life (van Dijk et al. 2007). For some Rb survivors
the sequellae of treatment of Rb (impaired vision,
cosmetic deformities due to treatment) have an
impact on their social life and sometimes these
negative experiences also influence reproductive
decision-making. Like this person, who had been
treated for bilateral Rb by external beam radio-
therapy, which had lead to orbital deformity and
who chose PND:

Yes, my childhood has been unpleasant. I was bul-
lied for being different, until halfway through high
school, day in and day out: they beat me up, they
ruined my glasses, and they nicked my stuff. [...]
I don’t want this for my child, such a life.

Other aspects that were shown to be of influ-
ence on reproductive behavior were the perceived
consequences of Rb (Dommering et al. 2012).
This included factors such as the risk of passing
Rb on to offspring, the risk of a child with
impaired vision or blindness and fear or worries
about developing second primary tumors later in
life. A couple at 50% risk said:

We decided that we would terminate the pregnancy
if the child turned out to be a carrier. [...] They
can’t predict the severity of the disease. We were
afraid it [the child] would be blind at birth or that it
would not survive cancer. I know someone who
has lost a child to retinoblastoma. I absolutely
would not want to live through that.

Children at increased risk for Rb are advised
to undergo frequent ophthalmological screening
under anesthesia during the first 4 years of life.
Although most parents feel that the screening
program is needed because it leads to detection
and treatment at an early stage, at the same time
they describe it as a burden, which for some
affects reproduction:

We understood that our next child would have to
be screened. X [affected child] hated going to the
hospital, she had to be held down before going
under anesthesia and when she woke up, she was
always sick, so I really felt: No, never again.

Earlier it has been shown that the actual mag-
nitude of the risk for offspring seems to be of rela-
tive importance on reproductive decision-making
with regard to genetic disorders (Frets et al.
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1990). People tend to take a high risk of having
an affected child, even if they perceive the disor-
der as severe. Moreover, it has been shown that
people’s perception of the genetic risk, more than
the magnitude of the actual risk, is of influence
on reproductive decisions (Marteau et al. 1991;
Sivell et al. 2008; Helbig et al. 2010). One of the
aims of genetic counseling is to correct misper-
ceptions of risk and increase understanding of the
genetic risk information (Fraser 1974). However,
risk perception is a complex process and is
influenced by many factors. Personal beliefs and
expectations about risk prior to counseling,
psychological impact of the family history and
emotional aspects also influence risk perception
(Sivell et al. 2008; Shiloh and Saxe 1989). Some
parents tend to relate to their risk as a two-way
option: it will or will not happen, rather than a
probabilistic figure, provided by genetic counsel-
ing (Lippman-Hand and Fraser 1979b; Beeson
and Golbus 1985). In the study by Dommering
et al. (2012) the only factor significantly associ-
ated with influence of Rb on reproductive behav-
ior in multiple logistic regression was perceived
risk (Dommering et al. 2012). For example this
healthy couple with a child affected by hereditary
Rb, who perceived their recurrence risk of 2-3%
as high:

Yes, the risk is very small, but for X [child with

Rb] the risk had also been very small, so very small

is of no value for me. [..] During my second preg-

nancy, that two percent really started to feel as
something much bigger.

Others may interpret the same risk as low:

We did all the genetic tests. [...] If we had had the
mutation in our blood, it would have been a 50%
chance, and then the decision would have been
difficult for us. But it turned out to be negligible
really. So we went ahead and got pregnant again.

Table 9.2 shows findings from the 81 respon-
dents of the questionnaire study of Dommering
et al. (2012) on risk perception. Displayed are the
difference between objective risk of having a child
with Rb, the respondents’ recollection of their risk
and whether respondents perceived their risk to be
low, medium or high. Overall, most respondents
recalled their objective numerical risk correctly,
although three respondents in the 50% risk group

C.J. Dommering and L. Henneman

Table 9.2 Recollection of risk and perceived risk of having
a child with retinoblastoma as compared to objective risk
(n=81)

Objective risk

50% 2-3% 0.5-1% <1%
n=21 n=28 n=11 n=21
Risk recollection (1)
<1% 0 15 2 12
2-5% 0 8 5 3
5-15% 1 4 2 0
15-50% 2 0 0 1
50% 12 0 0 1
>50% 5 0 0 0
No risk 0 0 0 2
Don’t know 0 1 1 2
Missing 1 1
Perceived risk (scale 1-7)
Low (1,2,3) 1 21 6 18
Medium (4) 1 6 1 2
High (5,6,7) 18 1 2 1
Missing 1 2

remembered their risk to be less than 50% and
five thought their risk was more than 50%. Of all
respondents, 41% perceived their risk as medium
or high, including 13 respondents (22%) from the
three lowest risk categories (i.e., risk <3%).

In summary, reproductive decision-making in
Rb is impacted by the perceived burden of the
disease (perceived consequences, type of treat-
ment and sequellae of treatment) and the need
for ophthalmological screening for children at
risk. However, the recent study by Dommering
et al. suggests that the most important factor of
influence is perceived risk, more than objective
risk (Dommering et al. 2012).

Recommendations

The following issues are important when discussing

family planning with couples at increased risk of

a child with Rb:

— Perceived Rb risk for offspring, as in the inter-
pretation of the objective risk by the counselee.

— Perceived consequences of Rb for child and
parents, including the risk of passing Rb on to
offspring, the risk of a child with impaired
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vision or blindness and fear or worries about
developing second primary tumors later in life.

— The perceived impact of extensive treatment
of Rb patients, including the negative experience
with the sequellae of Rb treatment of affected
individuals.

— The perceived burden of ophthalmological
screening under anesthesia for children at risk.
Attitudes may change over time. Offering easy

access to follow-up genetic counseling sessions,

and/or extra support from a psychologist to discuss
the reproductive options in the light of new views of
counselees is therefore important.
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on the face by light touch, breezes, or cold
temperatures. Recently, trigeminal neuralgia has
been further classified based upon the presenta-
tion and nature of the pain: type I TN, for which
pains are paroxysmal and stabbing, is the classic
form of the disease previously referred to as “tic
doloureux” or typical TN; type IIa TN is described
by constant pain more than 50% of the time, in
addition to paroxysms; type IIb is described by
constant pains in the trigeminal distribution with
no paroxysms (Eller et al. 2005).
The etiology of trigeminal neuralgia is
incompletely understood, though it is generally
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transmission to occur. Resultantly, the patient
experiences pain in response to trigger stimuli.
Nuclear hyperactivity and trigeminal ganglion
“ignition” (self-sustaining neural discharge) have
also been suggested in the pathophysiology of
TN (Moller 1991; Rappaport and Devor 1994).
Prior to the work by Dandy, Gardner, and Jannetta
in the recognition of vascular compression in the
etiology of TN, many surgeons recognized a
small segment of TN being caused by posterior
fossa tumors. The presence of posterior fossa
tumors in cases of trigeminal neuralgia has
critical implications for the diagnosis and
treatment of facial pain.

Incidence of Tumors in Patients
with Facial Pain

In his personal cases dating back as early as
1905, Oppenheim recognized instances of
trigeminal neuralgia associated with tumors
(Oppenheim 1905). In 1910, Weisenburg pub-
lished his report of a case of a cranial neuralgia
(in his case, glosspharyngeal neuralgia) being
caused by a tumor of the cerebellopontine angle
(Weisenburg 1910). Interestingly, this tumor
did not cause additional ‘“general pressure”
symptoms that would implicate a mass lesion
of the cerebellopontine angle. In 1934, Dandy
published the first series of operations for TN,
noting that in 10.7% of cases, the neuralgia
was associated with a mass lesion, including
cerebellopontine angle tumors (5.6%) and vas-
cular lesions (5.1%) (Dandy 1934). In a series
of 1,211 patients undergoing their first opera-
tion for trigeminal neuralgia, Barker et al.
(19964, b) noted a 2.1% incidence of posterior
fossa tumors. In the largest series to date of
5,058 patients evaluated for facial pain, Cheng
et al. (1993) found facial pain due to tumors in
5.85% of cases, 19.6% of which -cases
described pain characteristic of type I TN.
Overall, pooled data from numerous series
suggest that tumors accompany the presentation
of trigeminal neuralgia in 0.8-9.5% of cases of
TN (Barker et al. 1996a, b; Bullitt et al. 1986;
Cheng et al. 1993; Dandy 1934).

J.Hobbs et al.

Clinical Presentation
and Examination

Some practitioners argued that upon exam,
evidence of trigeminal nerve involvement,
usually in the form of sensory loss in one or more
distributions, would be sufficient in excluding
mass lesions in patients with TN, particularly
with lesions in the area of the gasserian ganglion
(Love and Woltman 1942). Diminished corneal
reflexes or weakness of the masticators has also
been suggested to rule out secondary causes of
trigeminal neuralgia. Additionally, the nature of
facial pain may differ according to the location of
the pathology along the trigeminal nerve. Hamby
and Love both noted that mass lesions on the
gasserian ganglion tend to produce a constant,
burning background pain not influenced by eating
or speaking (type IIb TN), possibly associated
with added paroxysms (type Ila TN) (Hamby
1943; Love and Woltman 1942). In his series of
operations, Dandy concluded that in order for
tumors to cause pains characteristic of type I
TN, they must invade the sensory root at the
junction between the pons and Meckel’s cave,
the so-called “root entry zone” of the trigeminal
nerve complex (Dandy 1934). Despite the conve-
nience of such theories, many instances of tumors
involving the trigeminal nerve fail to follow a
pattern in terms of natural history and presenta-
tion. Various trigeminal nerve symptoms and
signs, in addition to variable involvement of the
vestibular, cochlear, and lower cranial nerves,
have been described in patients with tumors and
concomitant facial pains. In rare cases, the facial
nerve may also be affected and cause tic convul-
sive, either ipsilateral or contralateral to the side
of the tumor (Ogasawara et al. 1995). Hamby
(1946) documented two cases of cerebellopon-
tine angle meningiomas causing contralateral
TN, after which he concluded that the cause
of TN cannot be distinguished by the character
of the pains. In fact, lesions compressing all parts
of the extramedullary trigeminal pathway have
been reported to cause TN pains, and large tumors
can present as trigeminal pains with no evidence
of focal neurological signs.
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In an effort to identify secondary causes of TN
in patients, trigeminal evoked potentials and
brainstem auditory evoked potentials have
been studied. Leandri et al. (1988) described the
various changes in evoked potentials of the
trigeminal nerve in the setting of tumors, finding
that the potentials were altered in all patients with
tumors of the skull base (parasellar and cp angle),
even in lesions with no clinical evidence of
involvement of the trigeminal nerve. Out of 38
patients studied with TN, only 9 (23.7%) mani-
fested altered evoked potentials. In a separate
review, Metzer (1991) noted that 4% of patients
with TN caused by vascular compression have an
abnormal R1 response of the blink reflex, while
60% of patients with demonstrable causes of
facial pain have significant prolongation of R1
on blink reflex testing. Though these modalities
were originally proposed as providing useful
information in discriminating secondary causes
of TN, the advent of magnetic resonance imaging
has emerged as the screening test of choice due to
its convenience and cost-effectiveness. Subtle
hints to secondary etiology, such as presentation
at a young age, high association with V1 pain,
and diminished corneal reflexes may be helpful
findings in cases of TN caused by tumors; how-
ever, due to the variability of symptoms caused
by tumors, high resolution MRI is now indicated
to rule out mass lesions in all patients presenting
with trigeminal neuralgia (Nomura et al. 1994).

Tumors Associated with Facial Pain

Numerous types of neoplasms have been reported
in association with facial pain or trigeminal
neuralgia, including meningioma, vestibular and
trigeminal schwannoma, cholesteatoma, lipoma,
lymphoma, metastases, angioma, epidermal cyst,
basal cell carcinoma, choroidal epithelial cyst,
high cervical neurinoma, embryonal rhabdo-
myosarcoma, mandibular lipoma, glomus tumor,
pontine cyst, tuberculoma, traumatic neuroma,
pituitary adenoma, pontine glioma, glioblastoma,
angiolipoma, ependymoma, dermoid cyst, medul-
loblastoma, and osteoma (Cheng et al. 1993).
Additionally, tumors arising anywhere along the

course of the trigeminal nerve and its branches
may cause facial pain. Dandy (1934) noted in his
original series that the most common tumor type
associated with TN was vestibular schwannoma,
though varying reports since have cited either
vestibular schwannoma or meningioma as the
most prevalent tumor in series of TN associated
with mass lesions. In the posterior fossa, vestibular
schwannomas, meningiomas and cholesteatomas
(epidermoids) are the most common lesions asso-
ciated with TN (Barker et al. 1996a, b; Dandy
1934; Revilla 1947a, b). Although epidermoids
account for less cases of TN than other posterior
fossa tumors, when present, they more often
cause facial pain than meningiomas or neurinomas.
As much as 19.4-40% of cp angle epidermoids
may be associated with TN (Meng et al. 2005;
Rappaport 1985), while 4/53 (7.5%) patients in a
separate series of acoustic schwannomas com-
plained of face pain (Parker 1937). In two large
series of cp angle meningiomas, 15% of cases pre-
sented with TN (Granick et al. 1985). Overall, the
presence of facial pain with posterior fossa tumors
may be even less, with 12.3% of such tumors
manifesting TN symptoms (Puca et al. 1995).

A rare but interesting cause of TN, trigeminal
schwannomas are of particular interest in examin-
ing the causative effect of tumors in TN. Tumors
of the trigeminal nerve constitute 0.08-0.28% of
intracranial tumors, and only 0.8-8% of neurino-
mas (Tancioni et al. 1995). In a study of 160 cases
of cp angle neurinomas (schwannomas), Revilla
et al. (1947a, b) noted 3 (1.8%) schwannomas
arising from the trigeminal nerve. A review of 22
cases of trigeminal root schwannoma revealed
that only 50% presented with TN, either type Ila
(5 cases) or type IIb (6 cases).

Treatment Options

Microvascular decompression (MVD) surgery is
the treatment of choice for “idiopathic” type I TN
(Barker et al. 1996a, b). Antiepileptic medica-
tions, however, are frequently initially prescribed.
Carbamazepine is the most effective AED in
treating TN, particularly for patients with Type I
TN; however, medications often lose efficacy
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over a period of time and produce unwanted
side-effects (most commonly impaired cognition)
for patients. Bullitt et al. (1986) studied a series
of 200 patients evaluated for facial pain, 16 of
which were found to have tumors involving the
trigeminal nerve. Of these cases of TN caused by
tumors, Carbamazepine and Phenytoin were
effective in relieving pain in patients with symp-
toms characteristic of type I TN. The results of
Bullitt’s study suggest that the efficacy of AEDs
in cases of TN caused by tumors is similar to that
in cases of “idiopathic” TN, again, provided that
the nature of the pain is that of type I TN and not
an atypical pain or type II TN. Unfortunately,
TN pains secondary to tumors more commonly
and more rapidly become refractory to medica-
tions, within 1 year of initial treatment.

Procedures which are damaging to the trigem-
inal nerve are also utilized to treat TN, including
sectioning of the trigeminal root via a temporal or
subcerebellar approach, glycerol rhizolysis, alco-
hol rhizolysis, radiofrequency ablation, balloon
compression, thermocoagulation, and stereotac-
tic radiosurgery. Such so-called “destructive”
procedures have also been partially effective in
cases of secondary trigeminal neuralgia. In a
small series of tumors presenting as TN, Cheng
et al. (1993) noted that alcohol blocks were the
most effective of the destructive procedures in
bringing total pain relief, with a 33% failure rate
(only 3 total pts). For recurrent TN due to tumors,
eventual failure rates were 40% for nerve section-
ing, 55% for alcohol blocks, and 66% for glyc-
erol and radiofrequency ablation.

Tumor Resection

Tumor resection is successful in relieving TN
pains in 82.6-92% of overall cases, and outcomes
are more favorable for patients with type I TN
pain (Barker et al. 1996a, b; Cheng et al. 1993).
A common cause of long-term treatment failure is
tumor recurrence, especially common in cases of
malignant neoplasms. Indeed, direct compression
on the trigeminal nerve by a mass lesion seems a
viable cause of demyelination and resulting ephaptic
transmission. Additionally, some physicians
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argue that distortion of the brainstem may stretch
the trigeminal nerve or compress the contralateral
trigeminal nerve against the petrous ridge severely
enough to cause symptoms. An optimal treatment
plan, however, is dependent on the type of tumor
and the ramifications of total resection, as tumors
that infiltrate the cranial nerves or invade critical
structures may be associated with an unaccept-
able operative morbidity. For example, cp angle
lipomas are often adherent to cranial nerves, and,
even in cases where compression of the nerve by
the tumor was not apparent on gross examina-
tion, histological sections of the trigeminal root
revealed subpial infiltration of the trigeminal
rootlets by the lipoma (Kato et al. 1995).
Resultingly, outcomes of lipoma resection are
unpredictable, and total resection of these lesions
is associated with considerable damage to the
cranial nerves and permanent morbidity for
patients. In such cases, options of subtotal resection
or destructive procedures should be considered.
Some practitioners argue that the mere
presence of a cp angle tumor does not mandate
its removal, even when indirectly symptomatic.
Removal of certain tumors could leave long
lasting sensory deficits with no added benefit for
pain relief. Even after complete tumor resection,
treatment failure may occur. Barker et al. (1996a,
b) studied 26 cases of TN associated with tumors,
inspecting the root entry zone of the trigeminal
nerve in 21/26 cases. Vascular compression was
noted in all 21 instances and the researchers
hypothesized that tumors cause displacement of
vessels or distortion of anatomy that brings the
root of the trigeminal nerve into contact with
blood vessels. Hence, the etiology of TN in cases
of posterior fossa tumors may, in fact, be arterial
compression. In support of this notion is the fact
that the majority of cp angle tumors and tumors
in contact with the trigeminal nerve do not cause
facial pain; however, Barker’s hypothesis fails to
explain the resolution of symptoms after tumor
removal in numerous cases where compressive
blood vessels were not identified during resection
(Celik et al. 2000). Due to the possibility of
vascular compression in the setting of tumors,
surgeons should generally be prepared to perform
MVD regardless of the amount of planned tumor
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removal. An important consideration, however,
is the increased operative mortality during MVD
in the setting of posterior fossa tumors. Due to
this risk, complete removal of a posterior fossa
tumor is preferable prior to performing vascular
decompression.

Radiosurgery

As more data regarding the long-term efficacy of
stereotactic radiosurgery for tumors emerges,
investigators are more frequently using radiosur-
gery for treatment of secondary trigeminal
neuralgia. While MVD is always the treatment of
choice in “idiopathic” TN (provided that the
patient can tolerate the procedure), standards are
less well-defined for TN caused by tumors. In
situations where radiosurgery may achieve favor-
able tumor control/shrinkage, those procedures
may also be viable options in treating the facial
pain associated with the tumor (whether this is
due to a decrease in the bulk of the tumor itself
pressing on the nerve or a change in the vascular
relationships of the PF due to tumor shrinkage, or
other unknown mechanisms is still unknown).
After a single gamma knife (GK) radiosurgery
treatment directed at a posterior fossa tumor
associated with facial pain (the majority of which
were either meningiomas or schwannomas),
Huang et al. (2008) found an excellent outcome
(complete pain relief without medication) in 57%
of patients. Additionally, 50% of initial failures in
their series achieved complete pain relief follow-
ing a second GK procedure, this time directed at
the TN root. Overall, they reported pain relief
without the aid of AEDs in 23.7-78.4% of cases
of posterior fossa tumors associated with facial
pain treated with GK. Despite the added efficacy
of a second GK procedure, 50% of such patients
developed hypesthesia after the repeat procedure,
compared to a 0-3.8% risk of facial hypesthesia
following a first time radiosurgical procedure
(Huang et al. 2008; Regis et al. 2001).

With radiosurgery, pain improvement often
occurs over a prolonged time interval, and pain
recurrence frequently occurs. Chang et al. (1999)
noted an 85.7% initial pain response to GK radi-

ation directed at tumors over a mean time interval
of 6.3 months in a series of 27 patients. Half of
those patients experienced a recurrence of pain
at a mean of 10.3 months post-radiation. For
patients who were pain free after radiosurgery, the
latency from the procedure to complete relief of
pain was 11.3 months. In total, 42.9% of patients
experienced more than 50% relief of their pre-
procedure pain at 32.1 months. Interestingly, they
found no relationship between tumor volume
change and pain relief, or correlation of tumor
type, maximum dose administered, preoperative
sensory change, or extent of root involvement to
outcomes.

In a more detailed study of radiosurgery
treatment for secondary TN, Regis et al. (2001)
proposed separating patients into groups depend-
ing upon the amenability of the tumor to radiation
and the visualization of the trigeminal REZ on
imaging. For tumors that are amenable to radia-
tion, the dosing was directed at the tumor with the
intent to shrink the tumor and debulk, thereby
secondarily decompressing the trigeminal nerve.
For tumors that are not amenable to radiosurgery,
if the REZ was not visualized, dosing was directed
at the supposed location of the REZ obscured by
the tumor, with doses similar to those used for
tumor control. If the REZ was visualized on imag-
ing and the tumor not amenable to radiation,
treatment was directed toward the retrogasserian
root in doses intermediate to those used for tumor
control and those used for idiopathic trigeminal
neuralgia. In doing so, pain free outcomes (with-
out medications) were achieved in 79.5, 66.7, and
75% of patients at mean follow-ups of 4.5, 5.5, and
3.8 years, respectively. Similarly, in a series of 53
patients with type I or type Ila TN secondary to
tumors treated with GK directed at the tumor, in
addition to augmented treatment to the trigeminal
REZ (when it was visualized), 46.9% of patients
maintained greater than 50% reduction in pain
over 26 months (Chang et al. 2000).

Considering the recurrence rates of pain in
patients treated with radiosurgery, results seem to
be less robust than those of tumor resection.
Although Chang et al. (1999) reported no differ-
ence in outcomes for various tumor types, the
durability of radiosurgery for tumor control is not
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well established for all tumors. For vestibular
schwannomas, however, where long-term effi-
cacy is established for small tumors (<3 cm)
(Pollock et al. 2006), GK may be considered a
primary treatment option, given the low risk of
morbidity from a first time procedure compared
to the risks of surgical resection.

In the case of trigeminal schwannomas, two
cases treated initially with GK failed to give
long-term pain relief (4 months at the most)
(Miller et al. 2008). Some practitioners would
argue that a second GK could be performed in
lieu of tumor resection; however, the higher risk
of cranial neuropathy must be weighed against
the added benefit of additional radiation.

Conclusion

TN pain may be caused by tumors along any
location of the trigeminal nerve. The presentation
of tumors causing TN is variable, and no clinical
features exist which are sensitive or specific enough
to differentiate tumors from idiopathic TN; hence,
an MRI of the brain is indicated for every patient
with TN. Medications and destructive procedures
(not including radiosurgery) are not durable
treatments and complete tumor resection is pref-
erable when possible. Preparation for vascular
decompression should be included in any surgical
approach and subtotal resection is a viable option
for certain tumors, though MVD risk is probably
higher in the setting of PF tumors. Finally, the
classifications of outcomes from various studies
are not consistent enough to properly compare
microsurgery to GK. Longer follow-up intervals
are also needed to make further conclusions.
Posterior fossa exploration may be necessary in
cases refractory to radiosurgery. Both modalities
probably have valid uses and consideration of
tumor type and location, patient comorbidities, and
procedural risks should be discussed with patients.
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of additional niche cells and cells of a tumor.
Introduction of the preniche concept allows
us to avoid difficulties associated with the
development of the metastatic niche concept,
especially concerning the problem of organ-
preferential localization of metastases, and
to make potential approaches for preventing
metastasizing in some oncologic patients.

Introduction

Metastases are most common tumor lesions in
brain. To summarize, about 25% of patients who
die of cancer have CNS metastases detected at
autopsy. Of these, about 15% are in the brain and
for about 10% of them the brain is the only site of
CNS metastases (Gavrilovic and Posner 2005).
Numerous researches have elucidated many
primary malignant tumors which most often
metastasize to CNS. The list of these cancers is
similar in all publications although relative
incidences of brain metastases are different for
every nosological form and vary from paper to
paper. These tumors are (in decreasing order
of incidence): lung carcinomas (especially small
cell carcinomas and adenocarcinomas), breast
cancer, carcinomas of kidneys, colorectal cancer,
melanomas (in adult patients), leucosis, lymphomas
and sarcomas (in children). It has been noted
that border between white and gray matter is
preferential place of brain metastases develop-
ment. Metastatic lesions of spinal cord have less
frequency than brain. Usually, it is epidural
metastases which have incidence 5-10% of all
cases of malignant tumors.

Obviously, CNS is one of the main sites for
hematogenous metastases development as well
as lung, liver and bone marrow. It is essential that
brain metastatic lesions have high incidence
despite CNS is not a venous blood collector as
opposed to liver and lung. Causes of more
frequent development of metastases in brain in
comparison with some other organs such as
kidney and skeletal muscles remain unknown.
There are only few researches of the problem
why tumors of some histological types and
localization metastasize preferentially to CNS.
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It has been found that DCUN1DI1, also known
as squamous cell carcinoma-related oncogene,
expression may play a role in development of
brain metastasis in patients with Non-small cell
lung carcinoma (NSCLC). DCUNI1DI1-positive
tumor cells may have the ability to disrupt the
blood-brain-barrier and colonize the brain. Those
findings suggest that DCUN1D1 may play a role in
the brain parenchyma invasion (Yoo et al. 2012).

The other known example of relation between
molecular marker and brain metastatic lesions
is breast cancer with amplification or over-
expression of the human epidermal growth factor
receptor 2 (HER2/neu). Patients with HER2/neu
gene aberrations have more aggressive disease,
frequent disease recurrence and a shorter survival.
The addition of trastuzumab to chemotherapy
in HER2/neu-positive advanced breast cancer
patients has increased complete and partial
response rates, and prolonged time to progression
and overall survival. However, a relatively com-
mon failure site in patients administered trastu-
zumab is CNS. CNS metastases in these patients
seem to develop despite responses achieved in
extracerebral sites. It was postulated that HER2/
neu over-expression and/or amplification might
predispose to brain metastases (Duchnowska and
Szczylik 2005). ER-negative and PgR-negative
breast cancers are known to be more likely to
develop CNS metastases. Also, the high risk of
subsequent CNS recurrence was elevated in
patients with breast cancer experiencing lung
metastases. It has been suggested that some steps
of metastases development are the same in lungs
and brain (but not the same in bone marrow)
(Pestalozzi et al. 2006).

Recently, a promising hypothesis of meta-
static niches has been proposed. This concept
is able to explain a lot of unclear questions
of metastasis development. We supplemented
the metastatic niche concept with a stage of
“preniche” (Perelmuter and Manskikh 2012) that
determines the site of development of a premeta-
static niche and of a subsequent metastasis.
Introduction of the preniche concept allows to
avoid some difficulties associated with the devel-
opment of the metastatic niche concept, especially
concerning the problem of organ-preferential
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localization of metastases which includes brain
metastatic lesions. In this chapter, we shall expound
the concept of metastatic niches and preniches with
emphasis on analysis of brain niche and preniche
features which seem to determine preferential
metastases development in this localization.

Concept of Metastatic Niches
and Preniches

Physiological Reactions as a Basis
of Preniche and Niche Concepts

It seems that the abundance of special information
about mechanisms of tumor progression and the
role of various molecules in metastasis obtained
with different model systems of human blastomas
rather prevents than promotes understanding of
carcinogenesis and especially the control of
tumor growth. There are different approaches to
systematizing such information. We think that
searching for prototypes of physiological reactions
among pathological processes can be a rather
promising approach. This approach is now not
very popular in the case of metastasis of malignant
tumors, which often appears to be a cascade of
molecular processes as if created by Nature
purposefully to generalize malignancies. But the
“physiological approach” allows us not only to
remove this apparent uniqueness of processes
associated with tumor progression but also to
subordinate different mechanisms involved in
metastasis; this approach can also reveal yet
unknown aspects of this process and pathways to
control tumor dissemination.

The recently proposed concept of metastatic
niches (Psaila and Lyden 2009) can be very
helpful in searching for physiological prototypes
of metastasis (Perelmuter and Manskikh 2012).
This concept allowed us to quite otherwise eluci-
date many problems associated with metastasis
and explain experimental data that could not be
interpreted earlier. Although the concept of meta-
static niches still has many blank spots, its devel-
opment (especially on searching for a probable
physiological prototype of the metastatic niche)
can be very promising for comprehension of such

problem of oncology as organ-preferential local-
ization of metastases. But it must be stipulated
beforehand that in the present work, first, it is
admitted that metastasis of all, or at least the
majority, of carcinomas and melanomas can be
described by the concept of metastatic niches
(although the available experimental and clinical
data concern only a limited range of studied
tumors) and, second, mesenchymal tumors will
be deliberately not considered because by now
about them there are no data necessary for the
theory of niches. A clear subordination of the
metastasizing stages is also emphasized — in the
present paper we shall speak only about processes
preceding formation of micrometastases leaving
aside the problem of formation of a macroscopic
node of a secondary tumor.

Selectiveness of Metastases
Localization

Although there is no organ which would be
absolutely protected against development of
metastases of malignant tumors, such metastases
are relatively often developed in a rather limited
number of “typical” localizations: regional (with
respectively to the primary tumor location);
lymphatic nodes (lymphogenous metastases); lungs,
liver, bone marrow, and brain (hematogenous
metastases); peritoneum and pleura. Much less
often hematogenous metastases are found in
kidneys, gonads, spleen, subcutaneous fat tissue,
and extremely seldom in the walls of the gastro-
intestinal tract, uterus, heart, and skeletal muscles.
It should be noted that in the overwhelming
majority of cases metastasis into atypical locations
is associated with the generalization of the process
affecting many organs and tissues. However, the
spleen is an interesting exception. This organ is
rarely damaged by macrometastases, except for
the cases of generalized tumors (especially
melanomas), but it has been shown earlier that
micrometastases in the spleen occur rather often,
whereas is muscles micrometastases are virtually
not found.

There is no doubt that localization of metastases
is partially associated with specific features of the
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lymph and venous blood outflow from the region
of the primary tumor location. Just this determines
the development of lymphogenous metastases into
the regional lymph nodes and of hematogenous
metastases of abdominal cavity organ tumors
(stomach and pancreas carcinomas, colorectal
cancer) into the liver. However, it is impossible to
explain the localization of metastases only by
specific features of the vascular system responsible
for delivery of tumor cells to the site of metastasis.
Thus, the bone marrow and liver are usual sites
for hematogenous metastasis of kidney tumors,
although these organs are not located on the
pathway of venous outcome from the liver.
Mechanisms responsible for differences in organ
vulnerability are intensively discussed in the
literature, but there is still no integral concept
describing the causes of organ-preferential metastasis.

Concept of Metastatic Niches

The presence in blood of circulating tumor cells
not always leads to development of macro- and
micrometastases in target organs (Alix-Panabieres
et al. 2008) and experimental works have shown
the absence of a direct and constant correlation
between the ability of endothelial cells to consti-
tutively express selectins halting tumor cells and
the adhesion of these cells on the endothelium,
on one hand, and the sites of preferential
localization of metastases, on the other hand
(Wong et al. 1997). Even more interesting is
the discovery of a phenomenon of “inefficient
metastasis” when immigrated tumor elements are
present in the target organs but fail to produce
metastases (Bidard et al. 2008). These findings
clearly suggest that formation and localization of
micrometastases are more likely determined not
by the presence of tumor elements in the blood
flow but rather by some specific features of target
organs (including those arising under the influ-
ence of the primary tumor) that are responsible
for occupation of a suitable organ by blastoma cells
and formation from them of a micrometastasis.
The same findings also show that the halting of
tumor cells in the target organs without some
additional conditions is yet insufficient for
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development in them of metastases. This so-called

“seed and soil” hypothesis was proposed by

Stephen Paget in the beginning of the last century

(Psaila and Lyden 2009), but only recent data

filled it with concrete content. Researchers of

D. Lyden’s group have established that the devel-

opment of micrometastases in target organs is

preceded by the accumulation in them of cells

immigrated from the bone marrow and creating a

stromal microenvironment that is adequate for

the tumor and determines the development of

metastases (Kaplan et al. 2005; Peinado et al. 2008).

To describe this process, the concept of “niche” was

proposed, borrowed from hematology where it was

used for description of microenvironment that
regulates the proliferation, homing, and differen-

tiation of stem cells (Wilson and Trumpp 2006).
Lyden’s concept suggests the formation and

step-by-step changes in the site of a future metas-

tasis of the following forms of microenviron-
ment: a premetastatic niche with bone marrow
precursor cells without tumor elements; a micro-
metastatic niche characterized by the presence of

a cluster of immature bone marrow and tumor

cells; a macrometastatic niche with angiogenesis

added to the preceding processes (Wels et al.

2008). According to scheme of Peinado et al.

(2011), the formation of a micrometastatic niche

is determined by several processes:

— first, the primary tumor cells capable of secret-
ing the vascular endothelium growth factor A
(VEGFA) mobilize the myeloid bone marrow
derived cells (BMDC) (vascular endothelium
growth factor receptor 1-positive, VEGFR1%)
into the peripheral blood flow; on the surface
of these cells there is an integrin “very late
antigen 4” (VLA4) interacting with fibronec-
tin and thus promoting the homing of BMDC
(Scott et al. 2003);

— second, fibronectin is accumulated in the
sites of future metastases. This fibronectin is
synthesized in situ by fibroblasts and seems to
be also produced in the primary tumors,
released in the blood flow, and accumulated in
the target organ (Scott et al. 2003);

— third, VEGFR1* BMDCs due to the VLA4*
migrate into the sites of fibronectin accumula-
tion where they form a cluster of immature cells.
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Note that the phenotype of these cells is
significantly overlapped with the phenotype of
macrophage series cells with different maturity.
Thus, a premetastatic niche is formed. Formation
of the premetastatic niche is also promoted by
other factors that are secreted by the primary
tumor and in situ (lysyl oxidase (LOX),
macrophage inflammatory protein 2 (MIP2),
matrix metalloproteinase 9 (MMPY), KIT-
ligand, transforming growth factor  (TGFp),
tumor necrosis factor o, (TNFaw));

— fourth, tumor cells and macrophages are
recruited into the produced cell cluster (into
the premetastatic niche) due to chemokines
(serum amyloid component A3 (SAA3),
chemokines S100A8, S100A9, and stromal
cell-derived factor, SDF-1) synthesized by
these cells. These cells are also supplemented
with elements of the fibroblast series, and this
results in formation of a full micrometastatic
niche capable of providing for survival and
proliferation of tumor cells.

Macrometastatic formation niche and clinical
manifestation of metastases request activation
of angiogenesis and migration of bone marrow
endothelial precursors to metastatic niches
(Kaplan et al. 2005). Besides angiogenesis, a lot of
other factors have significance for macrometastatic
niche development. Using mouse models of
spontaneous breast cancer, Gao et al. (2012) has
shown enhanced recruitment of bone marrow—
derived CD11b*Gr1* myeloid progenitor cells in
the premetastatic lungs. Various protumorigenic
activities were associated with Grl* myeloid
cells, including expression of proangiogenic factor
BVS, metastasis-promoting LOX and MMP9,
contribution to TGF-f-mediated metastasis, and
immune tolerance. Gene expression profiling
revealed that the myeloid cells from metastatic
lungs express versican, a large extracellular
matrix chondroitin sulfate proteoglycan. Notably,
versican in metastatic lungs was mainly contrib-
uted by the CD11b*Ly6C"¢" monocytic fraction
of the myeloid cells and not the tumor cells or
other stromal cells. Versican attenuated the
Smad-mediated epithelial-mesenchymal transi-
tion (EMT) signaling pathway as determined by
the reduction of p-Smad2 levels and suppression

of transcription factor Snail. The suppression of
Smad?2 pathway—induced mesenchymal-epithelial
transition (MET) increased cell proliferation.
In addition, versican did not impact apoptosis,
suggesting that versican-mediated stimulation of
MET and enhanced proliferation may be the main
mechanisms of increased tumor outgrowth and
formation of focal macrometastases. The contri-
bution of fibroblasts and tumor cells to the
metastatic lung was about tenfold lower com-
pared with CD11b*Ly6Chieh cells. Furthermore,
no significant increase in fibroblast numbers was
observed in the metastatic lungs compared with
controls. Analysis of a cohort of patients with
breast cancer from whom distal metastases
were available showed clusters of myeloid cells
expressing versican in the metastatic lungs.
Immunohistochemistry and RT-PCR analysis
showing enhanced versican expression in meta-
static lungs, brain, and liver in patients with breast
cancer compared with control normal lungs.
Gao et al. (2012) has supposed that selectively
targeting tumor-elicited myeloid cells or versican-
mediated proliferation pathways, perhaps in com-
bination with conventional chemotherapeutics,
may represent a potential therapeutic strategy for
combating metastatic disease.

Due to introduction of BMDCs as a new
messenger, the concept of metastatic niches allows
us to remove the contradictions enumerated in
the beginning of this section. This concept also
opens great prospects for control of metastasis.
However, the metastatic niche theory is still not a
completed concept. In particular, it remains
unclear what specific events trigger the formation
of a metastatic niche, i.e. lead to accumulation
of fibronectin and changes in the endothelium
favorable for BMDC homing. The formation of a
metastatic niche is usually described as a process
depending on the primary tumor (Peinado et al.
2011). However, it is well known from experi-
mental oncology that intravenous injection of
cells of some tumors can induce development of
metastases in internal organs, and in some cases
with a rather specific (mono-organ) location.
This indicates that metastatic niches can be formed
due to processes independent of the development
of the primary tumor node, but due to some other
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physiological or pathophysiological reaction.
Note that the theory of metastatic niches describes
the formation of metastases in general not
considering the question why metastases are
formed mainly in particular “typical” sites and
why the location of metastases and the type of
metastatic disease vary in different patients. The
known factors synthesized by the tumor and
regulating the development of the niche (LOX,
MIP-2, VEGFA, TGFp, TNFa) are not organ-
preferential. Nevertheless, Kaplan et al. (2005)
and Hiratsuka et al. (2008) have attempted to
study this problem experimentally. Mice with
grafted Lewis lung carcinomas were injected
with conditioned medium from melanoma B16
cells characterized by generalized non-selective
metastasis, and as a result metastatic niches and
micrometastases developed in various organs and
tissues, including such atypical locations as the
oviducts (Psaila and Lyden 2009). However, the
molecular mechanisms underlying the phenome-
non observed by D. Lyden’s group are still unclear.

We think that the questions presented above
might be answered taking into account the events
preceding the formation of a premetastatic niche
as it is and to suppose that these events should be
based on a physiological or pathophysiological
process more or less independent of the develop-
ment of the primary tumor node. The overall in
situ conditions that precede the formation of a
premetastatic niche (recruiting BMDCs into the
target organ) and determine the localization of a
future metastasis is reasonable to term as a
“preniche”. It is important to note that we think
the preniche plays a key role in BMDC homing
and also is essential for emigration of tumor cells
from the blood flow.

Preniche as the Phenomenon of
Physiology and Pathology

Considering the most frequent locations of
metastases, it becomes evident that they have
one feature in common: they have a large pool of
organ-specific macrophages (Kupffer cells in
the liver, alveolar macrophages in lungs and
microglia in the brain, peritoneal and bone marrow
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macrophages, lymph node macrophages). This
feature is not characteristic of the heart, gastroin-
testinal tract organs, skeletal muscles, kidneys, or
gonads — and in these organs solitary metastases
occur relatively seldom. Obviously, the endothe-
lium of these organs has to be adapted to an active
immigration into them of macrophage precursors
under both normal and inflammation conditions
when the need for restitution of the physiological
macrophage pool is especially strong.

It seems very likely that regeneration of
specialized macrophages should occur not only
due to mature monocytes of peripheral blood but
mainly due to myeloid progenitor cells that are
present in the blood circulation (Ronzoni et al.
2010) and capable of specific differentiation
under the influence of specific microenvironmental
factors in the correspondent organs. And just these
cells can form a premetastatic niche. It seems that
under normal conditions they can emigrate from
the blood flow at a low frequency, but this
emigration can markedly increase on development
in an organ of a chronic persistent inflammation.
If the mechanism of restitution of specialized
macrophages corresponds to that described above,
the endothelium of these organs has to constantly
express certain adhesive molecules providing for
the recruiting of myeloid progenitor cells; and
under conditions of inflammation in the sites of
“typical” metastasizing the endothelium reaction
has to qualitatively and/or quantitatively differ
from the reaction of the microcirculatory vessels,
e.g. of the heart. In fact, some observations
confirm that such organs as the liver and lungs
have leukocyte recruiting mechanisms other than
those of “usual” tissues (Doerschuk 2001). On the
liver and bone marrow endothelium such molecules
as vascular cell adhesion molecule 1 (ICAM1),
vascular adhesive protein 1 (VAP1), SDF-1, and
P- and E-selectins are presented constitutively,
and they can be important at certain stages of
BMDC homing (Doerschuk 2001). Activation of
BMDC homing under conditions of inflammation
in organs with “typical” metastasizing seems to
be caused by an additional expression of VCAM1
type proteins that together with fibronectin are
major molecules interacting with integrin VLA4
on the surface of BMDCs.
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Thus, the innate increased ability of the
microcirculation vessels for BMDC homing
seems to be the first physiological component of
a preniche. However, the ability of the endothe-
lium for intensive selective adhesion of BMDCs
in organs containing specialized macrophages is
insufficient for formation of preniches because
BMDCs normally must rapidly differentiate into
macrophages and are not accumulated in the
tissue. We supposed that for development of
premetastatic niches the prerequisite should be
the formation of a cluster of immature BMDCs
capable of being committed by the tumor cells and
of creating, under their influence, a microenvi-
ronment that would be adequate for the develop-
ment of metastasis. We think that this occurs due
to another already pathophysiological component
of the preniche due to development of a persistent
chronic productive inflammation when the forma-
tion of a cell cluster is due to their accumulation
within the inflammatory infiltrate under the influ-
ence of macrophage migration inhibitory factor
(MIF)-type factors. Consequently, the niche
formation in organs with “typical” metastasizing
seems to depend, first, on the adhesion molecules
constitutively synthesized by the endothelium and
increased ability of the microcirculation vessels
for homing and accumulation of BMDCs; and,
second, on development of persistent chronic
productive inflammation providing conditions
necessary for BMDC cluster formation. A full value
preniche can arise when these two conditions
are combined.

We consider it very important that under
conditions of inflammation immature myeloid cells
can be recruited as material for commitment into
organ-specific macrophages and replenishing the
pool of local macrophages only in organs where
such pool is rather large. Therefore, under condi-
tions of adequate inflammation, BMDCs can be
recruited only in these organs. For metastasis in
atypical locations, such as the heart or kidneys,
as well as during generalized metastasis, a super-
physiological activation of the endothelium in
corresponding organs is necessary, which would
result in appearance of a receptor phenotype (and
in saturation of the interstitium with fibronectin)
similar to that in the organs with “typical” metastasis

under conditions of adequate inflammation. This
can occur either during a long-term local productive
inflammation or as a result of systemic cytokine
stimulation similar to that, which is observed on
development of the syndrome of systemic inflam-
matory response. In such cases, under conditions
favorable for BMDC accumulation and clustering,
a full value preniche is also produced, and under
conditions of systemic cytokine activation any
site of the organism’s microcirculation vessels
can become a preniche. Obviously, BMDCs must
be constantly present in a certain amount in
peripheral blood and also be mobilized from the
bone marrow under the influence of VEGFA, which
is known to be synthesized in inflammation foci.

The extreme importance of a persisting
chronic inflammation for the preniche formation
is supported by many indirect data. First, organs
with typical metastasizing, such as lungs, liver,
lymphatic nodes, and serous membranes, often
contain so-called cold lymphohistiocytic infiltrates
even in patients and SPF-laboratory animals
without clinically detectable signs of disease
(in the brain where such morphological findings
are relatively rare the role of “cold infiltrates” can
be due to microglial reactions). These infiltrates
can be caused by a persisting infection, by an
alteration due to a transient ischemia, etc. Second,
histologically metastatic niches are formed in
peribronchial zones of the lungs or in periportal
zones of the liver (Peinado et al. 2011) where
inflammatory infiltrates of these organs are usu-
ally developed. Third, it has been known for long
that tumor metastasis into atypical regions often
coincides with the presence in these organs of a
long-standing chronic inflammation (“metastasis
into scar”). Fourth, all molecules known to par-
ticipate in the niche formation are factors involved
in development of inflammatory reactions that
occur in the absence of any tumorigenesis (e.g. in
psoriasis). Fifth, non-steroid anti-inflammatory drugs
are shown to be successful in inhibiting tumor
metastasis into lungs (e.g. Lewis carcinomas).

It should be emphasized that not all foci of
a chronic productive inflammation possess a
complete set of features necessary for formation
of a preniche. Thus, in some cases the infiltrate
can be a result of an effector immune reaction
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either of the Thl-type or of the Th2-type with a
corresponding set of cytokines. Participants of
chronic inflammation can be MI- or M2-type
macrophages, etc. It is reasonable to expect that
such essential differences can influence the
ability of the inflammatory infiltrate to function
as a preniche. Such speculations are appropriate
as the comparison of organs with constitutive
macrophages sharply different in probability of
development of hematogenous metastases (liver,
lungs, bone marrow on one hand; spleen on the
other). Later on it will be necessary to more
precisely determine the cell composition and
intercellular relations within inflammatory foci
(including organs with a constitutive pool of
macrophages) that limit the formation of
preniches and niches.

Preniche and Recruiting Tumor Cells
from Microcirculation

The metastatic niche concept suggests that
BMDC clustering should precede the formation
of a micrometastasis. But this does not mean that
tumor cells cannot be recruited into tissues before
the formation of premetastatic niches. On one hand,
tumor cells are known to enter the circulation
long before the formation of a clinically detectable
metastasis, but on the other hand there are many
adhesive molecules capable of retaining circulating
tumor elements in a particular organ. These mol-
ecules can be both constitutive and induced first
of all due to development of an inflammatory
reaction. Both constitutive and activated (by
proinflammatory cytokines, metalloproteinases,
hypoxic factors) expression of P- and E-selectins,
VCAMI1, ICAMI1, and SDF1 is well known to
promote the adhesion and homing of tumor cells
(Ronzoni et al. 2010). There are very interesting
observations that E-selectin responsible for the
initial stage of adhesion and expressed only on the
endothelium retains its activation also in foci of
chronic inflammation. And due to coincidence of
some participating molecules, the tumor elements
can be retained just in the sites with a preformed
preniche (a chronic persistent inflammation in a
site of “typical” or “atypical” metastasis) or in
sites with conditions favorable for its arising
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(constitutively expressed adhesive molecules in
sites of “typical” metastasis).

Thus, not only BMDCs but also tumor cells
can be accumulated in the sites of the future
metastasis due to arising in them of preniches.
Certainly, not every locus containing adhesive
molecules for tumor cells can also recruit
BMDC:s. Therefore, we think that the retention of
tumor cells in the site of development of an acute
inflammation in an organ “atypical” for metas-
tasis or due to constitutive ligands in the absence
of inflammation will not lead to metastasis.
Nevertheless, such a locus can retain tumor cells
(“inefficient metastasis”) in the G, phase of the
cell cycle for an indefinitely long time, until
conditions suitable for recruiting BMDCs
develop in this place. This phenomenon, at least
in some cases, seems to underlie the so-called
late metastases observed tens of years after the
extirpation of the primary tumor. Note also that
the microcirculatory system of such organ as bone
marrow, which is frequently affected by metasta-
ses, constitutively expresses both E-selectin and
SDF-1 (which is important for the cell rolling
change-over to stable adhesion to the endothe-
lium), i.e. the whole receptor apparatus required
for homing tumor elements. Having in mind that
the bone marrow is a source of BMDCs, it can
be considered to be a persistently acting as a con-
stitutive premetastatic niche that does not need
inflammation for arising.

Preniche and Primary Tumor

For the “preniche” concept under consideration
it is important that in some cases conditions
determining the development and localization of
future metastases do not depend on influences of
the primary tumor node. In fact, chronic persis-
tent inflammation underlying the formation of a
preniche and then of a premetastatic niche can
arise long before the development of the primary
tumor. Just the presence of preexisting inflamma-
tory foci can be an explanation of arising of meta-
static nodes in the lungs and liver of laboratory
animals injected with a suspension of tumor cells
without “preconditioning” by the primary tumor.
But this does not mean that the preniche cannot
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be initiated under the proinflammatory influence of
the primary tumor. We think that in the above-cited
experiment by Lyden (Psaila and Lyden 2009)
the injection of the medium from the melanoma
B16 cell culture (a tumor characterized by wide
and nonselective metastasis) has demonstrated just
a possibility of formation of a preniche (and later
also of a niche) under the influence of factors
secreted by the primary tumor. Some data con-
firmed that the presence of a systemic inflammatory
response determined by the C-reactive protein
level in oncological patients was associated with
an increased probability of tumor dissemination
and bad prognosis. But because proinflammatory
cytokines are not organ-preferential, they cannot
induce the formation of solitary or multiple
metastases in a certain organ but can be responsible
only for development of “generalized” preniches
and nonselective generalized metastasis.

Thus, the “secretory” phenotype of the primary
tumor can determine only a general type of meta-
static disease according to the “all or nothing”
principle — the disseminated metastasizing of
tumors capable of secreting proinflammatory
cytokines (it is reasonable to term them “inflam-
matory tumor”, Ti+) or the absence of such metas-
tasizing in tumors unable to systemically activate
the endothelium (Ti—). Note that the inflammatory
activation of the endothelium and formation of
preniches seem not only to arise due to the distant
secretion of cytokines but can be also provoked
in situ by Ti+ cells occurring at sites of the future
metastases owing to adhesion and homing on
interaction with the constitutive receptors or
simply because of a mechanical “sticking” in the
microcirculatory system. The formation of
solitary and multiple mono-organ metastases is
determined only by local processes of persisting
chronic inflammation independently of proin-
flammatory cytokine influences of tumor cells.

“Niche as It Is” Is a Macrophage
“Hybridoma”

We were considering the metastasizing processes
taking as axiom that clustering BMDCs should
be a key condition for survival of tumor cells and

formation of a micrometastasis. However, there
is at least one exception when a tumor cell seems
to have no need in a classical premetastatic niche
and, consequently, also in a preniche. More and
more evidences are accumulated that a tumor cell
can in vivo form hybrids with macrophages or
with immature cells of the macrophage series,
and that this process can significantly influence
tumor progression (Pawelek and Chakraborty
2008). In fact, it is reasonable to suppose that
such tumor—-macrophage hybridoma (Tmbh)
should be able to express surface molecules and
soluble factors inherent in macrophages and,
respectively, to perform their functions as a regu-
lator of the stromal microenvironment. It seems
very likely that hybridization with the tumor cell
committed the resulting hybridoma for require-
ments just of the tumor parenchyma. Thus, first,
Tmh as a cell of the macrophage series has a
broad ability for homing and can occupy both
typical target organs and various inflammation
foci in the sites of “atypical” metastasis; second,
not needing BMDCs, Tmh can independently
form multiple metastases in these organs (but
without generalized nonselective metastasis).
If such tumor has the Ti+ phenotype, it will
inevitably take the pathway of nonselective
generalization of tumorigenesis.

Preniche and Types of Metastatic
Disease

On describing the essence of the “preniche”
concept, we have already mentioned different
clinical variants of metastatic disease. To more
clearly demonstrate how different variants of
metastasis follow from the preniche concept,
we shall attempt to present them briefly and
generally. Local and multiple metastases arise
in several situations:

— first, in all cases of productive (subacute and
chronic) inflammation in organs which pos-
sess specialized macrophages. Metastases are
formed in “typical” sites (liver, lungs, brain)
and, depending on localization and spreading
of the inflammation and also on the intensity
of mobilization of BMDCs into the blood
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flow, can be solitary or multiple, mono-, two-,
three-organ, etc. Although metastases into
lymph nodes are formed first of all due to
lymphogenous dissemination of tumor cells,
the mechanism of preniche formation in them
can be similar to that which acts in other
organs possessing a specialized pool of
macrophages;

— second, metastasis occurs on development of
productive (subacute and chronic) inflamma-
tion in the sites of atypical localization of
hematogenous metastases (‘“‘metastasis into
scars”), adhesion in them of Ti— cells and a
pronounced activation of the endothelium
recruiting BMDCs from the blood flow, and
also in the case of VEGFA secretion in the
tumor or in the inflammatory focus mobilizing
BMDC:s from the bone marrow. In such cases
metastases are limited only by the inflammatory
focus location or by the bone marrow where
metastases seem to always occur;

— third, local metastases are formed at the primary
adhesion of TmhTi— in foci of productive
(subacute and chronic) inflammation. In such
cases a micrometastasis can be formed in the
absence of a preceding cluster of myeloid
progenitor cells. The clinical consequence is a
formation of metastases in “typical” sites and
in every focus of chronic inflammation.
Generalized nonselective metastasis is devel-

oped on secretion of proinflammatory cytokines

and cytokines recruiting myeloid progenitor cells
in the primary tumor Ti+ with an inflammatory
activation of the microcirculatory vessels of all
organs or at the primary disseminated adhesion
of TmhTi+. The absence of metastases may be
declared only by convention, because microme-
tastases always seem to form in the bone marrow
and individual vagabond tumor cells can be
retained for a long time in other organs. Clinically
detectable metastases can appear from these foci
first of all depending on angiogenesis. However,
the absence of clinical manifestation of extra-
medullary metastases can also be associated with

a “metastatically inefficient” state of the tumor

cells inside a target organ until a full-value niche

is formed in the site of their localization.
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Preniches and Metastatic Niches
in Brain

Particular Qualities of Preniches
and Niches in Brain

Brain is the organ with a rich macrophage

population as liver and lung are. The macrophage

elements of CNS were called “microglia”.

Microglial cells have a lot of specific qualities

which could be matter for preniche, metastatic

niche and brain metastases formation.

These features are:

1. Unique “trophic” properties of microglial cells
and its participation in neuronal differentiation
of CNS stem cells;

2. Activation and phenotypic mobility after
negligible stimulation, for example, short-time
transitory hypoxia;

3. Immune privilege of neural tissue and much
more regulatory than antigen presenting function
of “resting” microglia and also rarity of chronic
productive inflammation development in CNS;

4. Small microglia renewing by the BMDCs in
comparison with macrophage populations
of liver and lung (microglia are relatively
autonomic).

Therefore, firstly, brain has rich population of
macrophages with changeable phenotype. This pop-
ulation seems to have ability to niche formation like
bone marrow. Secondly, brain is the area of immune
privilege and it could be the place of metastases
formation without interference of immune reactions
that it is very similar to situation in bone marrow
constitutive metastatic and stem cell niches. Hence,
there are all factors and components for metastatic
niche formation in brain. It is possible that metastatic
niches (which are like constitutive stem cell niches
of bone marrow) can be induced in brain matter and
preniche (i.e., inflammatory activation of endothe-
lium for BMDCs recruiting) is of far less importance
for brain metastases development in comparison
with metastases in lung and liver. Nevertheless,
inflammatory lesions in CNS could increase
BMDC:s and tumor cells recruiting. Undoubtedly,
it can promote the metastases development.
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Brain Is a“Convenient Niche”:
Immune Privilege in CNS

Downregulated macrophage phenotype of microglial
cells as well as absence of typical lymphatic system
and isolation of brain matter from peripherical
blood by hematoencephalic barrier is essential for
immune privilege status of brain (Lewis et al. 2012).
Uncontrolled immune reactions can damage neurons
(cells with restricted potency for regeneration)
because immune privilege of brain provides
suppression and rigorous regulation of immune
response. Resident dendritic cells are absent
in brain parenchyma under normal condition
although microglial cells increase expression
of major histocompatibility complexes (MHC)
class II molecules, becoming proficient antigen-
presenting cells (APCs) after the activation.
Activated microglia express MHC class II and
costimulatory molecules CD86, but APCs-specific
CDS80 expression is not induce on surface of
microglial cells. Repeated stimulation of T-cells by
such “immature” APCs with defective costimulation
phenotype can lead to anergy of T-cells and/or
differentiation regulatory/Th3-like cells and high
levels of anti-inflammatory cytokines (TGFf and
IL-10) secretion in CNS (Kwidzinski et al. 2003).
Neurons and other CNS cell populations have no
MHC class I molecules. Neuronal expression of
MHC class I can be induced under inflammation
and, consequently, neurons can become probable
targets for cytotoxic CD8* T cells. However,
all CNS cells express Fas-ligand constitutively
because interaction between such cells and Fas-
expressing CD8*T cells leads to T cells apoptosis.
Thus, apoptosis, anergy and suppression of T cells
provide immune tolerance if myelin-specific or
neuron-specific T cell appear in area of brain
damage (Kwidzinski et al. 2003).

Microglia as an Autonomic Niche
Cells Population

Microglia are a part of organism macrophage
system which also includes bone marrow hema-
topoietic precursors, blood monocytes, dendritic cells
and numerous populations of tissue macrophages.
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There are two populations of microglial cells.
One of them is myeloid/mesenchymal-derived
(not only monocytes-derived). The other popula-
tion is produced from transitory fetal macro-
phages and these cells are related to amoeboid
microglia described in postnatal brain of rodents
(Rezaie et al. 2005). Although it is known that
most tissue macrophage populations are being
renewed by blood monocytes recruiting, microg-
lia are being made up by myeloid cells only under
some situations. Migration to nervous tissue and
microglial differentiation of BMDCs has very
low activity while regeneration of meningeal and
perivascular macrophage populations of CNS are
carried out by BMDCs much more intensively.
It has been demonstrated that only 30% of
microglial cells were of a donor origin in irradi-
ated mice with bone marrow graft after a year.
Donor-derived microglia were found around
vessels and in pia mater, but not in brain paren-
chyma. At same time, spleen had 90% of donor-
derived macrophage cells after a month and a half
of alveolar and Kupffer macrophages was
changed after a year. Thus, most of the paren-
chymatous microglial cells are autonomic,
BMDCs-independent population (Wu et al. 1995).

Microglia can be “resting” and ‘“active”.
“Resting” cells have long processes which are
growing away round bodies of the cells (“stellate”
morphology). It has been supposed that CNS
microglia of health humans are functionally
passive because it had low expression or absence
of microglial cell activation-associated molecules
and “stellate” morphology. Now, it has been
established that “resting” microglia were a
permanent-active compartment. These cells are
highly dynamic and they supervise brain micro-
environment by continuous cycles of processes
extension and constriction. “Resting” microglial
cells scan the microenvironment permanently
without disruption of neuron system and, if danger
factors are revealed, cells will be activated
immediately (Nimmerjahn et al. 2005). It is very
interesting that phenotype of “resting” microglial
cells is more similar to that of BMDCs than
phenotype of other resident tissue macrophages.
Microglial elements express low levels of CD45
and MHC:s on cell surface and they are ineffective
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APCs (Conrad and Dittel 2011). The typical
markers of BMDCs (CD34 and CD11b/18) have
been found on surface of microglial macrophage
(Kettenmann et al. 2011). Eventually, all these
features of microglia (especially if it is activated)
allow it to form metastatic niches for tumor cells
in brain.

Inflammatory Activation of Brain
Endothelium and Glia: Preniche
Forming

Injury of nervous tissue and activation of microglia
result in changes of microglial cells morphology
and expression markers. Microglia are not
passively involved in inflammatory processes.
Otherwise, it modulates inflammation actively
by pro-inflammatory and anti-inflammatory
cytokines production. Morphological and func-
tional changes of microglia can be induced not
only by severe disorders of CNS homeostasis
related to infection, trauma, and ischemic necro-
sis, but also by variations of neuronal activity and
transitory ischemia (Graeber and Streit 2010).
So, it has been elucidated that level of microglia-
activating toll-like receptor (TLR) expression
increased in brain after hypoxia (Ock et al. 2007)
or transitory ischemia (Ziegler et al. 2007).
Microglia are supposed to be activated by negligible
lesions of neurons and vessels (Trapp et al. 2007).
It is probable that the processes of microglia
activation are the factors triggering metastatic
niche development in brain.

Inflammation is a common reaction in the
place of ischemic damage. Adhesive molecules
(which provide migration of cells from circulat-
ing blood to CNS), such as ICAM, E-selectin,
and P-selectin appear on endothelium surface
under this condition (Danton and Dietrich 2003).
It has been found that SDF-1 (CXCL12) is one of
chemokines and is important for leukocyte acti-
vation and migration to inflamed areas of CNS.
SDF-1 can provide wide spectrum of effects such
as neural cells CXCR4 (receptor for SDF-1)
expression, microglia chemoattraction, cytokines
and glutamate secretion by astrocytes and, at last,
migration of BMDCs (Lazarini et al. 2003). It is
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essential that niche-forming elements, BMDCs
(Psaila and Lyden 2009) have been found in dam-
aged regions of CNS (Valli’eres and Sawchenko
2003). Nevertheless, niches developed from BMDCs
seem to be supplementation only to activated
resident microglia-derived niches. Therefore, brain
might be the place of preniche and metastatic
niche formation as it has been suggested for
other preferential metastases development organs.
However, many steps of these processes remain
unclear and future deep research of the problem
is strongly necessary.

Conclusion

In general, adaptation of tumor elements in the
sites of metastasis seems to include the following
stages: a preniche that is a totality of cellular and
molecular events developed in the site of the
future metastasis development previously to
entrance into it of myeloid progenitor cells; a
premetastatic niche mainly characterized by the
presence of a cluster of myeloid progenitor cells
without tumor elements; a micrometastatic niche
characterized by the presence of a cluster of
myeloid progenitor cells with tumor elements; a
macrometastatic niche possessing characters of the
micrometastatic niche plus the presence of myeloid
progenitor cells of the endothelium and initial
manifestations of angiogenesis. The introduction
of “preniche” stage allowed to complete the
concept of metastatic niches: to account for the
sites of the most frequent localization of solitary
metastases, the formation of metastases in labo-
ratory animals injected intravenously with tumor
cells, the cause of different types of metastasis
(solitary metastases, multiple metastases in
the same organ, or a generalized dissemination
throughout the whole organism), and to determine
the role of the primary tumor and of the target
organ in these processes. If the preniche concept
is confirmed, it will lead to creation of schemes
of anti-inflammatory therapy preventing develop-
ment of metastases (at least in patients bearing
tumors with a low ability for secretion of proin-
flammatory cytokines), and this will be important
for practice.
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Niche formation in brain matter might be
eased by particular qualities of microglia such as
very high responsibility, unique “trophic” func-
tion, similarity to metastatic niche BMDCs and
ability to keep immune privilege like bone mar-
row natural suppressors (CD11b+). Due to these
properties of microglia it could provide surviving
and proliferation of recruited tumor cells as well
as bone marrow stem cell niche. It is possible that
frequent localization of metastases on the border
of grey and white matter is associated with het-
erogeneity of brain microglia and that is essential
for metastasis formation. Role of preniche in
CNS appears to be optional and it could increases
recruiting BMDCs additionally to microglial
niches and provides tumor cell migration to the
site of future metastasis. Thus, we think that rela-
tively high incidence of brain metastases would
be to explain with above mentioned features met-
astatic niche formation in CNS. The problem
why there is restricted nosological spectrum of
frequent brain metastasizing tumors is the subject
for future experimental research.
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Abstract

The chapter presents review of the computer
systems for cell counting in histopathologic
slides of tumours of the central nervous system,
pointing to their advantages and limitations.
The cells in tissue specimens subjected to
IHC reaction are visualized in different ways
depending on their immunoreactivity, for
example the light blue (immunonegative) and
brown (immunopositive). On the basis of
these colors it is possible to recognize the set
of immunonegative and immunopositive
cells. However, the recognition of densely
populated cells in the slides is a difficult chal-
lenge for the manual recognition. Therefore
the computer supported solutions to this task
are already under development.

The chapter will present and discuss the
actually existing and newly proposed solu-
tions to this particular problem. We will point
the partially existent commercial systems
and discuss the progress and development of
research over the non-commercial approaches
to the automatic analysis of THC slides.

Introduction

For many last years a lot of research has been
done to isolate and measure the factors of diag-
nostic and prognostic significance for patients
suffering from the central nervous system
tumours. The important role in this field plays
the immunohistochemistry (IHC). IHC refers to

107

DOI 10.1007/978-94-007-7602-9_12, © Springer Science+Business Media Dordrecht 2014



108

the process of detecting antigens in cells of a tissue
by using the principle of antibodies binding
specifically to antigens in biological tissues. It is
widely used in the diagnosis of abnormal cells,
for example in cancerous tumors, coloring the
cells in different ways depending on their
immunoreactivity: the light blue (immunonega-
tive) and brown (immunopositive). On the basis
of these colors we can recognize the set of immu-
nonegative and immunopositive cells. The results
of this recognition play important role in cancer
diagnostics.

However, the recognition of densely populated
cells in the slides is a difficult challenge for
pathologists. The difficulties follow from their
extremely high population, non-uniform coloring,
partial overlapping of cells and in many cases
close similarity of cells to the background.
Therefore the results of manual screening are
highly dependent on the human interpretation of
colors and also experience of the expert. It is well
known that the results of counting may differ even
for the same expert, depending on the particular
day or his actual mental and physical condition.
Therefore the automatization of the image analy-
sis by applying specialized computer programs is
very important and may greatly accelerate the
research in central nervous system tumors.

The chapter will present and discuss the
actually existing and newly proposed solutions
to this particular problems. We will point the
partially existent commercial systems and discuss
the progress and development of research over
the non-commercial approaches to the automatic
analysis of IHC slides.

Importance of IHC in Diagnostics
of Tumors of the Central Nervous
System Tumour

Diagnostic Significance

The immunohistochemistry is playing important
role in diagnosis of tumours of the central nervous
system. In some cases the quantitative analysis
based on the specific staining can be used also to
support the differential diagnosis. For many types
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of the tumours of central nervous system, the
proliferation evaluated by MIB-1/Ki-67 labelling
indices are determined. The most significant
remarks from the diagnostic point of view are
presented below.

Astrocytic tumours: In pilocytic astrocytoma
(code 9421/1) WHO grade I MIB-1 labelling
indices range from 0 to 3.9% (mean 1.1%)
(Giannini et al. 1999) whereas in diffuse astrocy-
toma WHO grade Il mean level is 2.5% (Watanabe
et al. 1996). In anaplastic astrocytoma (code
9401/3) WHO grade III the growth factor is usu-
ally in the range 5-10% whereas in glioblastoma
(code 9440/3) WHO grade IV it increased to
15-20% (Jaros et al. 1992). However, the
observed overlapping values provide little use of
this quantification in differential diagnosis.

Choroid plexus tumours: In choroid plexus
tumours (code 9390/0-3) WHO grade I-III,
mean Ki-67/MIB-1 labelling indices have been
reported as 1.9% (range 0.2-6%) for choroid
plexus papilloma and 13.8% (range 7.3-60%)
for choroid plexus carcinoma and only 0-0.1%
for normal choroid plexus (Vajtai et al. 1996).
Another study described 4.5% (range 0.2-17.4%),
18.5% (range 4.1-29.7%) and 0% respectively
(Carlotti et al. 2002).

Meningeal tumours: In meningiomas (code
9530/0) WHO grade I, IT or I1I, the Ki-67 labeling
index is highly correlated with the following
types: benign (WHO grade I; mean 3.8%), atyp-
ical (WHO grade II; 7.2%) and anaplastic (WHO
grade III; 14.7%) (Maier et al. 1997).

Prognostic Factors

The quantitative analysis of the immunohisto-
chemical stained specimens is frequently taken
into account as a prognostic factor, restricted to
proliferation activity of the tumors. Thus a MIB-1/
Ki-67 labelling index is counted and applied as an
important factor. Following we depict the
confirmed cases pointing to the correlation of
the proliferation with a clinical outcome.
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Astrocytic tumours: In diffuse astrocytoma (code
9400/3) WHO grade Il it was found a gross correla-
tion of proliferation with a clinical outcome. A
MIB-1/Ki-67 labelling index of >5% was found
to constitute a threshold value for predicting
shorter survival (Jaros et al. 1992).

Oligodendroglial tumours: In oligodendrogli-
oma (code 9450/3) WHO grade II higher prolif-
eration rates (>3-5% on MIB-1 labelling index)
significantly correlate with worse prognosis
(Heegaard et al. 1995; Dehghani et al. 1998). The
reported 5-year survival rate was 83% for patients
whose oligodendroglioma had a MIB-1 labelling
index of <5% whereas only 24% for patients with
tomours characterized by >5% positive cells
(Dehghani et al. 1998). In oligoastrocytoma
(code 9382/3) WHO grade II the lower Ki-67
indices are associated with the longer survival
(Shaffrey et al. 2005).

Ependymal tumours: In ependymoma (code
9391/3) WHO grade II Ki-67 labelling index less
than 4% has been associated with a significantly
longer survival time than labeling index greater
than 5% (Kurt et al. 2006). However, its prog-
nostic significance has not yet been firmly
established.

Neuronal and mixed neuronal-glial tumours: In
central neurocytoma (code 9506/1) WHO grade 11
Ki-67 labelling index >2% (Mackenzie 1999;
Soylemezoglu et al. 1997) or >3% (Rades et al.
2004) have been reported as significantly shorter
recurrence-free interval.

Embryonal tumours: In neuroblastoma (code
9500/3) WHO grade IV, in 1999 the International
Neuroblastoma Pathology Committee proposed
the prognostic classification by adopting the
Shimada system (Shimada et al. 1984). Tumors
in the favourable histology group include follow-
ing cases (1) age <1.5 years old, neuroblastoma
(Schwannian stroma-poor), poorly differentiated
subtype with low (<2%) or intermediate (2—4%)
mitosis-karyorrhexis index (MKI) signed in
MIB-1/Ki-67 staining process; (2) age between
1.5 and 5 years old, neuroblastoma (Schwannian
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stroma-poor), differentiating subtype with low
MKI; (3) ganglioneuroblastoma, intermixed
(Schwannian stroma-rich); (4) ganglioneuroblas-
toma, maturing and mature subtypes (Schwannian
stroma-dominant). In the opposite, tumors in
unfavourable group include the following cases
(1) any age, neuroblastoma (Schwannian stroma-
poor), undifferentiated subtype; (2) age between
1.5 and 5 years old, neuroblastoma (Schwannian
stroma-poor), poorly differentiated subtype; (3)
any age, neuroblastoma (Schwannian stroma-
poor) with high (>4%) MKI; (4) age between 1.5
and 5 years old, neuroblastoma (Schwannian
stroma-poor) with intermediate MKI; (5) age
>5 years old, all neuroblastoma (Schwannian
stroma-poor) subtypes; (6) ganglioneuroblas-
toma, nodular (composite Schwannian stroma-
rich/stroma-dominant and stroma-poor) (Schwab
et al. 2000). As depicted, the MIB-1/Ki-67 plays
the significant role in prognosis of the
neuroblastoma.

These numbers are the evidence of importance
of the mentioned MIB-1/Ki-67 labeling indices
in the process of diagnostics of tumors of the
central nervous systems. However, in their estima-
tion we have to recognize and count thousands of
densely packed cells present in the IHC slides.
Most often this tedious task is still done by the
human operator. However, following the develop-
ment of the computer technology it is possible to
develop efficient automatic or semi-automatic
solutions to this problem.

Commercial and Non-commercial
Image Analysis Systems

Automated image analysis is the direction of
biomedical research of increasingly higher
importance in medical diagnostics. It plays a
special role in the pathology, allowing for quick
and objective evaluation of the cells and repre-
senting an important factor for quantitative
assessment of the preparations. Thanks to such
assessment we can quickly and accurately deter-
mine the optimal treatment, diagnosis and fur-
ther research, concerning the pathogenesis of
human diseases.
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The difficult problem for pathologists is the
recognition of cells on the basis of the immuno-
histochemical (IHC) reactions. The slides repre-
senting tissues under investigation contain the
cells of two colors: the light blue (immunonega-
tive) and brown (immunopositive), depending on
their IHC reaction. The manual screening of it is
particularly complex and its results rely on the
interpretation of the human expert. This is very
difficult task requiring high concentration due to
the dense packing of cells, large amount of them,
partial overlapping, etc. Because of screening
subjectivity the errors can occur and may cause
some mistakes in diagnosis. Therefore develop-
ment of the automatic systems independent from
human operators are crucial for further progress
in this field.

One of the most important moments in the
development of the quantitative methods in
pathology was the formation of the International
Society on Diagnostic Quantitative Pathology in
1981. The methods used in the quantitative
assessment of pathology support the diagnosis of
diseases, especially cancer, accelerating and
exacerbating the medical methods. Development
of the computer approaches to the diagnosis of
pathology is increasingly visible at international
congresses of pathologists, where more papers
concerning examples of applications of automatic
image analysis are presented. Almost all compa-
nies producing microscopic equipment systems
offer automatic scanning image of the entire prep-
aration as well as quantitative computer analysis
tools, including a quantitative assessment of some
selected reactions and certain types of cancer.
The actually existing automated or semi-auto-
matic systems for quantitative analysis of prepa-
rations, that can be used in pathological diagnosis
can be divided into two basic groups:

* commercial systems offered by manufacturers
of microscopes or other companies.

* non-commercial specialized programs pre-
sented in scientific publications and also
sometimes offered via the Internet.

Some of them will be shortly presented
below, indicating the possibility of their appli-
cations in the investigations of tumors of the
Central Nervous System (CNS).
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Commercial Systems

The commercial systems used for an automatic
image analysis are usually part of the offer of
electronic microscopy manufacturers. The main
advantage of such approach is the integrated
analysis of digital images, starting from their
acquisition. Here we can mention the following
solutions: the image analysis offered by Olympus
with cooperation of the Soft-Imaging Software
GmbH, Carl Zeiss AxioVision, QWin Leica,
Aperio’s ScanScope cooperating with the Nikon
microscope, Dako ACIS III and the company’s
HistoQuant 3DHistech. The commercial systems
offer the additional tools allowing to control the
process of scanning the entire preparation.
Frequently, they are dedicated to the assessment
of the estrogen receptor (ER) or progesterone
receptor (PR) in the IHC reactions to specimens
of the breast cancers, as well as determination of
the HER2 gene at IHC and FISH. The interest of
such applications follows from the fact that this
type of pathologist evaluation is performed most
often in practice. For a quantitative assessment of
these preparations the available systems require
the definition of the area on the image to be ana-
lyzed, so called region of interest (ROI), which
means high degree of intervention of human
operator. The other rare types of reactions are
usually not listed or are designated as “research
only”.

An example of a commercial company is
Dako ACIS III that developed the supporting sys-
tem used in quantitative evaluation in IHC. Their
program is based on the microscopic image of the
preparation represented in HSV format. The user
defines ranges of the individual components of
the HSV-class assignments of pixels, represent-
ing either blue or brown cells. Following the clas-
sification of all pixels in the image the result of
the quantitative evaluation is estimated as the
ratio of the number of pixels in brown or blue
class to the total number of pixels representing
both classes together. This is a very cursory
assessment, without delving into details of the
image. The additional difficulty is that the user
has to mark manually the areas containing only
the cells which are subject to counting.
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A more advanced system is HistoQuant of
3Dhistech company. It performs the quantitative
evaluation of images based on the recognition of
the individual nuclei of cells and their classifica-
tion, according to the threshold of assumed values
for colors. The color deconvolution is used to
increase the differentiation between positive and
negative reactive nuclei. However, the threshold
level should be adjusted manually. The system is
able to count cell nuclei and to measure the
nuclear features (morpho- and densitometric).
Also the glandular tissue structures can be
morphologically characterized. Detection of
glands, measurement of glandular morphometric
parameters, intraglandular cell number and cell
features are supported. Batch mode processing
and manual re-scoring are also possible.

The next system is the Leica QWin. It is
described as the powerful software suite, with a
comprehensive range of image analysis tools
available, and allows to get precise results with
mega pixel accuracy for a diverse range of life
science and industrial applications, such as mor-
phology, fluorescence imaging and compound
materials analysis. It is offered in 5 versions:
Leica QWin Lite, Leica QWin Plus, Leica QWin
Standard, Leica QWin Runner and Leica QWin
Pro, ranging from simple interactive measurements
to macro — programming for custom applications
with multi parameter measurements. However,
these systems are oriented more to the visualiza-
tion and image ‘“hand-on-control” analysis than
direct automatic quantitative analysis of the med-
ical images.

More histologically oriented are the image
analysis tools available in Aperio Image Analyze
Toolbox. In the IHC image analysis area, they
provide FDA-cleared In-Vitro Diagnostic (IVD)
algorithms for HER2, ER and PR stained breast
specimens. The algorithms can be tuned for dif-
ferent tissue types (e.g. breast, colon, prostate),
stains (e.g. HER2, ER, PR, Ki-67, P53, EGFR),
reagents (e.g. Dako, Ventana) or to correlate their
algorithm results with the other test methods
(e.g. FISH, CISH). It seems to be one of the most
advanced systems to quantitative image analysis
in pathology. The integration with the slide
scanner makes this system very interesting.

The other system is the Definiens Developer
XD (Definiens AG Bernhard-Wicki-Stralie 5
80636 Miinchen Germany). It provides a com-
prehensive range of algorithms for multidimen-
sional image analysis applications. A lot of
algorithms tailored to image segmentation, clas-
sification, measurement and statistics are offered.
However, actually their application in IHC are
restricted to HER-2 Scoring and Jejunum Crypt
Proliferation Index.

Based on the sale information we can state
that most of the commercial systems are special-
ized in ER, PR nuclear stains and HER?2 stain in
breast cancer. This is because of the highest
demand for this type of image quantification in
practice. The other types of stains are often
described as “research only”. Unfortunately, the
tools supporting the cases of the central nervous
system tumors are rare in commercial systems
and it is difficult to assess their effectiveness for
this types of IHC image analyses.

Non-commercial Systems

Every year we observe a series of programs dedi-
cated to certain types of reactions, tumors and tis-
sues, published in scientific journals or presented
at scientific conferences. Some are also offered on
the Internet, usually free of charge as “freeware”.
However, most of the presented programs are not
easily available, some are available on the Internet
only for a limited use and no longer available after
a short time. Based on the author’s descriptions it
is possible to analyze how they work. Sometimes
it is possible to download the source code. For
these reasons they form not only the possible tool,
but are the basis for further modifications and may
be used as the starting point in the development of
new programs for the analysis of other cancers, or
tissue reactions. The examples of such programs
are: ImageJ with “plug” plug-in Ki-67 developed
in the Institute of Neuropathology University of
the Saarland, Homburg, Germany (Kim et al.
2006) or programs presented by the group of
Lezoray in France (Lebrun et al. 2007; Lezoray
et al. 2000; Lezoray and Cardot 2002; Lezoray
and Lecluse 2007).
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Most of solutions are the specialized programs,
with a narrow scope of application (only for
selected types of preparations and reactions of
cancer). The ImageJ with the Ki-67 “plug-in” is
dedicated to the quantitative assessment of cells
with Ki-67 reaction in the image type of brain
tumor of meningioma. It is available in the form
of a program in Java and can be applied for the
analysis of the user delivered images. The result
of quantitative evaluation of the analyzed image is
generated in the form of annotated cells existing
in the image of preparation.

The other “development line”” form the programs
built by the authors of this chapter. Few of them
are dedicated to the central nervous system
tumors and will be discussed here. First solution
concerning neuroblastoma (Markiewicz et al. 2009)
was a Matlab-platform program to quantitative
analysis of the neuroblastoma Ki-67 stained
specimens. Figure 12.1a presents the general
block diagram of image processing leading to the
recognition and counting the immuno-positive
and negative cells.

The main task of an image processing of the
histological slides was automatic recognition
and counting of cells, belonging to either
immunopositive or immunonegative types. This
task was solved by segmenting the image into
three parts: the brown cells, the blue cells and
the rest, regarded as a background. To construct
an efficient segmentation algorithm we have to
perform the exact analysis of the processed
image and take into account any detailed fea-
tures characteristic for it, that should be
reflected in the methodology of the segmenta-
tion procedure. In building these programs we
followed the expert observations, which can be
summarized in the following points:

* the nuclei are stained generally in a homoge-
nous way,

* in most cases the cytoplasm or stroma area
between the nuclei of the cells are signifi-
cantly brighter,

» the image contains practically only cells sub-
jected to counting,

* the size of the cells is stable (small range of
changes),

 the background is generally not stained.

T. Markiewicz et al.

These observations are very significant in
developing the efficient algorithms to quantita-
tive image analysis in neuroblastoma Ki-67
staining specimens. The proposed algorithm was
based on the mathematical morphology approach
(Soille 2003) and application of the Support
Vector Machine (Vapnik 1998; Scholkopf and
Smola 2002). To locate the nuclei of the dominant
blue color, the grey scale version of the image,
based on the difference between the blue and
green components was used. This image is
subject to the step threshold operations defined
as (Soille 2003)

T [F(%)] :{1 if 6 <f(x)<t,

12.1
0 else ( )

where f(x) represents the pixel intensity and t;, t,
the selected lower and upper threshold values,
respectively. The sequential thresholding proce-
dure was developed based on the size restriction
of the individual nucleus area and the following

conclusion relation:
T[rw,tmux] (f) < T[r (f) c...c T[ro,rnm] (f)

(12.2)

max-1 max |

The recognition algorithm starts from the
minimal value of threshold t; (close to the white
color) and checks if the selected pixels form the
objects fully separated from the others, and at the
same time fulfills selected size restriction. If yes,
they are added to the cell mask. In this process
the threshold is changing from the minimal value
to the maximal one, corresponding to the darkest
pixel in the image. The sequential increase of
threshold is repeated in 100 equal steps. If the
object was separated in just one step and con-
tained some darker pixels, then in the next few
steps these pixels were preserved, forming the
whole object. The additional operation of seg-
mentation in the form of the watershed algorithm
(Soille 2003) and supplementary brighter nuclei
detection procedure were also applied to reduce
the number of glued cells.

In the parallel process the other cells in the
image (the brown color immunopositive cells and
not well segmented blue cells that remained in
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Fig. 12.1 The general block diagram of the applied image processing (a) and the detailed scheme of algorithm for

counting immunopositive and immunonegative cells (b)

the mask) are extracted. We start from the grey
scale representation of the RGB image subject to
thresholding. The threshold value is determined
automatically by using the Otsu method (Otsu
1979). As a result of this step we get the set of
cells containing the immunopositive cells and the
immunonegative (blue) cells. The blue cells
extracted in the first stage of thresholding are
removed from this set by subtracting both masks.
The differential mask is once again segmented by
using the watershed method to separate the glued

cells. In this way we get the set of brown cells
with some (usually small) amount of blue cells
that remained in the image after the segmentation
procedure done in the first stage.

The final recognition which cell is immunopos-
itive was done by applying the linear Support
Vector Machine, working in the classification
mode to recognize the brown pixels from the other
pixels. The main idea of this classifier is to create
a hyperplane that separates both classes with the
maximal margin. The input vector for this network
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is created by three color components of the pixel,
represented in the RBG standard. Figure 12.1b
depicts the presented above algorithm, stressing
these three parallel processes.

The system delivers the results in the numerical
form of MKI indices of the analyzed images as
well as graphical form of the annotated images
with all recognized cells. The typical graphical
output produced by the system, for the images
of meningioma and oligodendroglioma are
presented in Fig. 12.2a, b. The immunonegative
cells depicted in the image are signed by red circle
and the immunopositive cells by green plus.

The statistical results of image analysis have
shown good accuracy of cell recognition by the
developed system and concordance with the
results of the human expert. Comparing the results
of an automatic and expert evaluation on the set
of ten testing images we have found the average
discrepancy of the values of mitosis-karyorrhexis
index (MKI) equal 0.39% (the absolute value)
which means 4.07% in the relative terms (2.51%
of standard deviation). The main source of these
errors was the limited accuracy recognition of the
blue cells. The cause of this problem was the simi-
larity of the blue cells to the background, as well
as merging of few cells together in histopatho-
logical slides. The minimum (MIN) and maximum
(MAX) values of the mitotic level were only
slightly different from the true values, and that
confirms high quality of the solution achieved by
our automatic system.

Figure 12.3 presents the graphic illustration of
the minimum and maximum mitotic levels for 13
analyzed images representing meningioma
(Fig. 12.3a) and oligodendroglioma (Fig. 12.3b)
produced by the system and compared to the
human expert results. The system’s optimal out-
put is when the lines of automatic system (AS),
expert (EX), MIN and MAX are found nearest to
each other. Additionally, if the AS line is close to
EX line, the mitotic level assessed by the auto-
matic system closely resembles the human
expert’s results. The difference between the AS
and EX values, i.e., the line (AS-EX) denotes the
error line. If MIN and MAX lines lie below and
above the AS line in equal distances, the errors
are well balanced. On the other hand, if the

T. Markiewicz et al.

MAX-MIN range is large, the probability of error
is greater and the results generated by AS can be
not reliable. The presented plots show that in the
significant range of the mitotic level, that is
between 0 and 15%, the AS results are highly
acceptable and compatible with the human
expert’s results. The detailed description of the
algorithm and the numerical results of cell recog-
nition can be found in the paper (Markiewicz
et al. 2010).

The other modified version of the algorithm
applied to the analysis of two brain tumors:
meningioma and oligodendroglioma at Ki-67
staining was presented in (Markiewicz et al.
2010). The important change was introduction of
the prior SVM based classification of pixels
before sequential segmentation process. This
change eliminated the problem of losing some
information which were associated with the
conversion of the color image to the gray scale
mask used in the previous solution. After applica-
tion of this introductory step we get automatically
the mask appropriate to the recognition of the
specific stain reaction regions.

The Support Vector Machine (SVM) classifier
of the Gaussian kernel, programmed to recognize
the nuclei pixels according to their component’s
color, was incorporated to recognize between the
brown and blue cells. If the majority of pixels in
the cell nucleus were found to be brown, all
pixels forming the extracted nuclei were classi-
fied as immunopositive. In such case, the cell was
added to the immunopositive cell mask. On the
other hand, if the majority of pixels in the cell
nucleus were blue, the cell was added to the
immunonegative mask. The final step of counting
the cells of both groups is a simple task for the
Matlab program, since it was transformed to
summing up the number of cells gathered in the
respective masks, done separately for immu-
nopositive and for immunonegative ones.

One of the most important problems with
automatic image evaluation of oligodendroglioma
Ki-67 specimens is the incidence of the inflamma-
tory, microglia, lymphocytes and stroma cells in
the diagnosed view field. The nuclei of these cells
are stained immunonegatively in blue color, simi-
lar to the negative neoplastic cells. In the case of
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Fig.12.2 The examples of automatically annotated histological images for the cell counting of (a) meningioma and (b)

oligodendroglioma (Ki-67, x400)

changing the incidence of these cells, the ratio
between immunopositive and immunonegative
cells is also changed. For correct diagnosis these
cells must be recognized from lesion cells and
eliminated. Two different but commonly used
methods of texture features generation have been
applied to solve the problem. The Markov Random
Field model as a source of features (Chellappa and
Chatterjee 1985; Wagner 1999) and selected
Unser texture features have been exploited. The
details of such solution are to be found in the
paper (Warowny and Markiewicz 2010).

The actually developed automatic system has
enabled to start the statistical quantitative analy-
sis of many patients at H&E and Ki-67 staining.
The experiments made on the basis of 24 patients
of meningiomas and 26 patients of oligodendro-
gliomas were directed to the assessment of the
tumor cell numbers in the fields of view selected
by the pathologist. It was found that all patients
suffering from meningioma had the mean of 623
cells in one field of view with the standard devia-
tion of 102 cells. Moreover 95% of investigated
fields of view contained between 386 and
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Fig. 12.3 The graphical interpretation of the mitotic level estimation by our system in meningiomas (a) and oligoden-

droglioma (b) at Ki-67 staining

781 cells (very wide range). The average size of
the nuclear area of the meningioma cells at this
staining was equal 184.5 pixels at standard devia-
tion (SD) of 118 pixels.

For patients with oligodendroglioma, the
mean was 474 cells with the standard deviation
of 152 cells. Among all fields of view 95%
contained between 204 and 736 cells, which is a
very wide range. In ten different images acquired
from the same patient the ratio of the standard
deviation to the mean value of cells in meningioma
was 10.9%, and in oligodendroglioma this ratio

was 18.6%. A large variety of results corresponding
to different images acquired from the same
patient was shown. Moreover in this case the
average size of the nuclear area of the oligoden-
droglioma cells was equal 183.5 pixels at SD
equal 97 pixels.

Similar analysis of the same patients was
performed using the developed system at the
application of Ki-67 stain and recognition of two
groups of cells, depending on their immunoreac-
tivity. The results of cellularity calculated on the
basis of one field of view for each patient were as
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follows. The mean number of cells for meningioma
was 652 with SD of 141. The numbers of cells for
95% of patients were in between the 404 and 879
range. The mean number of immunopositive cells
was 11.6 per field of view with SD of 8.4 cells
(coefficient of variation equal 72.4%).

For oligodendroglioma, the mean cellularity
was equal 447 cells with SD of 107 cells
(coefficient of variation equal 32.1%). The total
number of cells for 95% fields of view was
between 268 and 636 cells. The ratio of the
standard deviation of the mean value of cells in
meningioma was 12.3% when analyzed more
than ten different images corresponding to the
same patient, and in oligodendroglioma this ratio
was as high as 12.4%. Similarly to the case of
H&E stained slides, these ratios again depended
on highly changing cellularity of tumors and on
the localization of the analyzed field of view.

The numerical results have shown a signifi-
cant variability of density of cells even for a
uniform group of tumors, i.e. the uniformity with
respect to the cellularity as well as histological
type of the malignancy. That variability is the
result of the non-stable nature of the biological
material. Moreover, the cellular density is sensitive
to the way the biological material was obtained,
the conditions of its formalin fixation, technology
of staining and even the degree of the degenera-
tive changes inside the neoplasm.

Remote Image Analysis and Virtual
Slides

In recent years the image analysis systems
gradually evolve to the remote applications.
Using the system via Internet offers easy update
of the programs, makes opportunity to create
large image databases and extends analysis by
using the available computational servers. One of
the first remote system was EAMUS offered by
DiagnomX GmbH, Germany (Kayser et al. 2005,
2006). The EAMUS program is available through
the Internet when you register as a user. It offers
a large selection of product evaluation options
(different types of staining, magnification, etc.)
and allows the quantitative analysis of IHC prep-

arations, such as DAB and AP, and fluorescence
(DAPI, FITC, Texas Red). The program accepts
different types of reactions including Comet
FISH, nuclear, membrane preparation for analysis.
The images subject to analysis are loaded to the
server in an on-line mode, and the result are
delivered via the Internet. The acceptable
magnification of the lens are 20x, 40x or higher
for nuclear IHC reaction. An interesting option of
the system is the possibility of automatic evalua-
tion and correction of the image quality in terms
of such parameters as brightness uniformity and
standardization of the histogram.

Another remote Internet platform oriented to
image analysis of the meningioma Ki-67 stain
specimen was developed by the author of
(Markiewicz 2011). It was called the
Computerized Analysis of Medical Images
(CAMI) software. In presented software imple-
mentation the remote image analysis realized
using Matlab algorithms was proposed. The
algorithms implemented on Matlab platform can
be compiled to executable jar file with the help
of Matlab Builder Java toolbox. The Matlab
function must be declared with the set of input
data, output structure with numerical results and
Matlab web figure. Any function prepared in that
manner can be used as a Java function in Java
Servlet Pages (JSP). The graphical user interface
providing the input data and displaying the
results (also in graphical form) should be imple-
mented in JSP. Additionally, the storage of the
database can be implemented within algorithms
written in Matlab with the help of Matlab
Database Toolbox, directly with the image pro-
cessing. The complete JSP page can be run by
Tomcat server. The details of this solution were
presented in the paper (Markiewicz 2011).

The other remote platform solution of the
non-commercial system, working on the whole-
slide images and dedicated to the pathomorpho-
logical image analysis was presented in the
paper (Kong et al. 2008, 2009; Sertel et al. 2008).
It is addressed to the computer-assisted grading
of neuroblastic differentiation, based on H&E
staining images. In this image analysis system,
each tumor image is first segmented into multi-
ple cytologic components. Next, the set of



118

discriminating features (i.e., quantized measures
of the physical, histopathologic, and statistical
characteristics) are computed. These features are
color and texture characterization of the regions
in the image. The authors use supervised learn-
ing of the classifiers, combining their outputs
into one integrated system in the testing mode.
They take also into account many technics to
improve the computational efficiency, such as
gridding, parallel processing and using
Graphics Processing Unit (GPU) or PlayStation.
The authors applied their system to classify the
grade of neuroblastic differentiation and classifi-
cation of stromal development in neuroblastoma.
The 87.9% accuracy of grading of the neuroblastic
differentiation was reported, indicating the poten-
tial to apply these complex morphometric scheme
in the future.

Discussion

The development of the automatic computer
systems supporting the diagnostics of the central
nervous system is an important trend in this field
of research. This type of solution is especially
useful for the tasks which require a lot of human
effort, like recognizing and counting the cells in
histopathologic slides of the central nervous
systems.

The important advantage of using automatic
systems in these application is the absolute
repeatability of scores. This contrasts with the
human expert results, which are greatly depen-
dent on the particular expert and his or her actual
mental and physical condition. The differences
of scores of the human experts are due to their
individual interpretations of the tumor cells and
may be relatively large. In some extreme cases
these differences have grown up to almost 30%
in relative terms, which correspond to approxi-
mately 3-4% in absolute terms (still acceptable
in medical practice). Moreover, the system is
very quick in comparison to the human. It needs
only seconds for full analysis of the considered
image on a PC, compared to over a dozen min-
utes needed for the human expert analysis of the
same image.

T. Markiewicz et al.

Unfortunately the actually existing commer-
cial systems don’t offer the solution to this prob-
lem in a satisfactory way. They cover only small
fraction of the real need. Therefore a lot of effort
of scientists is spent now to develop the non-
commercial solutions which are able to help the
medical staff in easing this tedious and time con-
suming task.

The actually presented solutions of an auto-
matic or semi-automatic systems for cell recogni-
tion have proved their usefulness for the daily
analysis of images in the brain tumors research.
Their implementation in medical practice may
significantly accelerate the process of image
analysis, which is usually a very tedious and time
consuming daily routine for most pathologists. It
provides the evaluation of the proliferation rate in
a very fast and easy way delivering the results as
accurately as the human expert. Therefore such
solutions will be widely used to support the sci-
entific research of tumors in the future.
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Introduction

Ultrasonography (US) is an imaging technique
whereby high-frequency sound waves are trans-
mitted into the human body using transducers in
contact with the surface of the area of interest.
The ultrasound waves produced by the transducer
reflect from boundaries between organs and
surrounding fluid, and between regions of differing
tissue density and are used to visualize inner
body structures.

Intraoperative ultrasonography (iUS) has been
used in neurosurgical procedures since the early
1980s (Rubin et al. 1980). Due to technical
advances, iUS has gained an increasing signifi-
cance for intraoperative real-time imaging in
the past three decades. However, both the
image acquisition and its interpretation are sub-
jective and require adequate training and experi-
ence. Intraoperative US has therefore never
gained the same acceptance as magnetic resonance
imaging (MRI) or computed tomography (CT).

Technique
Basics of Ultrasound

Brightness mode (B-mode) is the main ultra-
sound mode used in neurosurgical procedures to
depict the intraoperative anatomy and pathology.
In B-mode imaging, an array of transducers
simultaneously scans a certain plane through the
brain tissue. The amplitude of the reflected echo
is coded in a grey scale on a two-dimensional
(2D) image.

In cases, where vascular information is
needed, either color-coded Doppler sonography
(color Doppler) or power Doppler can be
applied. Doppler sonography makes use of the
Doppler effect in measuring and visualizing
blood flow. In color Doppler, the velocity infor-
mation and the direction of the flow are pre-
sented as a color-coded overlay on top of a
B-mode image. Power Doppler is an amplitude-
coded color Doppler that measures the intensity
of the Doppler signal.
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Ultrasound Probes

For cranial procedures, mainly convex probes
or sector probes with a frequency range of
5-10 MHz are used. Linear array probes with a
frequency of 10—15 MHz can be used for super-
ficial cortical lesions. However, the footprint
should not exceed 2 cm to allow coupling to the
convex cortical surface. For burr hole proce-
dures, different ultrasound producers provide a
bayonet-shaped US probe with tip dimensions
of 8—12 mm. We use a multi frequency burr
hole probe with a frequency range of 3-7.5 MHz
and a scan angle of 90° with a specially
designed puncture adapter that can be mounted
to the probe. In spinal surgery, a high frequency
(10-15 MHz) small linear probe that can be
placed directly onto the dura allows optimal
imaging. Alternatively, a small sector probe
will fit into an incision for a hemi-laminectomy
and can be used for spinal procedures if the
wound is completely filled with saline for
acoustic coupling.

Intraoperative Setup

Conventional Two-Dimensional
Ultrasound

It is important to consider certain aspects of the
intraoperative setup to get good imaging results:
The site of the craniotomy should be the highest
point of the head, so that the resection cavity can
be filled with saline after resection. Sterile saline
or sterile gel pads can be used for acoustic cou-
pling. Some manufactures provide probes that
can be sterilized. However, most US probes will
need sterile draping. Gel should be used between
the sterile sleeve cover and the probe to allow
acoustic coupling. The focus should be adjusted
depending on the depth of the lesion. An over-
view scan with maximum depths should be per-
formed to gather orientation and to visualize
anatomical landmarks. The pathology itself
should be scanned in at least two perpendicular
planes. A near axial, coronal or sagittal scanning
plane (depending on the localization of the lesion
and the localization of the craniotomy) is helpful
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to improve orientation, as these are the planes
familiar to the neurosurgeon. It is important to
perform a scan before and after resection in all
cases, as a proper post-resection exam for tumor
remnants needs to be compared to pre-resection
images. Areas with a similar echogenicity as the
tumor on pre-resection images are suspicious of
tumor remnants. The resection cavity should be
free of blood or hemostypics and air bubbles for
optimal imaging.

In spinal cases, a small linear high-frequency
probe that can be applied directly onto the dura
will give optimal image quality. Again, sterile
saline can be used for acoustic coupling. If the
probe does not fit into the bony opening, the
wound can be filled with sterile saline and a scan
can be performed through the bony opening.

Navigated Ultrasound

In navigated ultrasound (navUS), the ultra-
sound probe is tracked by a navigation system
(Koivukangas et al. 1993). This can be done
either by connection the navigation system and
the ultrasound platform (see below) or by using
an integrated ultrasound-navigation device
(Gronningsaeter et al. 2000; Tirakotai et al.
2006).

Three-dimensional (3D) MRI of the patient’s
head is performed preoperatively for navigation.
The patient’s head is fixed in a head clamp and a
reference star for optical tracking is mounted
onto the clamp. Then a patient-to-image registra-
tion is performed using anatomical landmarks,
skin fiducials or a surface match. The ultrasound
system is connected to the navigation system.
The ultrasound probe is draped and a tracking
device is mounted onto the ultrasound probe.
Then, the ultrasound probe is calibrated using a
calibration phantom.

Ultrasound images can be displayed side-by-
side with the corresponding MRI reconstruction
in the same image plane on the navigation screen
or as overlay images.

Three-Dimensional Ultrasound

So far, 3D probes (mechanical 3D probes or 3D
arrays) have not yet been widely used in neuro-
surgery as they are often rather bulky or have a
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convex surface, making coupling to the convex
cortical surface more difficult.

Most commonly, multiple tracked 2D-scans
of the area of interest are reconstructed into a
3D volume (Trantakis et al. 2002). Axial, coro-
nal, sagittal or any-plane slices are then displayed
on the navigation screen (Fig. 13.1). The quality
of the 3D image therefore depends on the qual-
ity of the 2D scans, tracking accuracy and the
algorithm used for 3D reconstruction (Miller
et al. 2012).

Contrast-Enhanced Ultrasound

In contrast-enhanced US, a contrast-enhancing
agent is applied intravenously during the exami-
nation. Contrast-enhancing agents consist of
microbubbles filled with gas. Microbubbles
have a high echogenicity, thus they have a high
ability to reflect echo waves. Moreover, the
microbubbles begin to oscillate during insonation
in response to the ultrasonic energy field and
therefore emit waves with a characteristic (har-
monic) spectrum of frequencies. This can easily
be distinguished from tissue signal. Contrast-
enhanced transcranial ultrasonography has been
successfully used for perfusion imaging in
cerebral ischemia and in the examination of
intracerebral neoplasms. However, there is only
limited data on the intraoperative use of contrast-
enhanced US. So far, it has not yet reached
intraoperative routine.

Applications
Tumor Visualization and Delineation

Conventional Two-Dimensional
Ultrasound

Early studies on iUS focused on tumor visual-
ization, characterization and delineation
(LeRoux et al. 1992; van Velthoven and Auer
1990). We therefore know today, that most
tumors show a higher echogenicity than normal
brain tissue, irrespective of whether they show
contrast-enhancement on MRI or CT.
Surrounding edema can be distinguished from
tumor tissue as it is less echogenic, but boundar-
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Ultrasound
Axial

Ultrasound
Coronal

Ultrasound
Sagittal

Fig. 13.1 Three-dimensional navUS of a recurrent low-
grade glioma is displayed side-by-side with preoperative
MRI in axial, coronal and sagittal reconstructions.
Ultrasound and MR images correspond exactly to each

ies might be ill demarcated in some cases. Low-
grade gliomas are usually homogeneous and
have a moderate echogenicity. High-grade glio-
mas often appear inhomogeneous depending on
tumor cysts, necrosis or intratumoral hemor-
rhage and are usually more echogenic than low-
grade gliomas. Hyperechogenic areas within the
tumor with an acoustic shadow deep to the
lesion are due to calcifications and are more
common in oligodendrogliomas. Metastases are
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2 MRI
#% | Coronal

other. The ventricles are outlined in red, the resection cav-
ity of the previous operation is outlined in yellow and the
falx is marked with an orange arrow

highly echogenic and mostly well demarcated.
They may appear either homogeneous or inho-
mogeneous depending on their histopathology.
Tumor cysts are usually an- or hypoechoic like
the ventricles with a small echoic rim surround-
ing the cyst (LeRoux et al. 1992). Intratumoral
hemorrhage appears highly echogenic in case of
a new hemorrhage. Two weeks after hemor-
rhage, the central parts of the hematoma become
iso- to hypoechoic and 6-8 weeks later, the
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Fig. 13.2 Conventional 2D iUS showing different tumor
entities in two perpendicular image planes. Left: Left
occipital glioblastomas. The tumor is displayed as a
hyperechoic rim surrounding a only slightly hyperechoic
area that represents the central necrosis. The tumor is sur-
rounded by a hyperechoic edema. Nearby, the dorsal horn
of the lateral ventricle with its plexus and the falx are dis-

hematoma is isoechoic (Enzmann et al. 1981).
As an example how different tumor entities may
appear on iUS, please refer to Fig. 13.2.

Contrast-Enhanced Ultrasound

Otsuki et al. (2001) presented a coded harmonic
angio mode to visualize tumor vessels intraopera-
tively in a few number of patients. Harmonic imag-
ing with US contrast agents improved the
signal-to-noise ratio between brain parenchyma
and vasculature in these patients. Kanno et al.
(2005) studied 40 patients with an US contrast-
enhancing agent during operations. Power Doppler
US with contrast enhancement provided better data
on the precise real-time position of the tumors and
their relationship to adjacent vessels than US
obtained before the injection of the contrast agent.
Contrast-enhanced power Doppler correlated well
with digital subtraction angiography. Engelhardt
et al. (2007) performed contrast-enhanced imaging
with a low mechanical index during resection of
different brain tumors in a small number of patients.
Scans were inspected in real-time during tumor

played. Middle: Right temporal metastasis of a renal cell
carcinoma. Please note the rather homogeneous appear-
ance of the rumor with a small hypoechoic cyst. Right:
Left occipital metastasis of a renal cell carcinoma after
intratumoral hemorrhage 3 weeks prior to surgery. The
old hematoma is nearly anechogenic by now, surrounded
by a hyperechoic rim

resection, and radiofrequency ultrasound data was
analyzed off-line. The perfusion pattern of the
tumor was semi-quantitatively evaluated and com-
pared with that in normal brain tissue. The distinc-
tion of tumor from non-infiltrated parenchyma was
facilitated by the influx of contrast agent.

Three-Dimensional Ultrasound

Unsgaard et al. (2005) examined the ability of 3D
US to delineate gliomas and metastases in 28
operations by taking 85 biopsies from tumor
borders. US findings were in agreement with
histopathology in 74% of low-grade astrocyto-
mas, 83% of anaplastic astrocytomas, 77% of
glioblastomas and 100% of metastases.

Lesion Localization/Planning
the Optimal Approach

Numerous reports on the utility of iUS as a tool
for intraoperative navigation exist. Moiydi and
Shetty (2011) evaluated the use of conventional
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2D iUS in 77 cases of both cranial and spinal
lesions. In their hands, iUS was useful in identi-
fying and delineating lesions in 100% of cases,
in planning the durotomy in 78% of cases, in
planning the corticectomy in 85% of cases and
in visualizing adjacent structures in 96% of
cases, respectively. They concluded that iUS is
a useful tool in planning various stages of tumor
resection. In a study comparing conventional
iUS and navUS, we could show, that orientation
can even be improved by navigating the US
probe, thus facilitation anatomical understand-
ing (Miller et al. 2007). Moreover navUS was
useful in planning the correct transsulcal
approach to subcortical lesions in eloquent
areas (Zhou et al. 2009) and in visualizing
structures adjacent to tumors. This was most
obvious in cystic gliomas (Enchev et al. 20006),
where an opening of a cyst during surgery
might lead to a local tissue shift. With the aid of
navUS, vessels that might be encased or dis-
placed by tumor tissue could be visualized and
landmarked as reported by our group (Sure
et al. 2005). Rygh et al. (2006) showed that 3D
US was helpful in visualizing hidden vessels
adjacent to and inside the tumor thus facilitat-
ing tailored approaches and increasing the
safety of biopsies. Similar to navigated 2D US,
navigated 3D US solved the orientation prob-
lem experienced with conventional 2D US in
neurosurgery as it allowed axial, coronal and
sagittal reconstructions and a direct comparison
of iUS and preoperative MRI in the same plane
of view (Miller et al. 2012; Unsgaard et al.
2002). Three-dimensional US could be used as
a navigational tool even without preoperative
MRI in cases where no preoperative MRI was
available, an intraoperative brain shift occurred
or in case of a failure of the navigation system
(Miller et al. 2011; Peredo-Harvey et al. 2012).

Resection Control

Two-Dimensional Ultrasound

The use of iUS for resection control during sur-
gery of intracerebral tumors is documented in
numerous reports. However, larger randomized
controlled trials are lacking.
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In an early study by LeRoux et al. (1994), US
tumor volume estimates tended to be non-
significantly larger than T1 gadolinium-enhanced
volumes on preoperative MRI. The authors con-
cluded that iUS might therefore aid in detecting
areas of tumor extension beyond margins of
blood-brain barrier breakdown. Tumor volumes
on T2 weighted MRI were larger than US vol-
umes except for low grade gliomas, again this
was not statistically significant. US images
helped to differentiate edema from solid tumor
and normal brain. Overall, the authors concluded
that, US information might help to enhance
tumor resection. However, there were difficulties
in estimating tumor volumes in previously treated
lesions where gliosis was present.

Two studies compared sonographic imaging
results after resection to histopathology by taking
probes from various points at the resection margin.
Woydt et al. (1996) acquired a series of 78 biopsies
from the resection cavity under continuous sono-
graphic control at the end of surgery in 45 patients
with gliomas. 47 out of 53 biopsies (89%) taken
from tissue sonographically suspected as tumor
revealed solid tumor tissue of which 72% were
microscopically assessed as unsuspicious by the
surgeon. Six samples contained tumor infiltration
zone. Six of twenty-five biopsies taken from sono-
graphically tumor-free borders were diagnosed as
tumor tissue. Of 34 cases with gross total removal
according to the surgeon’s assessment 25 showed
sonographic signs of residual tumor tissue, which
was confirmed histologically as solid tumor tissue
in 22 of these cases. The authors concluded, that
iUS following resection of supratentorial gliomas
could detect residual tumor tissue with high speci-
ficity and thus improve gross total resection. In a
second study by Chacko et al. (2003), iUS was
useful in defining lesion margins in 71.4% of 35
cases of intracerebral lesions, however in previ-
ously radiated cases the margins were ill-defined.
97% of samples from the resection margins were
correctly identified as tumor. There were two false
negative cases (3%). However, there was a high
rate of false positive results (46% of histologically
negative probes).

Hammoud et al. (1996) performed a prospective
study of 70 patients with a variety of different
intraparenchymal brain lesions in 1996 to evaluate
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the efficacy of iUS in localizing and defining the
borders of tumors and in assessing the extent of
their resection (as compared to postoperative
MRI). In gliomas without previous therapy,
tumors were well localized in all patients, mar-
gins were well defined in 15/18 cases and the
extent of resection was well defined in all patients,
respectively. In patients with gliomas that had
undergone previous therapy and showed post-
radiation changes, the extent of resection was
poorly defined. All metastatic lesions were well
localized, had well-defined margins and the
extent of resection was well defined on iUS.

In a comparative study by Gerganov et al.
(2009), iMRI and 2D iUS were compared for
resection control in 26 patients with various
tumor entities. The authors showed that small
tumor remnants (<1 cm) were not detected by the
examiner in 2 of 21 patients with tumor remnants
identified on 1.5 T iMRI. Suspicious signals on
iUS were misinterpreted as tumor remnants in
another two cases. A statistical analysis was not
performed in this study.

In a recent study by the same group on resec-
tion control for low-grade gliomas, tumor borders
prior to resection were clear on iUS in 9 of 11
patients as compared to 10 of 11 cases on iMRI
(Gerganov et al. 2011). Image quality diminished
during surgery, leading to difficulties in interpre-
tation. One tumor remnant was not identified on
iUS, and one artifact was falsely interpreted as a
tumor remnant. Intraoperative MRI appeared
superior for resection control in these cases.

Contrast-Enhanced Ultrasound

There is very little data on the use of contrast-
enhanced US for resection control. Preliminary
data in a very low number of cases suggested that
remaining tumor tissue could be distinguished
from surrounding brain tissue more easily as
compared to conventional US (He et al. 2008).

Three-Dimensional Ultrasound

Rygh et al. (2008) compared 3D US to histopath-
ological findings at different stages of resection.
They could show a very high sensitivity (95%)
and specificity (95%) to delineate tumor before
resection. During resection, sensitivity dropped
slightly to 88%, but specificity was only 42%.
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After resection sensitivity dropped to 26%, but
specificity increased to 88%, while both positive
and negative predictive value were 62%.

To date, only one study has compared low—
field 0.2-T iMRI and 3D US in seven patients
only (Tronnier et al. 2001). The ability to detect
tumor was comparable in both imaging modali-
ties in high-grade gliomas and metastases,
whereas in the case of a low-grade glioma US
was more helpful. The reliability of the ultrasound
diminished during tumor resection, so that tumor
remnants were not at all or were poorly visible in
four patients.

The value of 3D US was evaluated by correlat-
ing 3D US and postoperative MRI in a small ran-
domized blinded prospective study by Rohde and
Coenen (2011). Three-dimensional US correctly
identified tumor remnant in five of seven patients
(71%) and correctly confirmed complete tumor
removal in three of five patients (60%). Overall
the intraoperative situation was correctly visual-
ized in 8 of 12 patients (67%).

Figure 13.3 shows an example of a 3D US of
a glioblastoma prior to and after resection.

Visualizing and Compensating
Brain-Shift

Deformations of the brain during surgery may be
due to loss of cerebro-spinal fluid, swelling or
retraction. These deformations may range from 2
to 25 mm depending on the size, the location and
the kind of tumor (Lindner et al. 2006).

Several groups worked on compensating brain
shift via a co-registration of iUS and preoperative
MRI (Coenen et al. 2005; Reinertsen et al. 2007).
Coenen et al. (2005) defined ultrasound land-
marks in the vicinity of the tumor and the nearby
fiber tracts and used a sequential landmark regis-
tration to assess fiber tract deformation. They
could show on postoperative diffusion-weighted
imaging that the actual fiber tract position at the
end of surgery corresponded to the sonographi-
cally predicted fiber tract position. Reinertsen
et al. (2007) validated a vessel-based registration
technique for the correction of brain shift. There
are multiple reports on other possible co-
registration- and deformation algorithms, however
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Fig. 13.3 Three-dimensional US of a left parasagittal
glioblastomas (left to right: axial, sagittal and coronal
views). Upper row: Glioblastoma before resection. Lower
row: Resection cavity after resection. Please note, that the

large patient trials are still lacking. Further studies
are needed to create robust deformation models
to allow fusion of MRI and iUS.

Guidance of Biopsies

Tsutsumi et al. (1989) first achieved real-time
imaging in single burr hole procedures in 1989.
Histologic diagnosis could be established in
87-95% of cases of US-guided tumor biopsies
via a single burr hole trepanation (Benediktsson
et al. 1992; Di Lorenzo et al. 1991; Lunardi et al.
1993; Strowitzki et al. 2000).

Ultrasound for Intra- and
Extramedullary Spinal Tumors

As shown by our group and others, iUS can be
used for a differential diagnosis of different

resection cavity is partly filled with blood which appears
very hyperechoic and should not be mistaken for tumor.
The tumor tissue prior to surgery appeared less echogenic
than blood

intradural spinal tumors. While intramedullary
tumors showed an inhomogeneous pattern,
extramedullary tumors were displayed with a
homogeneous signal on iUS. Extramedullary
tumors were sharply demarcated from the
myelon in all cases. Moreover, iUS proved to be
useful in displaying the size and exact location
of the lesion, thus allowing adjusting the exten-
sion of the bony opening (Regelsberger et al.
2005; Zhou et al. 2011).

Discussion
Technical Considerations

iUS allows real-time imaging, thus giving a direct
update of the intraoperative anatomy. Only mini-
mal preparation time is needed for scanning. As
compared to iMRI, it is less time-consuming,
easily repeatable and far less expensive. No special
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operating room or operating equipment is needed.
Ultrasound equipment and disposables are rela-
tively low in cost and basically everywhere
available. Moreover, there is no irradiation with
the technique. The operating surgeon can perform
the examination and can gain an immediate feed-
back on the intraoperative situation as well as
real-time blood flow information. Intraoperative
US can even be combined with neuronavigation
or endoscopy.

However, there are some major disadvantages
using 1US: the limited insonation window of the
cranial opening only allows certain planes of
view, usually in an oblique orientation. This
makes orientation more difficult for the neuro-
surgeon who is used to axial, coronal and sagittal
imaging (Miller et al. 2007). Visualizing ana-
tomical landmarks might as well be limited by
the cranial opening. Moreover, image quality
and image interpretation depend on the experi-
ence and skill of the examiner. Artifact forma-
tion due to air bubbles or blood within the
surgical field may lead to misinterpretation.
Convex probes may reduce the contact area to
the brain or dura surface, leading to reduced
image resolution. Depth penetration may be lim-
ited depending on the probe frequency, lateral
resolution is decreased for deep targets. Overall,
signal-to-noise ratio is lower than for iMRI. It
can be difficult to find the exact view again for
monitoring the course of an operation when per-
forming serial images with 2D iUS. Thus in the
neurosurgical setting, it can be difficult to com-
pare 2D iUS during ongoing surgery to monitor
the extent of a tumor resection. Navigated US
addresses some of the drawbacks. We could
show that orientation is markedly improved by
displaying US images and reconstructed MRI
images in the same image plane side by side or
as an image overlay (Miller et al. 2007).
Comparing MRI and US facilitated the interpre-
tation of the US images. It increased the learning
curve and might even aid in resection control.
Anatomical landmarks and vessels can be
marked (Sure et al. 2005). In 3D-US again orien-
tation is improved, comparison to pre-resection
scans is easier. However, a patient-to-image reg-
istration as well as a calibration of the US probe
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is needed for navUS and 3D US. This will
increase preparation time before surgery. Signal-
to-noise ratio is improved in contrast-enhanced
ultrasound as compared to conventional iUS.
However, there is only limited data concerning
the intraoperative use of contrast-enhanced US
in neurosurgery. Further studies are needed to
clarify its value in monitoring tumor resection.

Applications

Even though there are numerous reports on dif-
ferent aspects of iUS, most studies only contain
small case series. Larger prospective trials are
lacking.

Tumor Visualization

and Resection Control

A number of imaging methods are used for intra-
operative tumor visualization and resection con-
trol with high-field iMRI being the gold standard
in intraoperative imaging. However, iMRI is a
logistically demanding, time-consuming and
expensive device. Intraoperative US, on the other
hand, is a less expensive and less time-consuming
alternative to iMRI for tumor visualization and
resection control. Ultrasound provides informa-
tion on tumor size, distance from the cortical sur-
face and surrounding structures. Most tumors can
be visualized well on 2D iUS (LeRoux et al.
1992, 1994) and tumor margins can be defined
clearly prior to resection (LeRoux et al. 1994;
Moiyadi and Shetty 2011). Tumor margins might
be less defined in cases of radiation changes
(LeRoux et al. 1992), to our experience however,
iUS does not seem to be inferior to preoperative
MRI in these difficult cases. In two comparative
studies, iUS was only marginally inferior to iMRI
in delineating tumor (Gerganov et al. 2009,
2011). Three-dimensional US shows a similarly
good ability to visualize tumor as 2D US. The
sensitivity to delineate tumor margins was
74-100% prior to resection, depending on histol-
ogy in a study by Unsgaard et al. (2005). Data
from larger trials on contrast-enhanced US for
tumor visualization and delineation is still lacking.
However, this seems to be a promising technique
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to improve signal-to-noise ratio (Engelhardt et al.
2007; Kanno et al. 2005; Otsuki et al. 2001).
Thus, iUS is a good tool to localize, visualize and
delineate intraparenchymal brain tumors.

2D iUS showed to be highly sensitive in
detecting tumor remnants (89—-97%) when com-
paring US imaging with histopathology (Chacko
et al. 2003; Woydt et al. 1996). However, speci-
ficity was only 54-76%, which could lead to an
overestimation of tumor remnants. Moreover, a
slim hyperechogenic rim is usually seen around
the resection cavity and is an unspecific sign. It
can mask thin tumor remnants, as pointed out by
Woydt et al. (1996). Rygh et al. (2008) showed
that 3D US was highly sensitive in the detection
of tumor remnants during resection. However,
sensitivity dropped by the end of the operation,
while the positive predictive value remained
acceptable. The drop in sensitivity can be
explained by the low number of biopsies classi-
fied as tumor at this stage of the operation as
compared to normal tissue. Moreover, it is not
surprising to find infiltrated tissue in the hyper-
echogenic rim around the resection cavity.
According to Gerganov et al. (2009, 2011) and
Tronnier et al. (2001), both 2D and 3D iUS
might be inferior in detecting tumor remnants
compared to iMRI. However, the studies by
Gerganov  had several limitations: (1)
Comparative analysis was done in a small num-
ber of patients only; no statistical analysis was
performed. (2) Patients were positioned in a
way that was suitable for iMRI, but did not
always allow a good post-resection scan with
iUS. (3) Intraoperative US is an examination
that depends on the experience of the user. The
group seemed to be more experienced in iMRI
than in iUS. The low number of patients and the
fact, that they used a prototype of a now com-
mercially available US-navigation-system, lim-
its Tronnier’s study. The interpretation of the
US images might have been suboptimal as the
examiners were at the beginning of their learn-
ing curve with the new technology. Larger studies,
that compare 3D US and iMRI are lacking.

We can conclude that, intraoperative 2D US is
highly sensitive in detection tumor remnants,
randomized prospective trials to compare it to
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iMRI are lacking. Data on 3D US in a small
number of patients also suggest a good sensitivity
to detect tumor remnants during resection.
However, further studies are needed to confirm
these findings. The utility of iUS for resection
control depends on the experience of the exam-
iner. Especially post-resection iUS is prone to
artifact formation due to blood and air bubbles
within the surgical field. Moreover contused
adjacent tissue might show up hyperechogenic on
iUS and might be mistaken for tumor remnants.
Navigated US can possibly improve the learning
curve by helping in comparing pre-resection iUS,
MRI and post-resection iUS. Moreover, tumor
remnants can be landmarked by the navigation
system, thus improving orientation.

Up to date, there is no good data on contrast-
enhanced US for resection control. Further stud-
ies are needed to evaluate post-resection changes
of contrast-enhancement for resection control.

Ultrasound as a Tool for Navigation
Numerous reports could show the value of iUS
for intraoperative navigation. Moiyadi and Shetty
(2011) evaluated iUS as a useful tool in various
stages of tumor resection in 78—100% of cases.
We could show that navUS was especially useful
in planning the correct transsulcal approach to
subcortical lesions (Zhou et al. 2009), in improv-
ing orientation (Miller et al. 2007), in displaying
the exact location of structures surrounding the
tumor especially in cases of cystic tumors where
an opening of the cyst might lead to local brain
shift (Enchev et al. 2006) and in displaying and
landmarking vessels that might be displaced or
encased by tumor (Sure et al. 2005). Similar to
navUS, 3D US facilitates orientation and helps to
visualize vessel, thus facilitating tailored approaches
(Unsgaard et al. 2002).

Visualizing and Compensating

Brain Shift

Deformations of the brain during surgery include
small rotations, translations and morphological
changes due to swelling, ongoing resection, grav-
ity and loss of cerebro-spinal fluid. Brain shift or
brain deformations limit the effectiveness of
image guidance systems that rely on preoperative
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imaging modalities as inaccuracies up to 25 mm
may occur (Lindner et al. 2006). Intraoperative
navUS or 3D US may enhance the utility of neu-
ronavigation by adding information on brain shift
(Lindner et al. 2006). The co-registration of iUS
and preoperative MRI is a promising way to com-
pensate brain shift (Coenen et al. 2005; Reinertsen
et al. 2007). However, further studies are needed
to create robust deformation models to allow
fusion of MRI and iUS.

Guidance of Biopsies

Reports on US-guided biopsies have shown a
high diagnostic yield. US-guided biopsies are, in
experienced hands, a cheap and fast alternative to
navigated biopsies or stereotactic biopsies.
However, the surgeon has to bear in mind that
image quality is reduced as compared to conven-
tional iUS due to the small footprint, a usually
slightly lower frequency and possible artifacts by
the bone edge of the burr hole. Therefore most
authors recommend taking biopsies from supra-
tentorial lesions >15 mm. Stereotactic techniques
can be reserved to smaller lesions and more dif-
ficult regions (Benediktsson et al. 1992; Di
Lorenzo et al. 1991; Lunardi et al. 1993;
Strowitzki et al. 2000).

Spinal US

As shown by our group and others, intra- and
extramedullary tumors can easily be distin-
guished on iUS. Moreover, the dura, the spinal
cord, the central canal, nerve roots, vertebral bod-
ies, disc spaces and syrinxes can be displayed by
iUS. Intraoperative US can help in defining the
extension of the tumor and adjust bony opening
(Regelsberger et al. 2005; Zhou et al. 2011).

Conclusion

Intraoperative US is a useful tool for tumor visu-
alization, location, delineation and planning of the
optimal approach. Moreover, real-time vascular
information can be added. In experienced hands,
it is an alternative to other techniques to control
tumor resection and guide biopsies. However, the
examiner has to be aware of the limitations of the
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technique. Future trials may involve the utility of
contrast-enhanced ultrasound in resection control
as well as further studies on brain shift compensa-
tion by fusion of iUS and preoperative MRI.
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Abstract

For positioning intracranial tumors as intraop-
erative operation supporting system, neuro-
navigation and ultrasonography are the most
common useful systems at present. Power
Doppler ultrasonography real-timely shows
vasculature in intracranial tumors, while neu-
ronavigation system does not real-timely show
intracranial structures due to the base on the
preoperative image and is usually affected by
brain shift. The information of the preopera-
tive MRI can be compensated by real-time
untrasonography. Power Doppler sonography
detects vasculature of tumor with 3 dimensional
image. Ultrasonographical contrast-enhancing
agent enhances vasculature of the tumor,
particularly vascular enriched tumors such as
hemangioblastoma, glioblastoma, and meta-
static tumors, and angioblastic meningioma.
In these intracranial tumors, the echo signals
obtained using contrast-enhanced power Doppler
ultrasonography correlated with digital sub-
traction angiographic staining. Power Doppler
untrasonography with the appropriate contrast
agent provided better data on the precise
real-time position of the tumors and their
relationship to adjacent vessels than ultra-
sonograms obtained before the injection of the
contrast agent. In addition, combination with
neuronavigation system and power Doppler
ultrasonography with 3 dimensional image
contributes to intracranial tumor surgery.
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DOI 10.1007/978-94-007-7602-9_14, © Springer Science+Business Media Dordrecht 2014



138

Introduction

Ultrasonography (US) has been applied to medicine
since the 1950s, and recently, intraoperative US
has been commonly used to evaluate intracranial
tumors (Chandler et al. 1982). Use of intraopera-
tive ultrasonography (US) during surgery of
intracranial tumor has been started since in the
1970s. Reid (1978) first described the use of
sonography for neurosurgical guidance. At first,
resolution of US remained in low level, and only
existence of tumor was detected. Sosna J and
Barth MM, et al. described in the review as fol-
lows: intraoperative US has been used over many
years and is an efficient imaging adjunct to
neurosurgery. Image resolution as well as the
size and engineering of probes have improved
considerably since 1978, reported by Reid (1978).
Three-dimensional (3D) US with navigation soft-
ware solves the orientation problem experienced
previously with 2-dimensional (2D) US in opera-
tion (Unsgaard et al. 2002). Intraoperative US of
the brain is most commonly used for localiza-
tion and characterization of intracranial tumors,
and the tumors such as meningiomas, gliomas,
lymphomas, and metastases are typically hyper-
echoic relative to normal brain parenchyma and
surrounding vasogenic edema. Anechoic cysts are
present in patients with cystic astrocytomas and
other cystic tumors, and cystic degeneration of
benign or malignant solid lesions is common.
Localization and characterization of solid tumors
become more difficult in the presence of chronic
peritumoral edema, which causes increased echo-
genicity and could obscure the margins between
the mass lesion and adjacent normal brain.
Although acute edema is typically less echogenic
than tumors, the appearance of chronic edema or
previously radiated tissue is less predictable and is
occasionally isoechoic or hyperechoic. Infiltrative
and aggressive tumors are different from their
echogenicity and composition. Low-grade astro-
cytomas show often heterogeneous, with indistinct
margins (Hatfield et al. 1989). However, even a
distinct tumor margin on US is occasionally
deceptive and a tumor margin is not correlated to
be seen on CT or MRI. Primary central nervous
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system lymphoma appears either hypoechoic or
isoechoic to surrounding parenchyma. Despite
their infiltrative nature, these lesions tend to
displace blood vessels.

Doppler which has been discovered in the
1990s could be visible vasculature of tumor, and
at surgery of liver angioma, usefulness of power
Doppler has been shown (Young et al. 1998).
Real-timely detection of tumor vessels provides
important information about tumor-surrounding
vessels. High resolution of US was able to detect
small vessels as well as large vessels in both
arterial and venous systems, and power Doppler
US showed vasculature of tumors. Early applica-
tion to intracranial lesion was directed to vascular
lesion. Contrast-enhanced power Doppler US is
useful to detect intracranial vessels as well as
extracranial carotid or vertebral arteries.
Transcranial contrast-enhanced power Doppler
US was able to detect intracranial major vessels
consisting of Circle of Willis. However, directions
of a US probe are limited. Therefore, except for
flow of middle cerebral artery and parts of
internal cervical artery and anterior cerebral artery,
detections of vessel structures are not shown
distinct. Compared with transcranial power
Doppler US, its intraoperative application is not
limited in direction or depth due to use of trans-
dural or cortical probe. Advancement of resolu-
tion of equipment provides clear image similar to
digital subtraction angiography (DSA). Contrast-
enhancing agent (Levovist, Bayel, Berlin, Germany)
is useful to detect more clear image for intracranial
vascular-enriched tumors, particularly heman-
gioblastoma, glioblastoma, metastatic tumors, and
angioblastic meningioma.

As to the power Doppler US with contrast
enhancing agent, He et al. (2008), to study the
value of intraoperative contrast-enhanced US in
the resection for brain tumors, the feasibility of
contrast-enhanced US was investigated to identify
the border and residual of the brain tumors in the
operation, and the usefulness of contrast enhanced
power Doppler US was demonstrated.

More recently, combination with intraopera-
tive power Doppler US, neuronavigation system
with diffusion tensor tractography, and neuro-
physiological monitoring has been often reported
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(Rygh et al. 2006; Nossek et al. 2011). Rygh
et al. (2006) described that avoiding beeding by
damage to blood vessels and is one of numerous
concerns for neurosurgeons during intracranial
tumor surgery. Neuronavigation system is useful
for neurosurgeons to locate the position of
vital structures such as vessels. However, not
only brain shift but also registration errors limits
the overall accuracy of a neuronavigation system
(Roberts et al. 1998). To compensate a brain
shift, intraoperative imaging has been introduced
in neuronavigation (Gronningsaeter et al. 2000).
The equipment also has capability of power
Doppler US imaging for visualization of vessels.
Thus, power Doppler US image data is able to be
acquired intraoperatively for neuronavigation.

Intraoperative Application of Power
Doppler Ultrasonography
to Intracranial Tumors

Intraoperative application of power Doppler US
to intracranial tumor surgeries has been reported
by several authors. Yasuda et al. (2003) reported
intraoperative 3D reconstruction of power Doppler
US in 2003. They have developed a simple method
for reconstructing a 3D image in the operating
room from sequentially scanned intraoperative
2D power Doppler images using a personal
computer and commercially available software.
Intracranial vessel images were digitally transferred
to a personal computer by freehand scanning over
the dura mater or the brain surface with a 7.5-MHz
linear probe. A series of 2D images were con-
verted to a smaller file, and 3D image was recon-
structed with volume-rendering software. In the
intracranial tumor case, the anatomical relation
between the vascular structures and the tumor
was clear. They concluded that this simple 3D
reconstruction method provides spatial informa-
tion about intracranial vascular structures that is
useful in intraoperative surgical planning.

Kanno H and Ozawa Y et al. reported the use-
fulness of power Doppler US for intracranial
tumors. They described that particularly B-mode
imaging has improved intraoperative orientation
as well as the potential for more tumor resection,
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and three-dimensional intraoperative US has
become available for navigation during brain
tumor resection (Kanno etal. 2005). Intraoperative
US for intracranial tumors is not only more handy
than CT or MR imaging, but also affords true
real-time imaging, which is helpful to evaluate
the precise tumor location and the anatomical
relationship between the tumor and surrounding
tissues such as vessels and ventricles. In addition,
technological advancements in US equipment
have produced US resolution that is equal to that
of CT or MR imaging. Preoperative transcranial
color Doppler US, which can demonstrate vessel
flow, is helpful to evaluate not only vascular
lesions but also highly vascularized intracranial
neoplasms (Bogdahn et al. 1994). A galactose-
based transpulmonary US contrast-enhancing agent,
Levovist (SH U 508A; Bayel, Berlin, Germany),
was shown to provide a clearer assessment of
intracranial vascular lesions and vascular struc-
tures around intracranial tumors during brain
operations. They evaluated intraoperative power
Doppler US with and without a contrast agent for
the examination of 40 intracranial tumors, Before
injection of the US contrast-enhancing agent,
intra- and peritumoral power Doppler flow signals
were detected in 32 of the intracranial tumors.
After the injection, the signals were enhanced in
blood vessels around the tumors and in the tumor
parenchyma in 36 tumors. The duration of con-
trast enhancement continued for 70-365 s after
the injection. Among the tumors, hemangioblas-
tomas displayed particularly strong contrast
enhancement. In these intracranial tumors, the
echo signals obtained using contrast-enhanced
power Doppler US correlated with DS angio-
graphic staining. Moreover, they described that
the information obtained from contrast-enhanced
power Doppler US is helpful for surgical naviga-
tion because the appropriate route to access the
tumor becomes quite apparent, and for an evalu-
ation of peritumoral vessels, particularly for
showing the vasculature of highly vascularized
tumors such as hemangioblastomas. Practical use
of power Doppler US for hemangioblastoma is
shown in Fig. 14.1. The mural nodule, tumor
substance, is rapidly enhanced after intravenous
injection of contrast-enhancing agent, Levovist.
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Fig. 14.1 Imaging studies obtained in a patient with a
cerebellar hemangioblastoma. (a) Axial contrast-
enhanced MR image revealing a well enhanced tumor
with a cyst in the left cerebellar hemisphere. (b) Digital
subtraction angiogram (lateral view) depicting distinct

Early phase after injection of contrast-enhanced
agent shows feeding artery to a tumor, and the
late phase shows intratumoral vasculature includ-
ing intratumoral veins. In addition, Glasker S and
Shah M, et al. reported power Doppler US-guided
resection of central nervous system hemangio-
blastomas (Glédsker et al. 2011). They used
Sonowand intraoperative navigation system in a
consecutive series of 64 hemangioblastoma of
patients with von Hippel-Lindau disease as well
as sporadic. They described all tumors were
visible on power Doppler US, but, in 40 cases,

angiographic staining at the late arterial phase. (¢) Gray
scale B-mode ultrasonography depicting a large mural
nodule with a cyst. (d) Power Doppler ultrasonogram
without contrast agent depicting flow signals in the
tumor

only the pathological vessels and not the solid
tumor itself on power Doppler US. They stated
that hemangioblastomas appear to be ideally
suited for detection with power Doppler US,
since the tumors frequently have a cystic compo-
nent and a small solid mural nodule, which is dis-
tinctly detected because of being highly
vascularized. To evaluate the usefulness of intra-
operative power Doppler US for surgery of
hemangioblastomas, they gathered the intraoper-
ative data including the visibility of the tumors
before dura opening in power Doppler flow
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mode. The power Doppler gain were adjusted for
optimal vascularization of the tumors and the
surrounding neural tissue. After opening the dura
mater, they used US again to identify the location
of the tumors and to guide surgical resection. All
tumors were visible in power Doppler flow mode.
In 38% of tumors, the solid tumor nodule were
directly visible due to enhancement of tumor
tissues. Their tumors appeared demarcated areas
of a mixed color pattern consistent with the
marked vascularity of these tumors. The remain-
ing 40 tumors were indirectly visible due to
enhancement of feeding arteries and draining
veins. Power Doppler US was found to be useful
for localizing tumors, which were not visible
after dura opening in several cases. After com-
plete surgical removal, there was no more vascular
enhancement detectable by power Doppler US.
They concluded power Doppler US is a sensitive
intraoperative equipment to guide the surgical
approach and provides reliable resection control
in surgery of CNS hemangioblastoma.

As to the power Doppler US with contrast-
enhancing agent, He et al. (2008) described that
after intravenously administrating ultrasound
contrast, the enhancement of tumors started from
9 to 20 s and the peak of the enhancement ranged
from 20 to 120 s. The enhancement passed the
peak and decreased from hyper-enhancement
to hypo-enhancement from 80 to 120 s. The
enhancement continued for 3—-10 min allowed
observation. The time, intensity, and distribution
of the contrast enhancement on contrast-enhanced
power Doppler US varied in the intracranial
tumors with various pathological components.
There was no enhancement in the area with cystic
degeneration or necrosis of the tumor. The normal
brain tissue was hypo-enhanced. The margin of
the tumors was clearly identified on contrast-
enhanced US images, which was ill-defined on
conventional ultrasound. The edema border
around the tumor was easily visualized as hypo-
enhancement. The signal of power Doppler of the
tumor was increased after intravenously adminis-
trating contrast-enhanced agent in all cases. The
assessment of the extent of resection including
the location, size, and margin of the tumors by

intraoperative contrast-enhanced power Doppler
US showed significant correlation with MRI.
There were nine patients with suspected remaining
tumor tissue who underwent second contrast-
enhanced power Doppler US after the initial
resection. Residual tumor tissue was not clearly
identified on conventional ultrasound, which
presented as an enhanced rim along the resection
cavity suggested remained tumor tissue. Intra-
operative biopsy was performed on suspected
remained tumor tissue in the area that was min-
imally vascular on conventional color flow image
and present as hypervascularity on contrast-
enhanced US.

As to the combination with intraoperative
power Doppler US and neuronavigation system,
Ryghetal. (2006) used an intraoperative US-based
neuronavigation system with a 4- to 8-MHz flat
phased array probe with optimal focusing proper-
ties at 3—6 cm and with the capability of acquiring
power Doppler US images. On the power Doppler
US images, vessels were displayed as an overlay
in shades of red over the tissue image according
to the power of the Doppler signal. The ultra-
sound platform in SonoWand also has triplex
imaging, but this cannot be imported and used for
neuronavigation with 3D US. For tracking of the
ultrasound probe, a tracking frame was attached.
In addition, as to integration with the power
Doppler US and neurophysiological monitoring,
Nossek et al. (2011) reported the integration with
motor evoked potential (MEP) monitoring and
power Doppler US. They analyzed 55 patients
undergoing resection of tumors located within or
in proximity to the corticospinal tracts. Cortico-
spinal tract tractography based on diffusion tensor
imaging was co-registered to surgical navigation-
derived images in 42 patients. Direct cortical-
stimulated motor evoked potentials (dcMEPs)
and subcortical-stimulated MEPs (scrtMEPs)
were recorded intraoperatively to assess function
and estimate the distance from the corticospinal
tracts. Intraoperative US updated the navigation
imaging and estimated resection proximity to the
corticospinal tracts. Preoperative clinical motor
function was compared with postoperative out-
come at several time points and correlated with
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incidences of intraoperative dcMEP alarm and
low scrtMEP values. The threshold level to elicit
scrtMEPs was plotted against the distance to the
corticospinal tracts based on diffusion tensor
imaging tractography after brain shift compensa-
tion with intraoperative power Doppler US,
generating a trend line that demonstrated a linear
order between these variables, and a relationship
for every 1 mm of brain tissue distance from
the corticospinal tracts. Clinically, 71% of 55
patients had no postoperative deficits, and 9 of
the remaining 16 improved to baseline function
within 1 month. Seven patients had various degrees
of permanent motor deficits. Subcortical stimula-
tion was applied in 45 of the procedures. The
status of 32 patients did not deteriorate postop-
eratively: 84% of them displayed minimum
scrtMEP thresholds >7 mA. Six patients who
experienced postoperative deterioration quickly
recovered and displayed minimum scrtMEP
thresholds >6.8 mA. Five of the seven patients
who had late or no recovery had minimal scrtMEP
thresholds <3 mA. An scrtMEP threshold of
3 mA was found to be the cutoff point below
which irreversible disruption of corticospinal
tract integrity may be anticipated. Moreover, as
to the QOL changes after glioma surgery using
power Doppler US, Jakola, A and Unsgard G
et al. explored the relationship between QOL and
traditional outcome parameters, and examined
possible predictors of change in QOL (Jakola
et al. 2011). They concluded that the surgical
procedures may not significantly alter QOL in
the average patient with glioma, but have a major
undesirable effect on QOL. The active use of
intraoperative US may be associated with a pres-
ervation of QOL. The EQ-5D seems like a good
outcome measure with a strong correlation to
traditional variables while offering a more detailed
description of outcome.

As to the experimental study using an animal
model, Monome 'Y and Furuhata H, et al. reported
malignant glioma RT2 cells implanted stereotac-
tically into the right caudate nucleus (Manome
et al. 2009). They injected microbubble contrast-
enhancing agent Levovist, and detected implanted
glioma RT cells contrast-enhanced by Levovist.

H. Kanno

Discussion

With skilful and technical advancement, 3D
directions of feeding arteries can be detected. After
removal of the tumor, no residual tumor is easily
confirmed with power Doppler image. Only weak
point is required for skillfulness and rapid fading
of arterial image. It had better re-observe record
of power Doppler US with contrast-enhancing
agent in every one frame. Although subtraction
method of power Doppler is also useful, B-mode
image also provide background echo signals, and
then power Doppler US without subtraction is
enough to evaluate the tumor vasculature. The
information obtained from contrast-enhanced power
Doppler US is useful for surgical navigation since
the appropriate approach route to access the tumor
becomes quite apparent, and for an evaluation of
peritumoral vessels, particularly for showing the
vasculature of highly vascularized tumors such as
hemangioblastomas.

As for CNS hemangioblastomas, Glasker S
and Shah M, et al. indicate that power Doppler
flow sonography is a reliable and useful tool
to localize hemangioblastomas intraoperatively
(Glasker et al. 2011). On grayscale imaging
B-mode, many hemangioblastomas were only
visible if cystic. However, with the use of power
Doppler US, all lesions were able to be localized
intraoperatively. The distinct sonographic visual-
ization of hemangioblastomas compared with
other tumors in the posterior fossa is due to their
vascular and cystic nature. To localize cerebellar
hemangioblastomas, power Doppler US surpasses
MRI navigation since there is no brain shift.
Furthermore, US- guided puncture of large poste-
rior fossa cysts was useful for rapid release of
pressure in cases where cerebellar tissue herni-
ated after dural opening. In surgery for intra-
medullary hemangioblastomas, power Doppler
US is the only possibility of navigation. This is
specifically important in patients with VHL dis-
ease who frequently undergo multiple surgeries.
Such minimal approaches do not allow extensive
searching of a tumor that is not directly visible
after dural opening. Despite the fact that Avila
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and coauthors (Avila et al. 1993) used an older
power Doppler technique with inferior resolution
compared with the current technique, the authors
feel that power Doppler US is helpful for surgery
of hemangioblastomas and facilitates the local-
ization of the tumors. The use of power Doppler
has advantages and disadvantages compared with
other methods of neuronavigation. The advan-
tages include the possibility of real-time imag-
ing, fast availability, non brain shift, and the
possibility to visualize vascular structures. It is
the only well-established navigation method in
the surgery of intra-axial tumors. The disadvan-
tages include limitations in its resolution. More
than all other navigation methods, the usefulness
of USs depends on the experience of the surgeon.
The image planes may be unfamiliar for inexpe-
rienced surgeons. The imaging artifacts are dif-
ferent from other imaging methods. In addition,
based on their findings, Kanno H and co-authors
suggested that data on vascularity obtained using
DSA correlated with those obtained using power
Doppler US, but that the US contrast- enhancing
effect obtained using Levovist were different
from that revealed on MR or CT images (Kanno
et al. 2005). In vitro studies, animal experiments,
and clinical studies have revealed that a US con-
trast agent Levovist, did not have toxicity or side
effects. Furthermore, Levovist improves the signal
intensity and the signal- to-nose ratio for several
minutes. Nevertheless, there have been few studies
on intraoperative power Doppler US for intracra-
nial lesions, in which both non-enhanced and
contrast-enhanced images have been examined. In
addition, it is not clear what kinds of intracranial
tumors might display the enhancing effect. Otsuki
H and co-authors demonstrated that intraopera-
tive harmonic subtraction images of intracranial
lesions obtained using a US contrast agent were
almost equal to MR angiograms and DSAs
(Otsuki et al. 2001). Previously, we examined the
US contrast-enhancing effect on the tumor paren-
chyma and assessed the relationship between
vascularization seen on DSAs and the contrast
enhancement of intracranial tumors seen on
power Doppler USs. Our results revealed that
most meningiomas, metastatic tumors, and,
particularly, hemangioblastomas reflected strong
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signals on contrast-enhanced power Doppler US
images, while some gliomas and malignant
lymphomas displayed weak signals despite their
contrast enhancement on CT and MR images.
Bogdahn U and co-authors found that for all
Grade IV gliomas contrast-enhanced transcranial
color-coded US revealed not only color Doppler
flow signals within the tumor parenchyma, but
also atypical arterial and venous spectra (Bogdahn
et al. 1994). The mechanism of US contrast
enhancement has not yet been fully elucidated,
but depends on the microbubble concentration in
the blood pool in the tumor parenchyma, which is
considered to be related to tumor vascularity and
not to the destruction of the blood-brain barrier.
On the other hand, contrast enhancement on CT
or MR images is considered to be related to
destruction of the blood—brain barrier rather than
to tumor vascularity. Various abdominal tumors,
such as liver cell carcinoma, liver hemangioma,
metastatic liver carcinoma, gallbladder carcinoma,
pancreatic carcinoma, and, in particular, liver cell
carcinoma and metastatic liver carcinoma, display
a high level of US contrast enhancement. In addi-
tion, these findings indicate that the US contrast-
enhancing effect in abdominal tumors depends
on vascular enrichment. It is demonstrated that
hemangioblastomas, meningiomas, metastatic
brain tumors, and some high-grade gliomas also
show high-grade contrast enhancement during
power Doppler US when a contrast agent is used,
and that the angiographic grade was correlated with
this level of contrast enhancement. In particular,
hemangioblastomas, even if small, demonstrate
the US contrast-enhancement effect, which is
useful to determine the orientation of a tumor
during an operation. Thus, the use of power
Doppler US with a contrast-enhancing agent has
several advantages to facilitate tumor removal.
The correct approach route to access the deep-
seated tumor becomes immediately apparent
because feeding arteries, draining veins, and
tumor vasculature are clearly shown in color
images. In addition, the extent of resection in
parenchymal brain tumors is easily evaluated,
particularly in tumors that have abundant vessels,
and finally total removal of the tumor is confirmed
with the disappearance of power Doppler signals
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in the tumor vasculature. Although we used the
US contrast agent as a single bolus injection,
other enhancement protocols such as repeated
bolus injections or continuous infusion should be
tried. In addition, other imaging modes such as
pulse inversion and 3D US may be practical when
performing power Doppler US with the contrast
agent. Although a neuronavigation system based
on data obtained from MR or CT images makes
errors because of brain shift, US provides true
real-time imaging without any brain shift. A neu-
ronavigation system that could be revised by data
obtained using power Doppler US with contrast
enhancement would provide more superior infor-
mation during surgery.

As to the power Doppler US with contrast
enhanced agent, He W and Jiang X et al. demon-
strated that intraoperative contrast-enhanced
power Doppler US was helpful to evaluate the
tumor location, defining the border and observing
the vascularity of the intracranial tumors (He et al.
2008). The enhancement indicates an actively
viable tumor proved by pathology, which needs
to be completely removed during the operation.
Non-enhancement indicates necrosis or cystic
degeneration. While the edema surrounding the
brain tumor showed hypo-enhancement, which
can differentiate the edema from the brain tumor
tissue (Smith et al. 1985; Bogdahn et al. 1994;
Kanno et al. 2005). Appropriate neurosurgical
intervention often provides the patient with a
brain tumor an improved neurological status,
improved quality of life, and possibly prolonged
survival. Optimal resection can be achieved when
the tumor is specifically localized, the borders
are clearly elucidated, and any residual tumor is
readily identified. Intraoperative contrast-enhanced
power Doppler US showed the obvious advan-
tage of determining these factors in real time.
Two major avoidances in the resection for brain
tumors are incomplete resection and excessive
resection. An incomplete resection could result in
recurrence of the tumor. On the other hand, over-
resection may lead to damage healthy brain that
may shorten the time of patient survival and
diminish quality of life. Furthermore, it is very
difficult to recognize recurrent brain tumors with
conventional ultrasound at previous surgical site
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where the local thrombosis and scar tissue are all
hyperechoic that mimic tumor tissue. It is often
impossible to distinguish the border and remained
tissue of the tumor under naked eyes. MRI and
CT are not portably applicable in operating room
in all medical institutes. Intraoperative contrast-
enhanced power Doppler US, a widely available,
efficient, nonconstraining, and relatively inexpensive
imaging technique, allows not only identifying
the border of tumors but also distinguish remain-
ing or recurrent tumor from scar tissue or local
thrombosis, which is helpful in designing surgi-
cal procedure pre resection as well as planning an
extent surgery to remove remained tumor tissue
after the initial resection. Suspicious remaining
tumor tissue was visualized as the enhancement
in the local area on contrast-enhanced power
Doppler US that guides a biopsy for pathological
confirmation. Moreover, ultrasound images
helped differentiate edema, as seen on T2 images
from solid tumor and normal brain (Leroux et al.
1994.). The intraoperative contrast-enhanced
power Doppler US much depends on the per-
former. It is important to master the skills of
scanning and the surgical anatomy for improving
feasibility and accuracy of intraoperative con-
trast-enhanced power Doppler US. Cranial MRI
and CT are superior to ultrasound in the diagno-
sis of the brain tumors pre operation. For brain
tumor resection control, intraoperative contrast-
enhanced power Doppler US provides a useful
imaging method to locate the lesion, define the
border between the tumor and adjacent healthy
brain, and detect residual tumor tissue after the
initial resection. Nevertheless, intraoperative
contrast-enhanced power Doppler US has dramatic
potential for future applications in neurosurgery.

As to the integrated combination with power
Doppler US and neuronavigation system, Rygh
O and co-authors (Rygh et al. 2006) described as
follows: intraoperative power Doppler US imag-
ing may be necessary to maintain the accuracy in
neuronavigation. Both intraoperative MRI and
US are modalities for acquiring intraoperative
angiographic image data for use in neuronaviga-
tion. Intraoperative US integrated with neuronavi-
gation is a convenient alternative, since modern
power Doppler technology can depict intracranial
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vasculature with sufficient image quality
(Gronningsaeter et al. 2000; Tekula et al. 2001;
Hernes et al. 2003). Sure U and co-authors has
reported making the position of vessels using
color flow Doppler and described that marking
the position of vessels adjacent to a tumor facili-
tated image-guided tumor resection (Sure et al.
2000). The power Doppler US image enables
navigation directly without need for landmarking
on a preoperative MRI data set and also gives
angiographic images of sufficient quality for navi-
gation during the different stages of the resection
of intracranial tumors. In addition, in cases with
tumors in the medial part of the temporal lobe, it
was shown that visualization of vessels in the
basal cistern was helpful for safer resection and
biopsy sampling. Power Doppler US was not
occasionally found helpful, such as in superficial
gliomas not close to larger vessels. Nevertheless,
even in such cases, unexpected vessels may give
the surgeon unpleasant surprises, and confirma-
tion that important vessels are not close to the
tumor is reassured by the surgeon. In skull base
surgery, since the vessels are usually attached to
the skull base, brain shift mostly has no problem.
On the other hand, in MRI-based neuronaviga-
tion, inaccuracy in image registration may still
lead to inaccurate targeting of skull base vessels.
However, no image registration is needed in
neuronavigation based on power Doppler US
(Unsgaard et al. 2006). One limitation of the 3D
ultrasound—based neuronavigation is that covering
the whole area of interest during 3D ultrasound
image data acquisition is possibly difficult. Further-
more, in skull base surgery, the skull base itself
may hinder ultrasound imaging of the entire
tumor. Still, careful planning of the surgical
approach and keeping in mind optimal position-
ing of the ultrasound probe reduces such prob-
lems to a minimum. Moreover, simultaneous
display of MRI and 3D ultrasound in neuronavi-
gation is useful and also gives overview and
anatomical orientation in cases with large tumors
that are difficult to cover entirely with ultrasound.
In contrast to color flow Doppler US imaging,
power Doppler US does not have flow velocity or
direction information but is less angle-dependent,
and there is no aliasing and the modality is more
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flow sensitive (Riccabona et al. 2002). Due to
less angle dependence, vessel continuity is also
better with power Doppler than with color flow
Doppler. In an application with free-hand 3D
ultrasound image acquisition, the ultrasound
beam will almost always hit a vessel with several
different angles; therefore, there is minimal risk
of missing a vessel when acquiring power
Doppler US image data. In contrast to MR angi-
ography, power Doppler US shows both arteries
and veins at the same time. However, it is not
possible to discriminate between arteries and
veins using the power Doppler imaging tech-
nique alone. Using triplex display may also be
helpful to discriminate between arteries and veins
by evaluating the Doppler spectrum. Using the
US probe as a pointer will enable targeting of a
vessel with neuronavigation while using triplex
display, and in this way, it is possible to evaluate
the targeted vessel with triplex. With larger vessels,
it was often possible to decide whether the targeted
vessel was an artery or a vein by using anatomical
knowledge and comparing with arterial MR angi-
ography. In power Doppler US imaging, the ultra-
sound data are used for simultaneous imaging of
both tissue and angiographic imaging. The high
sensitivity of power Doppler may lead to the
visualization of numerous vessels, as small and
surgically less important vessels are depicted.
Occasionally, this may result in confusing images
that are difficult to interpret. Reducing the gain
setting on the ultrasound scanner overcomes this
problem by filtering out the smaller vessels. For
better orientation, simultaneous display of preop-
erative MRI and MR angiography is also useful.
Blooming may also be a problem with power
Doppler, as the power Doppler signal tends to
expand beyond the vessel walls. In addition, the
2D ultrasound image plane itself has a certain
thickness that varies with the depth; thus, the
resolution in the elevation direction of the ultra-
sound beam affects the image quality in 3D ultra-
sound. Therefore, the vessels in reconstructed
power Doppler US images tend to appear bulkier
when viewed on slices orthogonal to the scan
plane. In addition, power Doppler US is relatively
sensitive to flash artifacts, which may occur when
the probe is in a cavity filled with saline and the
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motion in the saline is detected by the power
Doppler. This is another consequence of the high
motion sensitivity of power Doppler, which can
occur relatively often during free-hand 3D ultra-
sound angiography acquisition. Flash artifacts
can be reduced with gentle movement of the
probe during image acquisition and by adjust-
ments on the ultrasound scanner. The overall
clinical accuracy of the SonoWand system may
be as low as 2 mm in a clinical setting when using
intraoperative imaging to compensate for brain
shift (Lindseth et al. 2002). This technical evalu-
ation study of navigated power Doppler US
demonstrated the straightforward application of
neuronavigation with this imaging modality in
many cases.

In future prospects of power Doppler US,
Rygh et al. (2006) described as follows: power
Doppler US still has potential for significant
improvements, and developments along several
other equipments are to be expected: New signal
processing methods such as BFI (Lgvstakken
et al. 2006) may better visualize flow inside vessels
and hopefully reduce the problem of blooming.
Ultrasound contrast-enhancing agents have been
reported to be helpful in tumor neurosurgery for
assessing the vasculature close to and inside the
tumor (Kanno et al. 2005; Otsuki et al. 2001) and
may improve the quality of ultrasound angio-
graphic imaging. New probes will have a more
optimal beam shape with better resolution in
the elevation direction. This will further improve
the image quality of ultrasound angiography
because elevation resolution is a limiting factor
for image quality with the present technology.
Real-time 3D probes will be able to acquire 3D
ultrasound data sets directly without free hand
movement, and this will minimize flash artifacts.
New multimodal visualization techniques where
preoperative MR and intraoperative ultrasound
are integrated in the same 3D scene are already
available (Lindseth et al. 2003). This may probably
further enhance the surgeon’s perception of
anatomic and spatial relationships between tumor
and adjacent vessels. Diffusion tensor imaging of
tracts and functional MRI of eloquent cortex are also
visualized. Furthermore, robust volume-to-volume
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registration techniques for registration of pre-
operative MR angiography data to intraoperative
ultrasound angiography data can make it possible
to adjust preoperative MR image data in cases of
brain shift.
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inevitability of recurrence especially in glioblas-
tomas. As with most solid tumors, surgery
remains the mainstay of management of intra-axial
brain tumors. Surgical management of CNS tumors
differs in many respects from general oncosur-
gery principles. En bloc resections are the norm
in oncosurgical practice. Such radical resections
are, however, rarely, if ever, possible in the
majority of CNS tumors especially malignant
gliomas. The brain and spinal cord are highly
eloquent areas, where the risk of neurological
deficits at the slightest insult is high. Most
intra-axial tumors do not have a discrete plane of
demarcation from the surrounding normal
parenchyma. Even where a plane does exist there
may be admixed normal tissue, precluding a
radical excision. The surgical access through the
rigid bony skull is limited, often necessitating
working through narrow corridors. Deep seated
lesions further require traversing normal tissue to
reach the site of the tumor. The normal parenchyma’s
low threshold to withstand mechanical pressure
necessitates minimization of retraction. The safest
route to a given lesion needs to be individualized
based on a thorough preoperative assessment of
imaging combined with sound knowledge of
microsurgical anatomy. Safe maximal resection
remains the underlying tenet.

Extent of Resection — The
Controversy

Given the almost impossible chance of resecting a
glioma radically (without microscopic residual
disease), the issue of how radical a neurosurgeon
should be has been strongly debated (Sanai and
Berger 2008). In malignant gliomas it was a
strongly held belief that unless a very radical
(>98%) volumetric resection was achieved, sur-
vival benefit was unlikely (Lacroix et al. 2001).
There are two problems with this contention.
Firstly, it is very difficult to be sure upfront how
much of a radical resection would be possible. To
prove the point, in the recent 5-aminolevulinic
acid (5-ALA) study (Stummer et al. 2006) which
included only so-called “resectable” malignant
gliomas, the control arm achieved gross-total
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resection (<0.175 cc of tumor) in only 36%, and
this improved to 65% when using 5-ALA.
Secondly, with this “all or none” attitude, neuro-
surgeons may be pushed towards pessimism and in
the bargain forget many other benefits of debulk-
ing surgery (which include relief of neurological
symptoms, optimization of patient for adjuvant
therapy, and probably facilitating adjuvant ther-
apy, opportunity for delivering local therapies, and
last but not the least providing valuable source of
tissue for research). In this context a more recent
study (Sanai et al. 2011) demonstrated that even
debulking of ~78% has a survival benefit, and
this benefit improves incrementally with increas-
ing extent of resection above 78%. Taking together
all the evidence a radical debulking (even short of
a gross total resection) without compromising
neurological outcomes is favoured. In low-grade
gliomas too, there is enough evidence to suggest
that when possible a radical resection should be
attempted (Soffietti et al. 2010). In any case, the
goal of this approach is to obtain maximum
resection without compromising safety. To this
end every form of intraoperative guidance (both
anatomical image-based and functional) is crucial
and should be used whenever available. In fact, it
may be justified to suggest that management of
tumors be referred to centres with access to these
adjuncts so as to offer the best initial surgical
therapy to these patients.

History of Intraoperative
Ultrasound in Neurosurgery

Though A-mode ultrasound was used earlier, the
defining period for intraoperative ultrasound in
neurosurgery was probably the introduction of
real-time B mode US and the initial pioneering
work by Rubin and Dohrmann (2001) in the 1970s.
Subsequent work by others confirmed the promise
and the proof of the principle was established,
paving the way for further application of 2D US in
the neurosurgical operating theatre. In fact, the use
of US in neurosurgery was one of the earliest
applications of US in the intraoperative setup.
Since its initial use, numerous studies
have demonstrated the efficacy of the US in
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intraoperative imaging for brain and spinal tumors
(Gooding et al. 1984; Montalvo and Quencer
1986; Quencer and Montalvo1986; van Velthoven
and Auer 1990). Not only is the efficacy of the
US in localizing well circumscribed lesions (like
metastases and high grade tumors) good (Machi
et al. 1984; Kumar et al. 1993; Sun and Zhao 2007)
but contrary to expectations even for low-grade
diffuse gliomas, the US is better able to demarcate
the hyperechoic tumor which may not be discern-
able on CT or MR and difficult to localize with the
naked eye at surgery (Hatfield et al. 1989; LeRoux
et al. 1992). There remain concerns, however,
regarding the ability of the US to resolve differ-
ences between peritumoral edema, infiltrative
margin, and normal parenchyma (van Velthoven
2003). US is also less reliable in post-treatment
cases where diffuse changes related to the treat-
ment effect cannot be differentiated from recur-
rence of tumor (Hammoud et al. 1996). US,
however, is an excellent tool to differentiate solid
and cystic lesions. It can also be used for real-time
guidance to target lesions either for biopsy, drain-
age or for catheter placements. Attempts have
even been made to perform volumetric studies
using the IOUS. However, its efficacy vis a vis
MRI remains to be proven (Hammoud et al. 1996;
LeRoux et al. 1989; Renner et al. 2005). Our own
experience with 2D US has been very encouraging
(Moiyadi and Shetty 2011). We found that it was
very useful in more ways than one, at every step
during resection of brain and spinal cord tumors.
It is this multipurpose attribute which makes
I0OUS very attractive and appealing.

Evolution from Real-Time 2-D
to Navigable 3-D Ultrasound

One of the main limitations of 2D US is its inability
to help in planning the craniotomy. This is not
surprising as presently transcranial (through an
intact bony skull) insonation is not practical. With
accumulating experience using 2D US and with
expanding indications for use, it was soon realized
that beyond its many advantages there exist
obvious limitations. This has been well illustrated
in an article by Unsgaard et al. (2002a).

One of the major problems encountered when
using the IOUS is the difficulty in anatomical ori-
entation. This is primarily because the field of
view in the US image is limited (unlike the full
head views that neurosurgeons are more familiar
with on MRI). This is particularly acute in the
initial phase of the learning curve. Identification
of known anatomical landmarks (such as the falx,
ventricles, etc.) can help orientation and should
always be attempted on the initial scan per-
formed. Subsequently, with experience it
becomes a routine step and facilitates the entire
process improving confidence levels.

Another drawback is that it is very difficult
and impractical to perform surgery with the US
probe in the field. Though the IOUS provides
quick and easy updates during surgery, once the
probe is removed the information is lost and fur-
ther image guidance is not possible. It is still not
truly online. Moreover, lack of the third dimen-
sion means that the surgical guidance outside the
plane of insonation is not possible. Consequently,
for performing targeted procedures (such as
biopsy or draining a cyst or placing a catheter),
the probe needs to be held on the exposed surface
and the instrument (biopsy forceps, ventricular
cannula) has to be passed parallel to the probe.
When this is done, the instrument trajectory is
not always parallel to the plane of the US image
and hence the tip of the instrument may not be
correctly identified. On the contrary, it may mis-
represent the tip (the point along the length of the
instrument where the US plane cuts it may be
erroneously interpreted as the tip) and lead to
problems. Increasing the size of the craniotomy
or adding a second craniotomy has been sug-
gested to overcome this problem. This solution,
however, seems too radical. Probe-mounted
biopsy guides do help perform such targeted pro-
cedures, but they are still not absolutely accurate
and practical and hence not widely used.

Advances in brain imaging technology (CT
and MR), image-processing and computational
capabilities coupled with refined stereotactic
principles gave birth to navigation which trans-
formed the way neurosurgical procedures were
performed (Wadley et al. 1999). Undoubtedly the
image-guidance provided was a significant step
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forward. Much of the benefit was related to
planning customized, “tailored” craniotomies
and orientating the surgeon during the surgery.
Soon the problem of brain shift emerged, obviating
the usefulness of the preoperatively acquired
images (Dorward et al. 1998). Many approaches
were adopted to overcome this; but none solved
the problem. Moreover, inaccuracies related to
image and patient registration added to the
problem. Thus, purely navigation-based systems
were not truly able to provide “real-time intraop-
erative image guidance”. Responding to this
need, the MR and CT, routinely used in neurosur-
gery preoperatively, were introduced into the
operating theatre. There is unequivocal evidence
to support the benefit of Intraoperative magnetic
resonance imaging (IOMR) in improving resec-
tions in gliomas as well as in improving overall
outcomes (Mehdorn et al. 2011; Kubben et al.
2011; Senft et al. 2011). Unfortunately, it is a
very costly technology and presently still remains
inaccessible to the majority of neurosurgical
centres, and thus its usefulness cannot be widely
applied. At almost the same time as the MR was
being adapted to the operating theatre, the US
was already being used along with navigation as
a means to correct brain-shift (Jodicke et al. 1998;
Ohue et al. 2010). This approach essentially
involved obtaining real-time intraoperative 2D-US
images and superimposing them on the corre-
sponding preoperatively obtained MR images.
The disparity between them was then corrected by
mathematical algorithms and the MR data recali-
brated to provide a more updated image. This,
however, was an indirect use of the US with the
MR images still serving as the primary source for
navigation.

Navigable 3D US

Different solutions for navigable US have been
developed by different groups independently
(Nikas et al. 2003; Bozinov et al. 2011; Unsgaard
et al. 2002a.) We have been using the SonoWand
system [M/s SONOWAND, Trondheim, Norway]
described by Unsgaard et al. which is a navigable
3D US system. Navigable 3D US essentially
combines navigation technology with a high-end
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dedicated cranial insonation probe capable of
generating 2D as well as 3D images. The cranial
probe is precalibrated and registered to the navi-
gation system and is automatically recognized as
such once connected. It can rapidly (3040 s)
acquire a series (~200-300) of 2D images which
are computed automatically into a 3D volume
set. Both these features combine to provide a
preregistered 3D volume of high resolution
(Figs. 15.1 and 15.2) which can then be displayed
on the navigation system in either the traditional
ACS (axial, coronal, sagittal) planes, or a more
user-friendly and intuitive “dual-anyplane”
mode. The US data can also be superimposed on
preoperative MR (when available). Using this US
dataset, the neurosurgeon is able to navigate. This
dataset can then be repeatedly updated (as and
when necessary) during the course of the surgery.
The system can be used as either a stand-alone
navigation system using preoperative CT and
MR images; or as a stand-alone ultrasound
machine providing real-time intraoperative 2D
images as well as a navigable 3D ultrasound
(which allows navigation based solely on the
IOUS without requiring preoperative MR images);
or in a combined mode using both preoperative
images and intraoperative US. The use of the
same has been extensively described elsewhere
(Unsgaard et al. 2002b). Problems with orienta-
tion especially in the initial phase of the learning
curve, may be overcome by using the combined
mode (along with preoperative MR images). In
this mode, superimposition of the US images on
the corresponding MR images is very useful.
This feature is also helpful to demonstrate and
appreciate brainshift when itis present (Fig. 15.1).
One big advantage of using US images directly is
that it obviates the need for acquiring preopera-
tive MR images [especially if they have already
been done elsewhere or if the patient is not
cooperative enough for an MRI]. In such cases
the “3D Direct” mode is very useful. Besides,
using the direct mode eliminates the inaccuracies
due to image and patient registration.

It must be reiterated that this 3D US is not
truly real-time. This means that the 3D US is first
acquired and the images are reformatted and then
subsequently used to navigate. Operating while a
3D scan is in progress is not possible. Solutions
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Fig. 15.1 Screenshot of a right temporal high-grade gli-
oma during combined sononavigation. The preoperative
contrast enhanced MRI images are seen in the left panel
(dual anyplane view). The central panel shows the US
images superimposed on the corresponding MR images.
The tumor is seen to be hyperechoic. The brainstem and

ipsilateral temporal horn can be appreciated on both US
and MR images to facilitate orientation. Also note the
brainshift depicted on the US images (white arrow) as evi-
denced by the change in position of the tentorial edge
between the US and the MR images
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Fig. 15.2 Screenshot of the same patient as in Fig. 15.1
depicting various stages of the resection. Left panel shows
the preoperative MR. Central panel shows the pre-resection
US overlaid on the corresponding MR. The right panel

shows the post-resection US overlaid on the MR. Note the
resection cavity in the last scan with a hyperechoic rim (arte-
facts due to blood in the wall of the cavity). Any suspicious
residue can be identified and reached using the navigator
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for real-time 3D US are available and used in
gynecology; however its role in neurosurgical
guidance remains to be established (Bozinov
etal. 2011).

Accuracy and Impact of 3D US

The Trondheim group showed (using meticulous
histological correlation of biopsies with the US
as well as MR images) that this system using
navigable 3D US was as good and reliable as
navigated MR for delineating high- and low-
grade gliomas as well as metastases (Unsgaard
et al. 2005). They reported high specificity and
positive predictive values (PPV) indicating the
safety of using this system for guiding resections,
but they also found a low negative predictive
value implying that when the IOUS was negative
there was a possibility of tumor left behind.
Improvements in image resolution capabilities in
the future are expected to resolve these issues.
Interestingly, the same study also found a higher
PPV for low-grade gliomas. In a follow-up study
the same group from Trondheim evaluated the
accuracy of the system during the resection
(in the subsequent phase of the surgery) (Rygh
et al. 2008). They found that due to imaging
artifacts imparted by blood and other changes in
the adjacent tissue due to handling, the specificity
and PPV dropped. Careful attention during
hemostasis and tissue handling are essential to
ensure optimal image quality.

With respect to the clinical impact of the 3D
US system, it was effectively used in an
unselected consecutive cohort of high-grade
gliomas (Solheim et al. 2010). In this cohort the
authors were able to achieve acceptable results
(37% gross total resections [GTR] with 13%
morbidity). They also noted that the system was
routinely used in a majority of their surgeries
and by a wide range of surgeons (including resi-
dents) attesting to the ease-of-use and wide
applicability of the technology. In a subsequent
study the same group showed that survival in
GBMs improved in the years after the routine
introduction of the SonoWand system (Saether
et al. 2012).
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Assessment of Utility
of Intraoperative Ultrasound

The goal of using IOUS or any other intraoperative
imaging tool, is to obtain accurate, comprehensive,
and easily interpretable, and usable images, as
frequently as needed. This is the endpoint or
“gold standard” with which to measure the utility
of the tool. There are many aspects that need to
be assessed when determining the overall utility.

Efficacy: Efficacy implies the performance
of the technology under ideal circumstances.
For the ultrasound related imaging tools, this
heavily depends on the resolution of the probe
being used, and is more or less not modifiable
beyond a certain limit. Given ideal conditions the
image resolution of the probe reflects its efficacy.
It must be borne in mind though, that “ideal”
conditions, may not always be present especially
in real-life situations where more often than not
this is the case. Conditions may be suitably
modified to improve the efficacy and this is an
important learning step when initiating oneself to
the technology. For example, ultrasound images
may be compromised by suboptimal acoustic
coupling and artifacts. Ensuring a vertical cavity
(by intelligent patient positioning), using acoustic
coupling (saline or gel) and eliminating air
bubbles, and paying heed to hemostasis (avoiding
extraneous hemostatic agents) can improve the
image quality and thereby the efficacy of the tool.
The efficacy of the probe will also determine the
accuracy of the images. The measure of accuracy
is reflected in the sensitivity, specificity, and pre-
dictive values of the imaging tool. This requires
histological correlation. Fortunately, dedicated
studies have addressed this issue with respect to
the navigable 3D US system (Unsgaard et al.
2005) Modes/Functions: Different imaging
modes can be used either with the same probe or
using a combination of probes. 2D-scans are the
commonest mode of use and provide real-time
streaming images. These are useful for initial
scanning and getting an overview (so called
“bird’s eye-view”) of the field of interest. It helps
orient oneself to the field. In the navigable US
system this can be used superimposed on the
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Fig. 15.3 Intraoperative Power Doppler angiography.
Screenshot of a case of right temporal chondroscarcoma
(preoperative MR images seen in left panel). The centre
panel depicts the intraoperative angiogram obtained using
the PD function. Right panel shows the 3D surface view.
Note the excellent delineation of the circle of Willis. With

corresponding MR images and provide increased
confidence and comfort in orienting the surgeon
(especially in the initial phase of the learning
curve). As described above, there are certain
significant limitations of 2D scans in the context
of intraoperative image-guided surgery. The 3D
US mode seems to overcome some (though not
all) of these limitations. For one, it permits a
volume imaging rather than just a planar imaging.
Combination with navigation technology (navi-
gable ultrasound) then allows representation
of the 3D volume in various planes as desired
(multiplanar imaging), a very important and
crucial step in planning and guiding surgical pro-
cedures. Besides the ultrasound imaging special
functions which are particularly useful are the
Power Doppler (PD), colour flow imaging. These
allow visualization of important vascular struc-
tures, knowledge of which can be crucial during
surgery. The PD function in particular permits
high resolution angiography intraoperatively and

kind permission from Springer Science+Business Media:
Acta Neurochirurgica:Usefulness of three-dimensional
navigable intraoperative ultrasound in resection of brain
tumors with a special emphasis on malignant gliomas.
Ahead of print DOI:10.1007/s00701-013-1881-z. Moiyadi
AV et al, Figure 2

coupled with navigation is a very handy tool
(Fig. 15.3). Scope of use: The scope of applica-
tion of the US reflects the range of procedures it
could be used for. This, in turn, is a function of
the ability to insonate the pathology/region of
interest. It could range from (though not limited
to) tumors, inflammatory processes, and cysts to
vascular lesions (hematomas and malforma-
tions), both of the brain and spinal cord. It can be
used for image-directed procedures such as biop-
sies (frameless biopsy), catheter, shunt place-
ments, and delivery of local therapies. It can also
be used for identifying deep-seated lesions
(localization) and controlling the resection of
many intra-axial tumors (resection control).
Effectiveness: This measures the usefulness of
the technique in daily real-life situations and in
that sense truly reflects the “practical utility” of
the tool. Though difficult to establish objectively,
it is a combination of the efficacy, modes of
function, and scope of application which governs
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the overall utility. It may so be that a technique or
tool has excellent efficacy (in ideal situations);
but if the ideal conditions are very unlikely most
of the times, the tool would have limited utility
and hence is not very effective. Even if it may be
possible to have ideal circumstances, the modes
of function may be limited and hence scope of
use restricted to a small percentage of routine
procedures. Again, though efficacy would be
high, applicability would be low and hence the
overall utility would be limited. For example,
if there is very high-resolution probe but the
footprint is too large, it may not be possible to
use it in smaller craniotomies. This could be
circumvented by having a range of probes with
different footprints. Again, the resolution of a 2D
scan could be excellent but it may be limited in
facilitating real-time surgery by physically
interfering with the surgical instruments in the
field. In this case it may be preferable (and there-
fore more useful) to acquire a 3D volume which
can be registered and then navigated, permitting
removal of the probe and introduction of the
surgical instruments with freedom to manoeuvre
them as desired. So, a combination of accessories
and functionalities, each individually efficacious
in certain situations may improve the overall
effectiveness of the tool. For a technology to be
acceptable, it should have easy accessibility,
widespread applicability, and reasonable efficacy.
This would ensure a better overall efficiency
(effectiveness or output in relation to costs or
input). It is always preferable to have an efficient
tool, rather than a very efficacious one with
limited efficiency. Surgeon Comfort: This is an
very subjective parameter. The surgeon’s comfort
with the tool is related to his/her experience with
the particular tool. It is especially so with IOUS
where there is a steep learning curve. This is
primarily because neurosurgeons in general are
more familiar with MR images than US images
of the brain. As mentioned earlier, navigable 3D
US overcomes most of the perceived drawbacks
of 2D US. Repeated use and experience with the
application (as with any surgical tool or technique)
is imperative to reach a “comfort-zone”.
Objective assessment of utility of surgical
adjuncts is very difficult and scarcely reported.
Unlike regulations for new medicinal drug which
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mandate phase 1 and 2 studies to establish efficacy
and safety of the drug prior to phase 3 clinical
studies, no such stipulations dictate the introduc-
tion of new surgical techniques. Most clinical
trials and studies dealing with surgical adjuncts
concentrate on other outcome measures (extent
of resection, immediate perioperative outcomes,
or survivals). Few studies have been reported
dealing specifically with efficacy and utility.

Machi et al. (1984) had objectively assessed
the role of IOUS in brain and spinal surgery and
reported that it was useful for localization of the
lesion, for delineation of tissue features as well as
assessment of spatial relationships. This was a
valuable though concise and incomplete assess-
ment. Kumar et al. (1993) have reported a three
point scoring system to assess the utility of IOUS.
For cranial cases this score assessed the concur-
rence of the surgical plan with or without the
IOUS by evaluating three parameters viz. loca-
tion, depth, and planned trajectory to the lesion.
The more the discordance in the plan, the higher
the score, and better the utility of the IOUS. This
was primarily an assessment of the IOUS for the
purpose of biopsy of deep seated lesions. The spi-
nal scoring system (also a 3-point score) assessed
different parameters (adequacy of laminectomy,
adjacent neural elements, and characteristics of
the tumor). The authors concluded that IOUS
was useful in the cases they studied, although no
validation of this score has been reported.

Our group has devised a “utility score” for
IOUS applications for both cranial and spinal
cases (Moiyadi et al. 2011). We identified various
parameters which reflect different aspects of
the perceived utility of the 2D -IOUS. These
were assessed and documented in the surgical
notes. A scoring system was devised based on
these parameters. Each parameter was given a
score of 0 [no utility] or 1 [useful] (Table 15.1).
These individual scores were totaled to obtain an
overall “utility score” (maximum 7, minimum 0).
We found that the IOUS was useful in multiple
ways at various stages during the surgical proce-
dure with >90% cases demonstrating utility in
five of the seven parameters assessed. The major
limitation of 2D US is the inability to plan
craniotomy as has been discussed earlier. This
can be easily overcome by having navigation
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Table 15.1 Scoring system for assessing the utility of IOUS (Moiyadi and Shetty 2011)

Parameter
1 Lesion identification
2 Lesion delineation
3 Utility in craniotomy/laminectomy modification
4 Use in durotomy planning
5 Use in corticectomy/myelotomy planning
6 Use for assessment of extent of resection
7 Visualization of adjacent structures

capabilities in addition to the US. Our scoring
system is more comprehensive and applicable
to both cranial and spinal cases. As compared to
the other scoring systems, it incorporates more
aspects to assess the utility of the IOUS at suc-
cessive stages in the operation. Utilization of this
scoring system as a regular exercise during sur-
geries performed with IOUS would sensitize
young neurosurgeons regarding the potential
applications of this adjunct.

In conclusion, intraoperative imaging is crucial
in neurosurgical oncology practice. Localization
of the lesion and online resection control facili-
tates safe maximal resection. The intraoperative
ultrasound is a very useful tool. Newer navigable
3D US technology overcomes most of the limita-
tions of 2D US as well as conventional navigation
systems with a wide range of applications.
Mastering the technique of performance as well
as interpretation of the US images is essential to
ensure maximal utility of the technique.
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normal brain tissue, particularly in patients who
have undergone prior treatment or in those
with cerebral edema or microscopic infiltration.
This problem is particularly true with gliomas
and higher-grade meningiomas, where defining
extent of resection on the basis of gross tissue
characteristics is insufficient and neuronavigation
can be unreliable because of brain shift. To over-
come these persistent challenges in the resection
of complex intra- and extraaxial brain tumors,
recent work has been directed toward adapting
routine postoperative neuropathology methods
into a real-time intraoperative technique.
Beyond identifying tumor margins, the oppor-
tunity to define tumor grade and histologic sub-
type intraoperatively is critical, particularly for
intracranial gliomas, where tumor grade cannot
be predicted reliably with either preoperative
magnetic resonance (MR) imaging (Kondziolka
et al. 1993) or stereotactic biopsy (Muragaki et al.
2008). Likewise, intraoperative frozen-section
analysis can be misleading or nondiagnostic,
especially when tissue is disrupted mechanically
from the resection process (Tilgner et al. 2005;
Uematsu et al. 2007). Such diagnostic unpredict-
ability is further complicated by the inherent
heterogeneity of gliomas, which can contain high-
grade cellular populations nested within a low-grade
stroma (Dowling et al. 2001). Collectively, these
complexities represent a significant challenge for
neurosurgical oncologists. However, they could
be overcome by multiple in vivo optical biopsies
during the course of tumor exposure and resection.

Intraoperative Confocal Technology

Intraoperative confocal microscopy is an emerging
technology that enables the cytoarchitecture of
live tissue to be visualized with spatial resolution
onacellular level (Becker et al. 1996; Khoshyomn
et al. 1998; Tadrous 2000). Until recently, the size
of requisite apparatus limited the use of confocal
microscopy to examination of excised tissue
samples or isolated cells in a laboratory. The latest
incarnation of this technology, however, features
fiber-optic and microscopic miniaturization,
substantially expanding its portability and in vivo
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applicability in a clinical setting (Delaney et al. 1994;
Flusberg et al. 2005, 2008; Helmchen 2002).
A single optical fiber can be used as both the
illumination point source and detection pinhole
to acquire high-resolution images and to combine
them with miniaturized scanning and optical
systems (Hoffman et al. 2006).

Consequently, this device has recently been
integrated into the distal tip of conventional video
endoscopes and combined with intravenous
fluorophores to screen the gastrointestinal mucosa
for cancer (Kiesslich et al. 2005; Polglase et al.
2005). The bladder mucosa, skin, and eye have also
been studied with in vivo confocal microscopy
(Brezinski et al. 1998; Bussau et al. 1998; Koenig
etal. 2001; Papworth et al. 1998). We have recently
used a glioma model to study the capacity of
handheld confocal imaging to discern microvas-
culature, the grey-white junction, and tumor mar-
gins in the rodent cortex (Eschbacher et al. 2012).
This initial feasibility analysis of intraoperative
confocal microscopy establishes its potential value
during the microsurgical resection of both intra-
and extra-axial tumors.

Histological Resolution

Examination of tissue integrity during confocal
visualization demonstrates excellent preservation
of cellular and subcellular structures. In normal and
tumor parenchyma, large and small vasculature is
evident and intact, both on the tissue surface
and as deep at 500 pm to the surface. Within this
microvasculature, the systolic and diastolic
flow of erythrocytic transit can be appreciated.
Notably, areas of neovascularization from tumor-
induced angiogenesis distinguish tumor from
adjacent normal tissue.

Glioma Visualization

Among World Health Organization (WHO) grade
III and IV gliomas, vascular neoproliferation
seen on confocal imaging enables both surgeon
and neuropathologist to identify abnormal tissue
reliably. In our experience, these areas of suspicion
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correlate well with both neuronavigational imaging
and histological evidence of tumor. High-grade
human glioma specimens are associated with
specific confocal features, including neovascu-
larization, dense cellularity, and irregular cellular
phenotypes. Waves of varied density, likely
corresponding to regions of necrosis, are also
visible. Because, these features are evident to
both surgeon and neuropathologist, the confocal
microscopic findings can quickly be integrated
into the operative plan.

Low-grade gliomas are also distinctive with
intraoperative confocal microscopy. Although neo-
vascular proliferation is less evident, distinctions
in cellular density and morphology correspond
with T2-weighted signal abnormalities on MR
imaging. All specimens analyzed from regions
where a confocal optical biopsy was obtained have
demonstrated diagnostic patterns of low-grade
histology on permanent sections. The pattern asso-
ciated with pure oligodendrogliomas on confocal
microscopy is distinct from other astrocytomas of
comparable grade. However, mixed oligoastrocy-
tomas do not appear to have a unique signature on
intraoperative imaging and could not be reliably
distinguished from low-grade astrocytomas.

Other Intra-axial Lesions

Other intraaxial lesions also have unique confo-
cal signatures associated with their histologic
phenotype. For central neurocytomas, in vivo
imaging demonstrates uniform round cells orga-
nized in a honeycomb conformation, embedded
against a background of arborized capillaries.
Hemangioblastomas are similarly distinctive on
confocal imaging and are identified by large
stromal cells mixed with a dense capillary net-
work. Within these tumors, both cystic changes
and areas of microhemorrhage can be appreciated.

Meningioma Visualization
Meningiomas are common extraaxial lesions

amenable to characterization with confocal micros-
copy. Fluorescein-enhanced confocal images of

163

these tumors highlight fine histopathologic
detail. The configuration of tumor cells in classic
meningothelial meningiomas is largely uniform.
The cells are organized as dense sheets with
no evidence of whorls or psammoma bodies.
In contrast, fibrous meningiomas contain cells
with spindle-shaped morphology, which is easily
distinguished from adjacent normal parenchyma.
These tumors also contain fibrous bundles of matrix
interlacing with adjacent tumor cells and dura.

Intraoperative Confocal
Microscope: Emerging Applications

For a variety of tumor histologies, including
gliomas, meningiomas, hemangioblastomas, and
central neurocytomas, this handheld device
generates a real-time, fluorescein-enhanced path-
ological image that is of sufficient resolution for
a neuropathologist to establish a preliminary
diagnosis. Mounting evidence supports the value
of maximizing the extent of resection of many
intracranial tumors, including gliomas (Sanai and
Berger 2008). Consequently, several intraopera-
tive techniques have been developed to help
achieve this goal: intraoperative ultrasonography
(LeRoux et al. 1989), intraoperative MR imaging
(Alexander et al. 1997), optical spectroscopy
(Toms et al. 2005), and fluorescent dyes such as
5-aminolevulinic acid (Stummer et al. 2006).
However, none of these technologies can detect
infiltrating tumor margins at a microscopic
level. In contrast, our preliminary experience
with intraoperative confocal microscopy not only
suggests a correlation between imaging and tumor
grade but has demonstrated a capacity to distinguish
tumor margins from adjacent parenchyma.
Tumor heterogeneity and biopsy sampling error
remain considerable sources of inaccuracy and
primary causes of undergrading gliomas. The ease
with which a handheld confocal microscope can
generate numerous optical biopsies during the
course of tumor exposure and resection may
effectively neutralize such diagnostic imprecision.
Furthermore, the ability of the device to scan as
deeply as 500 pm through the visible tissue
surface permits analysis of an even broader
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spectrum of tissue. This unique capability also
raises the possibility of examining subependymal
regions through an intraventricular corridor,
allowing intraoperative confocal microscopy to
detect pockets of subependymal tumor migration
that are radiographically undetectable and remote
from the primary tumor site. It has been postu-
lated that subependymal spread is both a negative
prognostic sign and a primary route of glioma
migration (Lim et al. 2007). The ability to detect
its occurrence at an early stage may permit antici-
patory and focused interventions as well as lead
to insights into basic mechanisms of gliomagenesis
(Sanai et al. 2005).

Routine neuropathological diagnostic analysis
depends on excision and processing of tumor
tissue, which can be altered both mechanically
and chemically during the analysis itself. Use of
intraoperative confocal microscopy circumvents
these limitations with real-time in situ visualiza-
tion of tumor cytoarchitecture and microvascula-
ture. The opportunity to observe active blood
flow through tumor capillaries also provides a
unique visual dimension to tissue assessment.
The probe can quickly survey the visible extent
of a tumor with the potential to detect discon-
nected, cell-dense islands that may portend worse
histologic grade and heterogeneity. Future pilot
studies will not only enhance our familiarization
with this technique, but they may demonstrate a
correlation with frozen section findings that
could allow confocal microscopy to replace con-
ventional intraoperative diagnostic methods.
This modern approach to intraoperative diagnosis
would also lend itself to remote, internet-based
analyses, expanding the accessibility of diagnos-
tic expertise beyond centers with dedicated tumor
neuropathologists.

Future versions of the device may benefit
from an auto-irrigation mechanism, similar to the
endoscope. Furthermore, while fluorescein con-
trast allows detailed assessment of overall tissue
cellularity, the ability to discern cellular cyto-
plasm remains limited, as does its specificity for
nuclear morphology. Since tumor cell nucleus-to-
cytoplasm ratios are critical to histopathological
diagnosis, other contrast agents should be inves-
tigated. One candidate agent is 5-aminolevulinic
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acid (5-ALA), which allows highly specific
localization of tumor cells. Currently, however,
the technique is only available for clinical use
in Europe.

Intraoperative Confocal Microscopy
and 5-Aminolevulinic Acid

The orally administered prodrug, 5-ALA, is
metabolized intracellularly to form the fluores-
cent molecule protoporphyrin IX (Duffner et al.
2005; Stummer et al. 1998). This heme synthesis
pathway substrate accumulates preferentially in
tumor cells and epithelial tissues and emits a red-
violet light (A = 635-704 nm) when excited with
blue light (A = 400-410 nm) (Ishihara et al. 2007;
Stummer et al. 2003). Successful neurosurgical
integration of 5-ALA-induced fluorescence
for high-grade gliomas was demonstrated by a
European randomized, controlled trial conducted
by Stummer et al. (2006). This Phase I1la clinical
trial was halted after an interim analysis of 270
patients indicated a 65% vs. 36% rate of
gross-total resection and a 41% vs. 21.1% rate of
6-month progression-free survival benefiting
high-grade gliomas patients that received 5-ALA.
The study lacked sufficient power to assess
overall survival, nor were surgeons permitted
to use intraoperative neuronavigation during
tumor resection. Notwithstanding, intraoperative
5-ALA fluorescence has since emerged as a
valuable surgical adjunct for high-grade gliomas
(Liao et al. 2012; Nabavi et al. 2009; Tonn and
Stummer 2008) in the international community.
In the United States, its merits will be the subject
of a planned prospective, multicenter trial (RTOG
1105) (Roberts et al. 2011; van Meir et al. 2010).

For low-grade gliomas, however, standard
intraoperative 5-ALA fluorescence remains
ineffective, because it does not produce visible
fluorescence for most tumors. In a few cases,
heterogeneous tumor fluorescence has been
noted in focal areas of anaplastic transformation.
However, the vast majority of low-grade gliomas
are invisible with 5-ALA (Floeth et al. 2011;
Ishihara et al. 2007; Stockhammer et al. 2009;
Widhalm et al. 2010). Interestingly, protoporphyrin
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IX fluorescence can be measured ex vivo in low-
grade gliomas tissue after 5-ALA administration
(Floeth et al. 2011; Ishihara et al. 2007). In these
analyses, the resultant fluorescent intensity of the
tumor tissue is significantly higher than similarly
treated normal tissue (Ishihara et al. 2007) and
increases proportionally with both tumor grade
and MIB-1 proliferative index (Floeth et al. 2011;
Stummer et al. 1998). Together, these reports
suggest that 5-ALA tumor fluorescence can be
localized microscopically to low-grade gliomas
even when it is not evident macroscopically.

Recently, we reported the first combined effort
using intraoperative confocal microscopy to
visualize 5-ALA tumor fluorescence in low-
grade gliomas during the course of microsurgical
resection (Sanai et al. 2011). Our initial experi-
ence demonstrated several important findings:
(1) integration of intraoperative confocal micros-
copy and 5-ALA fluorescence into a practical and
efficient operating room workflow, (2) detection
of 5-ALA fluorescence at a cellular level within
WHO grade I and IT low-grade gliomas, (3) cellular
identification of low-grade glioma margins, and
(4) equivalence between in vivo and ex vivo use
of the confocal microscope when evaluating
tumor fluorescence.

This initial report on intraoperative confocal
microscopy and 5-ALA tumor fluorescence
suggested that a combined approach may expand
the utility of 5-ALA beyond glioblastomas.
Specifically, we described ten consecutive patients
with WHO grade I and II gliomas, including a WHO
grade II oligodendroglioma with histological
evidence of anaplastic transformation. In all ten
patients, the tumors were invisible using conven-
tional methods for 5-ALA tumor fluorescence
detection. In all patients, however, intraoperative
confocal microscopy identified tumor fluorescence
at a cellular level, a finding that corresponded
to tumor infiltration on matched histological
analysis. This combined strategy was as robust in
vivo as it was ex vivo. Together, these findings
represented the first successful effort at real-time,
intraoperative detection of WHO grade I and II
gliomas using 5-ALA.

However, the potential impact of 5-ALA on glioma
surgery when combined with neuronavigation,
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intraoperative confocal microscopy, or both remains
unclear. To address this issue, we are accruing
patients for the Barrow ALA Intraoperative
Confocal Evaluation (BALANCE) study. This
Phase Illa randomized, placebo-controlled trial
consists of two study arms (1) to assess the effi-
cacy of 5-ALA for HGGs when used in conjunction
with intraoperative neuronavigation and (2) to
evaluate the impact of 5-ALA on low-grade
glioma resection when combined with intraoper-
ative confocal microscopy and intraoperative
neuronavigation. The BALANCE trial is thus
intended to determine the clinical value of 5-ALA
tumor fluorescence for high-grade glioma sur-
gery using modern era practice principles and for
low-grade glioma surgery using next-generation
confocal technology.

In conclusion, the initial reported experience
with intraoperative confocal microscopy in humans
demonstrates its feasibility in examining a variety
of intra- and extraaxial brain tumors. A preliminary
analysis of the technology demonstrates its capacity
not only to identify tumor cell populations in situ
but potentially to replace the practice of frozen
intraoperative specimen collection. The technique
may complement conventional neuropathological
diagnostic techniques, while reducing operative
time and increasing sample size, particularly at the
tumor margins. Intraoperative confocal micros-
copy also offers the unique ability to directly
examine human brain tumor biology in vivo,
without relying on xenograft animal models or
surrogate imaging.
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Abstract

Brainstem cavernous malformations are
vascular neoplasms located in highly eloquent
brain matter. These lesions often hemorrhage
and cause a relapsing and remitting course of
symptoms followed by gradual improvement
after each hemorrhage. Surgery is greatly
protective in preventing future bleeds and
further neurologic deterioration. The five
essential approaches to the brainstem include
the orbitozygomatic, retrosigmoid, far-lateral,
suboccipital, and supracerebellar infratentorial
approach. None of these approaches involve
going through brain to enter the brainstem.
Entry into the middle cerebellar peduncle or
brachium pontis, which can be considered a
part of the brainstem, allows access to the
pons. At our institution these approaches have
been used in the world’s largest surgical expe-
rience with brainstem cavernous malforma-
tions in both adults and children with excellent
outcomes. Nuances of the experience and
approaches are described.

Introduction

Cavernous malformations, or cavernomas, are
low-flow vascular lesions found throughout the
central nervous system. They can be considered
vascular neoplasms, although they are benign
rather than malignant entities. They can occur in
the brainstem where they are more likely to be
symptomatic and less likely to cause seizures. It
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is unclear whether cavernous malformations are
present since birth in all cases because de novo
cases have been demonstrated. Therefore, it is
difficult to determine the exact natural history
regarding retrospective calculations of annual
hemorrhage risk when left untreated. However,
once they hemorrhage, these lesions tend to hem-
orrhage in clusters and are more likely to bleed
again. Our patients are often from an interna-
tional referral base and tend to have aggressive
lesions. Based on our experience, it is difficult to
ascertain patients’ actual natural history given
this referral bias.

The experience at the Barrow Neurological
Institute represents the world’s largest experience
treating these lesions with more than 300 patients
treated in total, including more than 40 pediatric
patients (Abla et al. 2010a, 2011). Given the
delicate nature of crossing motor, sensory, and
cranial nerve fibers in the brainstem as well as the
presence of cranial nerve nuclei, operating in this
region is associated with considerable risk. Such
surgery requires the utmost attention to detail and
application of technological advances, including
neuronavigation and instrumentation. This chap-
ter outlines our approach to the surgical treatment
of these lesions.

Patient Selection

When a brainstem cavernous malformation
demonstrates the classic “popcorn” appearance
on T2-weighted magnetic resonance imaging
(MRI) and symptoms are referable to the lesion,
the patient is considered to have a cavernous mal-
formation that has bled. Blood products from a
hemorrhage can be demonstrated on T1- and
T2-weighted MRI sequences and on CT. Signs
and symptoms of the hemorrhage commonly
include cranial nerve deficits, sensory complaints,
headaches, hemiparesis, diplopia, ataxia, and
vertigo in decreasing order of likelihood (Abla
et al. 2010b). The symptoms of patients who have
clinical or radiographic hemorrhages often
improve with time; however, these patients are
not protected from future clinical deterioration
associated with future hemorrhages.
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In our opinion, the cycle of neurologic
deterioration and gradual improvement can be
stopped only by removing the offending lesion;
we do not recommend radiosurgery to patients
with a cavernous malformation. Cavernous
malformations deep to the surface of the brain-
stem from all angles (and that cause mild
symptoms) can be observed until they enlarge
enough to reach the brainstem surface. Our
indications for surgery include the following
factors: acute hemorrhages outside the caver-
noma, exophytic or pial abutting lesions, repeat
hemorrhages with progressive symptoms, and
clinical deterioration (Abla et al. 2010b).

All lesions treated surgically are removed
through one of the following five approaches or
a combination thereof (e.g., hybrid approach):
orbitozygomatic (OZ) pterional craniotomy,
far-lateral craniotomy, retrosigmoid craniot-
omy, suboccipital craniotomy, or lateral supra-
cerebellar infratentorial craniotomy. None of
these approaches to the brainstem require corti-
cal entry; that is, the brainstem can be accessed
without violating any brain matter with all five
approaches.

The craniotomy can often be selected by
using the two-point method (Brown et al. 1996).
One point is made in the center or limit of the
cavernoma requiring surgical access and the
other point at the surface of the brainstem where
the lesion reaches the pial surface. Connecting
these two lines and extending them to the surface
of the cranium approximates the required crani-
otomy (Fig. 17.1).

Orbitozygomatic Approach

The OZ approach is the least utilized of the five
major approaches, but it is still an essential tool
in the armamentarium for approaching these
lesions. This approach is useful for cavernous
malformation in the anterior half of the mid-
brain. It involves a pterional craniotomy and
some variation of the OZ osteotomy (Lemole
et al. 2003). The dissection involves wide arach-
noid dissection of the opticocarotid cistern and a
trajectory through the oculomotor-carotid window
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Fig.17.1 The two-point method involves creating a point
at the proposed limit of resection and one where the cavern-
ous malformation abuts the pial surface; connecting the two

to Lillequist’s membrane. Once Lilliquist’s
membrane has been traversed, the basilar artery
and midbrain are exposed. Great care must be
taken to avoid basilar perforators when the cav-
ernous malformation is entered and to avoid the
motor fibers of the cerebral peduncle. As in all
cases, neuronavigation is useful in locating the
brainstem ‘cortical’ opening point when no tell-
ing hemosiderin stain is present. The OZ
approach is useful for lesions that can be
accessed in the midline in the interpeduncular
cistern or for lesions that can be accessed with
this approach that sit lateral to the peduncle and
can be removed by creating an opening in the
midbrain lateral to the pyramidal tracts.

Retrosigmoid Approaches

The retrosigmoid approach is the second most
commonly used approach at our institution (Abla
etal. 2011). The largest proportion of cavernomas
in the brainstem lies in the pons, and this approach
is extremely useful in accessing these lesions.
Cavernous malformations of the brainstem often

points creates a line that can be extended to the cranial sur-
face and that helps choose the appropriate craniotomy
(Used with permission from Barrow Neurological Institute)

expand the pons but do not reach a pial surface.
The middle cerebellar peduncle, a relatively non-
eloquent structure, has been used to access such
formidable lesions.

The middle cerebellar peduncle is often
accessed behind the brainstem entry zone of the
fifth cranial nerve. Staying superior is critical; an
inferior entry into the middle cerebellar peduncle
likely involves the seventh cranial nerve as it
crosses around the sixth cranial nerve nucleus on
its way to exit the brainstem in the cerebellopon-
tine angle.

In approaching the pons in this fashion, we
have abandoned more anteriorly situated crani-
otomies that were previously used to access the
pons, including the transpetrous approaches and
subtemporal approaches involving a medial
petrosectomy. In our experience the retrosig-
moid approach is very well tolerated and pro-
vides robust access to the pons without
jeopardizing some of the more anteriorly situ-
ated motor fibers or cranial nerve nuclei. A pre-
viously reported case of an 1l-year-old girl
demonstrates the retrosigmoid approach (Fig. 17.2)
(Abla et al. 2010a).
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Fig. 17.2 Preoperative (a) axial T2-weighted and (b)
sagittal contrast-enhanced MRI of an 11-year-old girl
with a giant pontine cavernoma (arrows). Resection was
performed via a left retrosigmoid craniotomy and entry

Lateral Supracerebellar Craniotomy

The lateral supracerebellar infratentorial crani-
otomy is useful for approaching cavernomas of
the posterior and/or lateral midbrain. The use of
the supracerebellar infratentorial approach to
cavernous malformations of the brainstem in 45
patients treated at our institution has been
reported elsewhere (de Oliveira et al. 2010). In

through the middle cerebellar peduncle. Postoperative (c)
axial T2-weighted and (d) sagittal contrast-enhanced
MRIs confirm gross total resection (arrows) (Used with
permission from Barrow Neurological Institute)

that report, median, paramedian, and extreme
lateral supracerebellar approaches were discussed
(Fig. 17.3). Now, however, the supracerebellar
approach most often used at our institution is the
lateral supracerebellar approach.

This incision is placed similar to that for a ret-
rosigmoid craniotomy, but exposure of the sigmoid
sinus is not critical. The craniotomy is placed
more superior to allow exposure of the transverse
sinus. The craniotomy can extend superiorly
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Fig. 17.3 Illustration showing three variations of the
supracerebellar infratentorial approach: a median, para-
median, and extreme lateral variation (Used with permis-
sion from Barrow Neurological Institute)

above the transverse sinus. The craniotomy
allows the cerebellum to be retracted inferiorly
away from the transverse sinus and provides a
trajectory from lateral (superficially) to more
medially at the depth of the operating field usu-
ally aimed at the collicular plate.

The approach is useful for reaching lateral and
posterior situated cavernomas of the midbrain. It
has also been used for cavernous malformations
that extend into the thalamus rostrally or into the
pons inferiorly. The trochlear nerve is a useful
and dependable landmark crossing around the
posterior midbrain toward the ambient cistern.
The park-bench position is often used (de Oliveira
et al. 2010).

Far-Lateral Approach

The far-lateral approach allows access to the
anterior portion of the medulla. The patient is
positioned in a prone, or more preferably, a
park-bench position (de Oliveira et al. 2010). A
U-shaped incision was once used for this
approach, but we now prefer a laterally situ-
ated vertical incision, which minimizes
obstruction of the surgical corridor by the sur-
gical flap itself.

The approach involves a suboccipital crani-
otomy situated lateral to a typical suboccipital

opening. This approach also can involve some
degree of drilling of the occipital condyle.
Typically, as much as one-third of the posterior
condyle can be drilled safely to increase the
degree of dural retraction and a lateral-to-
medial trajectory. A C1 laminectomy is also
performed. The dura is opened in a curvilinear
fashion and flapped laterally. Great care must
be taken to avoid injury to the vertebral artery
as it crosses the atlas; however, we do not rou-
tinely mobilize or skeletonize the vertebral
artery in this approach to brainstem caverno-
mas. Dissection of the arachnoid proceeds lateral
to the medulla and around the vertebral artery,
twelfth cranial nerve rootlets, and the exit of
the posterior inferior cerebellar artery. The
brainstem is usually entered at the lateral to
anterolateral aspect of the medulla.

Suboccipital

The suboccipital approach is the most commonly
used approach and includes the telovelar vari-
ant. Of utmost importance with this approach is
respect for the floor of the fourth ventricle near
the facial colliculus. Rarely, if ever, are lesions
approached through the facial colliculus if they
do not reach the surface. The only exception
would be patients with permanent unilateral
sixth and seventh cranial nerve palsy. Even so,
the contralateral side could still be injured,
which would be devastating in these patients.
Lesions deep to the facial colliculus that are not
exophytic are among the lesions most com-
monly observed until they hemorrhage again
and reach a pial surface.

The suboccipital approach is useful for
lesions in the posterior medulla and for those
that extend into the lower aspect of the fourth
ventricle. Lesions in the middle cerebellar
peduncle that are more medial and inferior in the
middle cerebellar peduncle can be accessed with
the telovelar variant of the suboccipital approach,
which involves opening the cerebellomedullary
fissure via dissection of the inferior medullary
velum and tela choroidea of the fourth ventricle
on one side. Both sides can be opened to increase
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visualization and mobilization of the cerebellar
tonsils, but doing so is seldom required.

Various Techniques, Concepts,
and Instrumentation

New techniques to brainstem cavernous malfor-
mation include endoscopic approaches (Kimball
et al. 2012). However, this approach is not used
at our institution. The concern for cerebrospinal
fluid leakage is still a valid detracting factor for
this approach. Subtemporal approaches to brain-
stem cavernous malformation have been used at
our institution and are also used by other authors
to access the pons (Gross and Day 2010).
However, we have moved away from these
approaches, which involve petrosal drilling,
including those requiring either medial petro-
sectomy, transcochlear, or translabyrinthine
approaches. Although they provide a remark-
able and unhindered view of the brainstem, this
degree of bony exposure is unnecessary for
exposing brainstem cavernomas.

More recently, as an adjunctive measure,
lighted instrumentation has been used at our
institution to improve visualization in the depth
of the operative field. A lighted microsuction or
lighted bipolar device has proven quite useful in
various surgical cases involving brainstem caver-
nomas. These additional tools have also been
useful as the senior author’s surgical technique
has evolved. Surgery performed without brain
retraction with fixed malleable retractors is
largely unnecessary for skull base approaches
and exposures, including those to the brainstem
(Spetzler and Sanai 2011).

These lighted instruments also provide an
added ability to visualize and preserve the devel-
opmental venous anomaly often buried within the
cavernous malformation. A developmental venous
anomaly is often seen on MRI in conjunction with
a brainstem cavernous malformation. It is critical
to leave the developmental venous anomaly intact.
We do not advocate its removal to prevent hemor-
rhages because such a risk is low compared to the
complications associated with resection of a
developmental venous anomaly. In fact, in our
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initial experience, one patient died after resection
of a developmental venous anomaly (Porter
et al. 1999).

The BNI Experience

Our recent experiences in both adult and pediat-
ric patients have been reported (Abla et al. 2010a,
2011). These series included 260 adults and 40
patients younger than 18 years. The mean age
was 12.3 years for the children and 41.8 years for
adults. The mean size of the lesions was 2.3 cm in
children and 1.8 cm in adults. The mean length of
clinical follow up was 31.9 months in 36 patients
with available follow up after discharge.

Six patients showed evidence of cavernoma
growth in the same location at last follow up; five
were suspicious for having rebled. At last follow up
the mean Glasgow Outcome Scale score was 4.5
compared to 4.2 at admission and 4.05 at discharge.
Preoperative symptoms and deficits improved in 16
patients. Nineteen patients had some neurologic
findings after surgery, but only ten had new fixed
deficits that were absent the morning before sur-
gery. Many of these deficits were mild. The vast
majority of patients did not demonstrate new hem-
orrhage or residual or recurrent cavernomas.

In adults, the mean length of follow up was
51 months. The mean Glasgow Outcome Scale
score was 4.4 at admission, 4.2 at discharge, and
4.6 at follow up. There were 146 patients with
some new or worsened neurologic findings: 21%
of patients had transient findings and 35% had
permanent deficits. Eighteen patients experi-
enced 20 rehemorrhages from the surgical site.
Twelve required reoperation. The postoperative
risk of hemorrhage was 2.0% per year.

Overall, the pediatric patients had larger
lesions and higher rates of recurrence or residual
than the adults. Most patients had favourable out-
comes, and treatment decreases the risk of
rebleeding and the often devastating complica-
tions. In our extensive experience, temporary new
cranial nerve or motor tract deficits are common
but resolve. Recovery is dictated by the preven-
tion of future hemorrhages, as in 90-95% of our
patients. However, given the delicate nature of the
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brainstem, there is a considerable number of
patients whose preoperative symptomatology
may recur after surgery (which is counted as a
new finding if not present the morning before sur-
gery) and is sometimes permanent.

Summary

The approaches to brainstem cavernous malforma-
tions can be summarized as follows (Abla et al.
2010b). Midbrain lesions, including those extend-
ing into the thalamus, are approached through a
supracerebellar craniotomy when located posteri-
orly and through the OZ approach when located in
the anterior half. Ponteomesencephalic lesions are
most often approached with a supracerebellar
infratentorial approach, but a hybrid retrosigmoid/
supracerebellar approach can be useful when the
cerebellum can be retracted posteriorly as with a
standard retrosigmoid approach or inferiorly as
with the supracerebellar approach. Lesions of the
pons are approached through a retrosigmoid
approach when they are accessible from the cere-
bellopontine angle or middle cerebellar peduncle.
Lesions in the middle cerebellar peduncle of the
pons itself can be approached through a suboccipi-
tal/telovelar approach or a retrosigmoid approach,
depending on how superiorly the lesion is located.
Telovelar approaches are less favorable for supe-
rior and laterally situated lesions in the middle cer-
ebellar peduncle. Although lateral approaches
were once used, pontomedullary approaches are
now usually accessed through a retrosigmoid cra-
niotomy. The comfort and familiarity of the retro-
sigmoid approach and how well it is tolerated by
patients are why we now favor it for low pontine
lesions. When situated anteriorly, cervicomedul-
lary lesions are accessed with a far-lateral
approach. When the lesions are located in the pos-
terior half of the medulla or cervicomedullary
junction, a suboccipital approach is used.
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The Role of Surgical Resection
for Metastatic Brain Tumors
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Introduction

Brain metastases are ten times more common
than any primary brain neoplasm. Approximately
20-40% of patients suffering from systemic cancer
develop symptomatic brain metastases, translating
into a huge disease burden annually (Shaffrey
et al. 2004). In adults, lung cancer is the most
common source of brain metastases (50-60%),
followed by breast cancer (15-20%) and mel-
anoma (5-10%) (Johnson and Young 1996). The
optimal management of brain metastases remains
controversial. Whole brain radiotherapy (WBRT)
and local treatment, including surgery and radio-
surgery are considered the cornerstones of treat-
ment. The treatment paradigm for brain
metastases is rapidly evolving with emerging
technologies, and multiple guidelines and contro-
versies exist regarding each treatment modality.

Surgical treatment was first introduced as a
treatment for brain metastases in 1926 (Grant 1926).
Initially, the morbidity and mortality of surgical
procedures was unacceptably high. Improved
surgical techniques and developments in the field
of neuroanesthesia, neuroimaging, neuromonitoring
and postoperative care have significantly improved
outcomes, and, for a select patient population
with a single brain metastasis, surgical resection
followed by radiotherapy is now the gold
standard for the treatment of brain metastasis
(Kalkanis et al. 2010). It is worth noting that
most of the patients treated for brain metastases
now die of extracranial disease (Khuntia et al.
2006). This is an important consideration
because, although most studies have used overall
survival as the main endpoint, survival is proba-
bly not the best parameter to measure the efficacy
of existing brain-specific therapeutic modalities
(Loeffler and Shrieve 1995).

Surgical Resection
Indications of Surgical Resection
The main aim of surgery in treating patients

with brain metastases is to lengthen the survival
times while improving neurological conditions and
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performance status (Narita and Shibui 2009).
Due to recent technical advances in radiosurgery,
patients treated with stereotactic radiosurgery
(SRS) have outnumbered those treated with
surgery. However, only surgical intervention
allows rapid debulking of tumors with significant
mass effect and can be considered a life saving
intervention in patients with herniation syndromes
and neurological deficits (Schackert et al. 2001).
It also allows for restoration of CSF flow, relieving
intracranial pressure and also lowers steroid
dependence. Surgery can also assist in managing
medically refractory seizures caused by tumors
(Ranasinghe and Sheehan 2007). In most cases,
the primary goal of surgery is gross-total resection
of the tumor with minimal disruption of normal
brain tissue. Data from a retrospective review
showed that early postoperative KPS scores were
improved in 59% of patients, unchanged in 32%,
and worse in 9% in patients who had undergone
microsurgical tumor removal. Surgery also
allows for histological confirmation of the diag-
nosis of brain metastases (Korinth et al. 2002).

Surgical Technique

Prior to taking the patient to the operating room,
outlining the preoperative surgical plan utilizing
structural and functional imaging modalities is
of paramount importance. Utilization of intraop-
erative image guidance, microsurgical techniques
and perioperative neurologic monitoring reduces
the possibility of surgery-related mortality
and morbidity. Tumors can be resected either in a
piecemeal fashion or en bloc. Data has shown
that piecemeal resection of the tumor is associ-
ated with a significant increase in risk of local
recurrence when compared to en bloc resection
(Patel et al. 2010). En bloc resection is particu-
larly instrumental when dealing with posterior
fossa lesions; however, an eloquent location
within the brain parenchyma significantly limits
en bloc resection. In those cases, partial resection
should be performed and radiosurgery can be
given to the residual tumor. Despite seemingly
complete resections, the reported local recurrence
rate in the surgical bed is 10-34% at 1 year following
surgery and radiotherapy (Sundaresan et al. 1988).
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It is mostly attributable to tumor infiltration
which can vary with different histological tumor
types, with aggressive tumors infiltrating up to
3 mm beyond the surgical bed (Neves et al. 2001).
The concept of “microscopic total resection” in
which microscopic infiltrating tumor cells within
a normal looking brain parenchyma are removed
within a 5 mm area in the peritumoral bed region,
has also been evaluated by a Korean group
(Yoo et al. 2009). They were able to show that
this method of resection is as effective in reducing
local recurrence as gross total resection supple-
mented with radiotherapy.

Clinical Evidence

Evidence-Based Guidelines for the
Management of Brain Metastases:
AANS/CNS Initiative

There is a wealth of literature that addresses the
question of optimal therapy for patients with
metastatic brain tumors. Several papers attempt
to make strong recommendations regarding
one treatment versus the other. However, in 2010,
Journal of Neuro-oncology published an exten-
sive array of guidelines. This initiative was
sponsored by the American Association of
Neurological Surgeons (AANS), the Congress of
Neurological Surgeons (CNS), and the AANS/
CNS Joint Tumor Section. A multidisciplinary
panel consisting of surgeons, neuro-oncologists
and radiation experts was constituted that came
up with eight practice guideline papers in this
series after adopting a broad literature search
strategy, extensive data collection, formation of
writing groups and spirited discussions (Robinson
et al. 2010). This set of guidelines presents the
most advanced, up to date and evidence based
approach to treating patients with metastatic
brain tumors. Both the evidence classification
and the strength of the recommendations were
graded according to the criteria endorsed by the
AANS/CNS (Table 18.1). Several guidelines
have been mentioned in the text to follow and
have been extracted from one of the papers in this
series. For more information, please refer to
January 2010 issue of Journal of Neuro-oncology.
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Table 18.1 AANS/CNS evidence classes and levels of
recommendation

Evidence classification
Class 1

Evidence provided by one or more well-designed
randomized controlled clinical trials, including overview
(meta-analyses) of such trials

Class 11

Evidence provided by well-designed observational
studies with concurrent controls (e.g. case control
and cohort studies)

Class II1

Evidence provided by expert opinion, case series,
case reports and studies with historical controls

Levels of recommendation
Level I

Generally accepted principles for patient management,
which reflect a high degree of clinical certainty (usually
this requires Class I evidence which directly addresses
the clinical questions or overwhelming Class II evidence
when circumstances preclude randomized clinical trials)

Level I1

Recommendations for patient management which reflect
clinical certainty (usually this requires Class II evidence
or a strong consensus of class III evidence)

Level 111

Other strategies for patient management for which the
clinical utility is uncertain (inconclusive or conflicting
evidence or opinion)

A concise summary of these guidelines was
published by Bhangoo et al. (2011).

Surgical Resection and WBRT

There exists Level 1 evidence that surgical
resection plus WBRT is a superior treatment
modality than surgical resection alone in control-
ling local recurrence at the original site and in the
brain overall (Kalkanis et al. 2010). Patchell et al.
(1998) investigated the benefit of using WBRT as
an adjunctive therapy following surgical tumor
removal in these patients. The study randomized
95 patients to surgery alone or surgery plus
WBRT. Progression of intracranial disease was
fourfold greater in the surgery-alone group (70%
compared with 18%, p<0.001), and local recur-
rence was also higher in this group (46%
compared with 10%, p<0.001). Patchell et al.
(1990) randomized 48 patients with single



180

brain metastases to surgery and WBRT (25
patients) compared with WBRT alone (23 patients)
and evaluated local recurrence and survival rates.
In this study, the addition of surgery reduced the
local recurrence in these patients from 52 to 20%
(p<0.02) and improved median survival from 15
to 40 weeks (p<0.001). Patients in the surgery
combined with WBRT arm also remained func-
tionally independent for a longer period of time
than those treated with WBRT alone (38 weeks
compared with 8 weeks; p<0.005).

Surgical Resection and SRS

Stereotactic radiosurgery is increasingly being
considered as the first choice of treatment in
many initial and recurrent cases of metastatic
brain tumors because of its non-invasiveness,
high control rate and lower rates of morbidity, in
addition to it being an outpatient treatment
modality. However, SRS fails to relieve the signs
and symptoms of increased intracranial pressure
and is unable to alleviate the mass effect of the
tumor in an expedited fashion. Also, SRS is not
considered optimal for lesions >3 cm in diameter.
SRS can increase peritumoral edema as well.
The effectiveness of SRS compared to surgical
resection has not been compared within a phase
IIT randomized trial for patients with a single
brain metastasis. Approximately six studies have
been published comparing SRS and surgery.
There exists level 2 evidence that surgical resection
plus WBRT versus SRS+WBRT both present
effective treatment options, resulting in relatively
equal survival rates (Gaspar et al. 2010).

Tumor Characteristics
Tumor Histopathology

Histopathology of the tumor is an important
consideration when developing a treatment plan
for a patient with brain metastases, because dif-
ferent tumors respond differently to radiation and
chemotherapy options. Tumors such as sarcoma,
renal cell carcinoma and melanoma are consid-
ered resistant to WBRT, but it has been shown that
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these tumors do respond better to radiosurgery
(Brown et al. 2008). It is also deemed prudent to
stage the tumor according to size, location and
disease burden and define the histological grade to
better estimate the prognosis. Data from several
studies have shown that breast cancer metastases
yield the best prognosis after surgery and postop-
erative radiotherapy, whereas melanoma and renal
cell cancer fare the worst (Wronski et al. 1997,
Sampson et al. 1998). In a recent study by
Sperduto et al. (2010), a good correlation was found
between diagnosis-specific graded prognosis assess-
ment (DS-GPA) scores and outcomes for newly
diagnosed brain metastases patients. Prognostic
factors analyzed included Karnofsky Performance
status (KPS), age, presence of extracranial
metastases and number of brain lesions.

Multiple Metastases

Presence of multiple metastases has long been
accepted as a partial contraindication for surgery
because the patient was not expected to live long
enough to realize a benefit from surgery. Patients
with four or more brain tumors are usually not
treated surgically, given the poor prognosis. No
level 1 evidence defines optimal treatment of
patients with more than five brain lesions. WBRT
can be considered in these cases if the life expec-
tancy is greater than 3 months based on systemic
disease. There is level II evidence suggesting that
SRS may be effective in up to ten brain metasta-
ses if they are smaller than 3 cm and are not asso-
ciated with mass effect or significant edema
(DiLuna et al. 2007). One study revealed that a
highly selected subset of patients with a limited
number of multiple brain metastases may benefit
from resection of all lesions (Bindal et al. 1993).

Recurrent Disease

Treatment of recurrent brain metastases is a highly
controversial topic. Surgery has been shown to
improve survival and quality of life in patients
with recurrent disease (Arbit et al. 1995).
Resection of recurrent tumor also allows confir-
mation of histopathology and the use of local
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chemotherapeutic adjuncts such as BCNU wafer
implants. Bindal et al. (1995) have also reported
that reoperation for recurrent brain metastases
after the initial resection prolonged survival and
improved quality of life. Surgical resection is an
option for recurrence after SRS as well. In patients
with symptomatic mass effect, progressive neu-
rological signs or symptoms, imaging evidence
of tumor progression, or intractable seizures
after radiosurgery, resection may become the
treatment of choice.

Cerebellar Metastases

Cerebellar metastases represent a special group
of brain metastases because they may cause
obstructive hydrocephalus and brain stem com-
pression, and survival of patients with cerebellar
metastases has been reported as more disappointing
than that reported for cerebral hemispheric
metastases. However, surgical resection provides
a significant benefit in cerebellar metastases. In a
recent study comparing effectiveness of surgery
versus radiation, 38 patients with cerebellar
metastases underwent surgical resection alone;
their median survival was 20.5 months. In the 27
patients who underwent surgical resection plus
radiation, the median survival was 35.5 months.
For 21 patients who underwent WBRT without
surgical resection, the median survival was
6.5 months and for those who were treated with SRS
alone, 9.1 months (Yoshida and Takahashi 2009).

Patient Selection for Surgery

As in all surgical disciplines, patient selection is
of paramount importance if desirable results are
to be achieved. The patient should be medically
fit to undergo surgery and to withstand the
recovery phase postoperatively. Several studies
have evaluated variables that might make some
patients a better surgical candidate than others.
Factors considered favorable for surgical resection
of the tumor include age less than 65 years, KPS
score>70, single tumors, tumor size<3 cm,
surgically accessible location, good control of
extracranial disease and absence of leptomeningeal

Table 18.2 Recursive Partitioning Analysis (RPA)
classification for brain metastases
RPA Class 1

Patients with KPS >70, <65 years of age with controlled
primary and no extracranial metastases

RPA Class 1T
KPS<70
RPA Class III
All others

involvement, expected long disease — free survival
and local symptomatic mass effect.

In 1997, Gaspar et al. (1997) performed a
rigorous multivariable analysis of tumor charac-
teristics, patient profiles and treatment variables
extracted from three prospective Radiation Therapy
Oncology Group (RTOG) brain metastases trials.
This effort was made to analyze the relative
contributions of pretreatment variables to the
survival of patients with brain metastases using
an interactive, nonparametric statistical technique
known as Recursive Partitioning Analysis (RPA),
to define the influence of treatment variations on
survival among patients and to identify patient
subgroups or stages. Three prognostic classes
were developed for patients with multiple brain
metastases (Table 18.2). Recursive partitioning
analysis Class I patients are considered good can-
didates for craniotomy and resection, whereas
Class III patients are not likely to realize benefit
from surgery. This method of classification was
later validated in 2000 (Gaspar et al. 2000). The
RPA classification was also successfully applied
to surgically resected and irradiated cases of
metastatic brain tumors (Agboola et al. 1998).
In another large single-institution retrospective
study, preoperative performance status, symp-
tomatic response to steroid treatment, systemic
tumor control, and serum lactate dehydroge-
nase levels were found to be independent prog-
nostic factors in patients with brain metastases
(Largerwaard et al. 1999).

Making Surgery Safe
With recent advances in image-guided surgery

and with increased utilization of newer modali-
ties like functional MRI (fMRI), intraoperative
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MRI (iMRI), electrocorticography during awake
craniotomy and diffusion tensor imaging (DTI),
surgical resection is no longer considered “risky”,
but has allowed neurosurgeons to safely navigate
through the parenchyma and safely resect even
deeply seated lesions with an acceptable risk of
neurological deficit. DTI is a form of fMRI used
to delineate white matter anatomy and is based
on the principle that water preferentially diffuses
along the long axis of white matter tracts.
Distortions of white matter architecture second-
ary to a tumor or the edema surrounding a tumor
can be mapped in a meaningful way to provide
guidance during surgical resection. fMRI is a
noninvasive imaging modality that uses cortical
blood flow changes as a surrogate for increased
or decreased neuronal activity. Functional MR
imaging maps can be matched and fused with
high-resolution MR or CT images to produce
neuronavigational images, a process referred to
as “functional neuronavigation.” The complete-
ness of resection has also improved in recent
years with increasing use of iMRI that provides
instant feedback regarding residual tumor and
helps overcome the problem of “brain shift”, an
intraoperative phenomenon in which changes in
tumor volume, cerebrospinal fluid drainage,
intracranial pressure, or the use of brain retractors
generate intraoperative brain deformation that
renders preoperative neuronavigation registration
inaccurate. Stummer et al. (1998) are credited
with the development of a tumor-specific fluores-
cent marker that allows more accurate discrimi-
nation of infiltrating tumor from normal brain
parenchyma, called 5-Aminolevulinic Acid
(5-ALA). Although 5-ALA was used for resec-
tion of glial neoplasms initially, groups have
applied the same concept successfully to meta-
static brain tumors as well (Utsuki et al. 2007).
With a paradigm shift towards minimally inva-
sive neurosurgery that has always been an attrac-
tive option, both for clinicians and patients,
several treatment modalities have surfaced
recently. These modalities include such tech-
niques as Laser Interstitial Thermal Therapy
(LITT), cryoablation, and radiofrequency abla-
tion. LITT has recently seen resurgence with
regard to the clinical utility of this technique
secondary to advances in MRI thermometry.

A. Pabaney and S.N. Kalkanis

Carpentier et al. (2008) recently reported the
successful treatment of six patients with meta-
static intracranial lesions using LITT.

Conclusion

Several treatment options exist when managing a
patient with metastatic brain tumor. Numerous
variables are to be taken into consideration when
tailoring treatment plans for individual patients.
Updated guidelines regarding management of
these pathologies exist and make the clinicians’
job much easier in choosing the most effective
treatment modality. Combining the modalities of
surgery, WBRT, and radiosurgery has improved
the outcome in patients with metastatic disease.
With the advent of newer technologies, all the
treatment modalities are not only expected to
become more effective but will also develop a
larger interface for overlap that will have syner-
gistic effects towards improving patient survival.
In addition, a multidisciplinary approach should
be utilized for every patient to individualize care.
Multispecialty interactions in the form of a
“Tumor Board” allow experts to look at the
pathologies from their perspective and offer evi-
dence based opinions. Careful review of cases in
tumor board conferences can potentially result in
a change in the clinical management of patients
presented and also serves as an excellent educa-
tional opportunity for trainees. Ultimately, it
serves as a platform that brings the specialists
together and yields a much enhanced treatment
plan that is likely to translate into longevity and
improved quality of life.
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Abstract

Up to 30% of cancer patients will ultimately
develop brain metastases, the treatment of
which consists of surgery, radiation therapy,
or a combination of the two modalities.
Over the past two decades, an incredible body
of work has helped us identify the factors
responsible for local recurrence of brain
metastasis. The factors that have been shown
to affect local control can be divided into
two categories: those that are intrinsic to the
lesion and those that are treatment related.
The histology and volume of the tumor are
intrinsic factors. The primary treatment
modality and adjuvant whole-brain radio-
therapy have also consistently been found to
affect local control. Here we review the
clinical data to date.

Introduction

Brain metastases, aside from being the most
common brain tumors, are one of the most feared
consequences of systemic cancer because of their
poor prognosis if left untreated. Although
10-30% of cancer patients ultimately develop
brain metastases, the incidence is increasing
owing to increased cancer survival. Treatment of
brain metastasis consists of surgical resection,
radiation therapy, or a combination of the two
modalities. Until the advent of whole-brain
radiotherapy (WBRT), the prognosis for patients
who develop brain metastasis was dismal.
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As imaging techniques improved, surgery began
to play an increasing role in the treatment of
brain metastasis; however, this remained contro-
versial until two randomized, prospective trials
confirmed the benefit of surgery (Patchell et al.
1990; Vecht et al. 1993). Surgery has since
become a mainstay of therapy, but its application
has become more refined with the emergence
of stereotactic radiosurgery (SRS). Although
controversial, data suggest that both surgery and
SRS can be used to treat small brain metastases
effectively, but surgery is the modality of choice for
lesions >3 cm in maximal diameter. Additionally,
SRS is useful in treating patients who are high-risk
surgical candidates, i.e., those with poor clinical
status and those with lesions located deep within
the brain or in regions controlling eloquent brain
function.

Even with treatment, the median survival time
for patients ranges from 4.9 to 16.4 months
depending on tumor histology (Bindal et al.
1996; Sperduto et al. 2010). Central nervous
system disease progression can occur from local
recurrence of a treated lesion or from distant
recurrence. WBRT remains a useful adjunct to
surgery or SRS to improve both local and distant
tumor control. Optimizing treatment of brain
metastasis by identifying factors that affect local
control is crucial.

Of note, very few studies have been specifi-
cally designed to look at factors that affect local
control after therapy. Thus, much of the informa-
tion comes from analysis of a cumulative body
of literature, large retrospective studies, or
secondary endpoint analysis in prospective trials.
It is also important to note that the definition of
“local control” of brain metastasis differs based
on primary treatment modality. For patients
undergoing surgical resection, any tumor growth
noted on postoperative magnetic resonance
imaging, usually marked by increase in size of a
contrast-enhancing lesion, is considered a recur-
rence. For patients undergoing SRS, recurrence
has typically been defined as tumor growth >25%
of the baseline lesion size, i.e., the lesion is per-
mitted to increase in size up to 25% of the origi-
nal pretreatment size before being considered a
recurrence.

A.J. Patel and R. Sawaya

Histology

Classically, tumor histology has been used to
guide treatment of brain metastasis, as some
tumors respond better to specific therapies.
Metastatic sarcomas are notoriously difficult to treat
because of their chemo- and radioresistance as
well as their proclivity for recurrence after surgery.
Recurrence rates after resection of sarcoma
metastatic to the brain have been reported to
range from 26 to 32% (Fox et al. 2009; Patel et al.
2010). We noted that local recurrence ranged
between 12 and 18% for most tumor histologies,
but sarcomas were found to have a risk of recur-
rence that was 1.7 times greater than that for
other histologies (Patel et al. 2010).

It seems intuitive that tumor histology should
play a role in local control after SRS, as some
tumor types are more radiosensitive than others.
Flickinger et al. (1994) reported better local
control rates for metastatic melanoma and renal
cell carcinoma, classically thought to be radiore-
sistant tumors when compared with “other”” tumor
histologies, including non-small cell lung, breast,
colorectal, and other cancers. Woo et al. (2010)
found contradictory results, with metastatic
breast and kidney cancers showing poorer local
control than non-small cell lung cancers, which
showed the best response. Mehta et al. (1992)
used volumetric analysis to quantify response
rates to SRS and found that lymphomas, melano-
mas, sarcomas, and non-small cell lung cancers
had a greater than 50% complete response rate.
However, breast and renal cell carcinomas
showed a much poorer response. These observa-
tions warrant further investigations in prospective
studies with larger cohorts.

Tumor Volume

Tumor volume is another factor that has been
implicated in contributing to increased risk for
local recurrence, regardless of treatment modality.
Mehta et al. (1992) found that the response rate
decreases dramatically with increasing tumor size.
A lesion with a volume of 9 cm® (corresponding
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Fig.19.1 Graph showing proportions of patients without
local recurrence stratified by tumor volume. The study
group was divided into four equal quartiles of volume.
Plot obtained from the multivariate Cox proportional
hazards model analysis (From Patel et al. (2010). Used
with permission)

to a diameter of 2.58 cm) has only a 20% complete
response rate. Shinoura et al. (Shinoura et al. 2002)
found that lesions treated with SRS that were larger
than 1 cm® had a higher rate of local recurrence
than smaller lesions and that this difference was
statistically significant in a multivariate analysis.
Yang et al. (2011) sought to identify the factors that
predict response of larger brain lesions to SRS.
They found that patients with tumors with a
volume >16 cm?® (corresponding to a diameter of
3.1 cm in a spherical lesion) had a statistically
significantly lower response rate than those with
smaller lesions. This finding has been corroborated
in many other studies (Kwon et al. 2009; Sheehan
et al. 2002; Swinson and Friedman 2008).

In reviewing our experience with resection of
single brain metastases at The University of Texas
M.D. Anderson Cancer Center (M.D. Anderson),
we found that tumors exceeding the median
volume of 9.7 cm?® had a significantly higher risk
for local recurrence than smaller tumors (Patel
et al. 2010). Figure 19.1 shows that the relation-
ship between the increased risk of large tumors
recurring locally after resection may be a result
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of infiltration of tumor cells beyond the border
of the metastasis in more advanced stages,
i.e., larger size. Neuropathological studies have
shown that this “pseudogliomatous” infiltration
varies with different tumor histologies, and can
extend up to 3 mm from the border (Baumert
et al. 2006; Neves et al. 2001).

Whole-Brain Radiotherapy

Shortly after the discovery of x-rays in 1895,
radiation was used to treat cancers. Over the past
100 years, radiation therapy has evolved into a
multifaceted form of treatment. For many years,
WBRT was used as the primary treatment modality
for brain metastasis. Patients treated with WBRT
alone exhibited high rates of recurrence. In 1990,
Patchell et al. (1990) demonstrated that surgical
excision followed by WBRT decreased the local
recurrence rate to 20% from 52% in patients
treated with WBRT alone. Since then, surgery
and SRS have been established as the primary
treatment modalities for most brain metastases,
but WBRT has played an indispensible role as an
adjuvant, as it is thought to help prevent both
local and distant recurrence. The landmark study
by Patchell et al. (1990) prospectively demon-
strated a reduction in local recurrence from 46 to
10% with postoperative WBRT (Patchell et al.
1998). Similarly, Aoyama et al. (2006) found that
WBRT after SRS decreased the rate of local
recurrence from 76.4 to 46.8%. The European
Organization for Research and Treatment of
Cancer (EORTC) conducted a randomized trial
with 359 patients to evaluate whether WBRT
increases intracranial tumor control after surgery
or SRS in patients with one to three brain metas-
tases (Kocher et al. 2011). After 2 years, adjuvant
WBRT had reduced local recurrence from 59 to
27% postoperatively and from 42 to 23% after
SRS (Kocher et al. 2011). Despite this evidence,
some clinicians withhold WBRT after resection
of single brain metastases. However, McPherson
et al. (2010) conducted a retrospective review of
358 patients with newly diagnosed single brain
metastases who were treated by resection with or
without adjuvant WBRT. They found that adjuvant
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Fig.19.2 Freedom from local recurrence (local control)
of brain metastases with radiosurgery and with surgery.
Curve showing time from radiosurgical treatment to
local failure (BRIGHAM Radiosurgery) in 42 patients
treated at Brigham and Women’s hospital (Mehta et al.
1992) superimposed on curves showing time from

WBRT significantly reduced both local and
distant recurrence, with this difference being
particularly significant in lesions >3 cm in
maximal diameter (Fig. 19.2).

Primary Treatment Modality

Both surgery and SRS are used to treat brain
metastases, usually with adjuvant WBRT. The
ideal treatment regimen varies based on the tumor
histology, size of the lesion, patient’s clinical status
and presentation. For example, small cell lung
cancer is so radiosensitive that it is commonly
treated with WBRT. Germ cell tumors are treated
with chemotherapy because of their exquisite
chemosensitivity. Surgery is favored when treat-
ing radioresistant tumors, such as melanoma and
renal cell carcinoma.

In addition to providing histologic diagnosis
and immediate relief of symptoms from mass
effect, surgical excision has been shown to

surgical resection (MDACC Surgery) to local recurrence
in 62 patients and time to local failure in 31 patients
radiosurgically treated (MDACC Radiosurgery) at The
University of Texas M.D. Anderson Cancer Center
(Bindal et al. 1996) (From Sawaya 1999. Used with
permission)

provide excellent local control, especially when
compared with WBRT alone, as in the study by
Patchell et al. (1990). Since then, surgery has
played a central role in the treatment of brain
metastasis. The rate of local recurrence after
surgery alone has been reported to range from 15
to 46% without adjuvant therapy (Nieder et al.
2007; Patchell et al. 1998; Patel et al. 2010; Vecht
et al. 1993). When reviewing our experience in
patients who underwent surgery alone for a
single, previously untreated brain metastasis, we
identified two factors that independently affected
local recurrence (Patel et al. 2010). In addition to
tumor volume, the method of resection signifi-
cantly influenced local recurrence. Patients
undergoing piecemeal resection had a risk of
developing local recurrence that was 1.7 times
greater than those with tumors excised en bloc.
Based on the multivariate analysis, this risk was
negated in tumors larger than 9.71 cm?; however,
for patients with smaller tumors, those with
tumors resected by piecemeal methodology had a
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2.7 times greater risk for recurrence than those
with tumors resected en bloc.

SRS was first developed by Lars Leksell at the
Karolisnka Institute (Leksell 1951). Subsequently,
it has emerged as an alternative to surgery in the
treatment of brain metastasis. A multi-institutional,
randomized trial compared patients with one to
three brain metastases smaller than 4 cm in maxi-
mal diameter that were treated either by WBRT
alone or by WBRT followed by an SRS boost and
demonstrated a reduction in local recurrence from
29 to 18% in patients receiving the SRS boost
(Andrews et al. 2004).

Although there is no question that surgery or
SRS in addition to WBRT reduces local recur-
rence compared with WBRT alone, whether sur-
gery or SRS is the optimal treatment modality
remains controversial. It is accepted that SRS is
the treatment of choice for patients whose medi-
cal condition precludes them from being surgical
candidates or who decline surgery. Lesions that
are less than 1 cm in maximal diameter and surgi-
cally inaccessible (e.g., in deep cortex that con-
trols eloquent functions) are also amenable to
SRS. Similarly, surgery is usually the clear choice
for patients diagnosed with symptoms of mass
effect. Historically, the remainder of the lesions
have been stratified as those either larger or
smaller than 3 cm in maximal diameter. As out-
lined above, for large lesions, SRS is associated
with a higher rate of recurrence than surgery.
Chang et al. (2003) retrospectively reviewed the
records of 135 patients who underwent SRS and
found that lesions that were greater than 1 cm in
maximal diameter had only a 56% local control
rate. Thus, the 3 cm cutoff that is commonly used
requires further study in a prospective manner.

Shinoura et al. (2002) compared patients who
underwent surgery plus postoperative WBRT
with those who underwent SRS alone and found
that the mean times to recurrence were 25 and
7.2 months, respectively. Muacevic et al. (2008)
published the results of a randomized trial (pre-
maturely terminated owing to poor patient
accrual) comparing surgery plus WBRT with
SRS alone. They reported no difference in local
control between these two groups. But both of
these studies had approximately 30 patients in

each arm and did not directly compare surgery
and SRS because the SRS group did not receive
WBRT. A prospective study at M.D. Anderson
with both randomized and nonrandomized arms
sought to compare patients receiving surgery or
SRS alone for single brain metatastasis (Lang
et al. 2008). The randomized arm had 30 patients
in the surgical group and 29 patients in the SRS
group; the nonrandomized arm had 89 and 66
patients, respectively. A multivariate analysis to
eliminate confounding covariables demonstrated
that patients in the SRS-alone group had signifi-
cantly more local recurrences than those under-
going surgical excision. As expected, distant
recurrence rates were the same in both groups.

It is difficult to compare the two treatments
because of differences in the way recurrence is
defined. Published values of local tumor control
after SRS permit an increase in tumor size of up
to 25%. It is important to keep this in mind when
reviewing the available data and comparing these
two treatment modalities, as this can overstate the
level of local tumor control in patients receiving
SRS.

Conclusion

There have been very few studies specifically
addressing what factors affect the risk of local
recurrence of brain metastasis; thus, most of the
aforementioned information has been assembled
from the secondary endpoints of various prospec-
tive and retrospective studies. Nevertheless, these
studies represent an incredible body of work
compiled over the past few decades. Table 19.1
summarizes the published class I studies to date.
The factors that have been shown to affect local
control can be divided into two categories: those
that are intrinsic to the lesion and those that are
treatment related.

Tumor volume and histology are intrinsic fac-
tors. For lesions treated by SRS, the radiosensi-
tivity of the histologic tumor type directly affects
the level of local control. Thus, metastastic small
cell lung cancer is very responsive to SRS,
whereas metastatic breast and renal cell carcino-
mas are not. Metastatic sarcoma, which is notable
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Table 19.1 Summary of all class I studies evaluating treatment of brain metastasis

Study Groups Local control ~ Distant control ~ Median survival (months)
Patchell et al. (1990) WBRT (n=23) 48%* 87%* 3.5
Surgery+WBRT (n=25)  80%* 80%* 9.22
Vecht et al. (1993) WBRT (n=31) N/A N/A 6
Surgery + WBRT (n=32) N/A N/A 102
Mintz et al. (1996) WBRT (n=43) N/A N/A 6.3
Surgery+WBRT (n=41) N/A N/A 5.6
Patchell et al. (1998) Surgery (n=46) 549%* 30%* 9.9
Surgery + WBRT (n=49)  90%* 82%* 11.1
Kondziolka et al. (1999) WBRT (n=14) 0%* N/A 7.5
SRS+WBRT (n=13) 92%* N/A 11
Andrews et al. (2004) WBRT (n=167) 71%* N/A 6.5
SRS+WBRT (n=164) 82%* N/A 5.7
Aoyama et al. (2006) SRS (n=67) 73% 36% 8
SRS+WBRT (n=65) 89% 58% 7.5
Muacevic et al. (2008) SRS (n=31) 97% T4% 10.3
Surgery+WBRT (n=33) 82% 97% 9.5
NJ/A data not available
“Difference is statistically significant
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Abstract
Matrix metalloproteinase 2 (MMP2) is important
in breast cancer (BC) invasion and metastasis.

In order to study the expression of MMP2,
in breast cancer brain metastasis, we used a
syngeneic rat model of distant metastasis of
ENU1564, a carcinogen-induced mammary
adenocarcinoma cell line. At 6 weeks post
left-ventricle inoculation we observed devel-
opment of micro-metastasis in the brain.
Immunohistochemistry (IHC) and Western
blotting (WB) analyses showed that MMP2
protein expressions were significantly higher
in neoplastic brain tissue compared to normal
brain tissue. These results were confirmed by
RT-PCR and gelatin zymography increased in
MMP2 and activity in brain metastasis. The
MMP2 mechanism of action in the brain is
still under intense scrutiny. To study the role
of MMP2 in the development of BC brain
metastasis we transfected ENU1564 rat mam-
mary adenocarcinoma cells with tissue inhibi-
tor of MMP2 (TIMP2). Animals inoculated
with ENU1564-TIMP2 cells had decreased
orthotopic tumor growth, decreased orthotopic
metastastic behavior and did not develop brain
metastases. Mitogen activated protein kinase
(MAPK) pathway components, such as ERK1/2,
have been correlated to MMP expression
and/or astrocyte activity. We found that BC
brain metastases have peripheral astrocyte
reactivity and higher expression of glial fibril-
lary acidic protein (GFAP) and phosphorylated-
ERK1/2 (p-ERK1/2). Blockage of ERK1/2
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phosphorylation by treatment with MEK
inhibitor (PD98059) decreased the expression
of MMP2 in cancer cells grown in rat
astrocyte-conditioned media. Our results are
highly suggestive that MMP2 plays a role in
the development of BC metastases, in particular
to the brain. Furthermore, our results suggest
that astrocyte factors and the ERK1/2 signal-
ing pathway may be associated with BC brain
metastasis development; and that ERK1/2
may regulate MMP2 in a way that is modifi-
able by astrocyte factors.

Introduction

The metastatic process of breast cancer (BC) has
been the subject of intense scrutiny. The brain is
one of the most common organs affected in the
spread of BC that ultimately results in fatal over-
come of the disease. Brain metastasis is an
increasingly common complication in breast
cancer patients. Approximately 15-30% of breast
cancer patients develop brain metastasis
(Somerville et al. 2003). A suitable specific envi-
ronment is important to the development of tumor
cells (Hall and Stoica 1994). The exact role of the
brain environment to the development of the met-
astatic process has yet to be clarified. Many theo-
ries have been developed to study and understand
metastatic behavior. Factors such as neoplastic
cell molecular and genetic characteristics and
biological environment are thought to be deter-
minants in the metastatic process.

Matrix Metalloproteinases (MMPs) are a
broad family of zinc-dependent proteinases that
play a key role in extracellular matrix degradation,
implicated in numerous pathogenic processes
(Leppa et al. 2004). Tumor cells are thought to
secrete these matrix-degrading enzymes and/or
induce host cells to elaborate them (Stetler-
Stevenson et al. 1993). MMPs have been associ-
ated with pathology within the central nervous
system in neoplastic disease, such as glioma and
melanoma brain metastasis (Fujimake et al. 1996)
and non-neoplastic disease, such as trauma,
ischemia and immune-mediated disease (Nie and
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Pei 2003). Physiologically these enzymes play a
role in normal tissue remodeling as well as in
angiogenesis and mammary gland involution.
They belong to a family of 23 gene products,
which encode for zinc-dependent and calcium
dependent proteases that are endopeptidases
(Somerville et al. 2003). There are also two other
large families of proteases that have major roles
in extracellular proteolysis, the ADAM family (a
disintegrin and metalloproteinase domain, with
about 33 members in humans) and the ADAMTS
family (a disintegrin-like and metalloproteinase
domain (reprolysin type) with thrombospondin
type I repeats, with about 19 members in humans).
Numerous classifications of MMPs can be made.
Based on their solubility they can be divided in
two major groups: (1) Soluble type MMPs;
include collagenases, stromelysins, gelatinases
and matrilysins. (2) Membrane-anchored metal-
loproteinases; include Type II and type II types.
They can also be classified according to their sub-
strates. They are known to degrade a large array
of substrates such as Collagens (C), Fibronectin
(FN), Cartilage oligomeric protein (COMP),
Laminin (LN) and Proteoglycan (PG).

MMP regulation occurs at multiple levels that
include transcription, activation of zymogen forms,
and activity of extracellular inhibitors (Somerville
et al. 2003). There is moderate variation in the
protein structure of MMPs. Metalloproteinases are
composed by a pre-catalytic, a procatalytic domain,
a fibronectin-like domain, a domain for binding to
zinc and a homeopexin domain. These enzymes
depend on zinc for catalytic activity. The presence
of the prodomain keeps the enzyme inactive. In
order to be activated a cystein residue that inacti-
vates ligand binding to the zinc catalytic site must
be removed. This can be done by conformational
change or proteolysis accomplished by plasmin
or other MMPs. MMP zymogens can be activated
by themselves. MT1-MMP activates MMP2 and
requires TIMP2 binding to its active site in order to
do so (Lafleur et al. 2003). Inactivation of MMPs
can occur by direct interaction with tissue inhibi-
tors of MMPs (TIMPs), alpha 2 macroglobolin and
other molecules such as pro-collagen C-proteinase
enhancer (Lebeau et al. 1999).
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Different animal models have been used for in
vivo study of the role of MMPs in the development
of cancer. Most of these studies describe lung,
bone and/or node metastasis and are usually
concurrent with the studies conducted on human
patients that correlated MMPs with increased
tumor invasion and metastatic behavior (Tester
et al. 2004; Yoneda 2000). Most utilize immuno-
compromised animals, such as nude mice, that
usually develop metastasis in the bone, lung and
liver (Ohshiba et al. 2003). These models do not
consider the importance of the immune system in
cancer development and its relevance to the
development of metastatic disease. We use a syn-
geneic rat model to study distant metastasis of
breast cancer. The ENU1564 cell line used in our
study is a highly metastatic breast cancer cell line
originated from a N-ethyl-N-nitrosourea (ENU)
induced mammary adenocarcinoma in a female
Berlin-Druckrey IV (BD-IV) rat.

MMP2 is thought to play an important role
in breast cancer invasion, metastasis and tumor
angiogenesis (Hynes 2003). MMP2 over-expression
and activation have been associated with the inva-
sive potential of human tumors. Active MMP?2 is
detected more frequently in malignant than
benign carcinomas. Some reports, however, do
not correlate MMP2 immunohistochemical stain-
ing with the presence of metastases at the time of
diagnosis or with disease outcome (La Rocca
et al. 2004). Absence of distinct positive immu-
noreactivity for MMP2 has been observed in both
invasive and non-invasive tumor cells without
apparent differences in the staining intensity
(Talvensaari-Mattila et al. 2003). In this regard,
additional in vivo studies that characterize MMP
2 expression in brain metastasis are needed.

It is important to determine if MMP2 have
different effects/roles in the development of
metastasis to the brain because this may help to
understand why BC cells metastasize to prefer-
ential organs. We focused on the metastatic
process of BC to the brain in a rodent rat model.
Understanding the mechanisms of BC brain
metastasis could be utilized in the development
of the current therapeutic approach to metastatic
cancer.
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Matrix Metalloproteinase 2
Overview

Matrix Metalloproteinase 2
Localization in Tumors

The morphological intratumoral localization of
MMP2 in breast cancer has been the subject of
numerous studies. Different studies have sometime-
contradictory data on the location of MMP2.
Some co-localize MMP2 with neoplastic epithelial
cells whereas others associated them with different
components of the neoplastic stroma. Therefore,
according to some reports, MMP2 can be observed
in stromal tumor fibroblasts and well differenti-
ated invasive cancer cells (Heppner et al. 1996) in
the neoplastic cell plasma membrane in peritumor
stromal cells (Caudroy et al. 1999) and/or angio-
genic blood vessels (Jones et al. 1999). In our
studies we observed staining for MMP2 in the
cytoplasm of neoplastic epithelial cells in all neo-
plastic sites evaluated (brain, mammary gland,
lung, pancreas, heart and kidney). MMP2 also
stained stromal fibroblasts. Staining was also
in normal epithelium and macrophages within
metastatic foci.

Matrix Metalloproteinase 2
and Tumor-Stroma Interaction

Tumor environment is very important for expres-
sion and activities of MMPs. For instance IL12, a
cytokine observed in the extracellular matrix, can
enhance the activity of MMPs (Scott et al. 2000).
In the tumor cell-cell interactions, pericellular
environment and products of degradation of the
extracellular matrix are important for MMP pro-
duction and activation.

Tumor cells also interact with stromal cells or
cell-bound factors that stimulate the production
of MMPs. MMP?2 is expressed predominately
in peritumoral fibroblasts (Heppner et al. 1996).
MT-MMP1 is produced in fibroblasts and is a
major activator of MMP2 and this suggests that
the stroma component is fundamental for MMP2



198

production. MT1-MMP is anchored to the cell
surface and acts as a receptor for TIMP2 that
binds to MTI-MMP through his N-terminal
domain. This binary complex acts then as a
receptor for pro-MMP2. TIMP2 C-terminal binds
to pro-MMP2 and MT1-MMP cleaves then pro-
MMP2 causing the formation of an intermediate
species. Stromal fibroblasts at the tumor invasion
front are thought to produce the bulk of MMP2.
Tumor cells usually express low constitutive
levels of MMP2. Stromal cells have strong but
short induction of MMP2 (Stetler-Stevenson
et al. 1993). This very high and complex regula-
tion of the expression of MMPs represents a
host response to the tumor and neoplastic cell
interaction with the tumor stromal component is
fundamental for cancer invasion and metastasis.
Although the exact mechanism of activation and
function of MMPs in brain disease is still under
intense scrutiny, it is reported that astrocyte
co-culture with glioma cells increases activation
of MMP2 (Ohshiba et al. 2003). In addition,
astrocytes can produce and/or regulate MMP2
production (Dzwonek et al. 2004). Astrocytes
also have been implicated in the mechanism of
activation of other MMPs in the CNS (Lee et al.
2003). Astrocyte factors such as interleukin 6
(IL6), fibroblast growth factor-b (FGFb), and
insulin-like growth factor (IGF) receptor are up
regulated in breast cancer brain metastases.

Matrix Metalloproteinase 2
and Tissue Inhibitors

The activities of MMPs are in part influenced by
the presence of tissue inhibitors of metallopro-
teinases (TIMPs). An increase in the amount of
TIMPs relative to MMPs could function to block
tumor cell invasion and metastasis. In fact, tumor
cell invasion and metastasis can be inhibited by
up-regulation of TIMP expression or by an exog-
enous supply of TIMPs. Tissue inhibitors of
metalloproteinases 2 (TIMP2) is reported to be a
physiologic inhibitor of MMP2 (Danilewicz
et al. 2003). An increase in the amount of
TIMP2 relative to MMP2 may decrease MMP2
activity and block tumor cell invasion and metas-
tases (Li et al. 2001). However, the role of TIMP2
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in cancer development is still under investigation.
Although TIMP2 was at first considered a sup-
pressor of invasion and metastases, the complexity
of TIMP2/MMP?2 interactions led to reconsidera-
tion of the role of TIMP2 in BC development
(Gakiopoulou et al. 2003). TIMP2 expression in
BC patients has been correlated with advanced
disease, decrease in survival time, increased
tumor size, node positive status, and tumor recur-
rence (Gakiopoulou et al. 2003; Remacle et al.
2000). Paradoxically, genetic manipulation of
cancer cells has correlated experimental TIMP2
over expression with decreased metastatic behavior
(Li etal. 2001).

Matrix Metalloproteinase 2
and MAPK

The mitogen activated protein kinase (MAPK)
pathway is one of most important transduction
signaling pathways that is related to numerous
pathogenic processes, including neoplasia. Genes
that codify for molecules in this family, such
as MKK4 and MAPKK4 are considered to be
important in the metastatic cascade (Alessandrini
2002). Moreover components of these pathways
have been correlated with cancer invasion, and
development. They have also been linked with
MMP2 expression. Activation state of the ERK
pathway in tumor cells correlates with the invasive
phenotype, which was determined by the ability
of cells to invade through reconstituted extracel-
lular matrix. Our data showed that MMP2 mRNA
expression, protein expression and gelatinolytic
activity are correlated with ERK phosphorylative
activity. MEK inhibitor PD98059 inhibits MMP2
promoter activity and Spl phosphorylation.
Overexpression of constitutively active MEK1
stimulates Sp1 phosphorylation and MMP2 pro-
moter activity (Pan and Hung 2002).

Matrix Metalloproteinase 2
in Brain Metastasis

MMPs are expressed physiologically in central
nervous system cells. Matrix metalloproteinases
have been extensively correlated with neoplastic
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pathological processes within the central nervous
system (CNS) (Liuzzi et al. 2004; Massengale
et al. 2002). They have been involved in the
degradation of extracellular periphery of brain
tumors such as glioma as well as in glioma inva-
sion and vascularization (Nagashima et al. 2002).
Although the exact mechanism of activation and
function of MMP2 in brain disease is still under
intense scrutiny, it is reported that astrocyte
co-culture with glioma cells increases activation
of MMP2 (Le et al. 2003). Astrocytes can pro-
duce and/or regulate MMP2 production (Leveque
et al. 2004; Muir et al. 2002). Additionally, astro-
cytes may be involved in the development of BC
brain metastases (Dzwonek et al. 2004). Among
several signaling transduction pathways, mitogen
activated protein kinase (MAPK) pathway com-
ponents, such as ERK1/2, have been correlated to
MMP2 activation and expression; associated
with astrocyte activity; and are considered genes
related with tumor metastases.

Matrix Metalloproteinase 2
Expression in Breast Cancer Brain
Metastasis

In order to to evaluate the expression and activity
of MMP?2 in metastatic foci of BC in the brain.
We used an in vivo model that consistently pro-
duces brain metastasis (Hall and Stoica 1994).
We found that levels of MMP2 mRNA and
protein, in BC brain metastasis are higher than
those of normal brain tissue (Fig. 20.1a, b). To
determine if the higher expression of MMP2 was
correlated with intra-tumoral increased enzyme
activity, we performed gelatin zymography studies.
Gel zymography showed that there was a signifi-
cant increase of MMP2 activity in metastatic
foci than in non-affected brains (Fig. 20.2a, b).
Immunohistochemistry was performed in order
to characterize MMP2-protein expression within
the metastatic brain foci. Immunohistochemical
staining for MMP2 showed immunolabeling with
moderate intensity in the cytoplasm of neoplastic
cells within the brain metastatic foci (Fig. 20.1c¢).
To confirm IHC and WB results on MMP2 protein
expression, we extracted total RNA from frozen
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specimens. Semi-quantitative RT-PCR analysis of
MMP2 mRNA of brain metastatic foci of breast
cancer was compared with mRNA obtained from
age-matched non-inoculated rats. The compari-
son revealed that the amounts of MMP2 mRNAs
of brain metastasis foci of breast cancer were
higher than those of control tissues (Fig. 20.1d).

Matrix Metalloproteinase 2 Role
in the Development of Breast Cancer
Brain Metastasis

We further investigated whether MMP2 has an
effect in tumor growth and metastasis development
(specifically brain metastasis) in a syngeneic
animal model by over-expression of TIMP2 in rat
mammary adenocarcinoma -ENU1564-cells. In
addition, we investigated if astrocytes are associ-
ated with BC brain metastasis development and
MMP2 expression, and if this association has a
relationship with MAPK pathway components.

Because we did not observe development of
brain metastases (Fig. 20.3a) in any of the animals
inoculated with ENU1564-TIMP2 cells, we used
material collected from orthotopic mammary
tumors developed from inoculation of both
ENU1564 and ENU1564-TIMP2 cells to evaluate
in vivo change in expression and activity of MMP2.

WB evaluation revealed non-significant dif-
ference in levels of MMP2 protein (p>0.1). Gel
zymography evaluation revealed significantly
higher MMP2 activity in samples obtained from
animals inoculated with ENU1564 cells when
compared with animals in the control group
(Fig. 20.3b). Gross evaluation did not reveal any
significant changes in the central nervous system.
Upon histological evaluation 44.4% of the animals
in the control group had brain metastases. Brain
metastases were not detected in any of the animals
in the group inoculated with ENU1564-TIMP2
cells (p<0.001).

To evaluate if TIMP2 over expression has an
effect on in vivo tumor growth and metastasis
development, we examined tumor progression
by orthotopic inoculation of ENU1564-TIMP2
cells. We observed, at two different time points,
that tumors derived from ENU1564-TIMP2 cells
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Fig. 20.1 Increased expression of MMP2 protein in the
metastatic brain foci. (a) Evaluation of protein expression
by Western blotting. The membranes were stripped and
re-probed with B-actin antibody to confirm equal loading.
(b) Quantitative analysis of MMP2 expression was deter-
mined by densitometry. The results shown in the histo-
gram are the mean + standard deviation from three control
and three tumor samples. (*) for statistically significant
when P was <0.05). (¢) Localization of MMP2 in the

were significantly smaller than tumors derived
from ENU1564 cells (P<0.001 and <0.05) in the
two different time points, days 32 and 42 post-
inoculation. Tumor weights were obtained at
the time of sacrifice (day 42 post-inoculation).
Additionally, post-mortem evaluation revealed
that only animals from the control group devel-
oped metastases.

brain metastatic foci. Immunohistochemical staining
(brown) of MMP2 (A, B) protein in the brain metastatic
foci revealed positivity within neoplastic cell cytoplasm.
Negative controls for MMP2 (C). Note that glial cells are
also positive. Bars indicate 100 pm. (d) Increased expres-
sion of MMP2 mRNA in the metastatic brain foci. Semi-
quantitative RT-PCR analysis was used to detect MMP2
and f-actin in total RNAs from normal brain and meta-
static brain foci. f-actin was used as an internal control

Breast cancer brain metastases induce a marked
astrocyte response (Nishizuka and Ishikawa
2002). We reported previously that prominent
astrocyte reaction is associated with BC brain
metastatic foci (Mendes et al. 2005). Therefore,
we investigated if astrocytes play a role in the
development of BC brain metastases in our
model. To examine the astrocyte response, we
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Fig. 20.2 Increased MMP2 enzymatic activities in the
metastatic brain foci. (a) Evaluation of MMP?2 activity by
gel zymography. (b) Quantitative analysis of MMP2
activity was determined by densitometry of respective
active bands (62 kDa). The results shown in the histogram
are the mean + standard deviation from three control and
three tumor samples. (*) for statistically significant when
p<0.05

evaluated GFAP (glial fibrillary protein-astrocyte
marker) reactivity by IHC. We observed a marked
increase of immunohistochemical staining of
GFAP in reactive astrocytes around brain meta-
static foci when compared with normal brain. To
confirm the IHC results, we performed WB anal-
ysis for GFAP protein in samples obtained from
dissected frozen brain specimens. We observed
that tumor tissues express higher levels of GFAP
protein when compared with control brains of
animals free of tumor.

To further test the hypothesis that astrocytes
have a role in MMP2 expression in ENU1564
cells, we used 48-h-rat astrocyte-conditioned
media. ENU1564 cells revealed an increase
in vitro invasive behavior of ENU1564 cells
when compared with ENU1564 cells without
astrocyte-conditioned media treatment. This
invasive behavior was also reduced in ENU1564-
TIMP?2 transfected cells (P<0.001) (Fig. 20.3c).

Conversely, incubation with astrocyte-conditioned
media increased expression of MMP2 protein
when compared with MMP2 expression in
ENU1564 without astrocyte conditioned media.

Our studies showed that astrocyte factors
increase in vitro invasiveness of ENU1564 cells
and MMP?2 expression and activity are increased
in BC brain metastases in our model. Since the
MAPK pathway has been linked with the meta-
static cascade, MMP2 activity and/or astrocyte
factors we hypothesized that BC brain metastasis
development and astrocyte factor-related MMP2
expression could be associated with MAPK path-
way components. To test this hypothesis in our
model, we performed IHC analysis for p-ERK1/2,
p38, and JNK. Neoplastic epithelial cells were
positive for p-ERK1/2 and staining was more
intense at the periphery of the neoplastic lesions.
Neoplastic cells were not stained with phosphory-
lated-p38 and JNK antibodies. To confirm the IHC
results, we performed WB analysis for p-ERK1/2
protein in samples obtained from dissected frozen
brain specimens. We observed that tumor tissue
expresses higher levels of p-ERK1/2 protein when
compared with control brains of tumor-free sug-
gesting that ERK1/2 may be associated with BC
brain metastasis development. Further, to evaluate
the relationship between ERK1/2, MMP2 protein
expression and astrocyte factors, we examined
whether PD98059, a potent ERKI1/2-MAPK
inhibitor, can affect the expression of MMP2 in
ENU1564 cells treated with 48 h astrocyte-condi-
tioned media (Fig. 20.3d—f). We observed that
p-ERK1/2 and MMP2 protein expression were
increased in ENU1564 cells treated with astrocyte-
conditioned media (P <0.05) when compared with
ENU1564 cells without astrocyte-conditioned
media. There was no significant difference in the
levels of non-phosphorilated ERK in ENU1564
cells when compared to ENU1564 cells treated
with astrocyte-conditioned media. Treatment with
PD98059 induced a significant decrease of MMP2
protein expression (P<0.05) as well as the
expected decrease in p-ERK1/2 expression in
ENU1564 cells and ENU1564 cells treated with
rat astrocyte-conditioned media (P<0.001).
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Fig.20.3 Metastatic potential of ENU1564 vs ENU1564-
TIMP2 and MMP2 enzymatic activity in orthotopic tumors
originated from inoculation with ENU1564-TIMP2 vs
ENU1564 control cells and ERK1/2 pathway. (a) Effects of
TIMP2 overexpression in brain metastatic tumor develop-
ment. (*) for statistically significant when p<0.05. (b)
Evaluation of MMP2, activity by gel zymography. (¢) In
vitro invasion chamber assay for ENU1564 cells was per-
formed and the results shown in the histogram are the mean
+ SD of two individual experiments run in triplicate. RA rat
astrocyte-conditioned media. Asterisk, statistically signifi-
cantly different from ENU1564 (P<0.001). (d) Evaluation
of phosphorylated-ERK1/2 and MMP?2 protein expression
by WB. ENU15164 cells were treated with PD98059

Discussion

We have determined, using a rat syngeneic model
for BC brain metastases that BC brain metastases
significantly express higher levels of MMP2. We
also determined that there is a correlation between

(a potent ERK1/2-MAPK inhibitor) with or without the
presence of rat astrocyte-conditioned media (RA). The
membranes were striped and re-probed with fB-actin anti-
body to confirm equal protein loading and transfer. (e)
Quantitative analysis of phosphorylated-ERK1/2 expres-
sion was determined by densitometry. (f) Quantitative anal-
ysis MMP2 expression was determined by densitometry.
The results shown in the histograms are the mean + SD
from three individual experiments run in triplicate. Single
asterisk, statistically significantly different from ENU1564
(P<0.05). Double asterisk, statistically significantly differ-
ent from ENU1564 (P<0.05). Triple asterisk, statistically
significantly different from ENU1564-RA (rat astrocyte-
conditioned media treated-ENU1564) (P<0.001)

MMP expression and enzymatic activity within
the neoplastic foci. Our results suggest that this
proteinase may play a role in the development of
BC brain metastases. Matrix metalloproteinase 2
is believed to play an important role in BC inva-
sion and metastases. MMP2 over expression and
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activity have been associated with the invasive
potential of human tumors. Active MMP2 was
detected more frequently in malignant than
benign breast carcinomas (Hanemaaijer et al.
2000). The tissue physiological inhibitors of
MMP2 are thought to influence MMP2 activity.
In human patients affected with brain cancer
metastasis over-expression of MMP?2 tissue inhib-
itor TIMP2 has been associated with poor prog-
nosis. We observed that transfection of ENU1564
cells with TIMP2 causes in vitro TIMP2 over-
expression associated with decreased in vitro
invasive behavior of TIMP2-ENU1564 cancer
cells. Concurrently, when these transfected cells
were inoculated in vivo, there was a marked
increase in TIMP2 expression. In order to charac-
terize the effect of TIMP2 over expression in in
vivo expression and activity of MMP2, we
analyzed material collected from orthotopic mam-
mary tumors developed from animals inoculated
with ENU1564 and ENU1564-TIMP2 cells. As
expected, no significant variation was observed
in the levels of MMP2 protein expression because
TIMP2 has no reported influence on MMP2
protein expression. However, tumors derived
from animals inoculated with ENU1564 cells
had higher MMP2 activity when compared with
tumors originated from animals inoculated with
ENU1564-TIMP2 cells. Additionally, TIMP2 over
expression decreased in vivo orthotopic tumor
growth, size, and weight; and also influenced the
metastatic behavior of orthotopic tumors. None
of the animals inoculated with ENU1564-TIMP2
cells developed metastases, compared with devel-
opment of lung metastases in all animals inocu-
lated with ENU1564 cells. Moreover, and in
concurrence with these results, none of the animals
inoculated with ENU1564-TIMP2 cells developed
brain metastases. Additionally, in contrast with
animals inoculated with ENU1564-TIMP1 and
ENU1564-TIMP4, only animals inoculated with
ENU1564-TIMP2 had statistically significant
less brain metastasis than controls. Taken
together, these data suggest that TIMP2 over-
expression decreases the metastatic brain behavior
of BC cancer cells in this model. Additionally,
TIMP2 over-expression effectively decreases
MMP2 activity. This suggests that MMP2 is, not
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only important in the development of orthotopic
BC but also, in the biological brain metastatic
behavior of these cancer cells. Cell transfection
with TIMP2 in in vivo models decreases not only
tumor growth, but also metastatic potential.
Experimental TIMP over-expression relates to
decreased node and pulmonary metastases in
bladder cancer.

Astrocytes may play an important role in the
development of brain metastases, as they have
been shown to respond to extracellular stimuli by
producing many cytokines and growth factors
that can modulate tumor cell proliferation, growth
and/or metastases. Cytokines produced by glial
cells in vivo (such as IL6, tumor necrosis factor
alpha and IGF 1) may contribute, in a paracrine
manner, to the development of brain metastases
by BC cells. Astrocytes have also been reported
to produce MMP?2 and/or regulate its production.
We reported previously that there is prominent
astrocyte reaction associated with BC brain met-
astatic foci. Therefore, we investigated whether
astrocytes play a role in the development of BC
brain metastases in our model and if this role is
related to MMP2. Increased IHC stain of GFAP
around brain metastatic foci when compared to
brain tissue non-infiltrated by neoplasia suggests
that astrocytes are associated with the develop-
ment of BC brain metastases in our model.
Additionally, tumor samples (that include brain
tissue around tumor foci) express higher levels of
GFAP protein when compared to controls.
ENU1564 cells express very low levels of MMP2
in vitro, making the study of MMP2/TIMP2 in
vitro difficult and of limited value. Rat astrocyte-
conditioned media causes increased in vitro
expression of MMP2 protein in ENU1564 cells
but has no effect in in vitro MMP3 and/or
MMP?9 protein expression. Additionally, astrocyte-
conditioned media also increases the invasive
behavior of ENU1564. These results are concur-
rent with current literature (Leveque et al. 2004;
Sierra et al. 1997) and suggest that astrocyte
factors are associated with MMP2 protein expres-
sion and that this association could influence
cancer cell invasive phenotype in our model.
We demonstrated that expression and activity of
MMP?2 are increased in BC brain metastases and
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showed that factors derived from astrocytes could
be involved in increased MMP2 protein expression
in ENU1564 cells and increased ENU1564 inva-
sive behavior. These results prompted us to inves-
tigate what signaling pathway is involved in the
regulation of MMP2 expression in ENU1564
cells. MAPK pathway has been related to MMP
activation and expression. MMP2 expression and
activity is correlated with ERK phosphorylation.
Blockade of the ERK pathway by treatment with
PD184352, a specific powerful inhibitor of MAPK/
ERK kinase (MEK) suppressed expression of
MMPs. In addition, activation of the ERK path-
way in tumor cells is well correlated with cancer
cell invasive and metastatic phenotype. To deter-
mine if there is an in vivo correlation between
brain metastases and the main components of the
MAPK pathway, we performed IHC analysis for
several components of the MAPK pathway
p-ERK1/2, -p38 and-JNK. Neoplastic epithelial
cells were positive for p-ERK1/2 and staining
was more intense at the periphery of the brain
metastatic foci. Since these peripheral tumor
cells correspond to the invasive front of the tumor
foci, these results suggest that p-ERK1/2 may be
involved in brain metastases development. No
staining was observed with phosphorylated-p38
and -JNK (data not shown). Additionally, we
observed that tumor tissue expresses higher
levels of p-ERK1/2 protein when compared with
control brains of tumor-free animals. In addition,
we conducted in vitro experiments to evaluate
if astrocyte factor-associated MMP2 expression
could be related to the ERK pathway. We
observed that, although there was no significant
difference in the levels of non-phosphorylated
ERK in ENU1564 cells when compared to
ENU1564 cells treated with astrocyte-condi-
tioned media, an increase of p-ERK1/2 protein in
ENU1564 cells after treatment with astrocyte-
conditioned media was present and parallel with
increased expression of MMP2 in these cells.
When we treated ENU1564 cells (with or with-
out astrocyte-conditioned media) in the presence
of an ERK1/2 inhibitor (PD98059), we observed
a significant decrease in MMP2 protein expres-
sion, as well as the expected decrease in p-ERK1/2
expression. These results strongly suggest that
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MMP2 expression is regulated by ERK1/2
phosphorylation and activation and, at least in
part, by factors produced by astrocytes. Future in
vitro and in vivo studies will be needed to deter-
mine the specific astrocyte factors that are associ-
ated with the exact mechanism of MMP2 BC cell
expression within the CNS.

In conclusion, the results of our study indicate
that MMP2 plays a role in the process of estab-
lishment of BC brain metastases. Additionally, we
suggest that astrocytes and the ERK1/2 path-
way can be important factors within the BC
brain metastatic cascade and may regulate MMP2
expression in that process.
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Abstract

The choroid plexus is a villous structure
within the ventricular system of the brain and
consists of a fibrovascular stroma with fenes-
trated blood vessels, which is covered by the
choroid plexus epithelium. The choroid
plexus epithelium is of neuroectodermal origin
and bears both features of glial and epithelial
cells. Tumors of the choroid plexus (CPT)
include choroid plexus papilloma (CPP),
atypical CPP and choroid plexus carcinoma
(CPC). CPP and atypical CPP are typically
papillary tumors that may contain areas of
solid growth. CPC are typically pleomorphic
tumors with predominantly solid growth.
Thus, histological distinction of CPT may
be difficult from both, metastasis from well
differentiated papillary adenocarcinomas and
from less differentiated carcinomas. CPTs are
rare neoplasm’s most frequently affecting
children. In contrast, brain metastases from
adenocarcinomas are rather frequent but
usually arise in adult and elderly patients.
The overall frequency of solitary metastases
to the choroid plexus or its direct vicinity
outnumbers primary CPT. Thus, the differen-
tial diagnosis of CPT and brain metastasis
should always be considered and additional
immunostainings are required, especially in
adult patients. Under this point of view, the
value and the limits of several antibodies are
summarized and the most significant role of
Kir7.1 and EAAT1 is sustained.
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Introduction

Choroid plexus tumors (CPT) are rare neoplasm’s
accounting for 0.3-0.6% of all brain tumors and
arise most frequently in the first decade of life but
may occur at any age (Paulus and Brandner 2007).
CPT may occur at any site where the choroid
plexus is physiologically present, i.e., within
any of the four cerebral ventricles or at the
cerebellopontine angle. CPT may spread through
the cerebrospinal fluid. According to the World
Health Organization (WHO) classification of
tumors of the CNS, primary tumors of the cho-
roid plexus (CPT) are classified as choroid plexus
papilloma (CPP, grade I WHO), atypical CPP
(grade IT WHO) and choroid plexus carcinoma
(CPC, grade III WHO) (Paulus and Brandner
2007). Besides a typical papillary growth pattern
closely resembling normal choroid plexus, CPTs
may rarely show unusual histological features,
such as tubular glandular architecture or muci-
nous degeneration or a solid growth pattern.
Thus, the histological distinction of CPTs from
metastatic (adeno-) carcinomas may be difficult.
CPP can usually be cured by surgery and even for
CPC a 10-year survival rate of ~35% can be
expected. In contrast, overall survival of patients
with brain metastases is usually <1 year. Thus,
prognosis and therapeutic consequences differ
between primary CPT and metastasis to the
choroid plexus.

In contrast to CPT, metastatic tumors are
much more common CNS neoplasms, and
carcinomas are the most frequent source of brain
metastases. Brain metastases usually occur in
adult and elderly patients, an age group in which
CPT are less common. Metastatic carcinomas
can also be located within the choroid plexus or
at sites where choroid plexus tissue might
physiologically be present (intraventricular,
cerebellopontine angle) (Kohno et al. 1996;
Cha et al. 2000; Gopal et al. 2008). The incidence
of solitary metastasis to the choroid plexus
accounts for approximately 0.14% of all brain
metastasis (Gopal et al. 2008). Taking together
these data, the overall incidence of primary CPT
is approximately only two to fourfold higher than
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the incidence of solitary metastasis to the choroid
plexus. Consequently, in adult and elderly patients,
the incidence of metastatic adenocarcinomas at
these locations is probably equally or even higher
than primary CPT. Thus, especially in adult and
elderly cases, additional immunohistochemical
examinations are needed to make an appropriate
diagnosis. A suggestion of useful immunostain-
ings to prove choroid plexus origin is given in
this chapter. If initially a brain metastasis is
expected, the panel of helpful antibodies depends
on histology and clinical data, especially if a
primary carcinoma is not reported in the files.

Immunoreactivity of Normal
and Neoplastic Choroid Plexus
Epithelium

Both, non-neoplastic choroid plexus epithelium
and CPT show immunohistochemically a variable
expression pattern, and there is no single immu-
nohistochemical marker proved to be specific for
choroid plexus. Normal choroid plexus epithe-
lium and CPTs are consistently immunoreactive
to antibodies against cytokeratin (CK) in the
majority of cells. Among CPT subtypes that
express CK in normal and neoplastic choroid
plexus, CK7 is more frequently found than CK20.
The most frequent combination of CK7 and CK20
observed in CPT is CK7+/CK20-, but any other
combination may also be present in CPT (Gyure
and Morrison 2000). CK8 and CK18 have also
been noted in normal and neoplastic choroid
plexus (Gianella-Borradori et al. 1992; Gertz
et al. 1990).

The carcinoembryonic antigen (CEA) is
usually negative in CPP but may be expressed
in a subset of CPC (Ang et al. 1990; Coffin
et al. 1986). However, expression of CEA may
point to metastatic adenocarcinomas than CPT
(Paulus and Janisch 1990).

The inwardly rectifying potassium channel
Kir7.1 (Nakamura et al. 1999) has been reported
to be expressed in 34/35 (97%) samples from nor-
mal choroid plexus and in 17/23 (74%) of CPT,
including 5/5 CPC (Hasselblatt et al. 2006b). In
our experience, all samples from normal (n=5)
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and neoplastic (n=75) choroid plexus are strongly
Kir7.1 positive, including five CPCs.

The excitatory amino acid transporter-1
(EAAT1, homologous to rodent glutamate/aspar-
tate transporter/GLAST) is a glial glutamate
transporter that is predominantly expressed in
astrocytes (Williams et al. 2005). In normal cho-
roid plexus, membranous expression of EAAT1
is exceptional and significantly decreases with
age. Expression levels of EAATI in the choroid
plexus decrease throughout fetal life, and is usu-
ally absent in choroid plexus after birth. In nor-
mal choroid plexus, only a minority of pediatric
samples may show few EAAT1 positive cells,
whereas in adult cases EAAT1 immunostaining
is constantly negative (Beschorner et al. 2009). In
contrast, the majority of CPT (81%) is immuno-
reactive for EAAT1, and there is a significant
increase in EAAT1 expression with age. CPTs
from adult and elderly patients express EAAT1 in
90% of cases. This makes EAAT the sole marker
to distinguish between normal and neoplastic
choroid plexus, especially in adult cases
(Beschorner et al. 2009).

S100 and transthyretin (prealbumin/TTR) are
also frequently expressed in normal and neoplas-
tic choroid plexus (Gaudio et al. 1998; Jacobsen
et al. 1982; Redzic et al. 2005). Similarly,
E-cadherin and aquaporin-1 are frequently
expressed in both, normal and neoplastic choroid
plexus (Figarella-Branger et al. 1995; Rickert
and Paulus 2001). Immunoreactivity for vimentin
and podoplanin (D2-40) may be found in normal
and neoplastic choroid plexus (Nakamura et al.
2006).

Expression of Antibodies Applied
in Diagnosis of Choroid Plexus
Tumors, in Adenocarcinomas
and Other Brain Tumors

Antibodies that are frequently applied in the
diagnosis of CPT are also expressed in a variable
frequency in adenocarcinomas of different primary
sites. Depending on the origin of a metastatic
carcinoma, besides pan-cytokeratin, cytokeratin
subtypes such as CK7 and/or CK20 may be
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expressed, and the expected combination of CK7
and CK20 expression depends mainly on the
anatomic origin of the tumor and may vary among
histological subtypes. Thus, as in CPT, any com-
bination of CK7/CK20 expression may be present
in a brain metastasis. Expression of CK8 and
CK18, which has also been noted in normal and
neoplastic choroid plexus (Gianella-Borradori
etal. 1992; Gertz et al. 1990), is not uncommon in
metastatic adenocarcinomas of various origins.
Furthermore, other primary brain tumors may be
cytokeratin-positive (e. g., papillary tumor of the
pineal region, atypical teratoid-rhabdoid tumor).
The CEA is also not specific for CPT and is fre-
quently expressed in gastrointestinal carcinomas.
However, one study pointed out that expression of
CEA may indicate metastatic adenocarcinoma
instead of CPT (Paulus and Janisch 1990).

The inwardly rectifying K+ channel Kir7.1 is
highly expressed in thyroid follicular cells and
intestinal epithelial cells from rats (Nakamura
et al. 1999), and has been reported at the DNA
level in human small intestine, stomach, and kid-
ney (Partiseti et al. 1998). Presently, there are no
reports on immunohistochemical expression of
Kir7.1 in humans outside the CNS. In a series of
45 cerebral metastases of carcinomas, all cases
were found to be negative for Kir7.1. Thereby,
metastases from different organs were investigated,
including kidney, lung, breast, thyroid, colon,
ovary, stomach, and testis (Hasselblatt et al.
2006b). Thus, if Kir7.1 is expressed in human epi-
thelial organs, its expression level might be to low
for immunohistochemical detection. Membranous
immunoreactivity for Kir7.1 has also been reported
in a minority of papillary tumors of the pineal
region (Hasselblatt et al. 2006a), and may be found
in a subset (~15-20%) of atypical teratoid-rhab-
doid tumors.

In cell cultures, prostate cancer cell lines
PC-3 and LNCaP both expressed EAAT1 at the
mRNA level (Pissimissis et al. 2009). But,
immunohistochemically an expression of the
membranous glutamate transporter EAAT 1 has not
been observed in metastatic adenocarcinomas.
In a series of 64 metastases from adenocarcino-
mas derived from different organs, including
prostate, breast, lung, colon, kidney, and thyroid,
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all tumors were EAAT1-negative (Beschorner
et al. 2006). Metastases from urothelial carcino-
mas were also EAAT -negative. However, other
primary brain tumors such as astrocytomas and
ependymomas as well as atypical teratoid-
rhabdoid tumors and papillary tumors of the
pineal region are positive for EAAT1 in a variable
frequency. Several adenocarcinomas of different
organs may be vimentin-positive, including
carcinomas from kidney (including clear cell
carcinoma and papillary carcinoma), thyroid,
ovary, and uterus.

S100 and transthyretin (prealbumin/TTR) are
also expressed in variable numbers of adenocar-
cinomas from different sites (up to 75%), includ-
ing thyroid, kidney and breast (for review see
Beschorner et al. 2006). E-cadherin may also be
expressed in adenocarcinomas of different sites,
including lung and kidney. Aquaporin-1 and
podoplanin (D2-40) can be found in metastatic
carcinomas especially with primary sites in
ovary, and breast, and in the kidney, respectively
(Longatti et al. 2006b; Hoque et al. 2006; Rivera
et al. 2010). Aquaporin-1 and podoplanin immu-
noreactivity also occurs in hemangioblastomas
and glioblastomas (Longatti et al. 2006a; Boon
et al. 2004) and in ependymomas, glioblastomas
and meningiomas, respectively (Ishizawa et al.
2009; Nakamura et al. 2006).

In conclusion, the differential diagnosis of pri-
mary CPT and a metastasis of adenocarcinomas
is challenging and appropriate tools for routine
diagnosis, especially in adult cases in which
brain metastases outnumber CPT. However,
there is no marker known to be specific for
choroid plexus epithelium. Kir7.1 is consistently
expressed in normal and neoplastic choroid
plexus epithelium, and is, therefore, the most
suitable antibody to prove choroid plexus origin.
Kir7.1 is very useful in distinguishing CPT from
brain metastases, as adenocarcinomas are Kir7.1
negative. However, Kir7.1 does not differentiate
between normal and neoplastic choroid plexus
epithelium, and is not commercially available.
EAAT1 is commercially available and also
significantly distinguishes CPT from brain
metastases. Furthermore, EAAT1 expression sig-
nificantly distinguishes CPT (EAAT1-positive)
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from nonneoplastic (EAAT1-negative) choroid
plexus. Thus, if available, a combination of
Kir7.1 and EAAT1 immunostaining is recom-
mended in achieving the diagnosis of a CPT. If
the applied immunostainings point against a
CPT, a panel of additional antibodies should be
selected on the basis of histology and clinical
data to obtain brain metastasis diagnosis.
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tions, V87G, R88C, and R416W, induced
structural alterations in GFAP and were asso-
ciated with dysfunctional cell proliferation, as
observed in a morphological study. We per-
formed a migration assay to examine the
dynamic functional effects of these mutant
GFAPs in astrocytes. Finally, we carried out
time-lapse recording of two GFAP mutant
cells, R239C and R416W, located in the rod
and tail domains, respectively, to examine the
dynamic process of aggregation between the
different domains of GFAP. One-third of
R239C cells first appeared as aggregates, and
clusters of these aggregates in the cytoplasm
tended to move inward and form amorphous
aggregates. Eighty percent of R416W cells
showed disrupted GFAP, with a bubble- or
ring-like structure. However, most cells main-
tained their structure and were capable of cell
division. Our study indicated that R239C
and R416W differed in their processes of
inducing aggregate formation. Recent data
from other studies suggest a complex mecha-
nism of mutant GFAP accumulation; oligo-
meric forms of mutant GFAP located in the
helical rod domain inhibit proteasome activity.

M. Hayat (ed.), Tumors of the Central Nervous System, Volume 13, 215
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Proteasome inhibition induces the activation
of several stress-response pathways that cause
toxicity or apoptosis within astrocytes, and
also activates aB-crystallin, which can rein-
state proteasomal degradation. GFAP aggre-
gation caused by mutant GFAP in the tail
domain induces the association of small heat
shock proteins and ubiquitin, and is an initiat-
ing event in Alexander disease and contributes
to aggregate maturation and astrocyte mal-
function. GFAP-0/e, an alternatively spliced
GFAP isoform, may play a modulating role in
aggregate formation.

Introduction

Alexander disease is a rare neurodegenerative
disorder characterized by white matter degenera-
tion and the formation of cytoplasmic inclusions
called Rosenthal fibers, which are demonstrated
in astrocytes by pathological studies (Alexander
1949). Rosenthal fibers, which particularly accu-
mulate in astrocyte end-feet in the subpial and
perivascular zones, consist of glial fibrillary
acidic protein (GFAP), heat shock protein 27, and
aB-crystallin (Iwaki et al. 1989; Johnson and
Bettica 1989; Tomokane et al. 1991). Clinically,
Alexander disease is classified into the following
three subtypes: the infantile, juvenile, and adult
forms, according to the age of disease onset
(Li et al. 2005). The infantile form is the most
common and severe, it usually presents when the
patient is under 2 years of age and causes devel-
opmental delay, megalocephaly, spasticity, and
seizures. The adult form is milder and presents
with spastic paresis and ataxia, with or without
palatal myoclonus.

Genetically, heterozygous GFAP mutations
have been identified in patients with Alexander
disease (Brenner et al. 2001). The corresponding
domain is composed of the head, alpha-helical
rod, and tail domains. Most GFAP mutations are
located in the rod domain and fewer reside in the
tail and head domains (Li et al. 2005), although
the genotype-phenotype correlation is currently
unknown.
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Alexander disease is considered a disorder of
astrocytes associated with protein misfolding and
aggregation, because GFAP transgenic mice over
expressing human wild-type GFAP showed char-
acteristic pathological changes and clinical fea-
tures (Messing et al. 1998). The mechanisms
leading to aggregate formation, which are con-
sidered models of Rosenthal fibers, were investi-
gated in recent studies.

We prepared vectors expressing three different
GFAP mutations and investigated the expression
pattern of mutant GFAPs in astrocytoma-derived
cells, and performed a migration assay to exam-
ine the dynamic functional effects of these mutant
GFAPs in astrocytes (Yoshida et al. 2007).
Furthermore, to examine the dynamic process of
aggregation between different domains of GFAP,
we performed time-lapse recording of R239C
and R416W GFAP mutants, which are localized
in the rod and tail domains, respectively (Yoshida
et al. 2009).

Morphological and Functional
Studies Using Cell Models

Morphological Analysis

Human astrocytoma-derived cells (mtU251)
were used in the morphological study and the
migration assay, wherein GFAP was no longer
spontaneously expressed during cell culture. The
cells were grown in RPMI 1640 medium (Nikken
Biochemical Laboratory, Kyoto, Japan) supple-
mented with 10% fetal bovine serum (FBS) and
amphotericin B (0.125 pg/ml).

The transiently transfected cells; wild-type,
V87G, R88C, and R416W cells, were blocked
for 20 min with 1% normal goat serum in Tris-
buffered saline (TBS) at 25 °C. We used anti-
cow GFAP as the primary antibody and Alexa
Fluor® 488-conjugated goat anti-rabbit IgG
(Molecular Probes, OR, USA) as the secondary
antibody.

Following GFAP immunostaining, we exam-
ined whether the transfected cells had impaired
proliferation by performing immunostaining of
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proliferating cell nuclear antigen (PCNA). The
cells were rehydrated with 1x phosphate buffered
saline (PBS) at room temperature for 5 min.
Then, the cells were blocked with 3% hydrogen
peroxide with ethanol for 15 min. We used
PC10 antibody (mouse monoclonal anti-PCNA)
(Nichirei, Tokyo, Japan) as the primary antibody,
and Alexa Fluor 555®-conjugated goat anti-
mouse IgG antibody (Molecular Probes, OR,
USA) as the secondary antibody at a dilution of
1/2000. All immunocytostaining procedures
were performed at 25 °C. Cells were incubated
for 60 min with the primary antibody. After
washing with PBS, cells were incubated for
30 min with the secondary antibody. Stained cells
were viewed under a fluorescence microscope at
a magnification of 20x.

The transfected cells were classified into three
patterns according to GFAP expression: filamen-
tous pattern, polarized distribution pattern and
aggregated or amorphous pattern. The filamen-
tous pattern appeared to be a fundamentally nor-
mal GFAP structure in both the wild-type and
mutant GFAPs. The polarized distribution pattern
was also observed in both the wild-type and
mutant GFAPs. This pattern showed a bipolar
GFAP distribution in mitotic process with fila-
ments between poles when viewed under a con-
focal microscope, and a local distribution after
mitosis. In this pattern, the bipolar distribution
was stained with PCNA, which plays a funda-
mental role in DNA replication and repair. The
aggregated or amorphous patterns showed irregu-
lar GFAP aggregation with few filamentous
structures, or appeared to have destroyed fila-
ment networks. The cells with an aggregated or
amorphous pattern were not stained by PCNA.
The most critical findings were that the aggre-
gated or amorphous pattern was observed signifi-
cantly more frequently in cells transfected with
mutant GFAPs than in those transfected with
wild-type GFAP (p<0.01). However, there was
no great difference in the proportion of aggre-
gated and amorphous patterns among mutant
GFAPs (2-4%). The patterns observed 24-48 h
after transfection were similar to those observed
72 h after transfection.
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Migration Assay

The mtU251 cells were also used in migration
assay. The GFP-tagged GFAP cells, including
wild-type, V87G, R88C, and R416W, were
placed in serum-free RPMI 1640 medium inside
the culture inserts, which had an 8 pm-pore
fluorescence-blocking microporous membrane
(HTS FluoroBlok™ Inserts, Becton Dickinson,
Franklin Lakes, NJ, USA). The culture insert was
set in a 24-well plate containing 10% FBS, and
was incubated for 8 hin a CO, incubator at 37 °C.
The invading cells were visualized with an
Olympus IX70 microscope at a magnification of
100x. Up to four different fields for each condi-
tion were counted after recording every well with
a resolution of 1,392x 1,024 pixels per channel.
Individual migrating cells per field recognized
over time were compared using a regression anal-
ysis carried out using the JMP® software. The
Tukey-Kramer HSD test was used to compare the
velocity of migration between individual cells
expressing different plasmids.

All transfected cells migrated in a time-
dependent manner, and the relationship between the
velocity of migration and time was linear. The same
experiment was repeated four times and the velocity
of the migration among these cells was compared.
The velocities of migration of the V87G and R88C
cells were significantly higher than that of the wild-
type and R416W cells (p<0.01). The migration
velocity differences between the V87G and R88C
cells or between the wild-type and R416W cells
were not found to be statistically significant.

Time-Lapse Recording

The mtU251 cells were assayed for the expression
of the transfected gene after 48 h. Just before the
time-lapse recording, cell nuclei were stained with
Hoechst 33342 dye at 37 °C for 30 min. A plate for
real-time acquisition was placed in the incubator
at 37 °C with 5% CO,/95% air on the stage of
a fluorescence microscope (Biorevo BZ-9000,
Keyence). Time-lapse images were acquired every
20 min for 24 h at 10x or 40x magnification.
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Real-time images of cells expressing either
GFP-wild-type GFAP (GFP-Wt) or GFP-mutant
GFAP showed two initial phenotype patterns: an
apparently normal filamentous network or an
aggregated phenotype. Overall, 86.1% of
GFP-Wt cells (n=79) first appeared to have a
normal filamentous network and 95.6% (n=65)
maintained the filamentous network and were
capable of cell division. The remaining 13.9% of
GFP-Wt cells (n=11) first appeared to have
aggregates. Almost all of these cells (90.9%,
n=10) were unchanged and were incapable of
cell division. In GFP-R239C cells (n=293),
32.4% (n=95) first appeared as aggregates. In
these cells, a cluster of aggregates in the cyto-
plasm tended to move inward and form amor-
phous aggregates. Cells with aggregates appeared
to be incapable of cell division. Overall, 82.0% of
GFP-R416W cells (n="73) first appeared as a fila-
ment network when viewed at 10x magnifica-
tion; however, when examined at 40x magnifica-
tion these cells showed that the filaments were
constructed of a bubble — or ring-like structure;
79.5% of these cells (n=58) maintained their
structure and were capable of cell division,
whereas 20.5% of cells that appeared with an
apparently filamentous network (n=15) were
induced to aggregates.

Pathomechanism of Alexander
Disease

Morphologically, the transfected cells could be
classified into three patterns: the filamentous pat-
tern, polarized distribution pattern and aggre-
gated or amorphous pattern. The filamentous
pattern could not be distinguished from normal
GFAP filamentous architecture when viewed at
a low magnification. However, R416W cells
showed an apparently filamentous pattern, and
the cell filaments appeared to be constructed as a
bubble-or ring-like structure when viewed at a
high magnification on the time-lapse recording,
and approximately 20% of the cells exhibited
aggregated filament formation. The polarized
distribution pattern was considered to perform a
function during cell division. On time-lapse

T. Yoshida and M. Nakagawa

recording, this pattern was present in a small
population of cells with aggregates which recov-
ered the filamentous network morphology during
the time-lapse recording. The aggregated or
amorphous pattern in mutant GFAPs were con-
sidered to be “abnormal” structures and appeared
to be incapable of cell division, because the cells
with these patterns were not stained with PCNA,
which shows immunoreactivity in the prolifera-
tive compartment of cells (Hall et al. 1990). On
time-lapse recording, more than 90% of the cells
that first appeared as aggregates were unchanged
or moved inward and formed larger amorphous
aggregates. These cells did not undergo cell divi-
sion. The proportions of “abnormal” structure in
the three kinds of mutant GFAPs were signifi-
cantly larger than that in the wild-type GFAP
cells. These findings strongly suggest that GFAP
mutations lead to an altered GFAP structure and
disrupt cell proliferation.

Findings from the present functional study,
migration assay, and time-lapse recording study
also indicated that the mutant GFAP residing in
the helical rod domain in GFAP can alter the
function of astrocytes, and that the process of
inducing these aggregates is different from the
R416W mutant, which is located in the tail
domain in GFAP.

V87, R88, and R239 are located in the helical
rod domain or central helical domain in GFAP
(Fig. 22.1), which is considered to be important
for interfilament network formation, filament
assembly, and the stabilization of subunits (Fuchs
1996).The elevated proportions of an “abnormal”
GFAP structure in V87G and R88C mutants of
GFAP suggest that GFAP mutations in the helical
domains contribute to alterations in the filamen-
tous architecture of GFAP to varying degrees.
Furthermore, functional alteration, which was
confirmed by the migration assay, may influence
the interaction with other extracellular compo-
nents and might therefore affect the formation
of the blood-brain barrier or the development
and differentiation of GFAP, or may induce astro-
cytosis, leading to pathological changes that
determine the phenotypic severity. A previous
time-lapse recording study showed that aggre-
gates of R236H, which were also located in the
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Fig.22.1 Schematic depicting the GFAP gene, the corresponding protein and localization of GFAP mutations identi-

fied in patients with Alexander disease

rod domain of GFAP, either disappeared or were
associated with cell survival, or coalesced in a
huge juxtanuclear structure associated with cell
death (Mignot et al. 2007). Mutant GFAP in the
rod domain might therefore be unable to main-
tain the fundamental filamentous architecture of
GFAP and be induced to aggregate, suggesting
that the degree of severity of GFAP mutations in
the rod domain depend on the degree of disrup-
tion of the fundamental structure, which may
have a dominant effect over wild-type GFAP.
The R416W GFAP mutation is located in the
tail domain (Fig. 22.1), which is conserved
between all type III intermediate filament pro-
teins and is thought to play a role in stabilizing
protofibrillar interactions and filament diameter
(Fuchs 1996). Furthermore, R416W GFAP would
be expected to affect interactions with other
cytoskeletal elements (Quinlan 2001) and be a
cause of Alexander disease, as well as a residue
of the point mutation in the tail domain of
other intermediate filament, desmin, which
causes idiopathic dilated cardiomyopathy (Cary
and Klymkowsky 1995; Li et al. 1999). Recently,
Perng et al. demonstrated that the R416W
GFAP mutant disrupted normal filament assem-
bly in vitro, and that protein chaperones such as
aB-crystallin and HSP27 were specifically asso-
ciated with GFAP aggregates in R416W GFAP
cells (Perng et al. 2006). In our study, the propor-
tion of abnormal GFAP structures in R416W

cells was also significantly higher than that in the
wild-type cells, while the velocity of R416W cell
migration was not significantly different from
the wild-type cells. The time-lapse recording
findings revealed that many cells expressing
R416W GFAP were able to undergo cell division,
although the filamentous structure of these cells
was apparently disrupted. These results suggest
that intrafilament disruption could cause morpho-
logical alteration, and that the residue of point
mutation in the tail domain per se may not be a
direct determinant of the interaction with extra-
cellular components. Our results suggested that
these cells could maintain the fundamental
structure of GFAP, and that the alteration of
R416W GFAP function in astrocytes depended
on other proteins that interact with GFAP, sug-
gesting that the phenotype of mutant GFAP in the
tail domain has a variety of clinical features of
Alexander disease with varying severity (Brenner
et al. 2001; Kinoshita et al. 2003; Li et al. 2005).

The fact that the same mutation can cause dif-
ferent phenotypes suggests that the phenotype is
influenced not only by structural and functional
changes induced by GFAP mutations, but is also
affected by other components, including genetic,
environmental, embryological, and GFAP-
regulating factors. The current data suggest that a
combination of events contribute to Alexander
disease. Mitochondrial abnormalities are one
consideration, because few reports have described
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a relationship between Alexander disease and
mitochondrial abnormalities. Gingold et al.
(1999) reported a female patient who was clini-
cally diagnosed initially with Leigh disease, then
later was pathologically confirmed as having
Alexander disease due to the finding of a massive
deposition of Rosenthal fibers. Schuelke et al.
(1999) reported a female patient who showed the
phenotype of Alexander disease and an NDUFV1
homozygous mutation, which encodes a compo-
nent of the mitochondrial complex I. A patient
with an R88C GFAP mutation also showed mito-
chondrial DNA abnormalities, an A-to-G homo-
plasmic transition at np8291 and a 9-base pair
deletion between np8272-8280 (Nobuhara et al.
2004). Plectin, which is a member of the plakin
family of cytolinker proteins and is localized
at the cytoskeleton-plasma membrane interface,
is another potential candidate contributing to
Alexander disease development. Tian et al.
(2006) reported that the reduced levels of total
plectin in response to mutant GFAP expression in
astrocytes can promote the abnormal organiza-
tion and aggregation of GFAP into Rosenthal
fibers. Among the minor isoforms of GFAP,
GFAP-0/¢ alters the binding of aB-crystallin to
GFAP filaments (Perng et al. 2008). GFAP-0/e
mRNA expression is the result of alternative
splicing of intron 7, with variable use of exon 7a,
and skipping exons 8 and 9 (Nielsen et al. 2002).
GFAP aggregates induced by R239C mutation
aggravate the effects of GFAP accumulation in
inducing the intracellular stress response (Tang
et al. 2008). Most recently, Tang et al. (2010)
have reported that GFAP aggregates induced by
R239C mutation inhibited the proteasomal sys-
tem, and that aB-crystallin reinstated protea-
somal degradation and inhibited the accumulation
of GFAP.

In summary, GFAP point mutations lead to
structural changes, and the mechanism of GFAP
aggregation depends on the domain in which the
point mutation is located and may explain the
differences in clinical features observed in
these patients. Because many clinical features of
Alexander disease of varying severities have
been attributed to each mutation, other factors
that modify the clinical features of Alexander

T. Yoshida and M. Nakagawa

disease must be present. The identification of the
factors will suggest new considerations for reduc-
ing the severity of Alexander disease, and may
eventually lead to a therapy for the treatment of
patients with Alexander disease. A different
approach to Alexander disease therapy should be
considered according to changes in the GFAP
domains.
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Abstract

Intracranial lipomas are uncommon benign
mesenchymal tumors. They are usually found
near the midline and the interhemispheric
fissure is the most common location. Different
malformations of the central nervous system
are associated with lipomas specially the
agenesis of the corpus callosum. Although
asymptomatic, they can sometimes trigger
neurological symptoms, specifically epileptic
seizures. The radiological diagnostic clue of
lipomas is a well delineated lobulated extra
axial fatty mass. On computed tomography
lipomas demarcate areas of marked hypoden-
sity and on magnetic resonance they appear as
hyperintense lesions on T1-weighted sequences
and iso to hypointense on T2-weighted images.
The majority of lipomas are incidental findings
and do not cause life threatening symptoms.
Surgical management proves to be challenging
due to the high vascularity and adherence to the
lesion to the surrounding parenchyma and should
be only pursued in cases of hydrocephalus or
in sylvian fissure lipomas when epilepsy can
not be controlled with medication.

Introduction

Lipomas of the central nervous system (CNS)
are very rare lesions. They were originally con-
sidered to be neoplasms of mesodermal origin
and today lipomas are known to be a type of
benign, slow-growing, congenital hamartomatous
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Fig.23.1 (a)Axial T1-weighted cranial magnetic resonance
(MR) imaging showing the hyperintense appearance of a
giant interhemispheric lipoma; (b) Axial MR T2-weighted

condition rather than a true neoplasm. Since
the original description of these lesions in 1856
by (Rokitansky 1856), ~200 cases have been
reported (Loddenkemper et al. 2006). These
masses originate from a developmental disorder
in mesodermal germ plaque beneath leptome-
ninxs and neural tissue during the early phase of
pregnancy and they are frequently associated
with maldevelopment of various nervous system
structures.

Lipomas of the CNS can be located inside
the cranium (intracranial lipomas) or inside the
spinal canal. According to the largest dataset of
intracranial lipomas performed by Truwit and
Barkowich (1990) they are usually found in
the medial line in the interhemispheric fissure
(40-50%), the suprasellar region (15-20%), the
pineal region (25%) and in other uncommon
regions like the lateral cerebral fissure (5%).
Interhemispheric fissure lipomas are often placed
over the corpus callosum (Figs. 23.1 and 23.2)
and may extend into the lateral ventricles or
choroid plexus. Intracranial lipomas in the supra-
sellar region usually attach to the infundibulum
or hypothalamus (Fig. 23.3) and those in the
pineal region usually attach to the quadrigeminal
lamina. Lipomas can also be detected within the
subarachnoid cisterns including the ambiens and
interpeduncular cisterns, cerebellopontine angle
and occasionally in the yugular foramen or
foramen magnum. Spinal intradural lipomas are
frequently found in the lumbosacral area as
components of spinal dysraphism, whereas
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images showing the same lesion with reduced density;
(c) Coronal MR fat saturation pulse sequence of the same
lipoma, agenesis of the corpus callosum can be appreciated

lipomas of the cervical and thoracic cord are quite
rare (Vila Mengual et al. 2009). In particular,
cervical location with intracranial extension is
extremely rare (Sanh et al. 2010).

Epidemiology

Intracranial lipomas are usually silent and this
fact explains the difficulty of a proper statistical
assessment, therefore no robust data concerning
the prevalence of intracranial lipomas are
available. The first descriptions of intracranial
lipomas were achieved mainly through incidental
findings at autopsy (Jeffers et al. 2009). The
expanded use of neuroimaging techniques has
allowed increasing the diagnosis of lipomas.
Intracranial lipoma accounts for 0.46—1% of all
intracranial tumors (Donati et al. 1992).
Prevalence of intracranial lipomas detected on
cranial magnetic resonance (MR) in the patient
population of a hospital was 0.045% (17/38,000)
(Kemmling et al. 2008). Spinal intradural lipoma
is a rare condition and occurs in approximately
1% of all primary spinal cord tumors (Vila
Mengual et al. 2009). Lipomas of the spinal cord
are frequently associated with spina bifida and
are more commonly located in lumbosacral
region. The thoracic spinal cord is the second
most common region of involvement followed by
the cervicothoracic and cervical regions. Intradural
lipomas of the spinal cord with intracranial exten-
sion are very rare (Sanh et al. 2010).
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Fig. 23.2 Sagital T1-weighted
cranial magnetic resonance (MR)
imaging showing the hyperin-
tense appearance of a small
curvilinear lipoma of the
interhemispheric fissure

Fig. 23.3 (a) Macroscopic
appearance of a small lipoma of the
suprasellar region attached to the
hypothalamus. (b) Photomicrograph
of a lipoma composed of mature
adipose cells
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Pathogenesis

Truwit and Barkowich (1990) have reviewed the
numerous theories regarding the pathogenesis of
intracranial lipomas. The precise etiopathology of
intracranial lipomas has been a topic of discussion.
Theories regarding the hystogenesis of these
lesions include: (1) hypertrophy from the pre-
existing fatty tissue of the meninges, (2) metapla-
sia of meningeal connective tissue, (3) heterotopic
malformation of dermal origin, (4) tumor like
malformation derived from the primitive meninx
and (5) fatty degeneration of proliferated glia.
Today intracranial lipomas are accepted to be the
result of meningeal maldifferentiation and they
are genetically linked to other midline defects
due to the improper closure of the neural tube.
The presence of lipomas is explained by the
abnormal persistence of the meninx primitive, a
mesenchymal derivative of the neural crest that is
usually reabsorbed in an orderly fashion during
embryogenesis giving rise to the subarachnoid
cisterns. When the meninx primitive does not regress
into subarachnoid space and maldifferentiates
into adipose tissue a lipoma originates. This theory
explains the cisternal locations of lipomas and
the intralesional locations of blood vessels and
cranial nerves.

The malformative mechanism of lipomas is
supported by its association with midline mal-
formations of the cns in up to 40% of cases
(Gomez-Gonsélvez et al. 2003). They are mainly
associated with maldevelopment of the corpus
callosum in the form of agenesis/dysgenesis. Other
anomalies of the CNS associated with lipomas
are the absence of septum pellucidum, cranium
bifidum, spina bifida, encephalocele, myelome-
ningocele and hypoplasia of cerebellar vermis.

There are also reports of cortical abnormalities
associated with cerebral lipomas such as archi-
tectural disorganization and focal penetration of
fibroadipose tissue into the brain parenchyma.
As the formation of a lipoma takes part of a com-
plex malformation that involves sulcus formation
and cortical development within its vicinity, it
may interfere with the growing of cortical tissue
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during the ongoing formation of the sylvian fissure,
resulting in cortical dysplasia of the vicinity
(Kakita et al. 2005).

In rare occasions intracranial lipoma is
associated with subcutaneous lipoma. In this
case different communication patterns can be
observed between intracranial and extracranial
component of the lipoma. They may have no
connection (Tubbs et al. 2007), may connect
to each other by a fibrous lipomatous stalk
(Yamashita et al. 2005) or may have direct con-
tinuity with each other through cranium bifidum
(Sethi et al. 2008).

The development of a lipoma may also involve
vascular abnormalities and a variety of vascular
abnormalities have been described in association
with intracranial lipoma including dilatation,
tortuosity or narrowing of feedings arteries
and veins, engulfment of the cerebral arteries,
arteriovenous malformations and aneurysms and
malformations of venous sinus (Saatci et al. 2000).
Hypervascularization has been observed adjacent
to and within a lipoma located in the Sylvian
fissure (Kakita et al. 2005).

Two groups of interhemispheric lipomas have
been described (Yildiz et al. 2006). Tubulonodular
type is characterized by nodular lesions smaller
than 2 cm. They are a result of a more severe
insult that occurs at an early embryonic stage and
interferes with the normal development of the
corpus callosum (Fig. 23.1). It is located anteri-
orly with the epicentre in the genu in 83% of
cases and associated with a high incidence of cranial
defects, frontal masses and encephaloceles.
Curvilinear lipomas are thin and located posteri-
orly around the splenium (Fig. 23.2). This type is
generally associated with a normal corpus
callosum and has a low incidence of associated
anomalies.

Pathology

Macroscopically lipomas vary in size from sub-
centimeter nodules to large masses. They have a
bright yellow appearance and a soft, lobulated and
fibrous tissue consistency not easily fragmentably.
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Microscopic examination after hematoxylin and
eosin staining reveals mature adipose tissue sur-
rounded by a fibrous capsule with varied amounts of
collagen and blood vessels (Fig. 23.3). The capsule
and surrounding parenchyma frequently contain
calcifications (Feldman et al. 2001). An excep-
tional myelomatous change in a lipoma has been
described by Suri et al. (2008). These authors
consider that metaplastic differentiation in the
lipoma gave origin to myelolipoma which contain
hematopoietic elements including erytrocytes,
myeloid cells, megakaryocytes and focal lymphoid
aggregate formation.

Clinical Manifestations

Although the prevalence of symptomatic lipomas
remains controversial, epilepsy, headache, psycho-
motor retardation and cranial nerve paralysis may
occur (Venkatesh et al. 2003; Yilmaz et al. 2006).
Most intracranial lipomas are considered to be
asymptomatic and frequently they are an incidental
finding in patients undergoing a cranial computer-
ized tomography (CT) or MR after a cranial trauma
(Lin et al. 2009).

Epilepsy is the most common symptom asso-
ciated with lipomas. A 5% of cranial lipomas
present with epilepsy (Gémez-Gonsélvez et al.
2003). Epileptic seizures have been noted in a
large proportion of patients with sylvian lipoma
presumably due to irritation of the mesiotempo-
ral cortex or to the variety of associated neocorti-
cal abnormalities (Saatci et al. 2000; Feldman
et al. 2001; Vela-Yebra et al. 2002; Yildiz et al.
2006). However the association of interhemi-
spheric lipomas and epilepsy remains controver-
sial (Martinez-Lapiscina et al. 2010). Some
authors have suggested that the symptomatic
nature of corpus callosum lipomas is dependent
on the interruption of the callosal fibers, which
are replaced by the neoplasm. Such disconnec-
tion is responsible for each hemisphere to develop
epileptic discharges. However, few case reports
reported clinical and electroencephalographic
characteristics congruent with cranial MR or CT
which could allow attributing the etiology of
epilepsy to the lipoma. Loddenkemper et al. (2006)
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reviewed 3,500 epilepsy patients for the presence
of intracranial lipomas; only five cases were
found and epilepsy could be linked to the lipoma
in only a single patient. Therefore, these authors
suggested that intracranial lipomas were inciden-
tal findings in this population. Yilmaz et al.
(2006) reported a prevalence of epilepsy of 20%
in an adult case series and G6émez-Gonsilvez
et al. (2003) reported a prevalence of 5% in a
similar pediatric case series.

Patients with lipomas may present with symp-
toms that depend on its location. Lipomas located
in the quadrigeminal cistern often present with
diplopia secondary to brainstem compression and
with signs of intracranial pressure due to hydro-
cephalus secondary to obstruction of the cerebro-
spinal fluid pathway through the sylvian aqueduct
(Truwit and Barkovich 1990). Tubbs et al. (2007)
reported an unusual case of a giant lipoma that
due to its size compressed the foramina of Monro
resulting in hydrocephalus. Cerebellopontine angle
lipomas may present with vestibulocochlear
dysfunction such as hearing loss, tinnitus, dizzi-
ness and vertigo or with hemifacial spasm by
compressing the seventh cranial nerve (Romero-
Blanco and Monteiro-Santos 2004). Fandifo et al.
(2005) reported a case of calcarin fissure lipoma
presenting with cuadrantanopsia.

Patients with intradural spinal lipomas present
with severe neurological dysfunction as the
result of spinal cord compression and produce a
progressive paraparesis o tetraparesis depending
on the spinal level involved by the lipoma
(Sanh et al. 2010).

Radiologic Characteristics

Jabot et al. (2009) have reviewed the neuroimaging
appearance of intracranial lipomas. The best
diagnostic clue of intracranial lipomas is a well
delineated lobulated extra axial fatty mass.
On cranial CT lipomas demarcate areas of marked
hypodensity, which do not show enhancement
after administration of intravenous contrast.
They usually have a Houmsfield unit range
between —50 UH and —100 UH. Calcification is
often present in interhemispheric lipomas most
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commonly within the fibrous capsule surrounding
the lesion. The calcification may be curvilinear,
extending around the periphery of the lipoma or
it may be nodular within the center of the lesion.
Nearly one-half of the suprasellar and interpe-
duncular lipomas ossify. The magnetic resonance
(MR) appearance of the lipoma is that of a
homogeneous hyperintense lesion on T 1-weighted
sequences and iso to hypointense on T2-weighted
images. On fat saturation pulse sequences lipomas
are isointense to gray matter. Vascular imaging
may show arterial abnormalities.

Radiologic differential diagnosis should be
established with dermoid tumor and teratomas.
Dermoids tumors are radiologically similar as
they tend to occur adjacent to midline, but they
appear round or lobulated on CT and usually
have a slight mass effect and calcification foci
with no contrast enhancement or surrounding
edema. Dermoids and lipomas display measurably
different densities on CT imaging. A dermoid
will demonstrate a Houmsfield unit range from
—20 to —40 HU. In addition dermoids are more
heterogeneous. They have high signal intensity
on T1-weighted images due to their lipid content
and a heterogeneous signal on T2-weighted images
due to the mixed composition of the tumor.
Teratomas develop in the same location as lipomas
and may have a more heterogeneous appearance
with more foci of contrast enhancement. Small
intracranial lipomas close to a cerebral artery are
hyperintense on time-to-flight MR angiography
and could be mistaken with a partially throm-
bosed aneurysm. A defining characteristic of
lipomas on time-to-flight MR angiography results
from the out-of-phase India ink artifact. This dark
fringe in the periphery of the lesion is characteris-
tic and helps to avoid potential diagnostic pitfalls
(Kemmling et al. 2008). In some cases of head
trauma injuries, low-density attenuation image of
lipoma on brain CT has been misdiagnosed as
pneumocranium (Lin et al. 2009).

Treatment and Prognosis
Surgical intervention is generally unnecessary

for stable or asymptomatic intracranial lipomas
because they grow very slowly, do not involve mass
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effect on brain tissue and malignant differentiation
has never been reported. Surgery should be con-
sidered if the lipoma causes compressive effect
and in cases of hydrocephalus (Spallone et al.
2004). In cases in which the lipoma causes hydro-
cephalus, placement of a ventricular shunt will
provide adequate treatment. The majority of lipo-
mas do not cause life threatening symptoms and
epilepsy can be controlled with medication. In most
occasions the risk of surgical intervention out-
weighs the potential benefit. Radical removal of
sylvian fissure lipomas is very difficult if not
impossible as well as very dangerous (Feldman
et al. 2001). If surgery is necessary, partial resec-
tion was recommended by most authors because
of the deep location of the lesion, its strong
adherence to the sylvian cortex as well as the
intricate involvement of the median cerebral
artery or its branches. Attempts at radical excision
increase the risk of brain injury but some authors
reported that some sylvian fissure lipomas could
be removed totally without complication and
that symptomatic improvement may result
(Chao et al. 2008).

Arresting the progression of symptoms is the
principal surgical goal for intradural spinal lipomas
of any location. The tendency of most neurosur-
geons is to be conservative as complete surgical
removal is difficult without the risk of great mor-
bidity. Some authors perform a subtotal removal
of the tumor with a decompressive laminectomy
(Vila Mengual et al. 2009; Sanh et al. 2010).
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Abstract

The term tumefactive demyelination (TD)
describes intra-axial space occupying lesions
of the brain which histopathologically are
characterized by perivascular lymphocytic
infiltrates, macrophages, reactive astrocytes
and myelin loss. Most lesions are located
within the brain. As there is no reliable clinical,
imaging or laboratory hint to diagnose TD
biopsy is mandatory. Whereas several patients
initially presenting with TD develop multiple
sclerosis or central nervous system lymphoma
a subset of TD patients remains stable without
further disease activity. TD in these patients
may be coined ‘idiopathic’. Mechanisms
which induce TD are not known. Assuming an
underlying auto-immune process treatment
includes steroids, plasma exchange and immu-
nosuppressive agents.

Introduction

A precise definition of tumefactive demyelin-
ation (TD) does not exist. The term TD describes
a brain lesion which is characterized by a mass
effect on brain imaging and demyelination on
histopathological examination. At the time of
first presentation the differential diagnosis
includes onset of multiple sclerosis (MS) par-
ticularly in younger patients, and primary or
secondary brain tumor at any age. Some patients
who initially present with a biopsy proven space
occupying demyelination develop MS or central
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nervous system (CNS) lymphoma during the
further course. It is still debated whether TD
represents an own entity. Assuming an own
entity the etiology is still unknown and may be
considered ‘idiopathic’. Kepes (1993) reported
on a patient who received a flu vaccine 10 days
before the onset of symptoms which may indi-
cate that the stimulation of the immune system
is required to induce TD. Others describe TD as
a distinct variant of multiple sclerosis (Poser
et al. 1992; Lucchinetti et al. 2008). As TD may
show relapses it was also considered to repre-
sent recurrent disseminated encephalomyelitis
(Brinar 2004). In the following we illustrate the
clinical course of two TD patients treated at our
institution. In addition the differential diagno-
sis, treatment options and the clinical course
will be discussed.

Clinical Presentation

Patient 1. A 70 year old man presented with sub-
acute confusion, headache and neglect. Magnetic
resonance imaging (MRI) of the brain revealed a
single right parieto-occipital lesion (Fig. 24.1a,
d; Héne et al. 2011). Search for a primary neo-
plasm including computed tomography (CT) of
the chest and abdomen as well as whole body
F-18 fluoro-deoxyglucose positron emission
tomography (FDG PET) was negative. The cere-
brospinal fluid (CSF) showed mild lymphocytic
pleocytosis (27 cells/pl) but no tumor cells.
Biopsy of the cerebral lesion showed foamy mac-
rophages, perivascular lymphocytic cuffs and
loss of myelin with sparing of axons which is
indicative of demyelination (Fig. 24.1g—j). There
was no evidence of a neoplasm. The patient rap-
idly improved on dexamethasone starting with
12 mg/day. Eight, 23 and 29 months later the
patient developed again single symptomatic
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lesions, which were located in the left pontine,
left frontal and right parietal region (Fig. 24.1b,
e, ¢, ). Again dexamethasone led to rapid clinic
improvement which was paralleled by a decrease
of lesion volume and contrast enhancement on
MRI. Repeated search for a primary tumor was
negative. The CSF showed mildly elevated pro-
tein (up to 0.71 g/1) and cell count (up to 27 cells/
pl), but no oligoclonal bands. Within 2 years
from onset of TD the patient developed myelo-
dyplastic syndrome (MDS) and metastatic renal
cancer which was the cause of death 34 months
after the first manifestation of TD. Brain autopsy
yielded demyelination but no tumor.

Patient 2. A 56 year old man presented with
headaches, speech difficulties and seizures. MRI
of the brain showed a non-enhancing single left
parietal lesion (Fig. 24.2a). The lesion was mod-
erately positive on amino acid PET (F-18 ethyl-
fluoro-tyrosine) which is compatible with
low-grade glioma. Blood cell and CSF analysis
were normal. No biopsy was made at this stage
and anticonvulsive treatment with phenytoin was
started. The follow up MRI 6 weeks later showed
spontaneous regression of the lesion. Two months
later the patient was again hospitalized with con-
fusion, right-sided hemihypesthesia and seizures.
The MRI showed progression of the left parietal
lesion as well as several new lesions in the left
frontal and right fronto-temporal white matter
(Fig. 24.2b, c). Biopsy of the frontal lesion
revealed inflammation with perivascular CD20
positive cells which was compatible with demy-
elination. No tumor cells were present. Treatment
with dexamethasone was started (16 mg/day).
The patient clinically improved and in a follow-
up MRI 3 months later there was substantial
regression of all lesions. Twenty-six months after
the first presentation the patient suffered from
speech difficulties. MRI revealed a new lesion in
the right insular region. Dexamethasone therapy

»

Fig. 24.1 MRI of patient #1 (upper row T2-weighted,
lower row gadolinium-enhanced T1 image): onset with a
single right parieto-occipital lesion (a, d). Subsequent
lesions at 23 months (b, €) and at 29 months (c, f). (g—j)
Histology (biopsy): the white matter shows focal hyper-
cellularity and perivascular lymphocytic cuffs (arrows in g).

Abundant macrophages are visible in the hypercellular areas
(h). There is loss of myelin (i) with relative sparing of axons
(arrowheads in j). Stainings: g, h hematoxylin and eosin, (i)
luxol fast blue/PAS, (j) immunohistochemistry for neurofil-
ament. Magnifications: g x100, h—j x400 (Published in J
Neurol (Héne et al. 2011), with kind permission)
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Fig.24.2 MRI of patient #2: A single left parietal lesion was
present at the time of first manifestation of TD (a); coronal
FLAIR image). At the time of first recurrence bilateral space

was resumed and led to clinical improvement
within 3 weeks. This was paralleled by regres-
sion of the lesion as shown on MRI. At last
follow-up 44 months after disease onset the
patient showed residual mild aphasia and cogni-
tive dysfunction. There was no clinical or imaging
evidence of tumor in and outside the brain. The
clinical course, imaging and biopsy findings in
this patient are compatible with TD.

occupying lesions were observed (b), axial T2-weighted
image). The lesions now showed mild contrast-enhancement
(c), axial gadolinium-enhanced T1-weighted image)

Epidemiology

TD can be found in all age groups. However, more
than 50% occur in the third to fifth decade. Overall
the incidence of ‘idiopathic’ TD appears to be low.
TD represents the first manifestation of newly
diagnosed multiple sclerosis in 1-2 per 1,000
cases (Poser et al. 1992). An accurate number on
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the incidence of ‘idiopathic’ TD can not be given
also since the term TD is heterogeneously used.

Clinical Course

Most TD patients present with an acute to subacute
onset. As illustrated in our cases single or multiple
lesions can develop at various sites of the brain
over time. The majority of lesions are located
within the brain. Rarely do they grow in the spi-
nal cord (Xia et al. 2009). Recurrences are fre-
quently observed. In most patients there is no
preceding viral infection or vaccination. The
clinical course is variable. In the series presented
by Kepes 31 patients were observed up to
12 years (Kepes 1993). The diagnosis of TD was
established in these patients by biopsy. Twenty-
three of them developed no additional lesions,
but showed remissions over many years, and may
be considered as ‘idiopathic’ TD. Lucchinetti
et al. (2008) reported on a group of 168 patients
with biopsy confirmed lesions classified as ‘CNS
inflammatory demyelinating disease’. After a
median follow-up of 3.9 years 14% remained
with an ‘isolated syndrome’ which however was
not further specified, whereas 70% developed
definite MS (Lucchinetti et al. 2008). In other
cases CNS lymphoma occurred within months
(Alderson et al. 1996) to several years (Ng et al.
2007) from the onset of TD.

Diagnosis/Differential Diagnosis

The differentiation of TD from MS, glioma, CNS
lymphoma and infection can be challenging and
is essential in terms of treatment strategies. In the
following we will briefly summarize diagnostic
tools applied to evaluate the above mentioned
differential diagnoses.

Imaging

Anatomical MRI using T1 and T2 weighted, con-
trast enhanced and FLAIR sequences is not capa-
ble to derive parameters specific for TD.
Central necrosis, cystic degeneration and contrast
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enhancement may occur in TD but represent also
typical features of high-grade glioma and lym-
phoma. Diffusion weighted MRI measures the
restriction of water diffusion and allows to dif-
ferentiate brain abscess, which shows high diffu-
sion restriction in the lesion center, from gliomas.
In accordance it may be suitable to differentiate
abscess from TD (Abou Zeid et al. 2012).
Perfusion CT can estimate the intra-lesional
blood volume and may assist to differentiate TD
from high grade glioma where an increased
tumor blood volume is present due to neo-
angiogenesis in most cases. Although mean blood
volume values are significantly higher in high-
grade gliomas compared with TD (Jain et al.
2010) there is considerable overlap between
these groups (TD: 0.71-1.23 ml/100 g, high-
grade glioma: 0.71-4.49 ml/100 g). No criteria
exist for other imaging modalities. Magnetic res-
onance spectroscopy can detect patterns of
abnormal choline, lactate, and lipid peaks in MS,
however, substantial overlap with TD can be
expected (Cianfoni et al. 2007; Saini et al. 2011).
Diffusion tensor imaging (DTI) which provides
information on the integrity of fiber tracts could
aid in the differential diagnosis of TD, however,
no validated data have been reported yet. Positron
emission tomography (PET) and single photon
emission computed tomography (SPECT) may
reveal alterations of glucose metabolism and
amino acid uptake in TD. However, these find-
ings are non-specific and are usually also present
in gliomas and lymphomas.

Laboratory Parameters Including CSF

Blood cell analysis does not reveal specific
results. Mild pleocytosis and elevated protein can
be found in the CSF. The absence of intrathecal
oligoclonal bands in TD does not exclude the
diagnosis of MS.

Histopathology
Biopsy remains the procedure to establish the

diagnosis of TD. Histopathological findings
include loss of myelin as detected by luxol fast
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blue staining and preservation of axons.
Perivascular chronic inflammatory infiltrates can
be found. They are often surrounded by foamy
macrophages and reactive astrocytes (Fig. 24.1g—j,
Hine et al. 2011). Circumscribed mitotic figures
can lead to an incorrect diagnosis of a glial tumor
(Tan et al. 2004).

Treatment and Clinical Follow Up

The use of steroids is the treatment of choice (Xia
et al. 2009; Nadkar et al. 2008). Concerning the
steroid schedule there are no guidelines. In our
experience initial methylprednisolone doses of
up to 1 g/day, or dexamethasone up to 16 mg/day,
appear appropriate. After 7-10 days dose taper-
ing over weeks has to be adapted to the clinical
response. In unresponsive cases plasma exchange
can be effective (Mao-Draayer et al. 2002).
However, there exist no recommendations on
how long to treat with plasma exchange. They
used up to seven courses given in 2-3 day inter-
vals. In patients with imminent herniation decom-
pressive surgery is advisable (Nilsson et al.
2009). In order to prevent relapses immunosup-
pressive therapy may be applied (e.g., using aza-
thioprine, cyclophosphamide, cyclosporine). As
there are no data from large TD patients series
treatment regimen may be adapted to recommen-
dations used in patients with autoimmune disor-
ders of the nervous system.

The clinical follow up has to be scheduled in
order to monitor the residual neurological syn-
drome and to plan further MRI scans according
to the individual clinical course. As stated above
the cause of TD is not known. The assumption
of an underlying auto-immune dysregulation
which leads to demyelination remains specula-
tive. It also remains open whether TD confers a
risk for associated disorders. Kepes (1993)
reported on TD patients also suffering from
chronic myelomonocytic leukemia, seminoma,
and immunoblastic sarcoma. One of our patients
developed myelodysplastic syndrome and renal
cell carcinoma (Héne et al. 2011). Of note, these
disorders are possibly related to a disturbance of
the immune system (Sloand and Rezvani 2008;
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Derweesh et al. 2003). Although these observations
cannot serve as a proof of a causal relationship
between TD and malignancies we monitor TD
patients closely with regard to concomitant
disorders.
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Abstract

Glioblastoma Multiforme (GBM) is the most
common and aggressive primary brain tumor.
Every year ~22,000 patients are diagnosed
with GBM in the US, and less than 5% sur-
vive 5 years post-diagnosis. Thus, novel thera-
peutic approaches are urgently needed to
improve the outcome in these patients.
Immunotherapy has the potential of stimulat-
ing the immune system to eliminate GBM
cells that might have spread throughout the
brain. Here we will discuss the latest advances
in preclinical immunotherapy for glioma,
which involve the local delivery of pro-inflam-
matory cytokines, such as FIt3L, Type I IFNs,
IL-2, IL-4, and IL-12 using gene therapy vec-
tors and neural stem cells, or the blockade of
immune-suppressive mediators such as TGF-
beta, FasL and phosphorylated STAT3. Novel
immunotherapeutic approaches have also
been assessed in clinical trials implemented in
GBM patients. These involve the systemic or
local adoptive transfer of autologous immune
cells activated ex vivo back into the patient,
and the administration of dendritic cell vac-
cines loaded with tumor peptides or cells,
which induce active immunity against GBM.
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Preclinical and clinical findings so far indi-
cate that immunotherapy improves anti-tumor
immunity in preclinical GBM models and
patients, which makes it a valuable adjuvant in
the treatment of GBM.

Introduction

In spite of extensive preclinical and clinical
research seeking to improve the survival of
glioma patients, this disease carries a dismal
prognosis and remains a therapeutic challenge to
neuro-oncologists and neurosurgeons. The inclusion
of the chemotherapeutic agent temozolomide to
the standard of care; i.e., surgical resection and
radiation therapy has improved the survival of
GBM patients, but still only ~5% of the patients
remain alive 5 years after initial diagnosis. The low
efficacy of traditional therapies has been attributed
to the many challenges that this disease poses: the
intrinsic resistance of GBM to radio- and chemo-
therapy, the unfeasibility of complete surgical
resection due to the invasive nature of the tumor,
the presence of blood brain barrier that limits the
access of therapeutic agents into the tumor site,
and the putative neurotoxicity of therapeutic
agents that limit the doses that can be adminis-
tered. Thus, novel therapeutic approaches are
sorely needed. Immunotherapeutic strategies aim
to stimulate the immune system to detect and kill
GBM cells that remain after surgical resection.
Researchers have aimed to improve the efficacy of
immunotherapeutic approaches for the treatment
of GBM over the last decade. Here we discuss the
latest advances in preclinical immunotherapy
for glioma and the outcomes of clinical trials
implemented in GBM patients.

Standard Approaches to Malignant
Gliomas in Clinical Practice

World Health Organization (WHO) grade III and
IV astrocytic tumors (anaplastic astrocytoma and
glioblastoma multiforme) as well as mixed oli-
goastrocytomas (WHO grade III) and anaplastic
oligodendrogliomas (WHO grade III) constitute
aclass of central nervous system tumors commonly
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referred to as malignant gliomas. The diagnosis of
a malignant astrocytoma is made by histopathologic
analysis. The WHO utilizes the St. Anne-Mayo
system for histologic diagnosis of these tumors
and defines an anaplastic astrocytoma (grade III)
as having two of the four following features:
nuclear atypia, mitoses, endothelial proliferation,
or necrosis. Glioblastoma multiforme (grade IV)
is defined as having at least three of these features.
Because the risk of systemic dissemination is
low, staging and grading is done purely based on
the pathology within the central nervous system
and does not include a systemic survey.

The Central Brain Tumor Registry of the
United States (CBTRUS) reports that between
2004 and 2008, 295,986 primary central nervous
system tumors were diagnosed and reported. Of
these, 16.3% were glioblastoma multiforme,
making it the most common primary malignant
tumor of the central nervous system. The diagnosis
of glioblastoma multiforme is significantly more
common in males than in females (approximately
1.5:1) and in whites compared to blacks (approx-
imately 2:1). The age-specific incidence continues
to increase throughout life and is highest in the
75-84 year-old age group. Despite the age-specific
incidence increasing throughout life, the overall
incidence of glioblastoma multiforme is highest
in the sixth and seventh decades of life, with the
median age of diagnosis being 64 years-old
(Fisher et al. 2007). At this point, the only well-
established risk factor for the development of a
malignant glioma is ionizing radiation exposure
(Fisher et al. 2007).

The prognosis for those diagnosed with a
malignant glioma remains poor. From 1995 to
2008, the 1-year survival rate for glioblastoma
multiforme was 35% while the 5-year survival
rate was only 5%. Those diagnosed with an ana-
plastic astrocytoma fared slightly better with a
1-year survival rate of 61% and a 5-year survival
rate of 27%. Currently, the median survival for
patients diagnosed with a glioblastoma multi-
forme is between 12 and 15 months while the
median survival for anaplastic astrocytomas is
between 36 and 60 months. These patients present
in a variety of ways though no presentation is
pathognomonic of the disease. Common present-
ing symptoms include headaches, focal neuro-
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logic deficits, altered mental status, personality
changes, or seizures. The headaches can be
associated with nausea and vomiting and are often
secondary to elevated intracranial pressure.
When headaches are due to elevated intracranial
pressure, they can have a characteristic temporal
and positional pattern, with the headache being
worse upon awakening in the morning and when
in the recumbent position. At the time of diagno-
sis, several factors have been shown to portend a
poorer prognosis including advanced age, lower
Karnofsky performance status, unresectability of
the tumor, and histologic features consistent with
glioblastoma multiforme.

The current standard of care for patients
presenting with a suspected malignant glioma is
maximum operative resection followed by focal
radiation therapy with concurrent and adjuvant
temozolomide chemotherapy. High dose cortico-
steroids (often dexamethasone) can be used to
rapidly decrease tumor associated edema and can
improve neurologic symptoms but should be
used only acutely and rapidly tapered. In addition,
antiepileptic therapy should be used when the
initial presentation is consistent with a seizure.
One additional therapy that has been often utilized
is carmustine wafer implantation into the surgical
bed though this is not considered standard of care
at this point.

The first step in treatment is maximal surgical
resection which allows for a tissue diagnosis,
cytoreduction of the tumor, and reduction in
mass effect. There has been debate about the value
of subtotal resection of glioblastomas versus
stereotactic biopsy when extensive surgical
resection is not possible. The usual limitation to
surgical resection is the location of the tumor
relative to eloquent areas of the brain. Recently, it
was shown that resection of at least 78% of the
tumor incurs a survival advantage. This study
found that the factors predictive of overall
survival included age, Karnofsky performance
status, extent of resection, and post-operative
tumor volume. The survival advantage incurred
was modest but significant. The median survival
was 12.5 months for those patients where a 78%
tumor reduction was achieved versus 16 months
when a 100% gross total resection was achieved
(Sanai et al. 2011).

Temozolomide is an oral alkylating agent.
Temozolomide has been standard of care since
2005 when Stupp et al. demonstrated a survival
advantage utilizing radiotherapy plus concurrent
and adjuvant temozolomide versus radiotherapy
alone (Stupp et al. 2005). The radiotherapy dos-
ing utilized in this trial is what continues to be the
standard of care today: 60 Gy of fractionated
focal radiotherapy, usually given in fractions of
1.8-2 Gy. Stupp and colleagues showed that the
median survival for patients receiving radiother-
apy alone was 12.1 months versus 14.6 months
when concurrent and adjuvant temozolomide was
given in addition to radiotherapy. Notably, the
2 year survival rate was 26.5% in the temozolo-
mide plus radiotherapy group versus only 10.4%
in the radiotherapy alone group (Stupp et al.
2005). Because of this demonstration of survival
advantage, the use of concurrent and adjuvant
temozolomide has become standard of care.

One molecular marker that has been shown to
have prognostic significance is epigenetic silencing
of the methyl-guanine methyltransferase (MGMT)
gene promoter. The MGMT gene encodes a
DNA-repair protein responsible for removing
alkyl groups from the O° position of guanine.
Methylation of the promoter region of this gene
results in its epigenetic silencing and a decrease
in this DNA repair mechanism. A survival benefit
has been particularly noted in patients with a
methylated promoter who receive temozolomide
(Hegi et al. 2005). In patients with a methylated
MGMT promoter who received temozolomide
and radiotherapy, the median survival was
21.7 months versus 15.3 months for those patients
receiving similar therapy but without a methylated
MGMT promoter (Hegi et al. 2005).

Immunotherapeutic Strategies
for Gliomas: Preclinical Efficacy

Over the last decade many immunotherapeutic
approaches for the treatment of GBM have been
attempted using gene therapy vectors. Most of
them involve the local delivery of proinflamma-
tory cytokines, which recruit inflammatory
cells into the tumor mass (e.g., FIt3L) stimulate
the host immune system (e.g., IL-12) or exert
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additional direct antitumor effects (e.g., IFN-a).
The blockade of immunosuppressive molecules
(e.g., TGF-P and FasL) has also been evaluated
preclinically. Here we discuss the efficacy and
safety of these preclinical immune-mediated
gene therapy approaches.

Local Overexpression of Cytokines

FIt3L

Fms-like Tyrosine Kinase 3 Ligand (FIt3L) is a
growth factor for hematopoietic progenitors that
induces the expansion and differentiation of
dendritic cells. Intracranial administration of
an adenoviral vector that encodes this cytokine
(Ad-FIt3L) promotes the expansion of dendritic
cells and their recruitment into the brain paren-
chyma. Intratumor injection of Ad-FIt3L sub-
stantially increases the number of dendritic cells
and other antigen presenting cells in intracranial
GBMs growing in the brain of rats and mice.
However, administration of Ad-FIt3L as a single
therapeutic agent does not induce tumor regres-
sion in preclinical models of GBM (Candolfi
et al. 2009; Curtin et al. 2009). Induction of an
effective antitumor immune response requires
not only an immune-stimulant but also the release
of tumor antigens and intracellular inflammatory
proteins from dying tumor cells. A growing body
of evidence suggests that combination of
Ad-FIt3L. with cytotoxic agents is required in
order to trigger an effective antitumor immune
response that leads to tumor regression and long
term survival (Candolfi et al. 2009). Dendritic
cells recruited within the brain tumor mass in
mice and rats treated with Ad-FIt3L seem to
require activation by HMGB1—an intracellular
TLR2 agonist released by dying tumor cells—in
order to initiate the antitumor immune response
(Candolfi et al. 2009; Curtin et al. 2009). Several
proapoptotic agents induce HMGB1 release from
GBM cells, including the conditionally cytotoxic
thymidine kinase (TK), which in the presence of
the prodrug ganciclovir (GCV) leads to apoptosis
of proliferating tumor cells (Candolfi et al. 2009;
Curtin et al. 2009); proapoptotic cytokines, such
as FasL, TNF-a and TRAIL, which are cytotoxic
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in cells expressing the corresponding death
receptor (Candolfi et al. 2009); radiotherapy and
chemotherapeutic agents such as temozolomide
(Curtin et al. 2009). Amongst these proapoptotic
strategies, Ad-TK+GCV leads to the highest
levels of HMGBI release and combination of
Ad-FIt3L with Ad-TK+GCV has proven the
most effective in inducing tumor regression in
mice and rats bearing established intracranial
GBM. In rats bearing intracranial CNS-1 tumor,
treatment with Ad-FIt3L+Ad-TK+GCV leads to
long-term survival in over 75% of rats, while
Ad-FIt3L+Ad-FasL fails to induce tumor regres-
sion. Preliminary findings of our lab show that
in mice bearing intracranial GL26 or GL261
GBM or metastatic melanomas, combination of
Ad-FIt3L+Ad-TK+GCV leads to tumor regres-
sion in 40-50% of the animals, while intratumor
treatment with Ad-FIt3L in combination with
systemic TMZ improves the median survival but
fails to promote long term survival. Recent findings
from our lab show that in situ administration of
Ad-TK+Ad-FIt3L is an excellent candidate to be
administered as an adjuvant with systemic DC
vaccines (Fig. 25.1), which have been reported to
induce antitumor immunity in GBM patients
(Liau et al. 2005). We found that manipulation of
the tumor microenvironment by intratumoral
injection of Ad-TK+Ad-FIt3L in combination
with peripheral DC vaccination led to antitumor
immunity and enhanced the therapeutic efficacy
when compared with each treatment alone in rats
bearing large CNS-1 tumors (Mineharu et al. 2011).

An important feature of gene therapy vectors
to be injected into the brain is to exhibit a safe
neuropathological profile. Since gene therapy
vectors designed to treat GBM patients are
injected into the tumor bed after surgical resection,
preclinical assessment of the neuropathology in
naive brain parenchyma is crucial in the evalua-
tion of translational gene therapies for GBM.
Intracranial injection of Ad-FIt3L and Ad-TK into
the naive brain of rats and dogs exhibits a very
safe neuropathological profile, with mild acute
local inflammation and without apparent signs of
neurotoxicity (Candolfi etal. 2012). Nevertheless,
the use of inducible promoters such as the tetracy-
cline-responsive element (TRE), which depends



25 Immunotherapies for Brain Cancer: From Preclinical Models to Human Trials 243

Fig.25.1 Local administration of
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on the presence of the antibiotic tetracycline or its
analogs, allows control of transgene expression
by withdrawing the inducer if putative side effects
develop (Curtin et al. 2008). FIt3L expression can
be tightly regulated using the TRE promoter in
murine, canine, and human GBM cells (Curtin
et al. 2008). Expression of therapeutic transgenes
under the control of inducible promoters further
increases the safety of this therapeutic approach.

Type | IFNs

The delivery of IFN-a has been evaluated as a
therapeutic method for the treatment of GBM.
In view of its effects on antitumor immunity,
angiogenesis, and tumor cell proliferation and
death, IFN-o emerges as a very attractive target
for GBM therapy. IFN-a acts as an antiangiogenic
factor in preclinical intracranial GBM models, it
directly inhibits the proliferation of GBM cells,
and sensitizes them to pro-apoptotic factors.
IFN-« is also a powerful stimulant of the host
immune system, as it activates dendritic cells,
upregulates MHC-I and —II expression, recruits
immune cells into the tumor mass and enhances
cellular and humoral immune responses. Although
intratumoral administration of Ad-IFN-o alone
does not have therapeutic benefit in intracranial
rat CNS-1 tumors, its combination with Ad-TK
leads to tumor regression and long term survival
in approximately 50% of the animals (Candolfi
et al. 2012). Administration of IFN-f has also
been explored as a therapeutic strategy for GBM.
Administration of IFN-f gene therapy as a single
therapeutic agent did not improve the survival of
mice bearing intracranial GL261 GBM (Saito
et al. 2004). However, combination of IFN-f
gene therapy with vaccination with tumor cell
lysate-pulsed dendritic cells resulted in long term
survival in 50% of treated mice (Saito et al. 2004).
Sequential intratumoral delivery of Ad-IFN-a
and bone marrow-derived dendritic cells led to
CD8* T-cells-dependent tumor regression in 50%
of GL261 tumor-bearing mice (Tsugawa et al.
2004). DCs injected intratumorally migrated to
the cervical lymph nodes, where specific cyto-
toxic T lymphocyte (CTL) activity was detected,
suggesting that this combination therapy exerts a
specific antitumor immune response.
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Although IFN-a was the first cytokine to be
approved for cancer treatment, its considerable
toxicity has limited its use. Administration of
Ad-IFN-a into the naive rat brain leads to overt
local inflammation with loss of brain tissue,
necrosis, and hemorrhages, as well as systemic
side effects (Candolfi et al. 2012), making this
vector unsuitable for intracerebral administra-
tion. However, the use of inducible or cell type-
specific promoters may improve the safety profile
of this approach, as they allow temporal and top-
ographic control of transgene expression. A dual
glial-specific and hypoxia-induced promoter has
been recently described (Kim et al. 2011). In this
dual specific vector transgene, expression is con-
trolled by the nestin intron 2-SV40 promoter and
erythropoietin enhancer for glial cell and hypoxia
specific gene expression (Kim et al. 2011).
Radio-inducible promoters are also useful tools
to limit the toxicity of this approach. The radio-
responsive early growth response gene 1 promoter
has been used to drive the expression of cytotoxic
molecules, such as TRAIL allowing for spatially
and temporally controlled transgene expression
(Tsurushima et al. 2007).

IL-2

IL-2 is a Thl cytokine released from helper
CD4* T-cells that enhances CTL-mediated anti-
tumor immunity, which makes it an attractive
target for immunotherapy of gliomas. However,
its systemic administration is limited by the
toxicity of this molecule, and local delivery of
IL-2 requires multiple or continued intracranial
administration. Gene therapy vectors are useful
tools for the long term delivery of this cytokine
in the brain. Delivery of IL-2 using gene ther-
apy vectors has been combined with proapop-
totic strategies in order to promote anti-glioma
immunity. Plasmids and vaccinia viruses
encoding IL-2 and the proapoptotic molecules
p53 and/or Bax were administered intratumor-
ally in C6 rat gliomas in nude mice (Haghighat
et al. 2000). Although these treatments showed
antitumor activity without apparent side effects,
the animal model used to evaluate this therapy
has the vital limitation of lacking an intact
immune system.
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An adenoviral vector encoding IL-2 for the
treatment of the experimental RG2 rat GBM
model in combination with Ad-TK and Ad-FIt3L
has also been used (Mineharu et al. 2012). Rats
bearing intracranial RG2 tumors constitute a
challenging GBM model, since these tumors have
been shown to be refractory to most therapeutic
approaches, including radiation, chemotherapy,
and immunotherapy (Mineharu et al. 2012).
Overexpression of IL-2 within the RG2 tumor
microenvironment stimulates the recruitment of
effector T-cells and reduces the intratumor infil-
tration of Tregs, enhances CTL-mediated antitumor
immune responses, and successfully extends the
median survival of RG2 tumor-bearing rats when
combined with Ad-FIt3L+Ad-TK.

Other Cytokines

Another strategy for the delivery of therapeutic
transgenes into brain tumors is the use of neural
stem cells (NSC), which have been reported to
display similar migratory activity to that of GBM
cells within the brain parenchyma (Aboody et al.
2000). NSCs have been used to deliver pro-
inflammatory cytokines such as IL-4 and IL-12
into intracranial gliomas in vivo, leading to tumor
regression in mouse and rat models of GBM
(Vetter et al. 2009). NSCs exhibit tropism for
disseminating glioma cells, and IL-12-secreting
NSC therapy has been linked to enhanced T-cell
infiltration in tumor microsatellites, promoting
antitumor immunity (Vetter et al. 2009). Tumor
rejection was shown to be dependent on CD8*
T-cells (Vetter et al. 2009). Although neurotoxic-
ity remains to be evaluated, local grafting of NSC
emerges as a useful tool to deliver therapeutic
cytokines for the treatment of GBM.

Gene therapy-mediated overexpression of
proinflammatory cytokines can also be exploited
in order to enhance the efficacy of antiglioma
vaccines. 9L rat GBM tumor cell vaccines engi-
neered to produce IL-4 and TK were employed to
treat intracranial GBM (Okada et al. 1999).
Subcutaneous immunization of rats with nonir-
radiated 9L-IL-4 cells or 9L-IL-4-TK cells followed
by treatment with GCV protected rats from sub-
sequent intracranial implantation of wild-type

245

9L tumors (Okada et al. 1999). Treatment of small
but established (day 3) intracranial 9L tumors
induced cellular antitumor immunity and pro-
moted long-term survival (>100 days) in 25-45%
of the rats (Okada et al. 1999), indicating that
gene therapy-mediated engineering of antitumor
vaccines may enhance antitumor immunity.

Blockade of Local
Immunosuppressive Targets

TGF-8

One of the major immunosuppressive molecules
produced by GBM cells is Transforming Growth
Factor-f (TGF-f), which inhibits T and B cell
proliferation and activation, reduces the secretion
of pro-inflammatory molecules, and downregu-
lates the expression of MHCII in GBM cells. In
order to overcome the immune evasion of GBM,
blockade of TGF-f activity has been attempted
using several gene therapy approaches. Systemic
delivery of TGF-p antisense oligonucleotides has
been performed using polybutyl cyanoacrylate
nanoparticles in rats bearing intracranial F98
GBM, in order to improve the antitumor immune
response induced by peripheral immunization
with tumor cells infected with Newcastle Disease
Virus (Schneider et al. 2008). Although this
treatment did not lead to long term survival, it
improved median survival of tumor-bearing rats
and led to increased levels of activated T-cells,
suggesting that blockade of TGF-f may have
therapeutic value as an adjuvant to immune-
stimulant strategies.

Another strategy to block TGF-f activity is to
overexpress soluble TGF- receptors, which
compete for the binding of the ligand to its recep-
tor, abrogating TGF-f effects. Delivery of soluble
TGF-p receptors using adenoviral vectors delays
the growth of intracerebral human GBM xeno-
grafts in nude mice in vivo (Naumann et al.
2008). Although in this tumor model the immune
effects of this strategy cannot be assessed, the
direct antitumor effects of TGF-f blockade
warrant further experimentation using this vector
in relevant syngeneic murine models of GBM.
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Blocking TGF-$ activity by overexpressing
decorin, a small proteoglycan that binds and
inactivates TGF-f, using adenoviral vectors in
the CNS-1 rat GBM model has been attempted
(Biglari et al. 2004). Decorin expression was
controlled by the ubiquitous hCMV promoter and
the glial cell-specific GFAP promoter. Decorin
overexpression slows glioma progression in vivo
(Biglari et al. 2004). Decorin overexpression also
reduces TGF-f bioactivity and expression in
human cells in vitro and increases the local infil-
tration of activated T-cells in vivo in preclinical
GBM models (Stander et al. 1998). Taken together,
these findings indicate that gene therapy-mediated
delivery of decorin may prove a useful adjuvant
for the treatment of GBM.

FasL

Another mechanism by which GBM cells are
thought to evade the immune system is the
expression of FasL. Expression of FasL has been
detected in human and experimental GBM and
has been shown to support the growth of experi-
mental intracranial gliomas. FasL expression has
been detected in specimens of human GBM and
negatively correlates with the degree of intratu-
moral CD4* and CD8" T-cell infiltration. FasL
expression in human GBM is detected in tumor
cells and endothelial cells of the tumor blood
vessels, which has been proposed as a mechanism
to deplete tumor infiltrating Fas* T-cells. Although
an Ad vector encoding FasL (Ad-FasL) exerts
cytotoxic effects in CNS-1 cells in vitro and in
vivo, its administration in combination with the
immune-stimulant Ad-FIt3L fails to induce tumor
regression in rats bearing intracranial GBM
(Candolfi et al. 2009).

Knock down of FasL expression using ShRNA
in rat GBM cells reduced their ability to induce
T-cell apoptosis and increased tumor infiltration
of T-cells, leading to an inhibition of intracranial
tumor growth (Jansen et al. 2010). Mice bearing
intracranial GL26 tumors have been shown to
double the expression of FasL when compared to
tumors growing in the flank (Badie et al. 2001).
These findings were attributed to the expression
of FasL in microglia, which is absent in subcuta-
neous tumors (Badie et al. 2001). Blockade of
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FasL activity in GL26 GBM growing in the brain
altered the local immunosuppressive milieu,
increasing the infiltration of leukocytes (Badie
etal. 2001). These findings indicate that blockade
of FasL expression may improve the response of
GBM to immunotherapeutic approaches.

STAT3 Signaling Involvement
in Glioma Immunotherapies

The STATS3 transcription factor has proven to be
a fundamental component of tumor growth and
progression. Multiple growth factors and cyto-
kines frequently overexpressed in cancer such as
EGF, FGF and IL-6 activate Janus kinase 2
(JAK2). When activated, JAK2 phosphorylates
STAT3 at its Tyr705 residue. Phosphorylated
STAT3 translocates to the nucleus where it acti-
vates the transcription of genes which promote
the evasion of apoptosis, cell division, angiogen-
esis, invasion, and metastases. Histopathological
analysis of brain tumors found STAT3 to be
overexpressed in 53% patients with grade Il ana-
plastic astrocytomas, grade IV GBMs, or gliosar-
coma but not in patients with low grade tumors.
STAT3 levels correlated with the infiltration of
T-cells and median survival time of tumor bear-
ing patients (Abou-Ghazal et al. 2008).
Expression of the DNA repair enzyme MGMT
was directly influenced by the presence of
STAT3. Inactivation of STAT3 by small hairpin
RNA leads to a marked sensitivity to the alkylat-
ing agent temozolomide (Kohsaka et al. 2012).
Preclinical studies using dominant negative vectors,
small molecule inhibitors, peptidomimetics, and
decoy antisense oligonucleotides have convincingly
demonstrated that aberrant STAT3 signaling is
crucial for the survival and growth of various
brain tumor types (Doucette et al. 2012).

STAT3 has also been shown to be an impor-
tant mediator of immune suppression. Tumors
frequently secrete factors that inhibit the matura-
tion and activation of multiple immune lineages.
The production of pro-inflammatory cytokines
such as TNF-a, IL-6, RANTES, IFN-B, and
IP-10 from multiple tumor lines has been shown
to be controlled by STAT3 (Wang et al. 2004).
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The presence of conditioned media from v-src
transformed 3T3 cells in cultured dendritic cells
promotes a tolerogenic profile (low MHCH-II,
CD80, CD86 expression, low IL-12 release)
which can be reversed by disruption of STAT3
(Wang et al. 2004). STAT3 is also believed to
mediate the inflammatory response in humans
diagnosed with GBM. Peripheral and tumor infil-
trating macrophages isolated from resected tumors
produce elevated levels of pro-inflammatory
cytokines when treated with a small molecule
inhibitor of STAT3 lending support to the idea
that STAT3 signaling is responsible for the anti-
inflammatory process and associated immune-
suppression (Hussain et al. 2007).

Owing to the multiple roles of STAT3 in the
survival and expansion of tumors, various groups
have tried to use STAT3 inhibitors to treat tumors.
Kortylewski et al. (2005) have shown that
deletion of STAT3 in hematopoietic cells can
strengthen the immune response of several differ-
ent hematopoietic lineages and restrict the growth
of B16 melanoma tumors. Tumor infiltrating
T-cells isolated from B16 tumor-bearing STAT3
null mice produced an abundance of IFNy relative
to wild type mice. In addition, NK cells had
increased cytolytic activity. In a different tumor
model, improved inhibition of tumor growth was
observed after vaccinating with STAT3 deficient
DCs (Iwata-Kajihara et al. 2011). In addition to
an increase of IL-12, IFNy ELISPOT assays indi-
cated a stronger immune response in STAT3 null
mice. Adoptive T-cell transfer is another way of
inducing an immune response against experi-
mental tumors. Ablating STAT3 in T-cells prior to
their transfer resulted in robust antigen-specific
tumor T-cell activity and growth inhibition in
B16 tumors (Kujawski et al. 2010). The ability of
STAT3 to conduct a diverse set of immune sup-
pressive instructions makes it an attractive poten-
tial target as adjuvant therapy with tumor
immunotherapy. Although compounds such as
AZD1480 and WP1066 hold promise as potential
inhibitors, they await clinical confirmation. With
the use of structure-activity relationships that
facilitate the screening of large libraries of com-
pounds, the stage is set for the development of
safe and efficacious STAT3 inhibitors.
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Glioma Immunotherapies: Clinical
Experience

Over the past century there has been speculation
that the immune system plays a role in patients
with glioblastoma. Anecdotal reports followed
by retrospective analyses have suggested that
postoperative infections lead to improved survival
in glioblastoma patients (De Bonis et al. 2011).
De Bonis et al. (2011) published a retrospective
series of 197 patients who underwent a craniot-
omy for glioblastoma. Postoperative infections
were noted in 5% and this set of patients was
noted to have a 15-month survival benefit when
compared with uninfected craniotomies for glio-
blastoma (De Bonis et al. 2011). It is now known
that patients with glioblastoma are relatively
immunosuppressed and the degree of immuno-
suppression inversely correlates with survival.
Given these observations, strategies targeting both
adoptive and active immunotherapy have led to
novel therapeutics for patients with glioblastoma.

Cell Based Therapies for Malignant
Gliomas

Cell based immunotherapy (also known as adop-
tive immunity) involves the administration of
immune cells activated ex vivo into the patient
either intravenously or via implantation within
the tumor cavity. Lymphocyte activated Kkiller
cells were the first cells used in clinical trials in
glioblastoma patients. These cells are collected
from peripheral blood lymphocytes cultured with
IL-2. This process generates cytolytic natural
killer and T-cells which are capable of mounting
a generalized attack, though not specifically
against glioblastoma cells. Phase 1 clinical trials
using this modality have been largely ineffective.
Dillman et al. (2009), however, published their
series of 36 patients who received autologous
lymphokine activated killer cells (Dillman et al.
2009). They revealed an overall median survival
of 20 months with 75% survival at 1 year. Another
approach has been the use of allogenic cytotoxic
T lymphocytes stimulated by autologous tumor
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cells as an antigen source (Tsuboi et al. 2003).
One additional approach used in a clinical trial
was the collection of lymphocytes from periph-
eral blood or lymph nodes after peripheral injec-
tion of radiation inactivated autologous tumor
cells and GM-CSF. These cells are then activated
in vitro and re-implanted into the patient (Plautz
et al. 1998).

Vaccine Trials for Malignant Gliomas

Vaccine based modalities employing active
immunity against glioblastoma have been used in
clinical practice using either peptide or cell based
therapies. Vaccination with dendritic cells is the
most widely studied treatment option. To date, 20
phase I and II clinical trials involving DC vac-
cines for adult glioblastoma patients have been
published. In the majority of clinical studies,
dendritic cells are prepared using peripheral
monocytes cultured with either IL4 or GM-CSF.
Various studies, however, have used a blend of
other agents including toll like receptor agonists,
IFNy, IL1B, and TNFa to “mature” dendritic
cells. Though the antigen source varies between
trials, it typically involves autologous tumor lysate,
specific tumor peptides, mRNA isolated from
tumor lysate, or peptides eluted from autologous
tumor lysate. Vaccines are typically administered
subcutaneously, intradermally, or intracranially.
DC vaccines appear to be well tolerated, with the
majority of toxicity being grade II effects (flu like
illness, headaches, etc.). Currently there has been
only one episode of peritumoral edema and stupor
in the published literature (grade IV neurotoxicity)
(Yamanaka et al. 2005).

DC immunotherapy appears to have a benefi-
cial effect in some patients with glioblastoma.
Of the 20 published reports, 13 have demonstrated
a survival benefit compared with either a control
cohort or historical controls. Yamanaka et al. (2005)
published their phase I/II results of 24 patients
with new and recurrent glioblastoma who received
autologous tumor cells with DC plus keyhole
limpet hemocyanin (Yamanaka et al. 2005).
These cells were administered either intrader-
mally alone or intradermally combined with

T.J. Wilson et al.

intracranial injection. This study revealed an
improved survival in patients who received both
peripheral and intracranial injections, as well as
patients vaccinated with mature DC. Liau et al.
(2005) showed that an immunologic response
in the patient (T-cell infiltration into tissues)
correlated with decreased TGF-f and improved
mean overall survival (23 months for vaccine
cohort versus 18.3 for non-randomized controls)
(Liau et al. 2005). Further studies by Wheeler
et al. distinguished vaccination “responders”
from ‘“non-responders”, noting a 92 week sur-
vival and greater IFNy production compared with
those who mounted an immune response after
treatment (92 weeks survival for responders com-
pared with 61 weeks survival for non-responders)
(Wheeler et al. 2008).

Several tumor-associated peptides have been
used in clinical application for patients with
malignant gliomas. Epidermal growth factor
receptor plays an important role in glioblastoma
proliferation and survival. An in-frame deletion
of exons 2-7 in the mRNA results in a truncated
mutant, epidermal growth factor receptor variant
III (EGFRviii). EGFRuviii lacks a portion of the
extracellular binding domain but retains the
ability to constitutively activate intracellular
tyrosine kinase. EGFRviii is a glioblastoma
specific antigen expressed in 40% of patients and
is not expressed in non-neoplastic human tis-
sues. Sampson et al. (2009, 2010) generated a
vaccine against EGFRviii specific antibodies
using PEP-3 coupled with keyhole limpet
hemocyanin (EGFRViii, PEPviii-KLH). They
published results after a phase II clinical trial
including 18 patients with EGFRviii expressing
malignant gliomas. Vaccinated patients had
greater overall and progression free survival rates
when compared with matched control subjects
(progression free survival 20% for controls and
40% for vaccinated patients at 6 months)
(Sampson et al. 2010). The authors also noted
that 82% of vaccinated patients lost EGFRuviii
expression at recurrence.

The past decade of research has shown that
immune therapy for malignant glioma triggers an
immune response. Many questions remain,
particularly whether these therapies truly improve
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patient survival. Variability in approach and
treatment protocol, limited numbers of patients,
and absence of large clinical trials have posed
barriers to answering these important questions.
As our knowledge of immunotherapy expands,
we hope to better understand the effects of malig-
nant glioma on the immune system and develop
novel strategies to improve therapeutic outcomes.

Discussion

Glioblastoma multiforme (GBM) remains a
huge therapeutic challenge, in spite of advances
in standard of care, i.e., neurosurgery, radiother-
apy and chemotherapy. Harnessing the immune
system of the host to specifically recognize and
destroy tumor cells within the brain, without
eliciting adverse effects to neighboring normal
brain structures is an area of active research and
development. The hallmark characteristics of
GBM are its invasive nature and the fact that the
tumor always Immune therapeutic
approaches have the potential of finding and
destroying GBM cells infiltrating the brain.
Further, immunotherapy generates tumor specific
memory T-cells, which have the capability of
eradicating tumor recurrences. Thus, immuno-
therapies have tremendous potential for the
effective treatment of GBM; they could be used
in conjunction with current standard of care.
Although several preclinical strategies have
proven highly efficacious and non-toxic in pre-
clinical animal models of GBM, these successes
have not yet been translated to human clinical
trials. It is expected that the data reported in this
chapter will stimulate further research and the
implementation of novel clinical trials based on
this exciting modality.
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Abstract

Malignant gliomas induce a complex cascade
of changes in the extracellular matrix of the brain
during their growth and invasion. This chapter
highlights those changes involving hyaluronic
acid, a glycosaminoglycan that constitutes much
of the brain extracellular matrix, and the bio-
physical and biochemical effects those changes
have on glioma cells. Signaling effects of hyal-
uronic acid receptors will be discussed, with a
focus on CD44. The implications of CD44
enrichment in cancer stem cells will be discussed.
Finally, because these interactions are highly
dependent on the cellular microenvironment,
we will review various in vitro cell culture plat-
forms that have been used to model glioma cell
motility and invasion.

Introduction

Malignant gliomas, particularly those classified
as grade III or grade IV by the World Health
Organization, are among the most fatal of all
cancers. Grade IV glioma, also known as glio-
blastoma multiforme (GBM)), is highly aggressive
and recalcitrant to treatment, causing a dismal
prognosis of 12—15 months after survival even
withaggressive multimodal therapy (Siebzehnrubl
et al. 2011). While the past two decades have
seen much progress in understanding the origins
and mechanisms of this aggressive cancer, these
advances have not translated to a significant
improvement in survival time. This is due in large
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part to the heterogeneity and genetic instability
of glioma cells, which promote evasion of anti-
cancer therapies. Current first line treatments for
GBM include surgical resection of the tumor,
chemotherapies such as the DNA-alkylating
agent temozolomide, and radiotherapy. New tar-
geted molecular therapies against tumor angio-
genesis, such as bevacizumab, a monoclonal
antibody against vascular endothelial growth
factor, have shown some success in reducing
tumor burden but have at best modestly increased
survival time (Paez-Ribes et al. 2009). Thus, the
field continues to seek out new strategies to com-
bine with those that are already used to form the
most effective anti-cancer treatment possible.
Cells receive a plethora of signals from their
microenvironment, including a variety of soluble
autocrine, paracrine, and endocrine factors, as
well as solid-state signals such as receptors on
adjacent cells (e.g. cadherins) and the extracellu-
lar matrix (ECM), which cells engage through
integrins and other adhesive receptors. These
signals are then integrated by the cell to regulate
polarity, motility, proliferation, cell fate, and a
variety of other phenotypic characteristics. In
cancer, both these microenvironmental biophysi-
cal signals and the way cells sense and respond to
these signals are profoundly dysfunctional. Even
in macroscopically static tissues cells exert forces
against one another and the ECM, and the signifi-
cant influence of this mechanical “context” on the
resulting signal transduction has gained apprecia-
tion. These interactions are important during tumor
invasion as well, as the microstructural arrange-
ment of both ligands and steric barriers to migra-
tion greatly impact tumor cell motility. These
ECM-based cues can in turn be remodeled by
resident cancer cells, further perturbing native
tissue homeostasis (Kumar and Weaver 2009).
These principles apply to the growth of GBM
tumors, which is in large part dependent on
glioma cell invasion through brain ECM. In vitro,
the spreading area, motility, and proliferation of
U373-MG and U87-MG cells is dependent on
matrix stiffness (Ulrich et al. 2009). Neuro-
surgeons frequently use the high stiffness of brain
tumors relative to normal brain tissue to identify
appropriate resection planes, and these stiffness
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differentials have also been mapped by ultrasound.
Finally, topologic structures in brain are thought
to guide the migration of glioma cells; white
matter fiber tracts and blood vessel basement
membrane can act as tissue “highways” on which
glioma cells invade rapidly to remote parts of the
brain. Thus, an essential component to under-
standing the molecular mechanisms and potential
points of intervention in GBM will be to clarify
the biophysical inputs that cancer cells receive
from their external environment, and how they
interpret these inputs. Notably, brain ECM dif-
fers significantly from many connective tissues;
whereas fibronectin, collagen, and vitronectin
are essential elements of connective tissues and
brain vasculature, brain parenchymal tissue is
distinctly poor in protein, especially fibrillar pro-
teins, and rich in glycosaminoglycans (GAGs).
This chapter will focus on one of the key compo-
nents of brain ECM, the GAG hyaluronic acid (HA).
In GBM, HA is upregulated in the brain matrix,
and HA receptors are overexpressed. We will now
examine more closely how HA and its downstream
signaling effects are relevant to the promotion of
tumor growth and spread.

Hyaluronic Acid and Its Receptors
Matrix Properties of Hyaluronic Acid

Hyaluronic acid (HA), a linear GAG composed
of repeating disaccharide units of glucuronic acid
and N-acetylglucosamine, is essential to morpho-
genesis, tissue homeostasis, and wound repair
throughout the body. Physically, due to its high
density of anionic charge, HA is very hygro-
scopic and promotes tissue hydration and swelling.
In brain, HA is a fundamental component of the
ECM, as it serves as the high molecular weight
template onto which many other hyaluronic acid
binding proteins anchor (Fig. 26.1a). This class
of proteins (variably called hyaladherins, HA
binding proteins, and link proteins) shares a highly
conserved HA-binding tandem repeat domain.
The most prominent of these in brain is the
lectican family of chondroitin sulfate proteogly-
cans, including versican, aggrecan, and neurocan.
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Fig.26.1 Hyaluronic acid and CD44 are essential compo-
nents of brain matrix and glioma invasion. (a) Schematic of
HA architecture in brain. Brain matrix structure is based on
high molecular weight hyaluronic acid (HA), which forms
a hydrated network that is crosslinked by other biomole-
cules. Lecticans such as aggrecan, neurocan, versican, and
brevican, are chondroitin sulfate proteoglycans that bind to
HA at the N-terminus. HA-lectican binding is stabilized by
link proteins. At the C-terminus, lecticans bind to the arms
of tenascin-R, -C, and -W, which exist as trimeric or
hexameric structures. (b) CD44 expression in the tumor

Chondroitin sulfate, the other glycosaminoglycan
abundant in brain, is present as relatively minute
sidearms on these proteoglycans. In contrast,
HA is present as much longer chains, with
molecular weight range of 100-1,000 kDa.
Lecticans in turn bind to the third major class of
brain matrix components, the tenascins, which
are the main integrin-binding molecules in the
brain. The biochemical makeup of brain stands in
stark contrast to the collagen-based structures
found in most tissues, so it is critical to recognize
how these differences may affect cell adhesion
and motility.

Lectican

Hyaluronic acid

microenvironment. Alterations in CD44 expression with
tumor grade, demonstrated by immunohistochemical
analysis of CD44 expression in human brain tumors by
immunoperoxidase, with nuclei counterstained by eosin.
An aggressive GBM tumor (left panel) displays intense
staining of CD44. At the leading edge of the tumor (middle
panel), neoplastic astrocytes with enlarged nuclei (arrows)
display intense CD44 expression, while non-neoplastic
cells (arrowheads) display little CD44 expression. In con-
trast, a noninvasive meningioma (right panel) shows weak
CD44 staining. Magnification 400x (Ariza et al. 1995)

The exceptionally high molecular weight of
HA is made possible by its unique mechanism
of synthesis, which is orchestrated by the three
HA synthases (HAS). Other GAGs are typically
synthesized in the Golgi apparatus into short
sidearms of proteoglycans, whose molecular
weights are limited by vesicular transport. HA
synthases, in contrast, are channel-like transmem-
brane proteins that sequester monosaccharides
from the cytoplasm, add them onto the HA chain
via glycotransferase domains, and extrude the
growing linear chain out of the cell as it is synthe-
sized. Thus, restrictions on the size of the HA
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molecule are not imposed by biosynthesis and
transport, and a single molecule can span several
microns in length.

In the developing mouse cerebellum, HA
organizes into fine web-like structures, which are
hypothesized to aid in the migration of interneuron
precursors and oligodendroglial cell types (Baier
et al. 2007). Analysis of rat brain composition as
a function of age shows that HA concentration
peaks shortly after birth and then drops off in
adulthood. However, in brain tumors, HA secre-
tion is again elevated (Delpech et al. 1993),
suggesting that glioma cells may hijack the
natural HA-based motility mechanisms employed
during development. While this hypothesis has
not been clearly demonstrated in glioma cells,
HAS?2 overexpression in fibrosarcoma cells has
been shown to have a direct link to tumorige-
nicity; cells transfected with HAS2 demonstrated
increased proliferation in a soft agar assay, and
produced larger tumors in a nude mouse model
(Kosaki et al. 1999). Whether HA elevation in
glioma is due to HAS overexpression per se or
some expression-independent enhancement in
HAS activity remains unclear.

In the early stages of neural crest and brain
development, levels of hyaluronidases (encoded
by six hyal genes), the primary enzymes that
degrade HA, are also at their peak as matrix
turnover is necessary for cell migration. Increased
HAS expression is only beneficial for cell migra-
tion if hyaluronidase is concurrently secreted;
increased HA adhesive contacts must also be
released for productive cell movement to occur
(Enegd et al. 2002). Animal studies reveal that
Hyal-2 overexpression facilitates tumor angio-
genesis and formation in the HA-rich brain, but
not in an HA-poor subcutaneous environment
(Novak et al. 1999). Upon degradation of high
molecular weight HA chains by hyaluronidase
secretion from tumor cells, low molecular weight
HA by-products of roughly 20 or fewer disac-
charides are released, which then stimulate
endothelial cells in neighboring blood vessels to
undergo angiogenesis (Liu et al. 1996). While
this mechanism is also necessary for the initia-
tion of wound healing and matrix remodeling, it
is one of the many HA-based signals that gliomas

Y. Kim and S. Kumar

co-opt for aberrant growth and invasion. HA-based
signaling mechanisms within glioma cells them-
selves are discussed in the next section.

Adhesion and Signaling Effects
of Hyaluronic Acid Receptors

Chief among the diverse family of HA-binding
adhesion proteins is CD44, a single pass trans-
membrane receptor that is upregulated in a vari-
ety of solid tumors, including brain tumors, and
whose expression correlates with high glioma
grade and poor prognosis (Ranuncolo et al. 2002).
While the field has not converged on a single,
dominant “canonical” CD44 pathway, the effects
of HA binding with CD44 converge on prolifera-
tion, cell survival, and anti-apoptotic fate deci-
sions through a variety of pathways (summarized
in Fig. 26.2). CD44 does not have any intrinsic
kinase activity, but rather executes its signaling
effects by binding to kinases and other signaling
molecules via its cytoplasmic tail, thereby
recruiting these molecules to the cell membrane.
While some CD44-HA signaling effects can be
initiated by a single binding event, the high
molecular weight characteristic of HA also serves
to organize an activity-rich signaling center by
bringing together many receptors and their down-
stream signaling partners. Indeed, CD44 tends to
aggregate in protein-rich caveolae or lipid rafts.

At the gene level, CD44 transcription is sup-
pressed by binding of p53 to a non-canonical
binding sequence in the CD44 promoter (Godar
et al. 2008). Godar et al. showed that many of
the oncogenic effects of p53 loss are mediated
by an increase of CD44-based survival signal-
ing. Once CD44 is translated and brought to the
cell membrane, CD44 complexes with a variety
of pro-tumorigenic receptor tyrosine kinases to
promote their kinase activity, including EGFR
and ErbB2, TGFp receptor, and c-Met/HGFR
(Jung et al. 2011).

CD44 is capable of indirectly engaging the
actin cytoskeleton through its cytoplasmic tail via
the adaptor proteins ankyrin, and the ERM (ezrin-
ridixin-moesin) family proteins. This interaction
is essential for cell motility stimulated by phorbol
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Hyaluronic acid (HA)

Drug transporter

Ankyrin/

HA Synthase ERM

Cell invasion

Fig. 26.2 Signal transduction mediated by hyaluronic
acid (HA)-CD44 binding. HA is synthesized at the cell
membrane by HA synthase, and extruded into the extra-
cellular matrix. HA then binds to CD44, which can in turn
associate with filamentous actin via ankyrin or the ezrin-
ridixin-moesin (ERM) family proteins. RhoGTPases can
also bind to the tail of CD44 via adaptor proteins. CD44

ester, an analogue of diacyl glyceride (DAG).
Legg et al. (2002) showed that the resulting
activation of protein kinase C (PKC) triggers
dephosphorylation of CD44 on Ser325 and phos-
phorylation on Ser291, then used fluorescence
resonance energy transfer (FRET) to show that this
dual change in phosphorylation reduces interac-
tion between CD44 and ezrin. This dynamic
control of ezrin association and dissociation via
modulation of phosphorylation state is necessary
for rapid chemotactic response to DAG gradi-
ents. Aside from anchoring to filamentous actin,
CD44 also promotes cell motility by activating
RhoGTPases. This occurs via recruitment of gua-
nine nucleotide exchange factors (GEFs) to the
cell membrane, facilitating interaction with their
effectors, the Rho family of GTPases. Addition
of soluble HA to cell culture medium quickly
activates Rac-1 by recruiting the GEFs Tiaml
and Vav2, and induces lamellipodia formation
within several minutes (Oliferenko et al. 2000) in

GTPases

Pro-survival
Anti-apoptosis

can associate in lipid rafts with receptor tyrosine kinases
(RTKs) or multidrug efflux transporters on the cell
membrane to promote their pro-survival and anti-apopto-
sis activity. All of these effects act in concert to promote
cancer cell proliferation, motility, and chemoresistance.
Transcription of CD44 is kept in check by the tumor sup-
pressor protein p53

both primary astrocytes and mammary epithelial
cells. Similarly, in mammary epithelial cells,
CD44-HA binding activates RhoA by recruiting
p115 RhoGEF and myosin-mediated cell motility
(Bourguignon 2008).

Other molecular mechanisms suppress the
tumor-promoting effects of CD44 association
with F-actin and activation of Rho GTPases. The
most notable of these CD44-antagonizing mole-
cules is merlin, the tumor suppressor protein
encoded by the NF2 gene, which blocks associa-
tion with actin when bound to CD44. This also
decreases CD44 affinity for HA, and thus reduces
the intensity of downstream pro-tumorigenic sig-
naling (Bai et al. 2007). In this way, CD44 acts as
a molecular switch that promotes proliferation
when ERM proteins are bound and quiescence
when merlin is bound. Significantly, merlin is an
essential antagonist of the Hippo signaling pathway,
which attenuates apoptotic responses to oxidative
stress and cytotoxic drugs. CD44 knockdown in
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glioma cells reduces merlin phosphorylation
(which is required for CD44 binding) and blocks
the cell survival signals downstream of Hippo,
thereby inducing p53 expression and increasing
survival in an animal model (Xu et al. 2010).

In addition to interacting with actin binding
proteins and RhoGTPases to promote cell motil-
ity, the cytoplasmic tail of CD44 also facilitates
the formation of signaling complexes that ulti-
mately promote cell survival. Namely, CD44
recruits several Src family non-receptor kinases
such as Lyn (Lin 2001), Lck, Fyn, and c-Src
(Bourguignon et al. 2001), which activate PI3K-
Akt signaling. Integrins are perhaps the best
known and widely studied cell adhesion recep-
tors, so it is worth noting that the cytoplasmic tail
of CD44 also interacts with integrin-based focal
adhesion proteins. For instance, CD44 has been
shown to complex with focal adhesion kinase
(FAK) in a lung cancer cell line, and cells stimu-
lated by HA express increased activated (FAK),
which in turn augments both the PI3K and MAPK
pathways (Fujita et al. 2002). Thus, this extensive
set of interactions allows CD44 to exert its sig-
naling effects even in the absence of any intrinsic
kinase activity.

Finally, RHAMM (receptor for hyaluronic
acid mediated motility) is another HA receptor
that has been studied for its pro-tumorigenic
effects. The functions of RHAMM and CD44
appear to be inextricably linked; many roles of
RHAMM involve supporting CD44-HA binding
and downstream signaling. Additionally, in an
arthritic mouse model, increased RHAMM expres-
sion has been shown to phenotypically comple-
ment CD44 gene suppression, as CD44 knockout
mice develop normally (Nedvetzki et al. 2004).
While the two receptors share many of the same
binding partners, RHAMM does have other
tumorigenic roles independent of CD44; for
example, its other primary role is to facilitate the
assembly of mitotic spindles required for cell
division by assisting in microtubule nucleation.
This role, independent of HA binding functions,
is known to be especially active in breast cancer
cells, where it is proposed that overexpressed
RHAMM drives aberrations in mitotic spindles
and thus supports genomic instability.
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Significance of CD44 in Cancer
Stem-Like Cells

Historically, the progression of GBM has been
framed in terms of clonal evolution models, in
which cellular heterogeneity arises from the sto-
chastic accumulation of different mutations by
different cells. More recently, a new prevailing
paradigm is emerging in which GBM is thought
to progress according to a cancer stem cell
hypothesis, in which a specialized and perhaps
rare subpopulation possessing the hallmark stem
cell characteristics of self-renewal and multipo-
tency give rise to a heterogeneous bulk tumor
population. While components of this model
remain somewhat controversial, a preponderance
of evidence now supports that a stem-like sub-
population of cells exists within the heteroge-
neous tumor population that has much higher
tumorigenic potential than the other cells. For
example, only specific cell subpopulations of
primary tumors are capable of histologically
recapitulating human tumors when orthotopi-
cally implanted at low numbers in immunocom-
promised mice. These subpopulations often share
key features of normal neural stem cells such as
expression of neural stem cell markers (e.g. nestin),
the ability to form clonal neurospheres, strong
preference for laminin-based ECMs, and, most
critically, the ability to self-renew and differenti-
ate into cells positive for neural, astrocytic, and
oligodendrocytic markers. As is commonly done
in the field, we will refer to this stem-like popula-
tion as brain cancer stem cells (BCSCs).

BCSCs can be selected from a primary tumor
by culturing tumor explants in neurobasal medium
supplemented with growth factors, which is also
used as a neural stem cell growth medium. Some
fraction of the tumor cells will form clonal neuro-
spheres under these conditions, and these clones
satisfy specific criteria including expression of
specific markers, multipotency, and — critically —
the ability to histologically recapitulate GBM when
orthotopically implanted into immunocompro-
mised mice. These cells are designated as BCSCs,
and significantly, this population is enriched in
CD44 expression. One possible functional conse-
quence of CD44 overexpression is the promotion
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of multidrug resistance proteins on the cell
membrane, which confer chemoresistance by
pumping cytotoxic agents out of the cancer cell
(Toole and Slomiany 2008). An alternative method
of isolating cancer stem cell populations involves
collection of “side population” cells, which are
defined by low uptake of Hoechst dyes due to
high expression of ABCG2 (BCRP) and ABCB1
(MDR1) drug transporters of the ABC (ATP-
binding cassette) family (Hirschmann-Jax et al.
2004). This expression pattern partially accounts
for the highly chemoresistant characteristics of
BCSCs compared to their bulk tumor cell coun-
terparts. BCSCs also divide, or cycle, less rapidly
than bulk tumor cells, reducing the uptake and
efficacy of anti-cancer drugs whose mechanism
of action requires cell division.

Flow cytometry and histological analysis of
human brain tumors reveals that glioma cells
express a variety of these drug transporters,
which are expressed more frequently in high
grade tumors (Calatozzolo et al. 2005). In a
malignant peripheral nerve sheath tumor cell
line, CD44 forms a stable complex with ABCG2
in the plasma membrane (Slomiany et al. 2009).
This complex is disrupted by adding oligomeric
HA, which competes with endogenous high
molecular-weight HA for CD44 binding, and
leads to internalization of both CD44 and
ABCG2. Finally, cells treated in this way are ren-
dered more susceptible to apoptosis induced by
the anti-cancer DNA intercalating agent doxoru-
bicin. Since ABCG2 is highly expressed in
BCSCs (Bleau et al. 2009), strategies to disrupt
the association of CD44 and multidrug transport-
ers expressed on BCSCs may prove to be effective
ways of improving the effectiveness of chemo-
therapy treatments for malignant gliomas. The
role of HA in the tumor matrix on promoting
multidrug resistance in BCSCs has not yet been
investigated.

While CD44 is increasingly accepted as a BCSC
marker, the functional significance of CD44
enrichment in BCSCs remains unclear. Recently,
Jijiwa et al. (2011) began to investigate these
questions through the identification and charac-
terization of CD44 variants in BCSCs. While
CD44s is the standard isoform of the receptor,
variant isoforms can be formed by alternative

259

splicing of exons encoding the middle stalk
region of the receptor; all isoforms contain the
same intracellular domain and HA-binding
domain. Expression of the variant isoform CD44v6
has long been known to be exclusively expressed
by cancer cells of other tissues where it promotes
cancer malignancy and invasiveness, but now it is
known that CD44v6 is also expressed by BCSCs
(Jijiwa et al. 2011). CD44v6 promotes cell sur-
vival signals by Akt phosphorylation when it
binds to its secondary ligand, osteopontin. Thus,
the further exploration of the functional role of
CD44 expression in the BCSC specialized cell
population will surely unlock greater understand-
ing of the mechanisms of GBM progression.

In Vitro Culture Models of Brain
Tumor Invasion

Any cell-level in vitro study of GBM must strike
a balance between interpretability and physiolog-
ical mimicry. On one extreme, cell culture para-
digms employing two-dimensional tissue culture
polystyrene (TCPS) surfaces are convenient and
widely used, but they do not recapitulate the myr-
iad microstructural, biophysical, and biochemical
features of the in vivo brain microenvironment.
When one’s goal is to systematically test the reg-
ulatory role of specific, defined features of this
microenvironment, it may be advantageous to use
these highly defined albeit reductionist platforms.
In other cases, it may be desirable to incorporate
as many brain matrix characteristics as possible.
We now briefly review strategies that have been
used to study GBM in a cell-scale in vitro setting,
with a focus on the incorporation of HA in these
systems. In addition to the models described
here, there are also a variety of in vivo animal
models that are available for studying heterotypic
cell interactions (e.g. with endothelial cells) or
more clinically relevant endpoints (e.g. tumor
size or animal survival).

2D Culture Models

The simplest approach for studying the effects of
soluble factors such as HA is to place them in the
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cell culture medium itself. This format has been
vitally important in identifying the many bio-
chemical signaling effects of HA. However, from
a biophysical standpoint, it does not mimic
important structural aspects of large matrix mol-
ecules such as full-length adhesive proteins or
full-length HA. To study the adhesive effects of
these matrix macromolecules, they can be
adsorbed onto glass or TCPS surfaces. However,
the disadvantages to this approach are that the
stiffness of these surfaces is orders of magnitude
higher than most tissues including brain, that
adsorption can alter the biological activity of the
adsorbed ligand, and that the adsorption is non-
specific. To mitigate many of these disadvantages,
polyacrylamide and other polymer hydrogel sub-
strates have been widely used to create matrix
materials with finely tunable stiffness (Wang
and Pelham 1998) by varying the ratio of the
monomer and crosslinker (e.g. acrylamide and
bis-acrylamide). Matrix proteins such as fibro-
nectin or collagen can be covalently attached to
the hydrogel surface, often with heterobifunc-
tional coupling agents such as sulfo-SANPAH
(sulfosuccinimidyl-6-(40-azido-20-nitropheny-
lamino) hexanoate) which may be conjugated to
the gel surface with UV irradiation and to ECM
proteins via NHS-ester chemistry. Aside from the
selective covalent attachment of desired proteins
using this chemistry, serum proteins do not adsorb
onto polyacrylamide, allowing for a highly con-
trolled biochemical and biomechanical surface.

More recently, soft lithographic techniques
have emerged as a powerful method to selectively
pattern precise 2D geometries of adhesive pro-
teins set on an adhesion-resistant background
(Chen et al. 1997). Typically, a molded stamp of
polydimethylsiloxane (PDMS) is coated with
adhesive protein, and stamped onto a bioinert
layer. The effects of cell shape, cell size, and cell-
cell interactions have been well explored with
this technique, as well as “1D” studies of cell
migration on thin confined paths.

Cell motility is another important characteris-
tic of cancer cells that can be measured in vitro.
Time-lapse microscopy can be used to track the
paths of migrating cells over time, yielding met-
rics such as cell speed and persistence length. In
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trans-well (Boyden chamber) assays, which
enable the assessment of invasive cell motility,
cells are seeded on top of polymer membranes
with pore diameters on the same length scale of
the cell. Cells are then challenged with a che-
moattractant placed in the bottom compartment,
thus inducing migration through the pores. The
number of cells that successfully traverse a pore
and arrive in the bottom chamber in a given time
may then be used as a metric of invasive poten-
tial. A wide range of pore sizes is available, and
the filters can be coated with specific ECM pro-
teins to assess the effect of these proteins on
migration.

While 2D models may be considered reasonable
representations of certain native tissue geometries
such as epithelial and endothelial monolayers,
many other cell types, including glioma cells, are
fully ensconced by ECM and/or cells in all three
dimensions. Moreover, multiple lines of experi-
mental evidence have revealed that glioma cell
behavior often depends strongly on matrix dimen-
sionality, i.e. 2D vs. 3D (Beadle et al. 2008). One
way to create a 3D environment directly from a
2D surface is to use “sandwich” cultures, in
which cells are first cultured on a 2D surface, and
then another matrix layer is placed on the apical
side of the cells. This method is widely used for
the culture of mammary epithelial cells between
layers of Matrigel and has been shown to repro-
duce defining phenotypic features of 3D matrices
(Lee et al. 2007). In addition to its experimental
convenience, this geometry recapitulates key fea-
tures of anatomical interfaces along which glioma
cells invade, such as the basement membrane of
blood vessels and the glia limitans externa.

3D Culture Models

Many tissue architectures, including that of the
brain parenchyma, are more accurately recapitu-
lated by a “true” 3D structure in which cells are
embedded within, rather than sandwiched
between, ECM. This has significant implications
for a number of cell behaviors relevant to glioma
invasion, particularly cell motility. In 2D, lamel-
lipodium formation at the leading edge is not
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geometrically constrained, and productive forward
movement of the cell body is restricted by rup-
ture of adhesions at the trailing edge. However in
3D, cells must either exert force to extrude
through voids in the matrix, or enzymatically
degrade the matrix to clear a path for productive
movement. However, the use of 3D matrices
presents unique challenges not encountered in
2D culture, including limited throughput, poten-
tially uneven exposure to oxygen and soluble
factors, reduced suitability for high-resolution
imaging, and difficulty harvesting cells at high
numbers for post-hoc analysis.

As described above, the task of imaging indi-
vidual cells using light microscopy can be prob-
lematic in 3D cultures; images contain optical
contributions from material above and below the
focal plane, and cells may migrate into and out of
focus. To overcome these and other challenges,
multicellular tumor spheroid models are a conve-
nient and widely-used method of tracking inva-
sive behavior. Spheroids are formed by culturing
cells in hanging droplets, in which the cells
aggregate into dense spherical masses. The
spheroids are then implanted during, or less
commonly after, gel solidification. Local nutrient
and oxygen gradients are automatically imposed
by the geometry of the spheroids, and this induces
cells on the periphery of the spheroid to invade
outward if the matrix is permissive to migration
(analogous to the familiar scratch wound assay in
2D). These built-in gradients are a major advan-
tage of this method, which also mimics some
aspects of multicellular tumor growth. Although
single cells cannot be tracked for long periods of
time, migration of the overall population can be
monitored simply by tracking the invasive radius
or projected area. In a variation on this paradigm,
cells can also be cultured on the surfaces of
microcarrier beads and then implanted, which
has the benefit of standardizing aggregate size
and limiting necrosis but may not recapitulate
important radial cell-cell interactions found in
tumors.

In terms of design of matrix materials, the
most basic 3D matrices are biologically-derived
protein gels such as collagen, fibrin, and Matrigel.
While all of these model systems continue to

serve as important discovery platforms for GBM,
they have several limitations. First, matrix
properties cannot be tuned over a wide range of
stiffnesses, as these materials are intrinsically
quite soft and cannot easily be stiffened or
softened independent of other critical properties.
For example, manipulation of matrix stiffness by
increasing protein density also alters ligand
density and the pore size of the matrix, which
may sterically hinder migrating cells and alter
solute diffusion. To overcome the first problem,
our group has developed a collagen-agarose
hybrid system, in which the addition of inert aga-
rose stiffens the matrix without simultaneously
adding more ligand density (Fig. 26.3b) (Ulrich
et al. 2011). However, in this system, agarose
also introduces steric barriers and restricts cell-
directed remodeling of the collagen fibers.
Biologically-derived materials that do not
form a gel on their own can (and in some cases
must) also be covalently modified and crosslinked
in order to form a solid hydrogel. For instance,
HA does not spontaneously assemble into gels but
can be made to do so if chemically modified and
covalently crosslinked (Ananthanarayanan et al.
2011; Burdick and Prestwich 2011). By adding
reactive sites on an otherwise unreactive bio-
polymer, stiffness and density can be controlled
by extent of functionalization, crosslinking, and
the molecular weight of the starting material
(Fig. 26.3c). HA can also be used as a scaffold to
embed matrix proteins (e.g. fibronectin, laminin)
that do not easily assemble into gels on their own.
An alternative strategy to native ECM formu-
lations is the use of synthetic polymers as a
“blank slate” on which to build modular bioac-
tive components. Both the polymerization and
crosslinking chemistries of polyacrylamide, the
most commonly used 2D synthetic hydrogel, are
highly cytotoxic, rendering this material inappro-
priate for hydrogel assembly around -cells.
Instead, pre-polymerized materials such as poly-
ethylene glycol (PEG) or polyvinyl alcohol are
used in conjunction with more biocompatible
crosslinking chemistries. Biocompatible photo-
initiators and Michael Additions are broadly
used for these crosslinking reactions. To add
cell-adhesion functionality, full-length proteins can
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Fig. 26.3 In vitro cell culture models of GBM.
(a) Schematic of various in vitro geometries. In 2D, cells
lie on a flat monolayer, either on glass, tissue culture poly-
styrene, or an engineered or reconstituted matrix. In sand-
wich culture, they lie at an interface between two layers of
matrix. In 3D, cells are surrounded on all sides by matrix
either as single cells or in a spheroid as diagrammed.
(b) Schematic of differing cell migration in 3D environ-
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ment of brain (leff) versus 2D (right). In 3D, glioma cells
extend highly dynamic and branched leading protrustions
to extrude cell bodies and nuclei through small voids
between neighboring cells in order to migrate. In 2D,
cell migration is not spatially hindered, and lamellipodial
protrusion occurs freely, resulting in smooth gliding
movement (Beadle et al. 2008). (c—e) Synthetically modi-
fied matrix based on hyaluronic acid (Ananthanarayanan
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be embedded in the matrix prior to crosslinking,
or the polymer can be covalently functionalized
with bioadhesive peptide sequences. Finally,
enzymatically degradable peptide sequences can
also be incorporated into the crosslinks to allow
for matrix degradation as cells proliferate and/or
migrate.

More recently, some investigators have
adapted a third, distinct approach based on the
use of decellularized matrices (Fig. 26.3f), in
which native tissue is denuded of cells using
chemical detergents, which in the case of brain
leaves behind matrix proteins, GAGs, and other
brain-specific components (Crapo et al. 2012).
This material can also be liquefied by pepsin
digestion, but re-assembles after injection in
vivo. This approach can have great advantages
over building matrix scaffolds from the ground
up, but faces unique challenges such as immune
response, residual DNA, and sample-to-sample
variability, though these are of greater concern
for regenerative medicine applications than in
vitro studies or in vivo implantation into immu-
nocompromised animals. These materials have
not been extensively explored in the context of
glioma invasion, but may hold great promise as a
sort of middle ground between reconstituted
matrix preparations and in vivo paradigms. Given
the history of reconstituted and synthetic ECM
scaffolds, it is reasonable to expect that future
efforts will focus in part on manipulation of prop-
erties such as porosity and matrix stiffness in
these decellularized systems.

<
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Discussion

CD44 was first discovered in the 1980s by the
immunology community, which quickly found
that the cell surface molecule is involved in a
variety of diverse functions such as leukocyte
homing and T-cell activation. By the early 1990s,
cancer researchers began to find yet another
CD44 function: that it is differentially expressed
in many cancers, and plays an important role in
cancer invasion and metastasis. Today, the quest
to fully understand the processes of this complex
molecule is still not complete; much remains to
be discovered about not only the exact signaling
pathways in which CD44 is involved, but to also
understand how these numerous and at times
conflicting signals are interpreted or exploited by
cancer cells.

In GBM, aberrant CD44-HA mediated path-
ways play a critical role in aiding, and perhaps
even driving, the highly motile, malignant, and
chemoresistant properties of gliomas that make
them so fatal. In this review, we have discussed
how elevation of HA secretion in tumor matrix
and high CD44 expression in glioma cells com-
bine to promote cell invasion and survival in
GBM. In the specialized BCSC population, we
raised the prospect that the high expression level
of CD44 may be more than simply a correlative
marker and may play key functional roles in
maintaining proliferation and chemoresistance
patterns that are hallmarks of malignant gliomas.

Fig.26.3 (continued) et al. 2011). (¢) Chemical modifica-
tion scheme, in which synthetically methacrylated HA can
react with free thiol groups, such as those on cysteine-
containing resides or the bifunctional crosslinker dithioth-
reitol (DTT) (Ananthanarayanan et al. 2011). (d) U373-MG
cells on 2D HA functionalized with RGD show a stiffness-
dependent response to spreading, actin (green) stress
fiber formation, and vinculin-based focal adhesions (red).
(e) Spheroids of U373-MG cells embedded in RGD-
functionalized HA demonstrate dependence on stiffness

and density of hydrogel (top panel). In the 150 Pa 3 wt% gel,
cells migrate outward in a highly branched and dynamic
manner (Ananthanarayanan et al. 2011). (f) Collagen-agarose
hybrid matrices. The collagen-agarose system is another
example of a biologically derived matrix. Scanning electron
micrographs of pure collagen matrix (left panel) show that
a U373-MG glioma cell can exert forces needed to bundle
collagen fibrils and spread. In contrast, the addition of
agarose prior to collagen gelation intercepts this bundling
process, and the cell remains rounded (Ulrich et al. 2011)
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Finally, we discussed the rational design of in
vitro GBM studies, ranging from highly simpli-
fied models to complex ones that incorporate
important structural, biochemical, and biome-
chanical aspects of native tissue.

This body of knowledge leaves many open
questions unanswered. Among the most critical
of these is whether CD44 expression is a require-
ment for GBM malignancy, or whether it is a
downstream effector that happens to promote
further cancer invasion. Thus far, several clues
suggest that CD44 may contribute in significant
ways to glioma progression, such as its previ-
ously discussed role in executing many of the
cancer-promoting effects of p53 loss. However,
the extent to which CD44 alone is intrinsically
responsible for triggering tumorigenesis is not
yet clear. This question intersects with our emerg-
ing understanding of the tumor-initiating role of
BCSCs, which often happen to overexpress
CD44. While CD44 supports chemoresistance in
these cells, it remains unknown whether CD44
overexpression in this subpopulation causally
drives this process. To decipher these puzzles,
combined approaches must be brought to bear
from the fields of cell-ECM biology, bioengi-
neering, and cancer biology. The list of questions
these multidisciplinary approaches could help
address is a long one. For example, what are the
individual roles of CD44 isoform expression on
GBM progression? How do CD44-matrix linkages
and their downstream signaling crosstalk with
other important pathways in brain, including
aberrant growth factor and integrin signaling? To
what extent does the CD44 receptor transduce
force-based signals, as integrins have long been
recognized to do? Finally, as animal models of
GBM become increasingly sophisticated, research-
ers will have more powerful tools to study the
impact of these questions in an in vivo system,
and ultimately the genetic and molecular origins
of GBM.

While animal models are critical to cancer
research, in vitro studies are also a powerful
platform to study cell-ECM interactions in a
controlled and manipulatable manner. CD44
and other cell surface molecules act as the inter-
face through which the cell communicates with
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its surroundings, so brain ECM composition and
structure, and cancer-induced changes in these
properties, compose an essential piece of the puz-
zle. Therefore, another challenge in this field is
the incorporation of brain-specific features into
ECM models used to study GBM growth and
invasion, including those having to do with ligand
type and presentation and scaffold mechanics.
With our exploration of various in vitro platforms
for studying glioma cell behavior, we reviewed
some methods developed to isolate and study
certain aspects of the distinct microstructural and
biophysical properties of brain. A central limita-
tion of the current generation of HA-based
scaffolds is the lack of fine microstructural and
topological control, with the creation of multi-
component, hybrid matrices with the same
molecular arrangements as those found in the
brain remaining a particular challenge. Finally,
there remains a great need for methods to incor-
porate larger anatomic structures in brain, such as
blood vessels and white matter fiber tracts. In this
regard, decellularized matrices may offer an
important and relatively unique opportunity to
perform “top down” matrix engineering, in which
post hoc synthetic modifications on the matrix
could be made to study their effects on glioma
cell motility in an environment that retains all of
the native ECM of brain.

Ultimately, these future findings and methods
can be leveraged to design new therapies that
make anti-cancer regimens more effective. As we
have discussed, several studies have begun to
explore the HA-CD44 interaction as a potential
“druggable target,” with promising results.
Examples include addition of oligomeric HA to
competitively bind and reduce the receptor cluster-
ing effect of high molecular weight HA, or addition
of hyaluronidase to enzymatically cleave it. As
discussed earlier, these strategies should be sys-
tematically tested in increasingly physiomimetic
models of human GBM, using not only the end-
points of cell proliferation and apoptosis which
can be screened in vitro, but also heterotypic cell-
cell interactions, angiogenesis, and mean survival
time which can only be tested in vivo.

Perhaps an even greater challenge than under-
standing how cancer cells synthesize and respond
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to signals through one receptor such as CD44 is
to understand how they fit in with the greater
picture, composed of an entire slew of signals
from other adhesion and growth factor receptors,
and biophysically-imposed constraints. In partic-
ular, the great focus of the field on the dominance
of integrin-based adhesion and tumorigenic sig-
naling calls into question how integrin-ligand and
CD44-HA receptor-ligand pairs might interact,
and what relative role they have in GBM progres-
sion. The field’s attempts to answer these questions
have the potential to not only inform greater ther-
apeutics to treat GBM, but also to understand and
treat other cancers throughout the body.
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Introduction
Neonatal hypoxic-ischemic encephalopathy

(HIE) is a clinical syndrome characterized by
the presence of neurological symptoms in the
first days of life of term newborns. Although
neonatal encephalopathy can be caused by sev-
eral different etiologies, including genetic, met-
abolic and endocrine disorders, the term HIE is
used for the cases that meet the criteria for peri-
natal asphyxia. One of the most important crite-
ria for the diagnosis of perinatal asphyxia is the
presence of metabolic acidosis in umbilical
artery blood (pH < 7.0 and base deficit>12 mmol/L),
which has an incidence of 3.7 of 1,000 term live
births. In a recent meta-analysis, it was shown
that 23% of the neonates with this degree of
acidosis had neonatal neurologic morbidity or
mortality (Graham et al. 2008). Other criteria
are also used to suggest the perinatal timing of
asphyxia, such as abrupt changes in fetal heart
rate, a low Apgar score, neuroimaging evi-
dences, or the presence of a sentinel event (i.e.,
uterine rupture, placental abruption or umbili-
cal cord prolapse).

HIE has an incidence of 2.5 of 1,000 term
live births in developed countries (Graham et al.
2008). In the last years, the results of six large
clinical trials have shown that therapeutic hypo-
thermia for 48—72 h, initiated within 6 h after
birth, can reduce death or neurological disabil-
ity in children with HIE. Since then, therapeutic
hypothermia has become the standard treatment
for HIE. In spite of that, 40-50% of the treated
children will not benefit from this therapy and
will still die or have significant long-term neu-
rological impairments (Higgins et al. 2011).
Therefore, new therapies that could improve the
survival and prevent the neurodevelopmental
deficits in these children are urgently need. In
recent years, a large body of evidence has sug-
gested that cell therapies hold promising poten-
tial for the treatment of brain disorders. In
particular, the umbilical cord blood (UCB) rep-
resents a rich source of cells with therapeutic
potential, which are readily available for trans-
plantation after birth.
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Umbilical Cord Blood

UCB units can be collected in utero or from the
delivered placenta and stored in public or private
cord blood banks. Since the first UCB hemato-
poietic stem cell transplantation in a patient with
Fanconi anemia by Dr. Eliane Gluckman’s group
in 1988, more than 20,000 UCB transplants have
been performed in children and adults.
Cryopreserved UCBC from a HLA-matched
unrelated donor can be found in public cord
blood banks and are readily available for the
treatment of malignant and non-malignant disor-
ders, such as acute and chronic myeloid and lym-
phoid leukemias, myelodysplastic syndromes,
hemoglobinopathies, primary immunodeficien-
cies and inborn errors of metabolism. Besides the
rapid accessibility, one important advantage of
using UCBC is the fact that it is not strictly nec-
essary to have a complete HLA match, given that
UCB elicits less acute and chronic graft vs. host
disease (GVHD) than the transplantation of
peripheral blood or bone marrow cells. On the
other hand, disadvantages of UCB transplanta-
tion include the lower number of collected cells,
especially for the treatment of adult patients, and
the delayed engraftment of neutrophils and plate-
lets (Broxmeyer 2011).

When stored in private banks, UCBC can be
used for the treatment of biological siblings or for
autologous transplantation in experimental clini-
cal trials. In the pediatric field, these trials are test-
ing the safety and the efficacy of transplanting
UCB mononuclear cells from the own child in the
first days after HIE or several months/years after
the antenatal/neonatal brain damage in children
with cerebral palsy, as will be discussed further
on. The UCB mononuclear cell fraction contains
numerous cell types, including hematopoietic
stem/progenitor cells (HSPC), monocytes, lym-
phocytes, endothelial progenitor cells and a small
number of mesenchymal stem cells (MSC).

One interesting study has also identified a
common progenitor (CD34* CD45* CDI133*
CD38*) for endothelial, lymphoid and myeloid
precursors in the UCB. These progenitors
improved the perfusion in the hindlimb of mice
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subjected to femoral artery ligation, although the
donor cells rarely differentiated into endothelial
cells, suggesting that a paracrine mechanism was
involved in the effect. On the other hand, when
these UCB progenitors were differentiated into
endothelial cells prior to transplantation, the
transplanted cells incorporated into blood vessels
in the ischemic hindlimb, indicating their poten-
tial for revascularization (Ramos et al. 2010).

Monocytes are important circulating immune
effector cells, which can differentiate into macro-
phages, dendritic cells and microglial cells under
inflammatory conditions. Both monocytes sub-
sets (CD14"eh CD16- and CDI14* CD16%) are
present in the UCB, in a frequency similar to that
found in the adult peripheral blood. However,
UCB monocytes may have some functional
differences when compared to adult peripheral
blood monocytes, such as an increased produc-
tion of tumor necrosis factor-alpha (TNF-a) and
IL-12p70 upon stimulation with the bacterial
component peptidoglycan (Sohlberg et al. 2011).
The therapeutic potential of monocytes was
recently suggested by a recent study showing that
monocyte-derived macrophages play an impor-
tant role in the protection of retinal ganglion cell
and in the proliferation of retinal progenitor cells
after a retinal injury (London et al. 2011).
However, the role of monocytes after cerebral
ischemia remains elusive.

Among the subtypes of T lymphocytes present
in the UCB, regulatory T cells (Treg) are those
with the highest therapeutic potential. CD4*
CD25* Treg can be easily obtained from the UCB
and present a potent immunosuppressive function
after isolation and culture (Godfrey et al. 2005). In
addition, Treg have been shown to be neuroprotec-
tive in animal models of amyotrophic lateral scle-
rosis, Parkinson’s disease and stroke. This effect is
mediated by the potent immunomodulatory capac-
ity of Treg and probably involves a shift of
microglial phenotype towards a neuroprotective
microglial response (Gendelman and Appel 2011).

Finally, MSC is an adherent fibroblast-like cell
population that can be expanded in culture and
induced to differentiate into specialized mesen-
chymal cells, such as osteoblasts, chondrocytes
and adipocytes. MSC reside in perivascular niches
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and can be obtained from most of the tissues in the
body. The number of circulating MSC in the UCB
seems to be low, given that MSC cultures cannot
be obtained from all UCB units. However, a recent
study has observed that other factors, such as the
volume of blood and the time between UCB
collection and cell processing, are critical for the
successful isolation of MSC. In this study, MSC
could be isolated from 90% of the UCB units with
at least 90 ml of blood, collected less than 2 h
before the cell processing (Zhang et al. 2011).
Intracerebral transplantation of human UCB-
derived MSC, 3 days after HIE, improved the
neurological function of the treated animals.
Although the mechanisms involved in this effect
were not evaluated, the transplanted cells have
not differentiated into neurons (Xia et al. 2010).
Similar results have been demonstrated by previ-
ous studies transplanting bone marrow-derived
MSC in animal models of HIE. For instance, one
of these studies reported that intracerebral MSC
transplantation promotes a better functional
recovery through a combination of neuroprotec-
tion, stimulation of endogenous neurogenesis
and oligodendrogenesis and a reduction in
microglial proliferation (van Velthoven et al.
2010). Given the low numbers of MSC in the
UCB, these cells are probably not involved in the
therapeutic effects observed after the transplanta-
tion of freshly isolated UCB mononuclear cells
in HIE. Nevertheless, MSC obtained from the
UCB or from the Wharton’s jelly, a soft connec-
tive tissue of the umbilical cord, could be a prom-
ising option for the treatment of HIE. One
important limitation of this approach is the time
required to expand these cells in culture, making
unfeasible the transplantation of autologous
MSC in the acute/subacute phase of the injury.
Alternatively, heterologous MSC transplantation
could be performed, considering the low immu-
nogenicity and the immunoregulatory capacity of
MSC. However, a recent study observed that the
crosstalk between transplanted MSC and recipi-
ent T lymphocytes could inhibit MSC-mediated
tissue regeneration (Liu et al. 2011). Therefore,
the safety and the therapeutic potential of heter-
ologous MSC transplantation still needs to be
carefully investigated in animal models of HIE.
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Umbilical Cord Blood Mononuclear
Cells Transplantation in Animal
Models of Hypoxic-Ischemic
Encephalopathy

The first study evaluating the effects of UCB
mononuclear cell transplantation in the Rice-
Vannuci model of HIE was published by Meier
et al. (2006). This model consists of permanent
unilateral common carotid artery ligation fol-
lowed by systemic hypoxia (8% oxygen-balance
nitrogen) for several minutes/hours in post-natal
day 7 rats. The damage is restricted to the hemi-
sphere ipsilateral to the common carotid artery
occlusion, affecting the cerebral cortex, thala-
mus, striatum, hippocampus and subcortical
white matter (Johnston et al. 2005).

Injection of 1 x 107 cells, 24 h after the hypoxic-
ischemic injury, decreased the locomotor deficits,
as assessed by the footprint analysis 20 days after
the treatment (Meier et al. 2006). Recently, they
have also shown that the same treatment protocol
results in long-term improvements in the senso-
rimotor outcome (by using the foot print analysis
and the cylinder test), 7 weeks after the injury
(Geissler et al. 2011). Moreover, these effects in
neurological function were accompanied by the
restoration of somatosensory cortical processing.
For instance, electrophysiological mapping
revealed that UCBC transplantation prevented the
decrease in the size of the cortical hind paw repre-
sentation, as well as restored the receptive field
size of neurons in the damaged hemisphere.
Howeyver, the volume of the brain lesion was not
affected by the treatment (Geissler et al. 2011). In
addition, other studies from three independent
research groups have evaluated the therapeutic
potential of UCBC transplantation in the Rice-
Vannuci animal model of HIE.

Our group has injected 2x 10% mononuclear
cells intraperitoneally, 3 h after the hypoxic-
ischemic insult. The timing of the injections was
chosen based on the findings of preclinical
studies on hypothermia, in which a neuroprotec-
tive effect could be obtained when the treatment
was initiated within the first 5.5 h after the injury
(Higgins et al. 2011). Our results showed that
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UCBC transplantation preserved two primitive
neurological reflexes that are affected by HIE:
negative geotaxis and cliff aversion reflexes. This
effect was mediated by a reduction of caspase-3
activation and neuronal death in the striatum,
24 h after the injury, suggesting a neuroprotective
role for these cells. We have also observed a
lower number of activated microglial cells in the
cerebral cortex of the treated animals, 1 week
after the insult, indicating an immunomodulatory
role of UCBC in the hypoxic-ischemic brain
(Pimentel-Coelho et al. 2010).

One interesting study has also demonstrated
that the intravenous injection of a lower number
of cells (1.5% 10* cells), 7 days after the injury,
can reduce the deficits in motor symmetry and
motor coordination in the elevated body swing
test and in the rotarod performance test.
Furthermore, the treatment increased the levels of
the neurotrophic factors nerve growth factor
(NGF), glial cell line-derived neurotrophic factor
(GDNF) and brain-derived neurotrophic factor
(BDNF) in the brain, as well as enhanced synaptic
plasticity in the hippocampus. The administration
of mannitol, a drug that permeabilizes the blood
brain barrier, potentiated the therapeutic effects of
UCBC, further improving the motor function.
However, given that mannitol has not increased
the number of UCBC reaching the brain, it is still
unknown how it contributed to enhance the effect
of these cells in the damaged brain (Yasuhara
et al. 2010). In contrast, one study has reported
that UCBC transplantation (1 x 107 cells, intrave-
nously injected 24 h after HIE) has no effect on
motor and cognitive function, as assessed by the
Morris water maze and by four motor tests. In
addition, the treatment did not change the volume
of the brain lesion (de Paula et al. 2009). Taken
together, most of the studies observed an improve-
ment of the sensorimotor function of the animals
that received UCBC infusions. However, the
cell dose, the route of cell deliver and the timing
of transplantation were not uniform between
the studies (Table 27.1). Therefore, future stud-
ies should compare different cell doses and routes
of cell administration, determining the time
window and the optimal conditions for UCBC
transplantation.
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Table 27.1 Main results of studies evaluating the potential therapeutic role of human umbilical cord blood mononuclear

cells in the Rice-Vanucci animal model of HIE

Model
(animal, Engraftment
duration Dose; route; (days after Functional Cellular/
of hypoxia) timing transplantation) outcome molecular effects References
P7 Wistar rats, 1x107 cells, IP; Large number Improved motor N/A Meier et al.
80 min 24 h after HI of cells in the outcome (footprint (2006)

ischemic analysis)

hemisphere

(20 days)
P7 Wistar rats, 1x 107 cells, IV; Few cells in the Spatial memory Infarct size was not  de Paula et al.
120 min 24 h after HI brain (24 h, 1 week deficits persisted changed (2009)

and 3 weeks) (Morris water

maze)

P7 Sprague- 1,5% 10* cells,  Few cells in the Improved motor Increased levels of ~ Yasuhara et al.
Dawley rats, IV; 7 days after ischemic outcome (rotarod GDNF, BDNF and  (2010)
150 min HI hippocampus and elevated body ~ NGF in the brain

(14 days) swing test) Increased

hippocampal CA1
dendritic density

P7 Lister- 2x10° cells, IP; Few cells in the Prevented deficits  Decreased neuronal Pimentel-Coelho
Hooded rats, 3 h after HI ischemic cortex and in neonatal reflexes death in the striatum et al. (2010)
90 min striatum (2 days) (cliff aversion and  Decreased

negative geotaxis)

microglial activation
in the cortex

P7 Wistar rats, 1x107 cells, IP; Large number Decreased Infarct size was Geissler et al.
80 min 24 h after HI of cells in the sensorimotor not changed (2011)
ischemic deficits (cylinder Reduced neural
hemisphere test) processing
(48 days) impairments
in the primary
somatosensory
cortex

BDNF brain-derived neurotrophic factor, GDNF glial cell line-derived neurotrophic factor, HI hypoxia-ischemia, NGF
nerve growth factor, /P intraperitoneal, IV intravenous, P7 postnatal day 7

Biodistribution of the
Transplanted Umbilical
Cord Blood Mononuclear Cells

Meier et al. (2006) have found numerous donor
UCBC:s in the brain of hypoxic-ischemic rats, up
to 41 days after the intraperitoneal transplanta-
tion (performed 24 h after the injury). The cells
were localized only in the damaged brain regions,
especially in areas with an increased expression
of the chemokine stromal-derived factor-1 (SDF-
1). Furthermore, they have demonstrated that
SDF-1 expression is upregulated in reactive
astrocytes after the injury and that the migration
of UCBC to the ischemic brain could be blocked

by the administration of SDF-1 neutralizing
antibodies. Interestingly, there were no evidences
of neuronal or glial differentiation of the trans-
planted cells (Meier et al. 2006; Rosenkranz et al.
2010; Geissler et al. 2011). In contrast, two other
research groups have failed to find a large num-
ber of donor cells in the hypoxic-ischemic brain,
when UCBC were intravenously transplanted
7 days after the injury or intraperitoneally
injected 3 h after the injury, despite the functional
benefits of the treatment (Yasuhara et al. 2010;
Pimentel-Coelho et al. 2010). These apparently
divergent observations could be attributed to the
different timing of transplantation or to the dif-
ferent cell dose used in each study. Nevertheless,
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they indicate that the therapeutic effects of UCBC
transplantation do not depend on the migration of
the transplanted cells to the brain or on the dif-
ferentiation of the donor cells into neural cells.
Therefore, these studies suggest that neuronal
replacement is not the mechanism of action of
transplanted UCB mononuclear cells in HIE.

This is an important observation, given that
some studies have reported that UCBC could
differentiate into neurons under specific culture
conditions. One of these studies has demon-
strated that the UCB has a population of
unrestricted somatic stem cells that grow as
adherent cell colonies in the presence of dexa-
methasone. These cells can be induced to dif-
ferentiate into neuron-like cells, although only a
minority (11%) of the differentiated cells pos-
sesses functional voltage-gated sodium chan-
nels (Greschat et al. 2008). However, when
UCB-derived unrestricted somatic stem cells
were transplanted in an animal model of acute
spinal cord trauma, there was no evidence of neu-
ral differentiation of the graft cells. Nevertheless,
the cell therapy reduced the lesion size and
promoted axonal regrowth in the injured spinal
cord, which in turn resulted in an improved
locomotor recovery of the treated animals. In
this study, the authors have also identified hepa-
tocyte growth factor as an important chemoat-
tractant for UCB unrestricted somatic stem cells
and they have demonstrated that the secreted
factors present in the conditioned medium of
these cells can stimulate neurite outgrowth in
vitro (Schira et al. 2012). Taken together, these
studies indicate that UCBC transplantation is
not a cell replacement therapy. Multiple mecha-
nisms seem to be involved in the therapeutic
effects of UCBC, which are probably mediated
by a paracrine effect.

Cellular and Molecular Mechanisms
of Action of Umbilical Cord Blood
Mononuclear Cells

The neuroprotective effects observed after UCB
mononuclear cell transplantation in animal mod-
els of cerebral ischemia, such as in HIE and
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stroke (Pimentel-Coelho et al. 2010; Vendrame
et al. 2006), were also replicated in several in
vitro models of neuronal death. These studies are
contributing to clarify the molecular and signal-
ing pathways involved in UCBC-mediated neu-
roprotection and to identify which cell
populations are involved in this effect.

For instance, it was observed that UCBC
increase the survival of neuronal cells in an in
vitro model of glutamate-induced toxicity,
through the activation of the Akt pro-survival
pathway (Dasari et al. 2008). Similarly, UCBC
protect oligodendrocytes against oxygen/glu-
cose deprivation in vitro, as well as in an animal
model of stroke, through activation of Akt and
upregulation of the antioxidant enzyme perox-
iredoxin 4 (Rowe et al. 2012). However, it still
needs to be investigated whether UCB would
protect oligodendrocyte progenitors, which are
highly susceptible to HIE.

Regarding the UCB cell types contributing to
neuroprotection, it has been demonstrated that
the CD133* population, which encompass both
HSPC and endothelial progenitor cells, decreased
apoptosis and prevented the deleterious effects of
hypoxia on axonal growth in organ co-cultures of
the cerebral cortex and spinal cord from 3-day-
old neonatal rats (Tanaka et al. 2010). However,
one study has observed that UCB CD133* cells
and CD133" cells (the UCB mononuclear cell
fraction depleted of CD133* cells) provided a
similar degree of neuroprotection in an in vitro
model of neuronal hypoxia (Reich et al. 2008).
Furthermore, UCB mononuclear cell transplanta-
tion provides an increased protection after stroke,
than the transplantation of UCB CD34* cells or
than the mononuclear fraction depleted of CD34*
cells (CD34- cells), indicating that multiple cell
types are involved in this effect. Both CD34* and
CD34- cells decreased the infarct volume and
improved the motor function of the treated ani-
mals to a similar extent, although less efficiently
than the complete mononuclear cell fraction.
However, while the mononuclear cells and the
CD34-enriched fraction protected hippocampal
neurons in a model of oxygen and glucose depri-
vation, the CD34-depleted fraction had no effects
on neuronal viability (Boltze et al. 2012). Taken
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together, these observations suggest that multiple
cell types may contribute to the therapeutic effect
of the UCB mononuclear cell fraction and
indicate a role of CD34* cells, which includes a
population of HSPC and endothelial progenitor
cells, in neuroprotection.

Interestingly, neuroprotection can be achieved
by either direct or indirect co-cultivation of
UCBC with post-hypoxic neuronal cells (Reich
et al. 2008), suggesting that secreted soluble fac-
tors are largely responsible for the neuroprotec-
tive effects of UCBC. Accordingly, freshly
isolated UCBC express higher levels of the
mRNA of several neurotrophic factors, including
BDNF, GDNF, NGF, neurotrophin-3 (NT-3) and
NT-5, when compared to peripheral blood mono-
nuclear cells (Fan et al. 2005). In addition,
BDNF, vascular endothelial growth factor
(VEGF), NT-4, NT-5 and several cytokines and
chemokines can be found in the conditioned
medium of UCBC cultures (Fan et al. 2005;
Newman et al. 2006). These evidences, coupled
to the absence of neural differentiation of the
transplanted cells, suggest that UCBC might
exert their therapeutic actions through a para-
crine effect in the hypoxic-ischemic brain.

Besides neuroprotection, other mechanisms
may underlie the functional benefits observed
after UCBC transplantation in animal models of
cerebral ischemia. For instance, Taguchi et al.
(2004) have shown that UCBC stimulate angio-
genesis and neurogenesis after stroke. Moreover,
the effect of UCBC treatment on neurogenesis
was abolished by the administration of endostatin,
an antiangiogenic agent. Given that neurogenesis
and angiogenesis are coupled and are regulated
by the same growth factors (i.e., VEGF and
angiopoietins), it is possible to speculate that
some of the effects of UCBC might be related to
the secretion of angiogenic factors.

Another line of evidence suggests that UCBC
may have an anti-inflammatory effect after cere-
bral ischemia. UCBC treatment decreased the
number of activated microglial cells in the cortex
in a model of HIE (Pimentel-Coelho et al. 2010).
In addition, intravenous UCBC transplantation
reduced the infiltration of B lymphocytes and
decreased the expression of pro-inflammatory
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cytokines in the brain of rats subjected to middle
cerebral artery occlusion (MCAO; Vendrame
et al. 2005). Although this anti-inflammatory
effect is not yet completely understood, it has
been suggested that UCBC can modulate the
response of the spleen after stroke in rats,
suggesting a systemic immunomodulatory role of
UCBC treatment. In this regard, UCBC trans-
plantation prevented the stroke-induced altera-
tions in spleen size, cellular composition and
function. This effect was accompanied by an
increased expression of the mRNA of interferon-
gamma and of the anti-inflammatory cytokine
IL-10 in the spleen (Vendrame et al. 2006).

Therefore, UCBC exert their beneficial effects
in the ischemic brain through a combination of
multiple mechanisms. Future efforts should be
made to understand which trophic/growth factors
are involved in these mechanisms. Genetic
manipulation of the cells before transplantation
could increase the expression and the secretion of
potentially therapeutic neurotrophic/growth fac-
tors by UCBC. In this regard, a recent study has
reported a non-viral lipofection technique to
obtain UCB CD34" cells stably expressing the
GDNF gene (Yu et al. 2010). It is also necessary
to identify which cell populations contribute to
the therapeutic effects and whether the depletion
or the enrichment of one (or more) cell
population(s) could further improve the benefits
on neurological function.

Clinical Translation

Currently, two clinical trials are assessing the
safety and the feasibility of autologous UCBC
transplantation in HIE. In the first study, con-
ducted at Duke University, newborns with HIE
will be treated with up to four infusions of 5 x 107
cells/kg (depending on the number of available
cells), within the first 14 postnatal days.
Participants will be assessed by neurodevelop-
mental and neuroimaging examination for 1 year
(http://clinicaltrials.gov; Identifier: NCT00593242).
The number of cells transplanted in this clinical
trial (even considering that the percentage of
mononuclear cells will depend on the procedure
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used for reducing the volume of cord blood) is
not so different from the dose used in the pre-
clinical studies discussed above. In these studies,
the cell dose ranged from 1.5x 10* to 1 x 10’
mononuclear UCBC (approximately 1.1 x 10°%—
7.5 x 10® cells/kg of body weight). Nevertheless,
future dose-response studies should address what
is the optimal number of cells required for a long-
term therapeutic effect in HIE.

The second trial has started recruiting par-
ticipants in January 2012, in Mexico. In this
study, autologous non-cryopreserved UCB
CD34* cells will be intravenously transplanted
in term newborns with HIE, within the first 48 h
after birth. Participants will be followed by clin-
ical examination for 1 year (http://clinicaltrials.
gov; Identifier: NCT01506258). In both studies,
the results will be compared to historic
controls.

In addition, there are two ongoing clinical trials
evaluating the safety and effectiveness of autolo-
gous UCBC transplantation in children with cere-
bral palsy (CP), a group of non-progressive
syndromes of motor and posture impairments
caused by a wide range of acquired brain disorders
during the antenatal or perinatal period. HIE is the
cause of cerebral palsy in at least 14% of the cases,
especially (but not exclusively) causing dyskinetic
or spastic tetraplegic cerebral palsy (Graham et al.
2008). The trial at Georgia Health Sciences
University, is recruiting children with a non-pro-
gressive motor disability, from 1 to 12 years, who
were unable to sit independently by 12 months of
age or unable to walk independently by 18 months
of age, while the study at Duke University is treat-
ing children with spastic CP with diplegia, hemi-
plegia, or quadriplegia, ranging from 1 to 6 years
of age. Both studies are randomized, crossover tri-
als, in which both treatment groups (i.e., placebo
first, or UCBC treatment first) will receive UCB
mononuclear cells, but at different points in
the study (http://clinicaltrials.gov; Identifiers
NCTO01072370 and NCTO01147653, respectively).

In contrast to the clinical studies that are
treating neonates in the acute/subacute phase
of HIE, clinical trials in children with cerebral
palsy are not supported by the findings of
preclinical studies. The main reason for this
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difference is the lack of good animal models
of cerebral palsy. Only one model, consisting
of intrauterine asphyxia in near-term rabbits,
leads to persistent hypertonic motor deficits
that resemble cerebral palsy (Johnston et al.
2005). Still, this model may mimic just one of
the many possible (and not yet completely
understood) causes of CP.

Furthermore, the benefits of UCBC transplan-
tation were observed when the cells were admin-
istered within the first 7 days after HIE in rats.
Therefore, it is still unknown if UCBC would
provide any benefits once the lesion is already
established, several months or years after the
antenatal/perinatal brain insult. Future studies
should address whether UCB mononuclear cells
could stimulate endogenous mechanisms of brain
regeneration, such as angiogenesis and neuro-
genesis, or increase brain plasticity, when admin-
istered in the chronic phase of the injury, in
animal models of CP and HIE.

Finally, autologous intravenous UCB transplan-
tation is being evaluated in a phase I/II clinical trial
for the treatment of children with traumatic
brain injury (http://clinicaltrials.gov; Identifiers
NCT01251003) and. an ongoing clinical trial con-
ducted at Ain Shams University, in Egypt, is evalu-
ating the feasibility of autologous UCB mononuclear
cell transplantation in low birth weight preterm neo-
nates, as a possible therapy to prevent the neurode-
velopmental delay associated with preterm birth
(http://clinicaltrials.gov; Identifier: NCT01121328).

The rationale behind these studies (summa-
rized in Table 27.2) is the fact that autologous
intravenous UCBC transplantation is considered
to be safe. Accordingly, a recent study has
reported that intravenous infusion of autologous
UCBC is safe and feasible in young children with
acquired neurological injuries. The median age at
infusion was 27 months and most of the children
had CP (76%) or congenital hydrocephalus
(12%). Only three of the 184 patients experi-
enced anaphylactic reactions (wheezing with or
without urticaria), 2-10 min after the infusion
was initiated, which were resolved after discon-
tinuation of the infusion and treatment with a
first-generation antihistamine and bronchodila-
tors (Sun et al. 2010).
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Table 27.2 Current phase I/II clinical trials evaluating the safety and feasibility of autologous umbilical cord blood
cell transplantation in newborns and children (registered on http://clinicaltrials.gov)

Disease Cell dose Age Local References
HIE 1-4 infusions of Newborns (up to Duke University, USA NCT00593242
5x107 cells/kg 14 days after birth)
(volume reduced
UCB cells)
HIE N/A (freshly isolated ~ Newborns (up to Hospital Universitario NCTO01506258
CD34* cells) 48 h after birth) Dr. Jose E. Gonzalez,
Mexico
Developmental delay ~ N/A (UCB Newborns (up to Ain Shams University, NCTO1121328
in low birth weight mononuclear cells) 30 days after birth) Egypt
preterm neonates
Cerebral palsy >1x 107 nucleated 1-12 years Georgia Health Sciences  NCT01072370
cells’kg University, USA
Cerebral palsy >1x 107 nucleated 1-6 years Duke University, USA NCTO01147653
cells’kg
Pediatric traumatic Maximum dose of 18 months The University of Texas ~ NCT01251003
brain injury 10x 10° cells/kg to 17 years Health Science Center,

(6—18 months

USA

after the injury)

UCB umbilical cord blood, HIE neonatal hypoxic-ischemic encephalopathy, N/A information not available

On the other hand, the transplantation of
allogeneic cells could offer some risks to the
children, such as the risk of graft-versus-host
disease. Furthermore, the potential need for
immunosuppression could bring additional risks.
However, one clinical trial at Sung Kwang
Medical Foundation in Republic of Korea has
evaluated the safety and efficacy of allogeneic
UCBC transplantation, in combination with
erythropoietin injections, in children with CP
(10-month-old to 10 year-old children; http://
clinicaltrials.gov; Identifier: NCT01193660).

Future Direction

Given that therapeutic hypothermia is currently
the standard treatment for HIE, future preclinical
and clinical studies should evaluate the effects of
UCB mononuclear cell transplantation in combi-
nation with hypothermia. It is also necessary to
evaluate the effects of UCBC treatment in models
of HIE in large animals with a gyrencephalic
brain and increased cerebral white matter. For

instance, models of HIE in piglets and sheep
were fundamental for the evaluation of the
efficacy of therapeutic hypothermia for HIE
(Johnston et al. 2005).

Finally, freshly isolated and cryopreserved
human UCB CD133* and CD34* cells can be
reprogrammed to pluripotency, generating
induced pluripotent stem cells (iPS; Giorgetti
et al. 2009; Ye et al. 2009). UCBC-derived iPS
formed teratomas when transplanted in immuno-
compromised mice, as well as generated embry-
oid bodies with high efficiency, which could
differentiate into cells of the three embryonic
germ layers in vitro. Under specific culture con-
ditions, UCBC-derived iPS could also give rise to
dopaminergic neurons. Interestingly, while at
least three transcription factors (OCT4, SOX2
and KLF-4) are required to generate iPS from
keratinocytes and fibroblasts, UCBC could be
reprogrammed by the transduction of only two
transcription factors (OCT4 and SOX2), indicat-
ing an increased reprogramming susceptibility of
these cells. In addition, while the generation of
iPS from keratinocytes and fibroblasts requires
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the establishment of primary cultures for up to a
few weeks, UCBC can be reprogrammed after
just 1-4 days in culture. In addition, UCBC are
young cells with less accumulated genetic muta-
tions, readily available for use, which may also
represent an advantage for future cell replace-
ment therapies using iPS-derived neural cells
(Giorgetti et al. 2009; Ye et al. 2009).

In conclusion, UCB mononuclear cell trans-
plantation improved the sensorimotor outcome in
most of the preclinical studies using the Rice-
Vannuci animal model of HIE. Several mecha-
nisms contributed to this effect, including
neuroprotection, induction of synaptic plasticity
and immunomodulation. All these mechanisms
seem to result from a paracrine effect, rather than
by the replacement of lost cells. Future studies
should address important questions regarding the
optimal  conditions  for  transplantation.
Furthermore, it will be important to understand
which cells and molecules are involved in the
beneficial effects, in order to improve the therapy,
by means of genetic manipulation and enrich-
ment/depletion of specific cell populations.
Finally, autologous UCBC transplantation is safe
in children and the results of the first clinical tri-
als in newborns with HIE and in children with CP
are expected for the next years.
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Introduction

To efficiently exchange oxygen and nutrients
needed for tissue expansion and to maintain
homeostasis, multicellular organisms have
evolved highly integrated strategies to develop
elaborate circulatory networks of blood and lym-
phatic vessels. The formation of these circulatory
loops is controlled by cues derived from both the
non-cellular and cellular compartments within a
particular tissue microenvironment. Given the
complexity and tissue specific mechanisms that
may contribute to the development of these two
different circulatory systems, we will focus the
majority of our attention on a general overview of
the mechanisms by which new blood vessels
form from pre-existing vessels (angiogenesis)
and in particular, we will focus on the integrated
network of cellular and molecular processes
thought to govern pathological angiogenesis.

It is clear from many prior studies that the
formation of blood vessels during normal physi-
ological events, such as embryonic development,
shares a number of common cellular and molecu-
lar regulators with that of pathological vessel
formation. However, while similarities exist, it is
also becoming evident that there are a number of
differences between physiological and pathologi-
cal angiogenesis. Gaining an in depth molecular
understanding of these differences are necessary for
the development of more effective antiangiogenic
strategies that specifically target pathological
angiogenesis within a particular tissue microen-
vironment. While providing a general overview
of pathological angiogenesis, we will also high-
light specific examples of the unique features of
pathological vessel formation as it occurs within
the Central Nervous System (CNS) and how
these differences may help guide future develop-
ment of new and optimized strategies to treat
pathological neovascularization.

Development of Functional
Blood Vessels

The formation of functional blood vessels can occur
by at least 3 processes including, vasculogenesis,
arteriogenesis and angiogenesis (Fig. 28.1).

J.Roth etal.

Vasculogenesis is the de novo formation of
blood vessels from precursor cells such as the
hemangioblast (Bohnsack and Hirscchi 2004).
Hemangioblasts in turn can give rise to both
hematopoietic progenitors as well as angioblasts,
the later of which are thought to ultimately give
rise to endothelial cells. Endothelial progenitor
cells (EPCs) are thought to contribute to the
formation of blood vessels during embryonic
development or vasculogenesis (Bohnsack and
Hirscchi 2004). Interestingly, emerging evidence
now suggests that these EPCs as well as bone
marrow derived myeloid cells may also contrib-
ute to postnatal angiogenesis during wound
healing and tumor growth (Tilki et al. 2009).
However, the extent of the contribution of these
EPCs and other bone marrow derived cells to
postnatal blood vessel formation is not com-
pletely understood and may depend in part, on the
particular tissue microenvironment associated
with the active angiogenic process in question.
This important concept has recently been
highlighted in relationship to the contribution of
postnatal vasculogenesis to the formation of
recurrent Glioblastoma Multiforme (GBM) and
its associated blood vessels within the CNS
(Kioi et al. 2010).

In contrast to vasculogenesis, arteriogenesis
can be described as the formation of functional
blood vessels by the activation and expansion
of pre-existing small non-functional collateral
vessels. Angiogenesis, which will be the major
focus of this overview, is the formation of new
blood vessels from pre-existing blood vessels.
Angiogenesis can be divided into intussusceptive
and sprouting angiogenesis. During intussuscep-
tion, vessels are functionally split by the forma-
tion of intra-luminal tissue walls, which result in
the formation of higher order branching struc-
tures (Nico et al. 2010). In general, this form of
vascular remodeling does not require extensive
endothelial cell proliferation or extracellular
matrix (ECM) remodeling and may occur more
often during embryonic development than during
postnatal vessel formation. However, examples of
intussusceptive angiogenesis have been described
in some tumor types such as GBM (Nico et al.
2010). Interestingly, evidence now suggests
that recovery of some tumor blood vessels
following anti-angiogenic treatment may occur by
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General Types of Functional Blood Vessel Formation

Vasculogenesis

e

Fig. 28.1 General mechanisms of blood vessel forma-
tion. The formation of functional blood vessels can occur
by several mechanisms. Three major mechanisms by
which blood vessels may form include, Vasculogenesis,
Arteriogenesis and Angiogenesis. Vasculogenesis is the

intussusceptive rather than sprouting angiogenesis
(Nico et al. 2010). Given that intussusception
does not require significant cellular proliferation,
treatments with conventional anti-angiogenic
drugs might have little impact on tumor perfusion
under these circumstances.

Sprouting angiogenesis on the other hand is
distinct from that of intussusception, as special-
ized endothelial tip cells are activated by a gradient
of angiogenic stimuli to induce remodeling of the
local ECM and directional invasion and migra-
tion into the surrounding tissue. Interestingly, the
formation of the activated endothelial tip cells has
been suggested to be controlled at least in part,
by Notch/Dll4 signaling (Hellstrom et al. 2007).
Studies have shown that Notch/DIll4 signaling
may act to regulate the formation of endothelial
tip cells and reduce sprouting in vivo. These activated
endothelial cells along with their associated
endothelial stalk cells are thought to organize
into a solid cord of cells, undergo a complex
process of lumen formation or canularization
and finally, recruit supporting accessory cells to
stabilize the newly forming blood vessel. This
continuum of events within the angiogenic cas-
cade can be organized into three interconnected
phases (Fig. 28.2) including an initiation phase,

Arteriogenesis

Angiogenesis

process by which new blood vessels form from precursor
cells such as hemangioblasts. Arteriogenesis is the pro-
cess by which functional blood vessels form from small
non-functional collateral vessels. Angiogenesis is the process
by which new blood vessels form from pre-existing vessels

an invasive phase and a maturation phase.
The complex cellular and molecular mechanisms
involved in the formation of functional blood
vessels require fine-tuning and cooperation
among numerous cell types and a wide variety
of molecular regulators. For example, while
Vascular Endothelial Cell Growth Factor (VEGF)
is well known to stimulate vessel formation,
signaling mechanisms have evolved to limit
excessive vascular growth in order to optimize
vessel function to provide adequate tissue
perfusion. When these finely tuned mechanisms
go out of balance, it can lead to either uncon-
trolled vessel formation and/or the formation of
non-productive vessels. To this end, studies have
shown that in addition to stimulating angiogene-
sis, VEGF can induce expression of regulators
that act to limit new blood vessel formation.
An example of this negative feed back system
involves the VEGF induced Notch/DI114 signaling
loop which may limit the number of endothelial
tip cells formed during angiogenesis (Hellstrom
et al. 2007). Moreover, VEGF may also limit
functional blood vessel formation by altering
PDGF signaling in smooth muscle cells and the
subsequent recruitment of pericytes to stabilize
the developing vessel (Greenberg et al. 2008).
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Three Phases of Angiogenic Cascade

I. Initiation

II. Invasion

III. Maturation
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Tip Cell Formation
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Fig. 28.2 The angiogenic cascade. Angiogenesis or the
process by which new blood vessels form from pre-existing
vessels requires a highly integrated set of molecular and
cellular events. The interconnected cascade of events
that govern angiogenesis can be organized into three
stages. The initiation phase can be characterized by growth
factor stimulated formation of tip cells and endothelial cell

Thus, as with most signaling pathways that
govern complex biological processes, the tissue
specific repertoire of regulatory factors and
the extent of the activation of negative feed
back loops are critical for productive vessel
formation.

Additional layers of complexity involved with
angiogenesis may be observed when considering
tissue specific angiogenesis. For example,
distinct organ microenvironments may require
unique combinations of the various classes of
regulatory components needed for successful
completion of the angiogenic cascade. New evi-
dence is accumulating that tissue specific altera-
tion in the expression of small noncoding RNAs
called miRNAs may play an important role in
fine-tuning the expression of crucial angiogene-
sis regulatory molecules. In fact, investigators
have identified several miRNAs, which regulate
angiogenesis. Interestingly, the miRNA-296 was

Enhanced Proteases

ECM Remodeling

Cell Invasion/Migration

Cellular Reorganization

Lumen Formation

Mural Cell /ECM Synthesis

proliferation. The invasive phase of angiogenesis can be
characterized by enhanced expression of proteolytic enzymes,
localized extracellular matrix (ECM) remodeling and
cellular invasion and migration. Cellular re-organization,
lumen formation, recruitment of mural cells and synthesis
of new ECM components to provide support for the newly
forming vessel characterize the maturation phase

increased in association with brain tumor
endothelial cells as compared to normal brain
endothelial cells (Wurdinger et al. 2008).
Moreover, miRNA-132 has also been shown to
be upregulated in tumor endothelial cells as com-
pared to normal endothelial cells and has been
suggested to play a critical role in promoting the
angiogenic switch (Anand et al. 2010). Given
these observations, it would not be surprising
that pathological angiogenesis occurring within
one particular organ may not be the same as
that occurring in a different organ system. This
emerging idea needs to be considered as more
emphasis is being placed on the broad use of anti-
angiogenic drugs for the treatment of malignant
tumors. Here, we will focus on the cellular and
molecular mechanisms that regulate pathological
angiogenesis with an emphasis on vessel forma-
tion within the unique microenvironment of the
central nervous system.
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Cellular and Molecular Regulators
of the Angiogenic Cascade

While it is likely that tissue specific mechanisms
exist to control angiogenesis within a given tissue
microenvironment, the overall angiogenic cascade
can be organized into a continuum of three inter-
connected steps (Fig. 28.2). We will briefly
discuss several well-characterized examples of
the major cellular and molecular regulators of
angiogenesis as they relate to the functional steps
that occur during new blood vessel formation.
While it has long been appreciated that endothelial
and mural cells such as vascular smooth muscle
cells and pericytes play active roles in physiolog-
ical and pathological angiogenesis, new evidence
is providing critical insight into the functional
roles of numerous additional cell types in the
angiogenic cascade. Studies have provided com-
pelling evidence that cell types as diverse as
fibroblast, tumor cells, bone-marrow derived
progenitor cells as well as inflammatory cells such
as macrophages and mast cells all contribute to
the formation of new blood vessels (Contois et al.
2009). These important findings are crucial to our
overall mechanistic understanding of angiogenesis,
as these diverse cell types are known to represent
many of the major tissue specific sources of miR-
NAs that may ultimately contribute to controlling
the relative expression of pro and anti-angiogenic
factors. Thus, it is interesting to note that these
accessory cells may well represent important new
therapeutic targets to help control pathological
angiogenesis.

While tumor cells are well known to express
many soluble pro-angiogenic growth factors,
cytokines and chemokines such as VEGF, PDGF,
FGF, IL-8, and SDF-1, a number of inflammatory
cells such as mast cell and macrophages also
express many similar pro-angiogenic molecules.
In addition, distinct cell types may also contrib-
ute to the generation of endogenous angiogenesis
inhibitors formed as fragments of larger mole-
cules such as Angiostatin, PEX, Endostatin,
and several NC1 domains of collagen type-IV
(Contois et al. 2009). While the molecular mech-
anisms by which these inhibitors function in vivo
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is not completely understood, the relative levels
of these factors in relationship to overall levels
of pro-angiogenic molecules helps to dictate
whether or not the angiogenic switch is activated
and whether new blood vessels begin to form.
Therefore, as it can be appreciated from this brief
summary, many diverse cell types beyond endo-
thelial cells play critical roles in angiogenesis.

In addition to the expression of growth factor,
cytokines, chemokines and their respective cell
surface receptors, other classes of regulatory
molecules also play crucial roles in angiogenesis
including several different types of adhesion
molecules. For example, during the initiation phase,
pro-angiogenic stimulation by growth factors can
lead to alterations in endothelial cell-cell and
cell-ECM interactions. Studies have suggested
that stimulation by growth factors such as VEGF
can alter the functional localization and activity
of Vascular Endothelial Cadherin (VE-Cadherin),
a well-characterized cell-cell adhesion molecule
known to play a role in angiogenesis (Dejana et al.
2008). This altered localization and functional
activity can lead to disruption of endothelial cell-
cell contacts thereby promoting vascular leakage
of serum proteins that contributes to the forma-
tion of a modified ECM and enhance cellular
invasion and migration. This modified ECM may
also provide selective homing signals to facilitate
localization of additional angiogenic accessory
cells. Growth factor stimulation can also enhance
the expression and activation of a class of trans-
membrane cell adhesion receptors termed integ-
rins. An expanding group of integrins including
alpl, a2p1, adpl, aSP1, a6p4 avp3, avps and
avfP8 are all though to play roles in regulating
angiogenesis (Contois et al. 2009). It is important
to point out that these alterations in adhesion are
not restricted solely to endothelial cells but may
occur in other cells known to play roles in neo-
vascularization. This altered adhesive activity
can in turn contribute to changes in expression of
proteolytic enzymes, another critical group of
angiogenic regulatory molecules.

Importantly, integrin mediated signaling
within a variety of cell types such as endothelial
cells; fibroblasts and tumor cells can result in
enhanced expression and activity of proteolytic
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enzymes such as matrix metalloproteinases (MMPs)
and serine proteases (Contois et al. 2009).
Release of various chemoattractants can act to
recruit additional cell types such as macrophages,
mast cells and bone marrow derived myeloid cells,
which collectively contribute to overall levels of
proteolytic enzymes at sites of new vessel growth.
This localized increase in proteolytic activity
can in turn further modify the vascular ECM.
This newly remodeled vascular ECM has been
shown to play an active role in facilitating angio-
genesis by mechanisms as diverse as enhancing
the release of matrix bound growth factors such
as VEGEF, to exposing unique matrix immobi-
lized cryptic ECM epitopes (MICEE) to facilitate
localized integrin signaling events that contribute
to adhesion, migration and proliferation (Contois
et al. 2009).

While growth factors, cell adhesion molecules,
ECM proteins, proteolytic enzymes and many
other factors all contribute to new blood vessel
development, they do not function in isolation,
but rather work cooperatively within an inte-
grated network to allow productive angiogenesis
to occur. During the initiation phase of angiogen-
esis, the balance between pro and anti-angiogenic
regulatory molecules become shifted in favor of
angiogenic stimulation, resulting in a significant
increase in the relative expression of a number of
soluble pro-angiogenic factors such as VEGF,
FGF2, IGF-1, IL-8 and SDF-1. The relative levels
of these angiogenic factors may be fine tuned by
miRNAs. Conversely, the expression of certain
miRNAs can be governed by angiogenic growth
factors. For example, VEGF and FGF2 have
recently been shown to mediate induction of
miRNA-132 in endothelial cells (Anand et al. 2010).
As mentioned above, this increased expression of
pro angiogenic growth factors can originate from
a variety of cell types within the microenviron-
ment including tumor cells, inflammatory infil-
trates, cancer associated fibroblasts as well as
numerous bone marrow derived myeloid cells.
Secreted pro-angiogenic molecules can bind their
respective cell surface receptors on endothelial
cells to activate a cascade of down stream signal-
ing networks such as P13K/Akt pathways that
ultimately lead to enhanced cellular proliferation,
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altered expression and activation of cell adhesion
molecules and enhanced expression of proteo-
lytic enzymes (Jiang and Lui 2009). Interestingly,
recent evidence suggests that miRNA-126 may
specifically regulate down stream signaling
associated with both MAP/Erk and PI3k/Akt
signaling pathways during new vessel formation
(Wang et al. 2008). In fact, the ability of miRNA-
126 to modulate angiogenesis was shown to
be associated in part, with its ability to repress
expression of the sprouty-related protein SPRED],
which is thought to modulate MAP/Erk signaling
(Wang et al. 2008). Interestingly, members of the
Sprouty family, which are thought to negatively
regulate MAP/Erk signaling, may also regulate
angiogenesis. For example, recent studies indi-
cate that overexpression of Sprouty-4 may inhibit
embryonic vascular sprouting, while Sprouty-1
may inhibit endothelial cells proliferation in part
by altering levels of the cyclin dependent kinase
inhibitors P21 and P27 (Lee et al. 2001, 2010). In
addition to impacting the MAP/Erk pathway,
miRNA-126 has also been shown to modulate
the PI3k/Akt pathway by altering the expression
of the PI3kinase regulatory subunit p85f (Wang
et al. 2008). Intriguing new evidence suggests
that growth factor-mediated upregulation of
miRNA-132 in endothelial cells may repress
expression of pl20RASGAP, which results in
increased RAS activity and enhanced endothelial
cell proliferation and angiogenesis in vivo
(Anand et al. 2010). In fact, antagomers directed
to block miRNA-132 were shown to inhibit
angiogenesis and tumor growth in multiple models
(Anand et al. 2010). Finally, pro-angiogenic
stimulation can be further enhanced by growth
factors stimulation of additional accessory cells,
which collectively add to the overall proliferative
loop within the local microenvironment.

The initiation phase of angiogenesis is fol-
lowed closely by the invasive phase. Proteolytic
remodeling of the vascular basement membrane
as well as the interstitial matrix can result in
structural changes within the ECM. These
changes may contribute to the release of matrix
bound growth factors to enhance cellular prolif-
eration and migration. In addition, biomechanical
alterations in the structural integrity of ECM
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molecules such as collagen and laminin may
specifically expose cryptic regulatory sites that
are recognized by cell adhesion receptors such as
integrins (Xu et al. 2001; Akula et al. 2007).
These new receptor ligand interactions may allow
initiation of distinct signaling cascades that are
largely restricted to sites of matrix remodeling.
Recent evidence has indicated that cellular inter-
actions with these newly exposed cryptic sites
within the matrix may regulate proliferation,
survival and facilitate invasion and migration
during angiogenesis and other invasive cellular
processes (Xu et al. 2001; Akula et al. 2007). In
fact, antibodies directed to these cryptic sites
have been shown to inhibit angiogenesis, tumor
growth and metastasis in vivo (Xu et al. 2001;
Akula et al. 2007). These studies have recently
lead to the translation of this new approach into a
human clinical trial. In particular, a Phase I clinical
trial using a novel Mab termed TRC093 directed
to a cryptic collagen epitope has been completed
(Robert et al. 2010). This novel approach of tar-
geting highly selective cryptic sites within the
ECM, rather than direct targeting of individual
vascular cells, resulted in little if any toxicity and
importantly, evidence of antitumor activity along
with reduced levels of circulating VEGF was
observed (Robert et al. 2010).

In contrast to promoting angiogenesis, proteo-
lytic enzymes may also lead to limiting new blood
vessel formation. For example, protease mediated
degradation of ECM proteins may result in
release of inhibitory fragments of collagen such as
endostatin and several NC1 domains of collagen
type-IV (Kessenbrock et al. 2010). It is interesting
to point out that certain MMPs such as MMP-8
may be associated with reduced tumor progres-
sion, which might be due to multiple mechanisms
such as to excessive proteolysis leading to inacti-
vation of cell adhesion receptors, degradation of
angiogenic growth factors and elevated release of
endogenous ECM-derived angiogenesis inhibitors
(Kessenbrock et al. 2010). Collectively, these
studies again illustrate the fine balance that is
needed between pro and anti-angiogenic signaling
events for productive angiogenesis to occur.

During the maturation phase, endothelial
cells begin to reorganize into cords of cells.
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These reorganized endothelial cells exhibit
altered phenotypic characteristics by establishing
new cell-cell interactions mediated by cell adhe-
sion molecules such as cadherins. New signaling
cascades facilitated by both cell-cell as well as
integrin mediated interaction with the surrounding
ECM contributes to the formation of a functional
lumen by a process termed canularization. While
relatively little is known concerning the molecu-
lar mechanisms regulating canularization, recent
studies have implicated diverse molecules such
integrin a2p1, MMPs, and VE-Cadherin in lumen
formation (Davis et al. 2007). In addition to
lumen formation during vessel maturation, the
measured release of growth factors and chemokines
are thought to help recruit mural cells, pericytes
and potentially, bone marrow derived progenitor
cells to support the newly forming vessel. The
newly sequestered supporting cells also contribute
to the expression of ECM molecules which help
construct new vascular basement membranes,
which when taken together with the accessory
cells, provides mechanical support for the matur-
ing vessel. As can be appreciated from this brief
overview of the general steps in the angiogenic
cascade, it would not be surprising that numerous
differences exist between physiological and path-
ological angiogenesis.

Physiological vs. Pathological
Angiogenesis

It has been known for decades that distinct differ-
ences exist between normal blood vessels and
blood vessels that form during pathological
processes such as tumor growth. One of the most
obvious differences involves a striking alteration
in morphology. In contrast to quiescent blood
vessels, tumor blood vessel are often character-
ized as being highly proliferative, leaky, tortuous
vessels with altered basement membranes and
reduced numbers of supporting cells. Studies
have shown that tumor endothelial cells may
exhibit altered expression of a variety of regula-
tory molecules that contribute to the unique
phenotype of tumor blood vessels and this
may provide important molecular insight into
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pathological angiogenesis. For example, studies
have shown elevated expression of efflux pump
proteins such as ABCG2 in GBM blood vessels
as well as increased levels of apoptosis regulators
such survivin (Zhang et al. 2003). Moreover,
following laser capture micro-dissection, isolated
GBM endothelial cells exhibited enhanced resis-
tance to cytotoxic drugs, elevated levels of growth
factors and cytokines such VEGF, IL-8 and
CXCL12/SDF1, and altered expression of
miRNAs that regulate angiogenesis such as
miRNA-296 (Wurdinger et al. 2008). Interestingly,
endothelial cells derived from multiple tumor
types were shown to express elevated levels of
miRNA-132 as compared to quiescent endothe-
lial cells (Anand et al. 2010). Finally, GBM
endothelial cells exhibited increased migratory
capacity as compared to their normal counter-
parts. All of these factors and many others have
been shown to impact new blood vessel develop-
ment and thus may contribute to angiogenesis in
a tissue specific manner.

In addition to the specific differences between
normal and tumor endothelial cells described
above, differences have also been documented
within the local non-cellular microenvironment.
For example, RGD containing provisional matrix
proteins such as fibrin, vitronectin and fibronectin
are often found elevated in association with
tumor blood vessels as compared to quiescent
vessels. These observations may not be surpris-
ing as soluble forms of these ECM proteins
exist in the circulation and tumor vessels are
often leaky. In particular, vitronectin, which is
normally a relatively minor component of the
interstitial matrix, was highly expressed in asso-
ciation with brain tumors and associated blood
vessels (Gladson and Cheresh 1991). Moreover,
alternatively spliced forms of fibronectin, which
contain EIIIA and EIIIB domains are rarely
found in association with normal blood vessels
but have been readily detected in tumor vessels
(Santimaria et al. 2003). Structurally altered
forms of ECM proteins such as collagen and lam-
inin were also shown to be expressed in associa-
tion within tumor blood vessels (Xu et al. 2001;
Akula et al. 2007). These observations are of
considerable significance as cellular interactions
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with these ECM proteins may modify the
response of vascular cells to soluble pro and
anti- angiogenic mediators.

Impact of the Non-cellular
Microenvironment on Angiogenesis

As discussed above, the numerous cell types
that produce and respond to soluble pro and anti-
angiogenic components have to be coordinated to
allow angiogenesis to occur in a productive man-
ner (Fig. 28.3). This coordination is regulated in
large part by interactions with the distinct ECM
microenvironments associated with the particular
tissue within which angiogenesis is occurring.
For purposes of this discussion, the local ECM
can be organized into two general compartments
including the vascular basement membrane and
interstitial matrix. It would be well beyond the
scope of this review to describe all the various
components of each of the ECM compartments,
thus we will only briefly highlight a few
well-studied examples to illustrate critical points.
The vascular basement membranes, which underlay
blood vessels, are composed of numerous ECM
proteins. Major components of the vascular base-
ment membrane that help form a thin sheet-like
structure include distinct isoforms of collagen
type-IV and laminin. Molecules such as nidogen/
enactin and perlecan connect these sheet-like
networks of ECM proteins. Additional genetically
distinct forms of collagen as well as different
fibronectin isoforms can also be found in association
with the basement membranes depending on the
particular organ microenvironment and develop-
mental stage. Beyond the sheet-like vascular
basement membrane is the loosely arranged
interstitial matrix composed largely of fibrillar
collagen such as collagen type-I, I and I1I as well as
fibronectin. In addition to these major interstitial
glycoproteins an interconnected network of other
matricellular ECM protein and proteoglycans can
be found. These include, Thrombospondin and
several heparin sulfate proteoglycans. The relative
ratios and distribution of these individual ECM
components can vary substantially depending on
the particular tissue microenvironment.



28 Pathological Angiogenesis: An Overview

287

Microenvironmental Contribution to Angiogenesis

Cellular
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Endothelial/Tumor Cells "

_
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Fig. 28.3 Microenvironment contribution to angio-
genesis. The formation of blood vessels can be regulated
by a variety of components within a particular tissue
microenvironment. An integrated group of distinct cell
types as well as soluble and insoluble angiogenic regula-

The complex interwoven networks of ECM
proteins provide unique and often tissue specific
sources of angiogenesis regulators. For example,
beyond providing mechanical support for blood
vessels, the ECM is known to act as a reservoir of
numerous growth factors such as VEGF and FGF2.
These growth factors can be proteolytically
released as sources for soluble growth factor
gradients to facilitate directional migration (Chen
et al. 2010). In addition, matrix immobilization of
growth factors may alter their functional activity.
In this regard, some studies suggest that these
immobilized growth factors may be recognized
in their ECM-bound forms and specifically
stimulate receptor-mediated angiogenic signal-
ing pathways. For example, new studies have
indicated that matrix bound forms of VEGF may
initiate sustained VEGFR2 activation leading to
differential tyrosine phosphorylation, ultimately
promoting sustained activation of P38 MAPkinase

Non-Cellular
Contribution to
Angiogenesis

w'- Insoluble ECM
’ Soluble

Pro-Angiogenic Factors
Soluble
Anti-Angiogenic Factors
tory factors function cooperatively to regulate the angio-
genic switch within a given tissue microenvironment.
Shifts in the relative abundance of these regulatory

components help provide mechanisms to control tissue
specific angiogenesis

(Chen et al. 2010). This unique signaling pathway
depends on cellular interactions with ECM bound
VEGF and the formation of a 1 integrin com-
plex with VEGFR2.

In addition to functioning as a source of
growth factors, the tissue specific ECM composi-
tion serves as distinct ligands for integrin
receptors. Integrin-mediated interactions with
the ECM is well known to regulate diverse cel-
lular processes ranging from altering the local
expression of growth factors and their receptors
and proteolytic enzymes, to modulating cell cycle
progression, proliferation, migration and cell sur-
vival (Contois et al. 2009). Proteolytic remodel-
ing of the local ECM has also been shown to
release a variety of functional fragments from
proteins such as collagen, laminin, fibrinogen,
fibronectin and elastin. These bioactive ECM
fragments termed Matrikines have been shown
to play many roles in angiogenesis and tumor
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progression (Adair-Kirk and Senior 2008). Studies
have documented that some of these proteolytic
ECM fragments have pro-angiogenic activity by
stimulating vascular cell proliferation and acting
to recruit inflammatory cells as well as bone marrow
derived myeloid cells to support angiogenesis
(Adair-Kirk and Senior 2008).

Just as the ECM can be a specific source of
pro-angiogenic stimulation, it can also serve as
reservoir of anti-angiogenic factors. As we briefly
mentioned above, proteolytic enzymes are known
to remodel ECM components resulting in the
release and/or accumulation of anti-angiogenic
bioactive fragments. A well-characterized example
of these anti-angiogenic ECM fragments includes
endostatin, a fragment of collagen type-XVIII
that was shown to potently inhibit tumor angio-
genesis in multiple models. In further work, our
laboratory and others previously demonstrated
that several NC1 domains from genetically distinct
forms of basement membrane collagen type-IV
could bind specific integrin receptors and inhibit
angiogenesis in vivo (Petitclerc et al. 2000). It is
interesting to note that a common phenomenon
is rapidly emerging in that many of the anti-
angiogenic ECM fragments interact with integrin
receptors and that this interaction plays a signifi-
cant role in their biological activity. Taken
together, these studies help illustrate the critical
importance of localized reciprocal communica-
tion between cells and the ECM in regulating
neovascularization.

The Unique Microenvironment

of the Central Nervous System

and Its Implications for Controlling
Pathological Angiogenesis

The well-accepted role for angiogenesis in
contributing to tumor growth has lead to numerous
studies focused at developing novel strategies to
inhibit angiogenesis for the treatment of cancer.
It was originally thought that targeting relatively
stable endothelial cells would have the added
advantage of escaping drug resistance commonly
seen with compounds aimed at unstable malignant
tumor cells. However, new experimental findings
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from both basic research and clinical trials
demonstrate that resistance to anti-angiogenic
therapy can occur, and in some circumstance, may
be associated with the ability of anti-angiogenic
drugs to actively induce anti-angiogenesis rescue
programs. For example, new observation from
clinical studies evaluating the effects of the
anti-VEGF antibody Bevacizumab in colorectal
cancer noted significant upregulation of several
molecules thought to enhance angiogenesis and
tumor progression such as SDF-1, CXCR4 and
CXCL6 (Xu et al. 2009). It is interesting to point
out that SDF-1 interactions with CXCR4 has
been suggested to promote mobilization of
CD11b+bone marrow derived myeloid cells and
these cells are thought to play a functional role in
vasculogenic recovery of blood vessels in glio-
blastoma tumors following radiation therapy in
mice (Kioi et al. 2010). These observations and
many others are beginning to provide new insight
that may help explain in part, the lack of sus-
tained therapeutic benefits observed with certain
anti-angiogenic strategies such as those targeting
VEGEF signaling. For example, the development
of recurrent glioblastoma following an initial
inhibition with anti-angiogenic drugs was associ-
ated with the development of new vessels resulting
largely from vasculogenesis rather than angio-
genesis. This vasculogenic response was associ-
ated with infiltration of CD11b+bone marrow
cells, which are known to secrete a variety of pro
angiogenic factors (Kioi et al. 2010). Interestingly,
evidence from both animal models and human
clinical trials suggest that while blocking VEGF
can be associated with transient inhibition of vessel
growth and some improvement of symptoms such
as edema, these responses may be temporary and
can be followed by enhanced tumor cell invasion
(Xu et al. 2009). This increased tumor cell inva-
sion may be associated with the anti-angiogenic
drugs stimulating hypoxic recovery programs
that facilitate influx of bone marrow progenitor
cells, which secrete a number of pro-invasive fac-
tors such as proteolytic enzymes and additional
mitogenic growth factors. Alternatively, brain
tumors may co-opt existing blood vessels to pro-
vide at least some of their perfusion requirements.
Given that vascular cooption does not require
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active sprouting, drugs designed to target sprouting
angiogenesis would be expected to have minimal
effects on tumor growth under these circumstances.
Finally, intriguing new work suggests that within
certain tissue microenvironments, pre-existing
vessels may be physically translocated to areas of
hypoxia by biomechanical tissue contraction
(Kilarski et al. 2009). This relocalization of
existing blood vessels may not respond to
conventional anti-angiogenic drugs providing
additional ways by which blood vessels may
escape anti-angiogenic therapy. Given the critical
importance of the non-cellular ECM in modulating
the response of cells to both pro and anti-angiogenic
factors, the possibility exists that these shifts in
mechanisms by which blood vessels recover
following anti-angiogenic treatments may be
controlled in part by specific organ microenvi-
ronments. In this regard, the CNS represents a
unique tissue microenvironment composed of a
variety of tissue specific stromal cells and ECM
components. The ECM composition of the CNS
is remarkably different from that of other organ
systems in that there is relatively little if any
expression of fibrilar collagens, yet the CNS is
associated with significant levels of distinct ECM
components such as hyuronic acid and several
heparin sulphate proteoglycans within the inter-
stitial compartment. Moreover, the vascular base-
ment membranes of the brain blood vessels
exhibit distinct ECM composition and structure
as compared to other vascular beds. For example,
some CNS basement membranes can be com-
posed predominately of 411 and 511 laminin iso-
forms, collagen type —IV and perlecan, while
brain parenchyma basement membranes have
been shown to express elevated levels of 111 and
211 laminin isoforms, collagen type-IV and agrin
(Engelhardt and Sorokin 2009). These observa-
tions are important since integrins and other cell
adhesion receptors used by vascular cells to sense
their immediate microenvironment differentially
bind to these ECM proteins and thereby may alter
the cells response to angiogenic factors.

During embryonic neurovascular development,
a tight functional association exists between
vascular cells and nerve cells. Studies have sug-
gested that blood vessel growth within the CNS
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occurs in specific patterns controlled in part by
endothelial cells following radial glial cell tracts
(Adams and Eichmann 2010). The formation of
functional CNS blood vessels involve numerous
regulatory molecules, which are known to con-
tribute to the development of the nervous system,
including neuropilin, a VEGF co-receptor, and
several others involved in neuronal guidance
such as semaphorins, Eph/Ephrins, and the Slit/
Robo signaling systems (Adams and Eichmann
2010). These and other molecules contribute to
the formation of the neurovascular unit, a unique
structural feature of CNS blood vessels not com-
monly observed in other vascular beds. These
structures regulate the selective permeability of
the Blood Brain Barrier (BBB). In general, these
neurovascular units are composed of brain endo-
thelial cells forming lateral tight junctions com-
posed of proteins such as claudins, occludins and
other adhesion junction proteins. The endothelial
cell layers can be associated in some circum-
stances with two different basement membranes,
one associated with the endothelial cells and one
in association with the closely apposed astroglial
cells. These basement membranes can be com-
posed of distinct isotypes of laminin, collagen
type-IV, and perlecan, some of which are differ-
ent from that found in other vascular beds.
Additional cell types that help ensheath the endo-
thelial cell layer include astrocytes, pericytes,
and leptomeningial cells. Collectively, this
unique structural composition provides the highly
selective BBB, which specifically limits permea-
bility and molecular access into the brain paren-
chyma based on physiochemical properties such
as molecular size, shape, charge and aqueous and
lipid solubility.

Given the unique microenvironment of the
CNS, it would not be surprising that different
mechanisms function to regulate pathological
angiogenesis in the brain as compared to other
tissues. To this end, a considerable body of evi-
dence has implicated integrin avp3 in regulating
pathological angiogenesis as antagonists of av3
have been shown to inhibit tumor angiogenesis in
multiple animal models and Cilengitide, an RGD
containing antagonist that inhibits avf33 and avp5
is currently being evaluated in late stage human
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clinical trials for the treatment of glioblastoma
with encouraging results (Reardon et al. 2008).
Despite the considerable evidence demonstrat-
ing a functional role of avp3 in angiogenesis,
avp3 null mice exhibited relatively few defects in
embryonic vascular beds outside of the CNS
(Bader et al. 1998). Interestingly however, vascu-
lar defects were noted within the brains of these
mutant mice (Bader et al. 1998). Moreover, similar
cerebral vascular defects were observed in 8
null mice, suggesting the possibility of disruption
of brain vascular specific integrin interactions
with ECM components (Proctor et al. 2005).
Given these observations, it is interesting to point
out that the a5 chain of laminin expressed within
basement membranes of the brain vasculature is
associated with a freely accessible RGD site that
can be recognized by avf3 integrin (Sasaki and
Timpl 2001). Other RGD containing ECM
proteins such as Tenascin-C and Vitronectin can
be highly expressed during brain tumor angio-
genesis. Interestingly, a short isotype of VEGF,
termed VEGF'?!' was observed to be elevated
within the microenvironment of gliomas growing
intracranially, but not within similar tumors
implanted subcutaneously (Guo et al. 2001). In
other studies, high levels of activated avp3 and
elevated levels of VEGF was detected within
metastatic breast tumor cells growing intracrani-
ally, but remarkably this was not observed when
similar tumors were growing in the mammary fat
pad (Lorger et al. 2009). Collectively, these
interesting experimental findings provide further
support for the concept that specific tissue micro-
environments may differentially govern complex
biological processes such as angiogenesis by
distinct mechanisms.

Conclusions

With the rapid expansion of basic and clinical
research in angiogenesis, surprising new molecu-
lar insight into the complex mechanisms that
govern new blood vessel formation is emerging.
Exciting new experimental findings concerning
the functional roles of endothelial progenitor
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cells and other bone marrow derived myeloid
cells to pathological angiogenesis as well as
important new molecular insight into the mecha-
nisms that may contribute to anti-angiogenesis
resistance, provides a strong foundation for the
development of more efficacious anti-angiogenic
clinical strategies. In addition to the more in-
depth molecular understanding of pathological
angiogenesis, the emerging concept that patho-
logical angiogenesis may be controlled in part by
tissue specific mechanisms, might ultimately
lead to the development of more effective thera-
peutic approaches designed to inhibit angiogen-
esis in an organ specific manner. Taken together
with the recent clinical validation of inhibiting
angiogenesis as a useful strategy to help manage
malignant human tumors, studying angiogenesis
from a perspective that integrates both the cellu-
lar and non-cellular compartments of a tissue
might lead to uncovering previously unappreci-
ated ways by which pathological angiogenesis
may be controlled.
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Introduction

The role of environmental factors in the etiology
of childhood brain tumors is not well understood.
Various environmental exposures have been
postulated to cause pediatric brain tumors.
High doses of ionizing radiation, as applied for
childhood leukemia treatment, have been found
to considerably increase the risk of developing a
brain tumor (Pollack and Jakacki 2011). Contrary
to the clear association with high dose of ionizing
radiation, investigations of low dose of ionizing
radiation and other environmental risk factors
have produced mixed results. N-nitroso com-
pounds are found in foods that contain nitrite
(e.g., meat, fish and cheese) and have been shown
to be carcinogenic in various animal types
(Baldwin and Preston-Martin 2004). However,
epidemiological studies reported inconsistent
associations between maternal exposure to
N-nitroso compounds during pregnancy and the
risk of brain tumors in her offspring. Similarly,
numerous epidemiological studies have attempted
to evaluate whether pesticide exposure of the
mother or the child increases the risk for pediatric
brain tumors, but have not found compelling evi-
dence for such an association (McKinney 2005).

Recently, the role of infectious agents in
carcinogenesis has obtained increasing attention.
Studies that used number of siblings or daycare
attendance as proxies for exposure to infectious
agents have produced inconsistent results
(Connelly and Malkin 2007). However, a few
studies suggest a link between viral infection of
the mother during pregnancy and development of
a malignant nervous system tumor (Baldwin and
Preston-Martin 2004). The infections included
rubella, mumps, varicella, herpes zoster and
influenza. Whether allergic conditions are
inversely correlated with glioma risk in children,
as has been observed in adults, has not been
widely investigated (McKinney 2005).

Head injuries and birth trauma have been
suspected to cause brain tumors but seem unlikely
to be relevant etiologic factors (Baldwin and
Preston-Martin 2004). In a meta-analysis of 12
studies, little support was found for the hypothesis
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that smoking during pregnancy increases the
brain tumor risk of the offspring (Huncharek et al.
2002). Interestingly, various studies reported an
association for preconceptional smoking status of
father and/or mothers and development of a brain
tumor (Baldwin and Preston-Martin 2004);
preconceptional DNA damage due to smoking or
due to other toxic substances may be relevant for
carcinogenesis.

Quite a few studies addressed the question
whether exposure to extremely low frequency
magnetic fields (ELF-MF) increases the risk for
brain tumors in children. A pooled analysis of ten
case-control studies did not reveal consistent
evidence for such an association (Kheifets et al.
2010). Regarding preconceptional occupational
exposure of the parents to ELF-MF, a German
case-control study found no indication for an
adverse effect (Hug et al. 2010).

In summary, apart from high doses of ionizing
radiation, no other environmental exposure
has been identified to play a major role in the
etiology of childhood brain tumors, although,
due to sparse data, many possible risk factors
cannot be ruled out either.

Use of Mobile Phones Among
Children

Use of mobile phones among children and
adolescents has been steeply increasing during
the last decade. In the 2007 the German Health
Interview and Examination Survey for Children
and Adolescents (KiGGS) showed that more than
50% of the 11-17 year olds reported to use their
mobile phones for at least 30 min/day, for various
purposes including text messaging, calls or data
download (Lampert et al. 2007). Given the
ongoing dispersion of wireless communication
technologies, the amount of use among children
is expected to increase even more, and regular
use may also shift to younger age groups.

The increase in mobile phone use among
children and adolescents has raised concerns
about a potential brain tumor risk in this age
group. It has been speculated that children may
be more vulnerable to emissions from mobile
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phones because they have a developing nervous
system (Kheifets et al. 2005). Their brain tissue is
more conductive than that of adults because of its
higher water content and ion concentration.
Moreover, mobile phone radiation penetrate into
regions that are deeper in their brains because of
the smaller head circumference compared to
adults (Wiart et al. 2008).

Exposures from Mobile Phones

Mobile phones emit electromagnetic waves in
the frequency range of 800-2,300 MHz, which
belongs to the radiofrequency spectrum, sometimes
also called microwave radiation. Figure 29.1
shows an overview of the electromagnetic
spectrum. Radiofrequency electromagnetic fields
(RF-EMF) from mobile phone belong to the non-
ionizing part of the spectrum. Thus, the photon
energy is too weak to ionize molecules (Challis
2005) and a direct DNA damage due to RF-EMF
exposure is impossible. Absorption of RF-EMF
is known to heat biological tissue due its electri-
cal conductivity. The absorbed energy in the tis-
sue can be modeled based on the characteristics
of the emitter and the tissues, or it can be mea-
sured using head phantoms. To prevent harmful
heating of the body, the ICNIRP (International
Commission on Non-lonizing Radiation Protection)
has suggested protection guidelines. According to
these basic restrictions the average specific
energy absorption rate (SAR) for localized
sources like mobile phone handset emissions in

any contiguous 10 g tissue region has to be less
than 10 W/kg for occupational exposures or
2 W/kg for the general public (ICNIRP and
(International Commission on Non-Ionizing
Radiation Protection) 1998). Apart from the
thermal interaction, no other mechanism has been
consistently identified how RF-EMF interacts
with biological tissue in a way that could be
relevant for carcinogenesis.

In addition to mobile phones many other
wireless communication devices emit RF-EMF,
such as W-LANs (wireless local area networks),
cordless phones or broadcast transmitters. Thus,
the question arises how relevant is brain exposure
from mobile phones compared to exposures from
other sources. The absorbed energy of the body
depends mainly on the source strengths and
the distance to the source. Mobile phones are
relatively strong transmitters since they have to
reach longer distances than other daily RF-EMF
sources (e.g., W-LAN, cordless phones). Obviously,
fixed site transmitters used for broadcasting or
mobile communication have a stronger output
power than mobile phones. However, distance to
the receiver is considerable larger than for mobile
phone handsets which operates close to the body.
In general, the SAR decreases with the square of
the distance to the source, although the situation
can be much more complex close to the source.
For example, if the SAR value for a mobile phone
is 1.0 W/kg at a distance of 0.5 cm from the head,
this value would decrease by approximately a
factor of 64 (=0.016 W/kg) at a distance of 4 cm.
As a consequence, for a person who is using a
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mobile phone for at least a minute per day, the far
largest exposure contribution to the brain is
arising from the use of mobile phones when
holding it to the head. Exposures from cordless
phones are also relevant, because these devices
are held to the head as well; the emitted power
was lower compared to the second generation
of mobile phones (Global System for Mobile
Communications), but may be equally important
in terms of exposure assessment compared to the
UMTS (Universal Mobile Telecommunications
System) mobile phone technology (Gati et al. 2009).
Currently, the fourth generation (LTE: Long
Term Evolution) is implemented. Preliminary
measurements suggest that exposure levels of
handsets will be comparable with the second
generation of mobile phones. The exposure con-
tributions from all other sources in the everyday
environment are negligible for the brain (Frei et al.
2009). And there is neither any other part of the
body which is exposed to any other sources on
such a large population scale like the brain from
the use of wireless phones. A few workers such
as RF heater sealer or broadcast technicians may
experience high exposure levels as well, however,
this concerns only a relatively small population
and is not relevant for children. For this reason
epidemiologic research on the carcinogenicity of
RF-EMF or microwave radiation has mainly used
wireless phone use as a proxy for exposure.

Case-Control Studies

So far, results on the association between wire-
less phone use and childhood brain tumor have
been published from one multicenter case-control
study conducted in Denmark, Norway, Sweden and
Switzerland (CEFALO study) (Aydin et al. 201 1c).
An additional multicenter case-control study is
ongoing in 13 countries (http://www.mbkds.
net/), however, no results are available up to now.

In CEFALO, all children and adolescents aged
7-19 years and diagnosed with a brain tumor
between 2004 and 2008 in the participating coun-
tries were eligible for the study. For each patient,
two controls of the same age, gender and region
of residence were randomly selected from popu-
lation registries.
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The data were obtained by personal interviews
with the study participants and their parents. All
participants having used a mobile phone for at
least 20 calls were asked about their usage pat-
terns prior to diagnosis. The frequency and dura-
tion of mobile phone use was inquired for various
time periods as well as the preferred side of the
head and the use of hands-free kits. Furthermore,
connection data from mobile phone operators
were obtained whenever possible.

Data on other possible risk factors for brain
tumors such as diagnostic x-ray radiation,
infectious diseases and head injuries during
childhood were also collected and considered
in the analysis.

The association between mobile phone use
and brain tumor risk was evaluated by comparing
the duration and intensity of mobile phone use
between cases and controls in conditional logistic
regression analyses. In addition, several sensitiv-
ity analyses were conducted. For instance, the
brain tumor incidence rates in Swedish children
and adolescents between 1990 and 2008 as regis-
tered in the nationwide cancer registry were com-
pared with the number of mobile phone users
assuming various scenarios for hypothetical
increased risks related to mobile phone use.

Overall, 352 patients and 646 controls partici-
pated in the study. The participation rates were
83% for cases and 71% for controls. Fifty-five
percent of patients and 51% of controls reported
regular mobile phone use (at least one call per
week during at least 6 months). In the primary
analysis, brain tumor risk was not significantly
associated with regular mobile phone use (Odds
ratio [OR]=1.36, 95% Confidence interval [CI]:
0.92-2.02). Other exposure metrics, such as time
since first mobile phone use or cumulative
number and duration of calls, were also not
significantly associated with brain tumors and no
consistent exposure-response relationship was
observed (Fig. 29.2). The risk of tumors in the
brain regions most highly exposed by mobile
phones (temporal lobe, frontal lobe and cerebel-
lum) was not associated with regular mobile
phone use. Regarding preferred side of the head
for using the mobile phone, tumors did not occur
more often on the ipsilateral compared to the
contralateral side. Cordless phone use and use of
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baby monitors in early childhood was also not
related to an increased brain tumor risk. Objective
operator data were available for only a third of
the study participants who reported to have a
mobile phone subscription. In this small, not ran-
domly selected, subset, brain tumor risk was ele-
vated for participants with the longest period
since first subscription (>2.8 years) (OR=2.15
[95%CI: 1.07—4.29]). Calculations demonstrated
that such a risk, if true, would have resulted in an
increase of brain tumor incidence by approxi-
mately 50% in the last few years. Such an increase
was not observed in Swedish children and ado-
lescents (Aydin et al. 2011c).

Overall, the pattern of the risk results does not
suggest a causal association. First, in most analy-
ses there was no consistent exposure-response
association observed. Second, the brain tumor
risk was not elevated in brain regions that are
most exposed when using a mobile phone. Third,
the brain tumor incidence in children and adoles-
cents in Sweden, where the most recent data were
available, has rather decreased than increased
between 2000 and 2008. Thorough sensitivity
analyses found no indication that the results were
biased due to selective participation of controls
or more pronounced overestimation of mobile
phone use among patients compared to controls
(Aydin et al. 2011a).

The most striking result of CEFALO is a sta-
tistically significant association between the
duration of mobile phone use and brain tumor
risk in the small subset of the study sample with

Total duration of calls, h

user

Total number of calls

(in years), cumulative duration of mobile phone use (in
hours) and cumulative number of calls (Aydin et al.
2011c)

operator data. Objective data are presumed to be
more reliable than self-reported data (Aydin et al.
2011b). However, the absent increase of the brain
tumor incidence based on high quality registry
data strongly contradicts the observed associa-
tions. One alternative explanation might be that
more patients than controls succeeded in making
operator data for more distant time periods avail-
able, by having reported changes in subscriptions
more completely than controls. Also, cases may
have changed subscriptions or phone numbers
less often than controls. Thus, mobile phone
operator data would cover more distant time peri-
ods in cases than controls. This would lead to an
erroneous notion that cases started to use mobile
phones earlier than controls. Another possibility
is the presence of prodromal symptoms before
diagnosis in some case patients. To provide frail
children with better protection, their parents may
have given them a mobile phone subscription for
use in case of emergencies.

Ecological Studies

Because mobile phone use among children and
adolescents has steeply increased since the mid-
1990s, a brain tumor risk after a few years of
mobile phone use is to be expected to affect the
brain cancer incidence rate in this particular age
group. Thus, various researchers have evaluated
whether brain tumor incidence time trends have
shown increases in the last few years.
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Using data collected by the Surveillance,
Epidemiology and End Results (SEER) Program
for the United States, brain tumor incidence time
trends of the age group 0-19 years were sepa-
rately estimated for 1977-1991 (introduction of
computerized tomography, CT, and magnetic
resonance imaging, MRI) and for 1992-2006,
when mobile phones became more prevalent
(Inskip et al. 2010). An analysis of the gender
specific incidence trends revealed stable rates for
both periods and genders. Another analysis of the
SEER data for the 5-19 years old persons
revealed also stable incidence time trends
between 1990 and 2007 (Boice and Tarone 2011).

A study from the Nordic countries found sta-
ble incidence rates of malignant and benign
childhood central nervous system neoplasms in
children aged 010 years between 1985 and 2006,
and concluded that major changes in environmental
risk factors are unlikely (Schmidt et al. 2011).
For the children aged 10-14 years a statistically
significant increase in incidence of 1.02% per
year was observed for the full period. An analysis
of the Nordic country incidence data for the age
group 5-19 years did not reveal increasing inci-
dence rates between 1990 and 2008 (Soderqvist
etal. 2011).

In England, no time trends in newly diagnosed
brain cancer cases in England was observed
between 1998 and 2007 among adolescents aged
10-20 years (de Vocht et al. 2011), and the same
pattern was observed for malignant brain tumor
incidence rates in children and adolescents
0-19 years old in Australia 2000-2008 (Dobes
etal. 2011).

In conclusion, incidence rate data from high
quality cancer registries with virtually complete
registration rates do not indicate an increase of
brain cancers among children and adolescents
up to 2008.

Discussion and Conclusion

Use of mobile phones among children and ado-
lescents is still a relatively novel phenomenon.
So far only little epidemiological research has
been conducted to elucidate the role of mobile
phone use in the etiology of childhood brain
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tumors. There is only one case-control study
available and a few analyses from pediatric brain
tumor incidence rates from the United States,
England, Australia, and the Nordic Countries.
Altogether these studies do not indicate that
use of mobile phone is a major risk factor for
childhood brain tumor.

So far, many more studies have been con-
ducted on adult brain tumors and use of mobile
phones. Most of these studies did not find an
increased risk and recent reviews concluded that
within about 10-15 years after first use of mobile
phones it is highly unlikely that there is a mate-
rial increase in the risk of brain tumors in adults
(Repacholi et al. 2012; Swerdlow et al. 2011).
Data for longer time periods are lacking. The IARC
(International Agency for Research on Cancer)
has classified RF-EMF as “possibly carcinogenic
based on limited evidence in humans and in
experimental animals” (Baan et al. 2011).

Regarding childhood brain tumor studies,
there are several inherent limitations in the avail-
able literature. First, the CEFALO study indicates
that amount and duration of mobile phone use
was until recently relatively low among children
and adolescents. In addition, regular use at young
age (e.g., <10 years) seems also to be a relatively
rare and recent phenomenon. Thus, any risk
associated with heavy mobile phone use, with
exposure early in life is likely not to be captured
with the available data. The available data are
also insufficient to identify a potential risk asso-
ciated with a rare histological subtype. It is also
conceivable that exposure in childhood may
increase the risk of brain tumor in adulthood.
One Swedish case-control study has actually
conducted such an analysis and reported that the
risk to develop astrocytoma in adulthood is about
five times higher for persons who started to use
mobile phones before the age of 20 years and
about four times higher for cordless phone use
before 20 (Hardell and Carlberg 2009). However,
recent studies demonstrated that risk of this order
of magnitude would result in a strong increase in
the incidence time trends if they were true
(Deltour et al. 2012; Little et al. 2012). Such an
increase was not observed, suggesting that the
observed association in the questionnaire-based
case-control study is an artifact. Other case-control



29 Use of Mobile Phones and Brain Cancer Risk in Children?

studies have not found increased risks in the
youngest age-group (Lahkola et al. 2007).

The strength of case-control studies compared
to ecological analyses of incidence time trends is
the availability of individual exposure data. Thus,
confounding factors can be considered in the
analyses as was done in the CEFALO study.
Confounding factors cannot be considered in
temporal incidence rate analyses. Time trends
may thus be affected by many other factors which
are changing over time. It may be conceivable
that an increase of brain tumors due to increased
mobile phone use among children is compen-
sated by a decrease of cases due to some other
factors. However, it is difficult to imagine what
kind of factor this could be given the limited
known impact of environmental exposures in the
etiology of childhood brain tumors.

Another advantage of the individual data in a
case-control study is the possibility to conduct
more sophisticated exposure-response analyses
than in ecological studies. Thus, ecological fallacy
can be prevented. However, in case-control studies
exposure data has to be collected retrospectively,
either by personal interviews or by obtaining
records from the mobile phone operators. Both
approaches were conducted in the CEFALO study
and both approaches have severe limitations.
To recall past mobile phone use is a challenge
and substantial uncertainty cannot be avoided
(Aydin et al. 2011b). There is concern that cases
may overestimate exposure compared to controls,
although there was no indication for such kind of
recall bias in CEFALO (Aydin et al. 2011a).
Objectively recorded data on mobile phone use
by the operator is presumed to be more reliable.
However, retrospectively collected operator records
are as well prone to error and cannot be regarded
as gold standard for several reasons. Not all opera-
tors store traffic data long enough or data are not
traceable anymore. Moreover, children and ado-
lescent tend to switch operators often according
to their cost plan and thus may not remember
their previous phone numbers which is needed
for record identification. For children and adoles-
cents the identification of the actual user of a
mobile phone may be particularly erroneous as
subscriptions may be held in the name of the parents
and phones may be redistributed within families.
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Inquires of all these factors may also be subject
to recall bias. These kinds of problems are not
relevant for time trend analyses since the increase
in use and ownership of mobile phones among
children and adolescent is quite clearly defined
on the population level. Thus, in the special situation
of mobile phone use and brain tumors with (i) a
steep increase in exposure prevalence, (ii) the
availability of high quality registry data and (iii) the
limited number of other environmental risk factors,
results of ecological study are considered more
informative than in most other situations. Moreover,
ecological studies are not prone to participation
bias as has been discussed in the context of adult
brain tumor studies (INTERPHONE 2010). In
addition to the epidemiological research, neither
animal nor cellular data found consistent evidence
for an association or could identify a biological
mechanism for carcinogenesis of RF-EMF despite
considerable research efforts (Repacholi et al. 2012).

In conclusion, available data on the childhood
brain tumor risk in relation to mobile phone use
is still relatively scarce. Overall these data do not
suggest an increased brain tumor risk from using
mobile phones. However, some uncertainties
remain with respect to heavy mobile phone use,
with early life exposure, or with long latency or
with rare histological subtypes. Given the high
potential public health consequences of even a
small individual risk, further monitoring of
childhood brain tumor incidence rate time trends
is warranted.
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