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AR N b e s |

We dedicate this book to
Heather, Willi and Scott,
as well as to our colleagues and patients.



Pediatric brain tumors present a tremendous chal-
lenge to the physician. Their diverse biological be-
haviors, in the unique context of the developing ner-
vous system, require flexible and tailored treatment
plans. Exponential expansion in our understanding
of the molecular and genetic basis of human malig-
nancies has led to the introduction of biologically
based therapeutic agents and their incorporation
into multimodality approaches to brain tumors. The
next 10 years promise great excitement as these
agents enter clinical trials and are brought into every-
day practice. The goal of this textbook is to provide a
concise, current, scientifically based description of
the management of central nervous system tumors in
children. The epidemiology, pathology, clinical pre-
sentation, diagnostic evaluation, treatment, and out-
come are provided for selected tumor types in the
initial 11 chapters. In the final 4 chapters, many of the
diagnostic and treatment modalities common to all
tumors are discussed with an emphasis on emerging
and experimental techniques. For the interested
reader, additional information is available in other
general textbooks [1, 2]. The World Health Organiza-
tion classification is a particularly valuable resource
[3].

For the most part, this book outlines the general
principles used for management of brain and spinal
cord tumors at the University of California, San Fran-
cisco. Although this may underemphasize other
equally valid approaches, we believe that a consistent
management philosophy offers some advantages to
the reader. We fully recognize that a variety of effec-
tive treatment strategies are utilized by other practi-
tioners and institutions. Finally, we strongly believe
that improvements in clinical outcomes for our pa-
tients can only happen through participation in well-

Preface

designed clinical trials. The results from such trials in
the past have led to the validation of successful treat-
ment strategies used for many other childhood ma-
lignancies.

The editors would like to acknowledge the contri-
bution of the authors, our colleagues at the Universi-
ty of California, San Francisco, the editorial staff at
Springer-Verlag, and our many mentors in the prepa-
ration of this book. We are indebted to Judi Chesler,
who provided endless administrative assistance, and
Sharon Reynolds, who carefully edited the various
versions of the text.

Nalin Gupta, MD, PhD
Anu Banerjee, MD, MPH
Daphne Haas-Kogan, MD
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Introduction

Central nervous system (CNS) tumors are the most
common solid tumors of childhood and are second
only to leukemia and lymphoma in overall incidence
of neoplasia in this age group. Reflecting the cytolog-
ic complexity of the CNS, a bewildering variety of tu-
mors are encountered in the brain and spinal cord.
Similarly, outcomes range from curable (cerebellar
astrocytoma) to those with a uniformly dismal prog-
nosis (diffuse pontine glioma). In the past 20 years,
mortality from leukemia has declined faster than
from CNS tumors. Consequently, deaths from CNS
tumors (0.8 per 100,000 in 1995) now exceed those
from acute lymphoblastic leukemia (0.4 per 100,000
in 1995; Bleyer 1999). For these reasons, management
of CNS tumors is likely to remain a challenge for the
near future.

The evaluation and treatment of these tumors is
also complex, given the difficulty of their surgical re-
moval, complications related to treatment, and poor
response to therapy in certain situations. For this rea-
son, the management of pediatric CNS tumors has
evolved to require a multi-disciplinary effort with
participation of subspecialists in pediatric oncology,
radiation oncology, and neurosurgery. Although in-
dividual practitioners can provide excellent care, the
complete spectrum of treatment options can only be
delivered in a team environment. In addition, active
participation of other members of the health care
team such as physical therapists, child life specialists,
social workers, and general pediatricians contributes
to the optimal care of these patients and their fami-
lies.

N.Gupta - D.Haas-Kogan - A.Banerjee

Etiology of Central Nervous System Tumors

Despite the wealth of biologic information available,
specific etiologic agents or events responsible for the
majority of brain tumors remain unknown. Known
risk factors include heritable genetic syndromes
(such as neurofibromatosis types 1 and 2, basal cell
nevus, tuberous sclerosis, and those of Gorlin, Tur-
cot, Li-Fraumeni, and von Hippel-Lindau), and expo-
sure to therapeutic ionizing radiation. With regard to
the latter group, ionizing radiation was used in the
early and mid-20th century to treat tinea capitis and
thyroid diseases (Ron et al. 1988). Long-term se-
quelae included meningiomas, gliomas, and nerve
sheath tumors. There has been concern regarding po-
tential risks from low-level electromagnetic radiation
such as those occurring from high-tension power
lines. Ongoing studies over many years have failed to
show conclusive evidence for a causative role (Gur-
ney and van Wijngaarden 1999). Similarly, no evi-
dence exists for a linkage between cellular phone use
and cancer (Johansen et al. 2001). Except for
medulloblastoma and germ cell tumors (occurring
more often in males), the incidence is equal in boys
and girls. Other risk factors such as maternal con-
sumption of cured meats, and a first degree relative
with a brain tumor have been implicated but conclu-
sive evidence is lacking.
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Table 1. WHO classification of tumors of the nervous system (Kleihues and Cavenee 2000)

2 Morphology code of the International Classification of Diseases for Oncology (ICD-O) and the Systematized Nomenclature of
Medicine (SNOMED). Behavior is coded /0 for benign tumors, /1 for low or uncertain malignant potential or borderline malig-
nancy, /2 for in situ lesions and /3 for malignant tumors.

b The italicized numbers are provisional codes proposed for the third edition of ICD-O.They should, for the most part, be incor-
porated into the next edition of ICD-O, but they are subject to changeNeuronal and mixed neuronal-glial tumors
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Introduction

Classification of CNS Tumors

The nomenclature and classification of all brain tu-
mors has evolved over the past few decades. Common
tumor types such as astrocytoma, pituitary ade-
noma, and meningioma are readily recognized by
standard histopathology. Most tumors within these
groups can be diagnosed with reasonable consisten-
cy by most neuropathologists. Beyond the initial di-
agnosis, great controversy has arisen over matters
such as grading of astrocytomas, immunophenotype
of pituitary adenoma, and classification of primitive
undifferentiated tumors, to name a few examples.
The overall trend is toward greater standardization in
the diagnosis and classification.

The most commonly used classification of CNS tu-
mors is the one developed and adopted by the World
Health Organization (WHO; Table 1; Kleihues and
Cavenee 2000). This classification is still rooted in the
tradition of histologic appearance that is the basis of
virtually all modern pathology. It should be appreci-
ated that the expanding impact of molecular classifi-
cation will likely change how tumors are both divid-
ed and treated in the near future (Pollack et al. 2002).
Two recent publications suggest how molecular fea-
tures are likely to improve prognostication and treat-
ment planning. Pollack et al. (2002) noted a marked
difference in survival in a group of children with
high-grade astrocytomas whose tumors had low ex-
pression of p53 protein. This group had a progres-
sion-free survival of approximately 44 months com-
pared to patients with increased expression of p53
whose survival was 17 months. It should be noted
that conventional histology would not have identified
this subgroup from the overall group of patients with
high-grade astrocytomas. In another example, Pome-
roy et al. (2002) using gene expression arrays, stated
that medulloblastoma tumors differ from other em-
bryonal tumors, and furthermore, subgroups defined
by patterns of gene expression predict clinical out-
come. Although standardization and widespread ac-
ceptance are limited, these types of molecular classi-
fication are likely to change how we view and treat tu-
mors within histology-based categories.

Epidemiology of Childhood CNS Tumors

In both the popular and scientific literature, the inci-
dence of childhood brain tumors is reported to be in-
creasing. The epidemiologic data do suggest such a
trend but the actual details are unclear. Two funda-
mental problems exist. First is a lack of consistent
definitions and pathologic criteria for various tumor
types over time. This remains a problem despite the
availability of the WHO classification system. Second
is the lack of truly inclusive tumor registries by organ
site. In the United States, comprehensive national da-
ta for cancer incidence are not available. Rather, data
from nine registries have been compiled since 1973
by the National Cancer Institute as the Surveillance,
Epidemiology, and End Results (SEER) program and
extrapolated to represent national data. These data
demonstrate an overall incidence of CNS cancer to be
3.5 per 100,000 children <15 years of age (Ries et al.
2000). If all CNS neoplasms are included, the SEER
incidence data may be low. One report suggests that if
benign tumors were accurately included in the SEER
database, the overall incidence of brain tumors might
be 72% higher (Gurney and Kadan-Lottick 2001). An
additional source of information is a report from the
Central Brain Tumor Registry of the United States
(CBTRUS), a non-profit agency organized for the
purpose of collecting and publishing epidemiologic
data for brain tumors (CBTRUS 2002). The incidence
data published by this group are similar to those pub-
lished by other groups (Table 2).

Some of the most robust data is reported from
countries with small homogeneous populations. In a
population-based study from Sweden, the overall in-
cidence of primary brain tumors in children was
35.9/million children; with 29.6/million of the overall
group being malignant (Hjalmars et al. 1999). An ad-
vantage of this study, besides a homogeneous data
base, is pathological confirmation for the majority of
registered cases. Over the twenty year study period, a
small but measurable increase in malignant tumors
was reported. A few limitations are noted. The au-
thors include Grade I and II astrocytomas in the ma-
lignant group, which creates the impression that the
majority of childhood tumors are malignant and
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skews incidence data for this subgroup. If Grade I'and
IT astrocytomas are included in the benign category,
as some authors would, the majority of tumors would
be considered benign. Whether an increase in the in-
cidence of malignant tumors would still be observed
is unclear. Another national study from Denmark ex-
amined the incidence of intracranial brain tumor
from 1960-1984. The annual incidence was 32.5/mil-
lion children <15 years of age. The incidence in-
creased slightly over the time period studied. This
study is limited because it came prior to modern im-
aging techniques, before the “jump” in incidence not-
ed in other registries in the mid to late 1980s (see be-
low).

A recent report examining incidence of childhood
cancer based on SEER data revealed that while there
was a modest increase in CNS tumors, most of the in-
crease was clustered in the early 1980s with stability
thereafter (Gurney and Kadan-Lottick 2001). Anoth-
er analysis suggested that increases in this time peri-
od, the “jump”, could be best explained by improved
detection and imaging (Smith et al. 1998). The diffi-
culty with this conclusion is that if improved diagno-
sis created an artificial increase in incidence, then in-
cidence should return to the previous levels once the
prevalent cases are detected. This correction has not
occurred. Data from the CBTRUS appear to confirm
that overall incidence of brain tumors (adult and pe-
diatric) has increased; however, when the diagnosis
of primary CNS lymphoma was excluded, a statisti-
cally significant change was not observed (Jukich et
al. 2001). Presumably, this was due to the effect of
AIDS-related CNS lymphoma, and lymphoma occur-
ring in the elderly population impacting overall brain
tumor incidence.

McNeil et al. (2002) observe that as a group, the in-
cidence of medulloblastoma and primitive neuroec-
todermal tumor (PNET) rose 23 % from 1973 to 1998.
This report appears to be convincing but a closer ex-
amination of the data reveals that the rates of
medulloblastoma have remained unchanged while
those of PNET have risen from virtually zero in 1982
to 2/million by 1998. The authors recognize that
changes in diagnostic criteria have occurred and that
the “nosology have been under revision.” Changes in
nomenclature are likely to account at least in part for

the increase reported. Furthermore, a selected review
of the SEER data by diagnosis cannot exclude the
possibility that PNET tumors were being attributed
to other categories before 1982.

As measured by survival, the impact of CNS tu-
mors on the population affected is substantial. These
tumors are exceedingly heterogeneous and survival
is affected by factors such as age, histology, size, stage,
and location within the CNS. From the SEER data, be-
tween 1985-1994 the 5 year survival for all CNS tu-
mors was 45% for children <1 year of age, 59% for
1 to 4 years, 64% for 5 to 9 years, 70% for 10 to 14
years, and 77 % for 15 to 19 years. Astrocytoma car-
ries the best prognosis, with PNET next, followed by
ependymoma, and then brainstem glioma.

In conclusion, although the majority of data sug-
gest a slight increase in the incidence of CNS tumors,
this finding is not accepted by all investigators. Some
suggest that changing diagnostic criteria and classifi-
cation account for the increased incidence.

Future Directions

The primary areas of research in the diagnosis and
treatment of pediatric brain tumors are molecular
phenotyping, development of biologically directed
therapies, and application of functional data to in-
crease the safety and extent of surgical resection. As
described in the various chapters of this monograph,
the molecular and genetic profiles of various tumors
are much better defined through the use of estab-
lished techniques such as comparative genomic hy-
bridization, gene sequencing, and in situ hybridiza-
tion. Newer technologies such as gene, protein, and
chromosome arrays will lead to an improved classifi-
cation system of tumors based on genotype and phe-
notype correlations, rather than on histopathology
alone. Identification of molecular alterations should
lead to more refined and effective agents that can be
used in multimodality settings. The ultimate goal, not
yet realized, is to prescribe therapy tailored to the ex-
act biologic features of a given tumor.

From a practical perspective, rapid advances are
being made in the diagnostic and therapeutic spe-
cialties and these are defined in greater detail in



Chapters 12-15. Advanced imaging techniques cou-
pled with surgery, radiation, and chemotherapy
should further improve results. Specific future surgi-
cal goals include delivery of local agents using new
techniques such as direct convection-enhanced de-
livery, and mapping of functional cortex to allow in-
creased extent of resection.
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Chapter 1

Supratentorial Gliomas

G.Evren Keles - A.Banerjee
D.Puri - M.S.Berger

1.1 Introduction

Astrocytomas constitute approximately half of all pe-
diatric supratentorial tumors. The most common his-
tologic subtypes are pilocytic and fibrillary astrocy-
tomas, which are considered low-grade astrocyto-
mas. A variety of other, less common glial tumors are
also seen in this region, including pleomorphic xan-
thoastrocytoma, subependymal giant cell astrocyto-
ma, high-grade gliomas, ganglioglioma and desmo-
plastic infantile ganglioglioma, astroblastoma,
ependymoma, and oligodendroglioma. This chapter
will focus on low-grade and high-grade astrocyto-
mas, optic pathway gliomas, and oligodendrogliom-
as. The majority of the other tumor types are dis-
cussed in other sections of this text.

1.2 Astrocytomas
1.2.1 Epidemiology

Supratentorial tumors account for 40-60 % of all pe-
diatric brain tumors, and are almost twice as com-
mon in infants as in older children (Dohrmann et al.
1985; Dropcho et al. 1987; Farwell et al. 1977). The
majority of supratentorial tumors are gliomas (astro-
cytoma, oligodendroglioma, and ependymoma) with
the most common subtype being low-grade gliomas,
which constitute approximately half of this group. In
contrast to the distribution of gliomas in adults, ma-
lignant gliomas account for only 20 % of all child-
hood supratentorial gliomas.

For the majority of gliomas, the etiology is un-
known. Children with familial cancer predisposition
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syndromes have an increased risk of developing both
low-grade and high-grade glioma. In particular, chil-
dren with neurofibromatosis type 1 (NF1) have an in-
creased risk of developing astrocytomas (see
Chap. 11). Although the usual location of astrocyto-
mas in patients with NF1 are the optic nerves, optic
chiasm, hypothalamus, and/or brainstem, astrocyto-
mas may also occur within the cerebral hemispheres
(Listernick et al. 1999). For unknown reasons, the in-
cidence is higher in females (Airewele et al. 2001). Pa-
tients with Li-Fraumeni syndrome, arising from a
germline mutation in the p53 tumor suppressor gene,
have an increased risk of developing a heterogeneous
group of tumors, including malignant astrocytoma
and glioblastoma multiforme. Primary CNS malig-
nancies typically present in young adulthood in pa-
tients with Li-Fraumeni syndrome (Kleihues et al.
1997; Varley et al. 1997).

The only environmental agent clearly associated
with increased risk of developing glioma is exposure
to ionizing radiation, which results in a 2.6-fold in-
creased risk of developing glioma (Ron et al. 1988).
Recent case reports have implied that radiation-in-
duced mutagen sensitivity of lymphocytes may be
associated with an increased risk for glioma (Bondy
et al. 2001).

1.2.2 Pathology
1.2.2.1 Low-Grade Astrocytoma

According to the World Health Organization classifi-
cation, grade I astrocytomas are limited to non-infil-
trating pilocytic tumors (also known as juvenile pilo-
cytic astrocytoma, or JPA). The most common loca-
tion for JPA is within the cerebellar hemispheres (see
Chap.2), although they also occur within the cerebral
hemispheres, brainstem, and spinal cord. In general,
JPAs tend to be well circumscribed and do not infil-
trate into the surrounding brain. The one exception is
optic pathway glioma, a subtype of JPA that arises
within the visual pathways and typically presents
with visual loss. These gliomas can infiltrate widely,
even into the visual cortex. This subtype is discussed
in greater detail in Sect. 1.3.
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Grade II astrocytomas are distinct from pilocytic
tumors in their location, degree of infiltration, and
presence of genetic aberrations (Kleihues and Cave-
nee 2000). Grossly, grade II astrocytomas are ill-de-
fined lesions which tend to enlarge and distort in-
volved structures. Destruction of brain tissue, how-
ever, is more characteristic of higher-grade tumors.
Microscopic examination of resected tumor speci-
mens invariably shows diffuse infiltration of the sur-
rounding gray and white matter. Low-power micros-
copy may show a subtle increase in overall cellularity,
and disruption of the orderly pattern of glial cells
along myelinated fibers. Higher-power examination
demonstrates neoplastic astrocytes with indistinct
cytoplasmic features. The diagnosis is often based on
the appearance of the nuclei, which are characteristi-
cally elongated. Nuclear atypia is minimal in low-
grade astrocytomas and mitotic activity is infre-
quent.

1.2.2.2 Other Low-Grade Subtypes

Low-grade astrocytomas can be further subdivided
on the basis of their microscopic appearance. The
prognostic value of these subgroups is not entirely
clear. While the diffuse fibrillary astrocytoma is the
most common grade II astrocytoma, a number of
other variants are described. Gemistocytic astrocyto-
mas are composed of neoplastic astrocytes with
abundant eosinophilic, glial fibrillary acidic protein
(GFAP)-positive cytoplasm. The WHO recognizes the
gemistocytic subtype as low-grade astrocytoma, as
long as cellularity and nuclear atypia remain mild
(Kleihues and Cavenee 2000). Pleomorphic xantho-
astrocytoma (PXA), a newly described subtype, is a
rare, GFAP-positive astrocytic tumor typically occur-
ring in the cerebral hemispheres of children and
young adults (Kepes et al. 1973). Histologically, PXA
is characterized by extreme pleomorphism with
large, neoplastic astrocytic cells. The neoplastic as-
trocytes display substantial nuclear pleomorphism
and very atypical nuclei. The borders are often infil-
trative, and tumor cells may display clustering in an
epitheliod fashion (Lindboe et al. 1992; Powell et al.
1996). Desmoplastic infantile astrocytoma (DIA) is a
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rare tumor occurring in infants of up to 18 months of
age. Grossly, these tumors are typically large, cystic,
supratentorial in location, and have a dural attach-
ment. The histologic appearance demonstrates loose
to dense collagenous stroma with wavy fascicles of
spindle cells (Taratuto et al. 1984). The rarest subtype
is the protoplasmic astrocytoma, which has promi-
nent microcysts, mucoid degeneration, and a paucity
of GFAP positivity. Some consider this a histological
pattern of fibrillary astrocytoma, rather than a true
variant. Regardless of subtype, all low-grade astrocy-
tomas have low cellularity, limited nuclear atypia, and
rare mitotic activity. Low-grade astrocytomas with a
single mitotic figure behave more like a low-grade tu-
mor with respect to prognosis (Giannini et al. 1999).
If confirmed, this suggests that the finding of isolated
mitoses may not be sufficient to upgrade an other-
wise low-grade astrocytoma to a higher-grade lesion.

1.2.2.3 Anaplastic Astrocytoma
and Glioblastoma Multiforme

Anaplastic astrocytoma (WHO grade III) and glio-
blastoma multiforme (GBM, WHO grade IV) are
both diffusely infiltrative, malignant gliomas. In ad-
dition to high mitotic activity, the main cellular fea-
ture of malignant glial cells is local tissue invasion,
which typically occurs along the path of deep white
matter tracts, e.g., corpus callosum, anterior commis-
sure, fornix, and internal capsule. When malignant
astrocytomas demonstrate diffuse infiltration as the
primary feature from the outset, often throughout the
entire hemisphere, the condition is termed gliomato-
sis cerebri.

Compared to grade II astrocytoma, anaplastic as-
trocytoma exhibits greater cellularity, nuclear atypia,
ahigh degree of cellular pleomorphism,and the pres-
ence of multiple mitotic figures. The diagnosis of
GBM is usually made by the additional presence of
necrosis or microvascular proliferation. GBMs are
usually circumscribed in appearance but the borders
are poorly defined. As the name implies, the charac-
ter of the tumor is heterogeneous; firm areas alter-
nate with soft or cystic regions, and mottled areas of
hemorrhage and necrosis give the gross specimen an
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overall moth-eaten appearance. The central area of
low attenuation on neuroimaging studies corre-
sponds to confluent areas of tissue necrosis and de-
generation. This central area is often surrounded by
an irregular zone of denser, more vascular tissue that
corresponds to the area of higher attenuation and
contrast enhancement. Finally, there is a peripheral
zone of lesser cell density, edema, and microscopic
tumor infiltration. This peripheral zone may vary in
contour, with finger-like projections extending from
the main tumor bulk. Significant variation in cellular-
ity is often seen in different parts of the tumor, which
can lead to misdiagnosis if the tumor is sampled in-
completely.

1.2.2.4 Genetics

Cytogenetic abnormalities occur less frequently and
with different patterns in children when compared to
adult patients (Cheng et al. 1999). As expected, lower-
grade tumors have fewer abnormalities compared to
higher-grade tumors. In a recent study of 58 pediatric
patients, 70% of grade I astrocytomas had a normal
cytogenetic profile (Roberts et al. 2001). In another
study of 109 pediatric brain tumors, low-grade astro-
cytomas showed mostly changes in chromosome
copy number (Neumann et al. 1993). Higher-grade
tumors in this study, especially ependymomas, dem-
onstrated cytogenetic alterations that differed from
abnormalities reported in adult cases. Molecular al-
terations in pediatric astrocytomas also differ from
adult tumors. Mutation of p53, which is the only mo-
lecular genetic alteration consistently observed in
otherwise healthy adult patients with low-grade as-
trocytomas, is not a frequent finding in the pediatric
age group (Felix et al. 1995; Litofsky et al. 1994). Mo-
lecular characteristics of pediatric high-grade astro-
cytomas, however, include defects similar to those
seen in adult high-grade astrocytomas. Pollack et al.
in a study of 148 children with high-grade gliomas re-
cently identified a subgroup of patients in whom
overexpression of p53 correlated with a poorer over-
all prognosis (Pollack et al. 2002).
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1.2.3 Clinical Features

Exact symptoms and signs caused by supratentorial
gliomas depend upon the anatomic location, biologic
aggressiveness of the tumor, and age of the patient.
These signs and symptoms may be nonspecific, such
as those associated with increased intracranial pres-
sure (ICP), or may be focal and related to the location
of the tumor. Nonspecific symptoms include head-
ache, nausea and vomiting, subtle developmental de-
lay, and behavioral changes. Some of the behavioral
changes associated with slow-growing tumors in
children include alterations in personality, irritabili-
ty, altered psychomotor function, apathy, and declin-
ing school performance. It is not uncommon for
symptoms to have been present for months or years
prior to diagnosis. In infants with open cranial su-
tures, a tumor may reach a massive size with a grad-
ual increase in head circumference without signs of
increased ICP or any other symptoms. Focal symp-
toms depending on the location of the tumor include
hemiparesis, monoparesis, hemisensory loss, dys-
phasia, aphasia, and impairment of recent memory.
Tumors involving the optic pathways can present
with quadrantanopsia or homonymous hemianop-
sia, and in cases with bilateral occipital lobe involve-
ment, cortical blindness may result.

Epilepsy is the major presenting feature of pediat-
ric patients with brain tumors; seizures occur in
more than 50% of children with hemispheric tumors
(Keles and Berger 2000). The majority of patients
with tumor-associated epilepsy harbor slow-grow-
ing, indolent neoplasms such as low-grade gliomas.
Other relatively slow-growing tumors, e.g., astrocyto-
mas, gangliogliomas, and oligodendrogliomas, may
also present with a history of generalized seizures.
Rapidly growing lesions are more likely to produce
complex partial motor or sensory seizures, although
generalized tonic-clonic seizures are also common.
Malignant gliomas are less frequently associated with
seizures and are more likely to cause focal neurolog-
ic deficits, mainly due to infiltration of normal tissue
or local mass effect.
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1.2.4 Diagnostic Imaging

Magnetic resonance imaging (MRI) and computer-
ized tomography (CT) are essential tools in the diag-
nosis and treatment of brain tumors. Although CT is
more commonly available, MRI provides higher sen-
sitivity in differentiating tumor tissue from normal
brain, allowing more detailed anatomic characteriza-
tion of the lesion, and should be obtained in all chil-
dren with a diagnosis of a brain tumor. A complete
series should include the following sequences: T1-
weighted axial and coronal (both before and after ga-
dolinium), T2-weighted axial and coronal, and fluid
attenuated inversion recovery (FLAIR). In addition,
sagittal plane sequences are helpful in defining the
anatomy of suprasellar and midline tumors. Other
sequences such as fat suppression and MR angiogra-
phy may also be required in specific situations. New-
er techniques, such as MR spectroscopy, functional
MRI, and perfusion measurements offer the potential
of obtaining biochemical and functional information
noninvasively (see Chap. 12). It is possible that in the
future a pathologic diagnosis may be reached with
substantial confidence without the need for open bi-
opsy.

Although low-grade gliomas may produce consid-
erable mass effect upon surrounding structures, neu-
rological deficits may be minimal due to the slow
growth of these tumors and the absence of tissue de-
struction. Low-grade astrocytomas typically appear
as a non-enhancing iso- or hypodense mass on CT
scan. Calcification may be detected in 15-20% of cas-
es, and mild to moderate inhomogeneous contrast
enhancement can be seen in up to 40% of all cases
(Scott et al. 2002; Roberts et al. 2000; Bauman et al.
1999; Lote et al. 1998). Some tumors, characteristical-
ly JPAs, may have cystic changes. On MRI, T1-weight-
ed images show a iso- to hypointense non-enhancing
mass which is hyperintense on T2-weighted images.
Low-grade astrocytomas have minimal to no con-
trast enhancement following gadolinium adminis-
tration (Fig. 1.1¢,d). For this reason, the tumor
boundary is difficult to determine with any TI-
weighted sequence. Fortunately, the FLAIR sequence
is ideal for defining the extent of tumor infiltration
(Fig. 1.1a,bd).
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A post-gadolinium T1-weighted MR image of a teenage
boy with a GBM who presented with dysphasia. A large
tumor in the left frontoparietal area is visible. The mar-
gin of the tumor enhances, a central necrotic area is vis-
ible, and the low-signal region surrounding the mass
represents tumor-associated edema

On T1-weighted images, GBM often demonstrates
a central area of low density corresponding to necro-
sis. This area is surrounded by an area of high densi-
ty that enhances with contrast and corresponds to ac-
tively dividing, proliferating tumor cells. A third low-
attenuation area around the tumor is often seen, rep-
resenting tumor-associated vasogenic edema but al-
so containing infiltrating tumor cells (Fig. 1.2). Peri-
tumoral edema surrounding most high-grade astro-
cytomas is easily seen as a hyperintense region of sig-
nal abnormality on T2-weighted images. The extent
of peritumoral edema is underestimated on T1-
weighted images.

Recurrence is an unavoidable feature of most glial
neoplasms. For this reason, serial imaging over time
is often the only method of determining whether tu-
mor progression has occurred. For low-grade astro-

Supratentorial Gliomas

cytomas, high-quality MRI scans should be obtained
every six months. If there is concern that any chang-
es have occurred, the interval should be decreased to
three months. In general, for Grade II astrocytoma,
the two most important features are an increase in
the volume of T2-weighted abnormality, and/or new
enhancement on post-gadolinium T1-weighted imag-
es. These features are also observed in patients who
have received radiation treatment; differentiating tu-
mor recurrence from radiation necrosis continues to
present a challenge. Additional information can be
obtained from MR spectroscopy and PET scans, but at
times a surgical biopsy to obtain tissue is only way to
confirm the diagnosis.

1.2.5 Treatment

1.2.5.1 Surgical Indications

A surgical procedure is usually the initial step in the
management of supratentorial astrocytomas. The
primary objective is to obtain tissue for pathological
diagnosis. (The exception to this would be location-
specific tumors such as optic pathway/chiasmatic
gliomas.) For deep lesions or those in eloquent cor-
tex, a stereotactic needle biopsy may be the only sur-
gical option. The secondary objective is to perform as
extensive a resection as possible with acceptable neu-
rologic outcome for the patient. The two variables
that must be considered are the extent and timing of
resection. The prognostic importance of radical re-
section is documented for high-grade lesions, but the
role of aggressive resection remains unclear for low-
grade astrocytomas (Pollack et al. 1995; Campbell et
al. 1996; Wisoff et al. 1998; Finlay and Wisoff 1999).In
adults, there is evidence that the greater the extent of
resection, the more favorable the outcome (Keles et
al. 2001). The feasibility of an open surgical approach
depends upon several factors. The most important is
the exact location of the tumor. Lesions within the
basal ganglia, thalamus, motor cortex, or brainstem
are not amenable to open surgical resection, while tu-
mors in other locations can be accessed through var-
ious standard approaches. Other factors that modify
the decision to attempt a resective procedure are the
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patient’s clinical condition, age, associated hydro-
cephalus,and the surgeon’s assessment of risk of neu-
rologic sequelae. Technical adjuncts that allow safer
resections in the supratentorial compartment are de-
scribed in Chap. 13.

A second variable, aside from the decision to re-
sect, is the timing of the procedure. This is a contro-
versial topic and few conclusive studies have been
published. There are reports questioning the value of
immediate treatment when an imaging study sug-
gests a low-grade glioma, as no definitive evidence
exists demonstrating improvement in long-term sur-
vival following early intervention (Cairncross and
Laperriere 1989; Recht et al. 1992).

In addition to reduction of tumor burden and pro-
viding a tissue diagnosis, resection permits manage-
ment of increased ICP, prevention of an irreversible
neurological deficit, decompression of adjacent brain
structures, and control of seizures (Berger et al. 1991,
1993; Haglund et al. 1992; Keles and Berger 2000). For
patients with discrete JPAs (WHO grade I), gross to-
tal resection, when possible, is curative (see Chap. 2).
Contemporary neurosurgical methods, including ul-
trasonography, functional mapping, frameless navi-
gational resection devices, and intraoperative imag-
ing techniques enable more extensive resections with
less morbidity. These techniques and intraoperative
considerations specific to the pediatric age group are
discussed in detail in Chap. 13.

1.2.5.2 Chemotherapy
for Low-Grade Astrocytoma

Overall 5-year survival rates for patients with dien-
cephalic and hemispheric tumors who have received
radiation therapy range from 40% to 70%. Addition-
ally, the morbidity associated with radiation treat-
ment can be substantial, prompting numerous inves-
tigators to explore chemotherapy as an alternative
adjuvant treatment to control tumor progression.
Chemotherapy effectively provides disease control in
many optic pathway tumors (see section 1.3), and
may improve prognosis for vision. Studies of early
combination chemotherapy regimens with vincris-
tine and actinomycin D, used in children less than
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6 years of age, reported 62 % progression-free surviv-
al (PFS) without further therapy; those who did
progress did so at a median of 3 years from start of
therapy. The median post-treatment IQ in this group
was 103 (Packer et al. 1988). It is important to recog-
nize that prolonged periods of stable tumor size is
considered a treatment “response” by many investi-
gators. Alternative combination chemotherapy regi-
mens have also been found to be associated with tu-
mor responses in pilot studies. Other drug combina-
tions that have been reported include lomustine and
vincristine; procarbazine, lomustine, and vincristine
(TPCV); and combinations using cisplatin (Edwards
et al. 1980; Gajjar et al. 1993). The combination regi-
men of carboplatin and vincristine has been associ-
ated with objective response rates (stable disease as
well as tumor shrinkage) in the range 60 to 70%
(Packer et al. 1997). The combination of 6-thiogua-
nine, procarbazine, lomustine, and vincristine
(TPCV) has also been associated with a substantial
response rate in a small cohort of patients (Prados et
al. 1997). The relative effectiveness of carboplatin and
vincristine versus TPCV is currently being evaluated
in a randomized, phase III multi-institutional clinical
trial conducted by the Children’s Oncology group.

1.2.5.3 Chemotherapy for High-Grade Glioma

The effectiveness of adjuvant chemotherapy in con-
junction with radiation for high-grade glioma is un-
certain. A Phase III, randomized trial conducted by
the Children’s Cancer Group (CCG) established the
role of chemotherapy. Children with high-grade glio-
ma were randomized postoperatively to receive radi-
ation therapy with or without chemotherapy with
prednisone,lomustine, and vincristine. Children who
had received postradiation chemotherapy had im-
proved progression-free survival (46%) over those
who did not (26%; Sposto et al. 1989). This benefit
was most apparent in patients with glioblastoma
multiforme who had at least partial resection of their
tumor. A subsequent CCG study compared an inten-
sive “eight drugs in one day” regimen to the more
standard regimen of prednisone, vincristine, and lo-
mustine. No difference in progression-free survival
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was seen between these regimens (5 year PES 33% vs.
36%; Finlay et al. 1995). Based on these data,addition
of adjuvant chemotherapy in addition to radiation
appears to provide a small improvement in survival,
and standard agents are lomustine and vincristine, in
combination with procarbazine (PCV). Other drugs
that have been investigated in single agent trials in-
clude cisplatin, carboplatin, cylophosphamide, ifosfa-
mide, etoposide, and topotecan. Few have shown
enough promise to warrant further investigation in
phase III trials (Longee et al. 1990; Phuphanich et al.
1984; Walker et al. 1978; Chintagumpala et al. 2000). A
recently published trial in adult patients with glio-
blastoma multiforme showed improved survival with
the addition of temozolomide to radiation therapy
(Stupp et al. 2002), and a recently reported phase II
trial from the UK Children’s Cancer Study Group
showed modest response rates to temozolomide in
children with recurrent and refractory malignant
glioma (Lashford et al. 2002). Irinotecan has also
been reported to have promising response rates in a
small sample of patients with recurrent or refractory
malignant glioma (Turner et al. 2002). These agents
continue to undergo investigation. High-dose, myelo-
ablative chemotherapy with autologous hematopoiet-
ic stem-cell rescue has been explored, with the intent
to defer or delay radiation therapy. While this strategy
has shown tumor responses, no convincing evidence
exists to date showing improved survival over stan-
dard regimens (Mason et al. 1998; Heideman et al.
1993; Finley et al. 1996; Grovas et al. 1999; Bouffet et al.
1997). Notably, however, these trials typically enroll a
heterogeneous group of patients, and the number of
patients with high-grade glioma in these trials re-
mains small. Strategies incorporating both myeloab-
lative therapy and radiation therapy are currently un-
der investigation.

1.2.5.4 Radiation Therapy

As discussed above, low-grade astrocytoma may be
curable with gross total resection. For those patients
with incompletely resected or unresectable disease,
the use of radiation therapy is controversial. There is
some evidence to suggest that while radiation therapy
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may prolong PFS, it has little impact on overall surviv-
al (Pollack et al. 1995). Its use is largely limited to pa-
tients with progressive or recurrent disease, or in the
setting of a highly symptomatic patient who requires
tumor stabilization to avert progression of symptoms.

Children treated with postoperative radiation
therapy for incompletely resected, supratentorial
high-grade glioma have a median survival of
18 months (Bloom et al. 1990; Dropcho et al. 1987;
Marchese et al. 1990). Numerous questions about the
optimal use of radiation for these patients remain, in-
cluding the radiation field, and the utility of dose
“boosting” techniques such as brachytherapy and
stereotactic radiosurgery to increase the dose deliv-
ered to the tumor bed.

1.2.6 Outcome

Age and histological type are significant prognostic
predictors. Although patients appear to benefit from
more extensive resections, this issue remains contro-
versial. In the majority of patients with tumor-asso-
ciated epilepsy, including those patients with malig-
nant astrocytomas, the seizures are infrequent and
easily controlled with one antiepileptic drug. In this
setting, removal of the tumor alone usually controls
the epilepsy without the need for additional anticon-
vulsants. Children with indolent tumors, however,
may have seizure activity that is refractory to medical
therapy. Optimal control of the epilepsy without
postoperative anticonvulsants in this situation is pro-
vided when extraoperative or intraoperative electro-
corticographic mapping of separate seizure foci ac-
companies the tumor resection. When mapping is
not utilized and a radical tumor resection is carried
out with adjacent brain, the occurrence of seizures
will be lessened, but most patients will have to re-
main on antiepileptic drugs (Berger et al. 1991/1992).

Dedifferentiation or malignant transformation is
a well-described phenomenon in low-grade gliomas
(Fig. 1.3). The incidence of recurrence at a higher his-
tological grade ranges from 13% to 86% of tumors
initially diagnosed as low grade (Keles et al. 2001).
Similar to its broad range of incidence, the time to
malignant differentiation is also variable, ranging
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Figure1.3a,b

Low-grade astrocytoma can re-
cur at higher grade. a Initial MRI
demonstrates a non-enhancing
mass in the left parietal lobe. Pa-
thology was consistent with
Grade |l astrocytoma. b Five
years later, follow-up imaging
demonstrates a new area of en-
hancement posterior to the
original tumor. Pathology of the
enhancing component was con-
sistent with GBM

from 28 to 60 months. However, the factors resulting
in the change to a malignant phenotype remain un-
clear. In a recent study investigating the relationship
between anaplastic transformation and patient’s age,
a strong inverse relationship was found between age
at initial diagnosis and time to progression to a high-
er-grade glioma (Shafqat et al. 1999).

For both low- and high-grade astrocytomas, the
degree of cytoreduction achieved as measured by ex-
tent of resection appears to correlate with outcome
and quality of life (Campbell et al. 1996; Keles et al.
2001; Pollack et al. 1995; Wolff et al. 2002). Patients
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with gross total resection live longer than those with
partial resection, who in turn live longer than those
who have biopsy only. A further consideration is that
partial resection is often accompanied by significant
postoperative edema surrounding residual tumor tis-
sue along with increased neurological morbidity.
However, the literature regarding the prognostic im-
pact of surgery is controversial, and the controversy
is mainly due to the lack of randomized studies ad-
dressing the issue. An additional complicating factor
is the inconsistent and subjective methodology used
in determining extent of resection.
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Overall, PFS at 3 years ranges from 61 % to 75% for
patients with low-grade gliomas (Packer et al. 1997;
Gururangan et al. 2002). These patients have a 10-
year survival rate of 70 to 90%. Children with ana-
plastic gliomas who receive a gross total resection
followed by local radiation therapy have a 40 to 50%
5-year survival rate (Sposto et al. 1989). Those pa-
tients with glioblastoma multiforme have a 20% sur-
vival rate after total resection and adjuvant therapy.
Patients with subtotally resected glioblastoma multi-
forme rarely survive (Finlay et al. 1995).

1.3 Optic Pathway Gliomas

Optic pathway gliomas are a fascinating subset of
low-grade astrocytomas that occur in some or all an-
atomical compartments of the optic pathway (optic
nerve, chiasm, tract, or radiations). They grow as in-
filtrative lesions although large, expansile masses are
also noted. Their borders are often poorly defined ra-
diologically and a surgical plane is rarely observed.
Because of their infiltrative nature, these tumors are
often not confined to a single anatomic area and can
extend into adjacent structures, most commonly into
the hypothalamus. For this reason, naming these le-
sions according to their exact anatomical location
may be misleading especially for tumors with radio-
logically ill-defined borders. As only 10% of optic
nerve gliomas are confined to one optic nerve, and
approximately 30% are bilateral, the majority of op-
tic nerve gliomas involve the chiasm or the hypothal-
amus (Hoffman and Rutka 1999). Optic chiasmatic
and hypothalamic gliomas are often considered as a
single entity because of their potential to infiltrate
both anatomical sites regardless of the original loca-
tion of the tumor.

1.3.1 Epidemiology

Optic pathway gliomas account for 4 to 6% of all cen-
tral nervous system tumors in the pediatric age
group, 2% in adults, and 20 to 30% of all pediatric
gliomas (Packer et al. 1999; Alvord and Lofton 1988;
Borit and Richardson 1982; Farwell et al. 1977). The
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peak incidence is during the first decade with no sex
predilection. Overall, neurofibromatosis (NF) is pres-
ent in approximately one third of patients with optic
pathway tumors. Approximately 15 to 20% of pa-
tients with neurofibromatosis type 1 (NF1) will have
an optic glioma on MR scan, but only 1 to 5% become
symptomatic (Ruggieri 1999). There is a higher like-
lihood of NF in patients who have multicentric optic
gliomas, and a relatively lower incidence of NF in pa-
tients with chiasmatic tumors (Housepian 1977). The
natural history of optic pathway gliomas is related to
the presence of NF and to the location of the tumor.
Patients with optic pathway gliomas who have NF1
seem to have a better overall prognosis than those
without NF (Rush et al. 1982). However, this view is
opposed by other studies showing that patients with
NF have a similar prognosis to patients without NF
following irradiation for chiasmatic glioma (Alvord
and Lofton 1988). A more recent study showed a sig-
nificantly favorable difference in time to tumor pro-
gression, i.e., time to recurrence of optic glioma, in
the presence of NF (Deliganis et al. 1996). Approxi-
mately two thirds of optic gliomas associated with
NF1 are indolent lesions with minimal progression.
Although any location within the optic pathway from
the retrobulbar area to the optic radiation may be af-
fected, chiasmatic gliomas tend to have a more ag-
gressive course both by invading the hypothalamus
and by causing obstructive hydrocephalus by occlud-
ing the foramen of Munro. It is also known that optic
and hypothalamic gliomas are more aggressive in
children younger than 5 years of age (Dirks et al.
1994; Oxenhandler and Sayers 1978).

1.3.2 Pathology

Most tumors of the diencephalon and the optic path-
ways are histopathologically low-grade gliomas, typ-
ically pilocytic or fibrillary astrocytomas (Daumas-
Duport et al. 1988; Ito et al. 1992). Histologically, op-
tic nerve gliomas demonstrate two different patterns
of growth. In non-NF patients progression tends to
be confined to the optic nerve without significant in-
volvement of the meninges. In patients with neurofi-
bromatosis, tumor cells invade the subarachnoid
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space causing proliferative fibroblastic response and
meningothelial hyperplasia (Stern et al. 1980). Local-
ly, hypothalamic and optic gliomas may extend later-
ally, invading the perivascular space along the arter-
ies of the circle of Willis, as well as expanding poste-
riorly toward the brainstem with rostral invagination
into the third ventricle. Patients with chiasmatic-hy-
pothalamic gliomas have an increased risk for dis-
ease dissemination along the neuraxis (Gajjar et al.
1995). It has been reported that the risk of multicen-
tric dissemination is increased approximately 20-fold
in this group of patients when compared to those
with low-grade gliomas located elsewhere (Mamelak
et al. 1994).

1.3.3 Clinical Features

Most optic pathway gliomas will present with some
form of visual loss. Identifying the exact type of visu-
al loss may be difficult early in the course of the dis-
ease, especially in very young children. The typical
deficits are incongruent field deficits, at times re-
stricted to one eye. Optic atrophy is commonly seen
with large tumors. Children under 3 years of age are
usually first brought to medical attention because of
strabismus, proptosis, or nystagmus, or failure to
meet developmental milestones. Tumors which in-
volve the hypothalamus will often result in excessive
growth or other associated endocrinologic distur-
bances, including precocious puberty. Hypothalamic
tumors may reach a large size before diagnosis,
and may result in diencephalic syndrome, character-
ized by failure to thrive despite apparent normal ap-
petite in an otherwise healthy child. Tumors that ex-
tend upward into the third ventricle can cause hydro-
cephalus. Tumors with thalamic involvement may
cause motor deficits on the side contralateral to the
lesion.
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1.3.4 Diagnostic Imaging

Optic pathway gliomas are usually well visualized on
MRI. In children with NF1, there is often extensive
streaking along the optic pathway and/or involve-
ment of the optic nerve at the time of diagnosis, in
addition to nonspecific white-matter abnormalities
on T2-weighted sequences (see Chap. 11 for addition-
al details). Optic pathway gliomas in children without
NF1 tend to be more globular and somewhat more re-
stricted to one anatomic location. The mass itself en-
hances homogeneously following gadolinium ad-
ministration, although cysts are frequently seen. On
FLAIR sequences, the infiltrative component of the
tumor can be seen extending along the optic tracts
(Fig. 1.4). Detailed fine cuts through the sella should
be obtained. In these sequences, the optic nerve be-
comes continuous with the mass, a finding which
helps to establish the radiologic diagnosis.

1.3.5 Treatment
1.3.5.1 Surgical Indications

Regardless of whether a patient has neurofibromato-
sis, a biopsy is not needed for an intrinsic chiasmat-
ic/hypothalamic mass if the appearance on MR imag-
ing is typical, i.e., involvement of the chiasm, optic
nerve(s), and/or optic tracts. For patients without
neurofibromatosis who present with an atypical chi-
asmatic hypothalamic mass, surgical biopsy may be
needed to a diagnosis. If mass effect is present with
neurologic symptoms, debulking of a large tumor
may be the initial approach. Some neurosurgeons
limit surgical indications to a subset of exophytic or
cystic tumors with significant mass effect and hydro-
cephalus. However, a progressive visual deficit or pro-
gression on serial MR scans will necessitate interven-
tion if there is an exophytic or cystic component. As
10 to 20% of children younger than 10 years of age
with NF may have a low-grade glioma of the optic
pathways, biopsy is not considered mandatory for as-
ymptomatic patients with a chiasmatic/hypothalam-
ic tumor (Lewis et al. 1984; Ruggieri 1999). Asymp-
tomatic patients may be followed with serial clinical
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Figure 1.4 a-d
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and visual examinations, MRI scans, endocrine re-
placement, and CSF shunting if necessary.

The only indication for resection of a unilateral
optic nerve tumor is when vision is absent or signifi-
cantly impaired. A relative indication is extreme
proptosis with exposure keratitis caused by a large
intraorbital optic nerve tumor. In addition, it is gen-
erally agreed that the exophytic portion of the lesion
should be removed if vision is reasonable, and that
nonresectable unilateral optic nerve lesions should
be decompressed. Any surgery that may result in per-
manent neurological morbidity should be compared
with alternative treatment modalities, in terms of po-
tential benefits and risks. For instance, although a
limited resection on an optic nerve glioma extending
to the optic chiasm may be indicated, a major chias-
matic resection resulting in visual compromise is vir-
tually never indicated.

For optic and diencephalic gliomas, none of these
treatment modalities have been proven to be more ef-
fective in terms of time to tumor progression and
survival. It is known that extensive surgical resec-
tions increase time to tumor progression and de-
crease the risk of malignant differentiation in pa-
tients harboring hemispheric low-grade gliomas
(Berger et al. 1994). Although optic and diencephalic
gliomas are almost always histologically low grade
(WHO grade I), no study has addressed the issue of
extent of resection as it affects tumor progression or
overall survival in this patient population. Therefore,
in addition to obtaining histological diagnosis if
there is doubt based on MR scans, the goal in surgical
resection is to achieve a transient control of the dis-
ease and to alleviate symptoms caused by the tumor
mass.

1.3.5.2 Surgical Technique

For tumors involving one optic nerve, a frontal or fr-
ontotemporal approach may be used. With either
technique, intraorbital and intracranial portions of
the affected nerve as well as the chiasm are exposed.
The optic chiasm and the intracranial portion of the
affected optic nerve are inspected to determine a site
for division, which should be more than 6 mm from
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the chiasm so as to avoid a contralateral superior
temporal field defect. The orbital canal is drilled
open, allowing decompression of the optic nerve. Af-
ter closure of the annulus and periorbita, the orbital
roof and supraorbital rim are reconstructed if need-
ed. If the orbital roof is not repaired, one associated
complication is pulsatile exophthalmos.

For chiasmatic-hypothalamic tumors, surgical
goals should be balanced with the risks of increased
visual loss and increased hypothalamic dysfunction.
Improved visual and neurological outcomes follow-
ing surgery have been reported for chiasmatic-hypo-
thalamic gliomas (Bynke et al. 1977; Baram et al.
1986; Wisoff et al. 1990). Meticulous tumor debulking
from the exophytic portion of a chiasmatic tumor
may improve vision by relieving external pressure on
the adjacent optic nerve (Oakes 1990). There are sev-
eral surgical approaches to the chiasmatic hypotha-
lamic region, each with certain advantages (Hoffman
and Rutka 1999; Apuzzo and Litofsky 1993). Regard-
less of the approach, the aim is tumor debulking
without causing additional deficit.

1.3.5.3 Radiation Therapy

There are several alternative treatment options: fol-
low-up without intervention until clinical deteriora-
tion is evident, irradiation of all lesions with or with-
out biopsy, biopsy for all lesions followed by radiation
only for those located in the hypothalamus or poste-
rior chiasm, or chemotherapy. Each of these options
can be considered for certain subgroups of patients.
For example, low-grade diencephalic tumors not in-
volving the optic tracts may be treated with local field
radiotherapy of 5,400 to 6,000 cGy, achieving a tumor
response in the majority of patients. However, in the
early postradiation period some patients may experi-
ence worsening of their symptoms reflected in a tran-
sient increase in the size of their lesion. Standard ini-
tial treatment for patients with chiasmatic gliomas
who have progressive visual symptoms is regional ra-
diotherapy, although these tumors are chemotherapy
sensitive, and this modality is commonly used in in-
fants and children prior to or instead of radiation
therapy. An option for NF1 patients with optic path-
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way gliomas is follow-up with no treatment as long as
the tumor remains quiescent on serial imaging stud-
ies and visual function is stable.

1.3.5.4 Chemotherapy

As the risk for late sequelae of cranial radiation de-
creases with age, chemotherapy prior to cranial ra-
diotherapy as a means of delaying the use of radia-
tion in children younger than 5 years of age has been
proposed (Packer et al. 1988). In a study on children
with newly-diagnosed, progressive low-grade gliom-
as, including 58 children with diencephalic tumors,
56 % of the patients showed an objective response to
treatment with combined carboplatin and vincristine
chemotherapy (Packer et al. 1997).

1.3.6 Outcome

Radiologically, gross total resection is often impossi-
ble due to the eloquent location of diencephalic and
optic gliomas. In addition to surgical morbidity, en-
docrine dysfunction in this patient population may
also result from radiotherapy, and its reported inci-
dence is highly variable, ranging from 10% to 70 %.
The most common manifestation of hypopituitarism
following radiotherapy is growth hormone deficien-
cy or growth retardation (Wong et al. 1987; Bataini et
al. 1991; Tao et al. 1997). Diabetes insipidus, preco-
cious puberty, and testosterone deficiency are also re-
ported. Furthermore, radiotherapy can result in sig-
nificant cognitive deficits, the severity of which may
be inversely proportional to age at diagnosis (Ellen-
berg et al. 1987). Patients with unilateral intraorbital
optic nerve gliomas have a good postoperative prog-
nosis following appropriately timed surgery. Howev-
er, regardless of their histologically benign features,
chiasmatic-diencephalic gliomas carry a worse prog-
nosis.

The operative procedures for chiasmatic/hypotha-
lamic gliomas carry significant morbidity. Surgical
morbidity may be in the form of immediate endocri-
nologic or neurologic deficits. Resulting sequelae
may include hypothalamic/hypophyseal dysfunction,
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increased visual impairment, memory loss, altered
consciousness, and coma (Wisoff et al. 1990). Follow-
ing an intraorbital approach, CSF leak may occur if
the frontal sinus or any opened ethmoid sinuses have
not been adequately reconstructed. Inadequate re-
construction of the orbital roof may result in pulsa-
tile proptosis. Failure to repair a sectioned levator or-
igin will result in ptosis. Surgical injury to the superi-
or ophthalmic vein and to the nerves supplying the
extraocular muscles will result in functional deficits
(Housepian 1993). These complications are avoidable
with appropriate surgical technique. In a large series
of patients treated with intraorbital procedures, no
significant CSF leaks, proptosis, infection, or extraoc-
ular problems were reported (Maroon and Kenner-
dell 1976).

Several studies have questioned whether the pres-
ence of NF1 has a prognostic effect for patients with
optic pathway gliomas. Although Rush et al. (1982)
reported a better outcome for optic glioma patients
with NF later studies failed to show a difference in
terms of survival (Imes and Hoyt 1986; Alvord and
Lofton 1988; Kovalic et al. 1990). In our experience,
there was not a significant difference in survival
based on the presence or absence of NF1. The 5- and
10-year survival rates for patients with optic gliomas
and NF1 were 93 % and 81 %, respectively, as opposed
to 83 % and 76 %, respectively, for patients without NF
(Deliganis et al. 1996). However, a significant differ-
ence in the time to tumor progression (first relapse)
was observed in favor of patients with neurofibroma-
tosis. In a study including mostly diencephalic low-
grade gliomas, Packer et al. did not find any prognos-
tic benefit related to the presence of NF (Packer et al.
1997). In this study, the only statistically significant
prognostic factor was age, and children 5 years old
and younger had a 3-year progression-free survival
rate of 74% compared with a rate of 39% in older
children.

Another study examining clinical characteristics
and consequences of treatment of children with hy-
pothalamic/chiasmatic gliomas showed significant
tumor progression despite a high survival rate (Janss
et al. 1995). Although the 5-year survival rate was
93 %, more than 80% of the children required sur-
gery, chemotherapy, or radiotherapy within 2 years of
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diagnosis, and all but 9% eventually required radia-
tion or chemotherapy within a median follow-up pe-
riod of 6 years. In a recent multivariate analysis of po-
tential prognostic factors in children with optic path-
way gliomas, older age, presence of NF1, chemother-
apy, and radiotherapy were found to have statistical-
ly significant effect on outcome (Chan et al. 1998).
Overall, 5-year survival for patients with chiasmatic-
hypothalamic gliomas is around 85 % with a continu-
ous decline over the subsequent years (Garvey and
Packer 1996).

1.4 Oligodendroglioma

1.4.1 Epidemiology

Definitive data regarding the incidence of oligoden-
drogliomas relative to all intracranial gliomas is lack-
ing, mainly due to significant differences in diagnos-
tic criteria among neuropathologists. In the general
population, the relative incidence of oligodendro-
gliomas ranges from 4% to 7% (Rubinstein 1972;
Mork et al. 1985) to 18.8% and 33% in other series
(Zulch 1986; Daumas-Duport et al. 1997). Oligoden-
drogliomas are rare in children and constitute ap-
proximately 1% of pediatric brain tumors (Razak et
al. 1998).

Unlike in low-grade astrocytomas, p53 is only
rarely mutated in oligodendrogliomas. However, over
half of these tumors show a characteristic loss of the
long arm of chromosome 1 and the short arm of
chromosome 19. As 1p/19q loss is not seen in astro-
cytic tumors, the combination of p53 and 1p/19q
analysis may serve in the future to distinguish an as-
trocytic (p53-mutant, 1p/19q intact) from an oligo-
dendroglial (p53-wild type, 1p/19q deleted) genotype
in cases that are difficult to distinguish histologically
(Reifenberger et al. 1994)

Chapter 1
1.4.2 Pathology

Oligodendrogliomas arise primarily in the white
matter but tend to infiltrate the cerebral cortex more
than do astrocytomas of a similar grade of malignan-
cy. Oligodendrogliomas tend to form clusters of neo-
plastic cells in the subpial region, around neurons
and blood vessels. Microscopically, classic oligoden-
drogliomas show uniform cell density at low power.
Higher power reveals uniform round nuclei and dis-
tinctive perinuclear halos. This histologic appear-
ance has been referred to as “fried eggs.” However,
frozen sections of oligodendroglioma fail to show the
diagnostically helpful perinuclear halos; formalin-
fixed material that has been previously frozen also
fails to show these. Most oligodendrocytes show pos-
itive reactivity for S-100 protein. Low-grade oligo-
dendrogliomas are distinguished from high-grade
tumors on the basis of lower cellularity, inconspicu-
ous mitotic activity, minimal nuclear atypia, and an
absence of endothelial proliferation and necrosis.

1.4.3 Clinical Features

Similar to those of supratentorial astrocytomas,
symptoms and signs of childhood oligodendroglio-
mas are dependent on the anatomic location of the
tumor and the age of the patient. General nonspecif-
ic symptoms associated with increased intracranial
pressure, and focal symptoms related to the location
of the tumor have been outlined earlier in this chap-
ter. Oligodendrogliomas have a slight predilection for
the frontal lobes. Grey matter involvement is com-
mon, giving them on average a more superficial loca-
tion than astrocytomas.

1.4.4 Diagnostic Imaging

The diagnosis of oligodendroglioma may be suggest-
ed on imaging studies by its location and presence of
calcification. Although nonspecific, a fronto-tempo-
ral location, involvement including the superficial
cortex, and intrinsic calcification are characteristic of
oligodendrogliomas. Oligodendroglioma is the most
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common intracranial tumor to calcify (60-90%
are calcified), and CT has the advantage of better
visualizing the calcium content of the tumor. There-
fore CT and MR imaging are complementary meth-
ods to characterize the tumor and evaluate its exten-
sion. Approximately half of oligodendrogliomas
moderately enhance, and enhancement is typically
patchy.

1.4.5 Treatment

As with most gliomas, surgery is usually the initial
therapeutic modality in the management of children
with supratentorial oligodendroglioma, and may
range from a stereotactic biopsy to an extensive re-
section with seizure surgery in patients with tumor-
associated intractable epilepsy. The general surgical
management principles discussed in reference to
low-grade astrocytoma apply to supratentorial oligo-
dendrogliomas. The surgical strategy should favor
radical tumor removal when feasible.

The role of postoperative irradiation in the man-
agement of patients with oligodendrogliomas is con-
troversial, and conclusions regarding the value of ra-
diotherapy are contradictory. Some authors recom-
mend immediate postoperative irradiation for pa-
tients with incompletely resected lesions (Lindegaard
et al. 1987), whereas other studies failed to show any
survival benefit with this approach (Bullard et al.
1987; Sun et al. 1988). Sufficient data are not available
to support the recommendation that all patients with
oligodendrogliomas should receive radiation thera-
py- Its efficacy has not been demonstrated, especially
in children (Hirsch et al. 1989). Postoperative irradia-
tion may be beneficial for patients with incompletely
resected tumors, especially when unfavorable clinical
or pathological characteristics are present. It is rea-
sonable, however, to defer treatment in children until
progression occurs.

Aggressive oligodendrogliomas have been shown
to respond especially well to PCV chemotherapy
(Glass et al. 1992; Cairncross et al. 1992). It has also
been demonstrated that the allelic loss of chromo-
somes 1p and 19q predict response to chemotherapy
and longer survival in patients with anaplastic oligo-

Supratentorial Gliomas

dendrogliomas (Cairncross et al. 1998), establishing a
molecular marker for chemosensitivity in these tu-
mors. Increasingly, preradiation chemotherapy with
PCV is being used in treating anaplastic oligoden-
drogliomas since up to 70% of patients may respond
(Streffer et al. 2000; Paleologos et al. 1999). In addi-
tion, salvage therapy with PCV may be effective in pa-
tients who progress after radiotherapy (Streffer et al.
2000).

1.4.6 Outcome

For oligodendrogliomas, the most promising prog-
nostic marker is combined loss of chromosomes 1p
and 19q. The initial finding in anaplastic oligoden-
drogliomas was recently extended to low-grade tu-
mors, and a similar relationship of 1p/19q loss with
improved survival was found (Smith et al. 2000). Fur-
thermore, 1p loss of heterozygosity(LOH) appears to
be a stronger predictor of survival than the well-es-
tablished prognostic factors of age and performance
status (Bauman et al. 2000).

Limited data exist on the predictive role of surgery
regarding outcome of patients with oligodendroglio-
ma. Although most major series with statistical anal-
ysis show a favorable outcome associated with more
extensive resections, the effect of extent of resection
appears to be less prominent in oligodendrogliomas
than in astrocytomas (Keles et al. 2001).

Although supported by a limited number of stud-
ies, oligodendrogliomas have a different natural his-
tory and a better overall prognosis than astrocyto-
mas. Similar to epidemiological figures, survival data
for oligodendrogliomas depend on the histological
criteria used for diagnosis, and show significant vari-
ability. Survival rates are also affected by the inclu-
sion of higher-grade oligodendrogliomas in some se-
ries and analysis of the data without adjusting for this
variable. Five-year survival rates ranging from 27%
to 85% have been reported, and are generally accept-
ed to be at the higher end of this spectrum for the pe-
diatric population.
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1.5 Conclusion

Supratentorial low- and high-grade gliomas repre-
sent a significant disease burden in the pediatric pop-
ulation. High-grade tumors are treated aggressively
with surgery, radiation, and adjunctive chemothera-
py. Similar to results with adult high-grade gliomas,
the long term outcome remains poor. Although gross
total resection is associated with better long-term
survival for lower-grade tumors, many infiltrative as-
trocytomas cannot be resected completely. For these
tumors, the role of radiation and/or chemotherapy
remains controversial and is the subject of ongoing
clinical trials. Certain glioma subtypes such as optic
pathway gliomas are being successfully treated with a
variety of chemotherapy regimens.
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Chapter 2

Cerebellar Astrocytomas

J.H.Chi - N.Gupta

2.1 Introduction

Although astrocytomas as a group are the most com-
mon tumor of the central nervous system (CNS) in
childhood, cerebellar astrocytomas account for only
10 to 17 % of all pediatric brain tumors (Reddy and
Timothy 2000; Smoots et al. 1998) and 20 to 35 % of
all posterior fossa tumors in children (Morreale et al.
1990; Reddy and Timothy 2000; Steinbok and Mutat
1999; Viano et al. 2001). Long-term survival after sur-
gical resection is common and is dependent on histo-
logic type, extent of invasion, and completeness of tu-
mor removal.

Although the term “cerebellar astrocytoma” has
become synonymous with a benign tumor, a variety
of histological grades are encountered. The majority
(80 %) of cerebellar astrocytomas in children are pilo-
cytic (WHO grade [; see Sect. 2.3.2 for WHO grading)
and demonstrate a benign histology (Morreale et al.
1990). Higher grade tumors, fibrillary astrocytomas
(WHO grade II), account for 15 % of the total, while
anaplastic astrocytomas (WHO grade III) and glio-
blastoma multiforme (GBM; WHO grade IV) are each
less than 5 % of the total (Steinbok and Mutat 1999).
The treatment of choice, originally reported by Cu-
shing in 1931, is surgical gross total resection (GTR).
Survival after GTR of grade I lesions is greater than 90
% at 5-years and 70 to 80% at 10-years. Unfortunate-
ly, grade II lesions are estimated to have a 5-year sur-
vival of only 50%, and the prognosis for higher-grade
tumors remains very poor (Morreale et al. 1990).

Recent laboratory investigations have attempted
to define the molecular genetic features of different
grades of cerebellar astrocytoma. Clinical studies
have focused on approaches to the treatment of re-
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sidual/recurrent tumor, the role of adjuvant therapy,
functional outcomes after treatment, and the man-
agement of complications, such as pseudomeningo-
cele, hydrocephalus, and cerebellar mutism.

2.2 Epidemiology
2.2.1 Spontaneous Cerebellar Astrocytoma

Cerebellar astrocytomas account for 5 to 8% of all
gliomas and 3.5% of all primary intracranial neo-
plasms in the general population (Morreale et al.
1990). In the pediatric population (<17-years of age),
astrocytomas account for approximately 50% of all
primary CNS tumors (Rickert et al. 1997). They can
arise within the optic pathway (5%), hypothalamus
(10%), cerebellum (15 to 25%), cerebral hemisphere
(12%), spine (10 to 12%), and brain stem (12 %) (Pol-
lack 1999). Infratentorial tumors account for 50 to
60% of all intracranial tumors in childhood and in-
clude cerebellar astrocytomas (20 to 35%), medullo-
blastoma/PNET (30 to 35%), brain stem glioma
(25%), ependymoma (10%), and other miscellaneous
types (5%) (Pollack 1999).

The incidence of cerebellar astrocytoma is diffi-
cult to determine accurately, but is estimated to be
0.2 to 0.33 cases per 100,000 children per year (Berg-
er 1996; Gjerris et al. 1998; Rosenfeld 2000). The inci-
dence peaks between ages 4 and 10-years with a me-
dian age at diagnosis of 6-years (Steinbok and Mutat
1999). Twenty percent of these tumors occur in chil-
dren less than 3-years of age (Rickert 1998). Gender
does not play a role in prognosis or survival,and sev-
eral case series show only slight male or female pre-
dominance (Rickert and Paulus 2001; Viano et al.
2001). International studies do not demonstrate a
geographical or ethnic propensity for the occurrence
of cerebellar astrocytomas, unlike craniopharyngio-
mas and germ cell tumors (Gjerris et al. 1998; Rickert
1998; Rickert and Paulus 2001).

The incidence of pediatric brain tumors was re-
cently believed to be rising, based on studies from the
US and Europe (Gjerris et al. 1998; Gurney et al.
1996). This trend has been refuted and is now attrib-
uted to increased surveillance and reporting (detec-
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tion bias) during the preceding two decades and in
the initial recruitment phase of large population-
based studies (Rickert and Paulus 2001; Smith et al.
1998). Environmental factors such as parental smok-
ing and residential proximity to electromagnetic
field sources have not been linked to pediatric brain
tumors, though parental occupation in the chemi-
cal/electrical industry might be associated with an
increased risk of astroglial tumors in offspring (Gold
et al. 1993). Conversely, prenatal vitamin supplemen-
tation in mothers may confer a slight protective effect
(Preston-Martin et al. 1998). Prior cranial radiation
therapy is a risk factor for developing malignant cer-
ebellar astrocytomas as those children become older
(Steinbok and Mutat 1999).

2.2.2 Neurofibromatosis Type |

Neurofibromatosis type 1 (NF1) is associated with an
increased risk of intracranial tumors, with approxi-
mately 15 to 20% of patients presenting with low
grade intracranial tumors. Pilocytic astrocytomas
arise in a variety of locations in NF1, but most com-
monly in the optic nerve, hypothalamus, and cerebel-
lum. The growth of intracranial tumors is the main
cause of death amongst NF1 patients. Five percent of
NF1 patients will develop pilocytic cerebellar astro-
cytomas (Li et al. 2001).

The NFI gene is located on chromosome 17q and
encodes a GTPase activating protein (GAP), termed
neurofibromin, involved in regulating the ras-p21
signaling pathway. Mutations in the NFI gene lead to
the manifestations of the disease. The exact reason
why loss of neurofibromin expression or expression
of defective neurofibromin leads to the formation of
astrocytomas is unknown. NF1 may arise from spo-
radic mutations in the NFI gene, or through germli-
ne transmission of an established mutation (Gut-
mann et al. 2000). NF1-associated CNS tumors, such
as spontaneous pilocytic astrocytomas, rarely dem-
onstrate alterations in other known oncogenic genes
such as p53, EGFR, PDGF and p21 (Gutmann et al.
2000). In general, NF1-associated cerebellar astrocy-
tomas resemble spontaneous pilocytic astrocytomas
and are benign (Vinchon et al. 2000).
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2.3 Pathology
2.3.1 Histopathology and Genetics
Cerebellar astrocytomas are divided into two distinct

histologic groups: pilocytic and diffuse. Pilocytic as-
trocytomas are divided exhibit a biphasic pattern of

compact, bipolar, highly fibrillated astrocytes accom-
panied by Rosenthal fibers alternating with loose-
textured microcystic regions of eosinophilic granular
astrocytes (Fig. 2.1). Pleomorphism, mitotic figures,
hypercellularity, endothelial proliferation, and necro-
sis may be present and do not indicate malignancy or,
unlike such findings in malignant astrocytomas,
poor prognosis (Steinbok and Mutat 1999). Local lep-



tomeningeal invasion is apparent in half of all cases
and has no prognostic significance (Burger et al.
2000). Because pilocytic astrocytomas are most com-
mon in the first two decades of life, they are often
termed juvenile pilocytic astrocytomas (JPA). Pilocy-
tic astrocytomas can be found throughout the
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neuraxis (optic pathway, hypothalamus, cerebral
hemisphere), although 80% are found in the cerebel-
lum (Dirven et al. 1997). Cytogenetic abnormalities
include gains on chromosomes 1,7, and 8 and loss of
17p and 17q (Wernicke et al. 1997; White et al. 1995;
Zattara-Cannoni et al. 1998). The majority of pilocy-
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tic astrocytomas, however,demonstrate normal cyto-
genetic findings (Bigner et al. 1997; Griffin et al. 1988;
Karnes et al. 1992). Mutations of p53 are extremely
rare, even in cases that undergo malignant transfor-
mation (Ishii et al. 1998).

Diffuse cerebellar astrocytomas belong to one of
three histologic subtypes. Fibrillary astrocytoma is
the most common subtype and demonstrates a uni-
form, compact arrangement of fibrillary astrocytes
with varying degrees of cellular atypia on a back-
ground of loosely structured tumor matrix (Steinbok
and Mutat 1999). Protoplasmic astrocytomas demon-
strate low cellularity and extensive mucoid degener-
ation with numerous, occasionally confluent micro-
cysts (Kaye and Walker 2000). Gemistocytic astrocy-
tomas contain tumor cells with large, slightly eosino-
philic cytoplasm with nuclei displaced to the periph-
ery (Kaye and Walker 2000). Diffuse astrocytomas re-
semble low-grade astrocytomas of the cerebral hemi-
spheres with poorly circumscribed borders and inva-
sion of the surrounding parenchyma. These tumors
generally occur in older children and young adults
and can undergo malignant transformation (Burger
et al. 2000). Mutations of p53 are commonly reported
(up to 80% in gemistocytic variants) and probably
represent an early event in malignant progression
(Kosel et al. 2001; Watanabe et al. 1998). Other aberra-

Table 2.1. Comparison of cerebellar astrocytoma sub-types
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tions include allelic losses on chromosomes 10p, 19,
and 22q (Bello et al. 1994; von Deimling et al. 1994).
Recent experimental studies indicate that grade II tu-
mors have higher mitotic indices, higher percentages
of cells in S phase, and more VEGF expression than
grade I tumors (Reddy and Timothy 2000).

2.3.2 WHO Classification

In the recent World Health Organization (WHO)
classification of central nervous system tumors, cere-
bellar astrocytomas were organized into four grades
(Table 2.1). WHO grade I corresponds to pilocytic
cerebellar astrocytoma and accounts for approxi-
mately 70 to 80% of pediatric cases (Steinbok and
Mutat 1999). Diffuse cerebellar astrocytomas are
considered WHO grade II and represent 15% of
childhood cases (Steinbok and Mutat 1999) (see
2.2.1). Experimental evidence suggests that grade I
and II cerebellar astrocytomas develop from differ-
ent precursor cells (Li et al. 2001). PEN5, a recently
identified oligodendroglial antibody epitope, is posi-
tive in grade I tumors but not in grade II tumors. Al-
so, NF1 related cerebellar astrocytomas demonstrate
PEN5 immunoreactivity,indicating that both sponta-
neous grade I and NF1 related grade I cerebellar as-

WHO grade  Name Histology Genetics Average survival
| Pilocytic Low cellularity Nothing >10 years
Biphasic: compact bipolar cells consistently
and loose multipolar cells with microcysts reported
and granular bodies
Rosenthal fibers
Rare mitoses
] Diffuse Well-differentiated fibrillary astrocytes p53 mutations 6-8 years
Loose tumor matrix (~60%)
Moderate cellularity, nuclear atypia Allelic losses on
and few mitoses chromosomes 10
and 19

PDGF amplification?

Microcysts may or may not be present
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trocytomas come from the same precursor cells,
which are different from those preceding grade II tu-
mors.

Cerebellar grade IIT and IV tumors (anaplastic as-
trocytoma and glioblastoma multiforme) are rarely
encountered in childhood and are identical to their
adult counterparts in histology and prognosis. Grade
III/IV tumors frequently show gains of chromosomes
7 and 10, structural changes of chromosomes 1,9,17,
and 22, and loss of alleles on chromosome 17 (Biegel
1997). Mutation and over-expression of p53 is com-
mon in both grade III and VI tumors. EGFR gene am-
plification, observed in approximately 30% of adult
tumors, seems to be rarer in pediatric high grade as-
trocytomas (Sung et al. 2000). PTEN mutations were
found in 20 to 30 % of grade IV tumors, 5.9% of grade
III tumors, and 0% of grade II tumors (Raffel et al.
1999).

2.3.3 Gross Pathology

Grossly, cerebellar astrocytomas can be cystic, solid,
or have a mixed character. Pilocytic astrocytomas
(WHO grade I) are typically described as cystic tu-
mors containing yellow-brown fluid and a neoplastic
mural nodule. The cyst wall may contain either neo-
plastic cells or a pseudocapsule of non-neoplastic
glial tissue (Steinbok and Mutat 1999). This classic
appearance occurs in less then 50% of cases. Diffuse
subtypes are almost always solid tumors composed
of somewhat circumscribed neoplastic cells without
evidence of cysts. Very commonly, however, cerebel-
lar astrocytomas demonstrate mixed appearance and
consist of both cystic and solid portions of tumor.
Cystic lesions tend to occur in the cerebellar hemi-
spheres while solid tumors often arise in the midline
near the vermis and potentially extend to the brain
stem (Abdollahzadeh et al. 1994).

2.3.4 Miscellaneous Grading Scales
Several other histopathologic classifications for cere-

bellar astrocytomas have been published. Winston
and Gilles identified three clusters of histologic fea-
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tures that correlated with prognosis (Conway et al.
1991; Steinbok and Mutat 1999). “Glioma A” tumors
have microcysts, leptomeningeal deposits, Rosenthal
fibers, or foci of oligodendroglioma. “Glioma B” tu-
mors have a combination of perivascular pseudoro-
settes, hypercellularity, mitosis, necrosis, and/or cal-
cification in the absence of any glioma A features.
“Glioma C” tumors are the remaining tumors that do
not match either of these categories. Five year surviv-
al for groups A and B were 100 % and 41 % respective-
ly, while 10-year survival was 94 % for glioma A, 29 %
for glioma B and 69% for glioma C (Campbell and
Pollack 1996). However, this schema has been criti-
cized for including a heterogeneous group of tumors
encompassing features such as mitosis/necrosis and
pseudorosettes that indicate higher grade glioma and
ependymoma, respectively, in the “Glioma B” catego-
ry, which may contribute to its association with a
poorer prognosis (Campbell and Pollack 1996).

The Kernohan and St. Anne-Mayo classification
systems, which are used to describe astrocytomas in
any location, are rarely used to describe pediatric cer-
ebellar astrocytomas.

2.4 Clinical Features:
Signs and Symptoms

The mean age at diagnosis for cerebellar astrocyto-
mas in children is 6.8-years of age (range 6 months to
17-years) and the average duration of symptoms is
approximately 3 to 5 months (with a range of 3 days to
3-years) (Reddy and Timothy 2000; Steinbok and Mu-
tat 1999). The slow growing, indolent characteristics
of these tumors allows functional compensation of
adjacent brain tissue, and most cerebellar astrocyto-
mas tend to be large at time of diagnosis. With greater
availability of high resolution neuroimaging, detec-
tion of these lesions is occurring earlier than in the
past. Attempts to correlate age at diagnosis and prog-
nosis have been inconclusive, and though patients di-
agnosed at younger ages tend to have better outcomes,
more of these tumors tend to have a benign pathology
(Morreale et al. 1997). However, a very short duration
of symptoms may be associated with higher malig-
nancy (grade I1I/VI) and poorer prognosis.
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Table 2.2. Signs and symptoms of cerebellar astrocytoma
(Abdollahzadeh et al. 1994; McCowage et al. 1996; Rickert
1998; Sgouros et al. 1995)

Presenting symptoms Percent

Headache 82-87
Vomiting 65-85
Gait disturbance 12-79
Visual disturbance 12-17
Diplopia 10-31
Decreased level of consciousness 9-21
Vertigo 1.5-9
Head tilt 3-18
Behavior changes 2-7
Neck pain/stiffness 2-23
Seizures 2
Cerebellar signs/ataxia 74-89
Papilledema 69-88
CN palsy 15-40
Dysmetria 23-39
Nystagmus 10-40
Pyramidal signs 4-13
Increased head circumference 1-16
Hydrocephalus 85
Parinaud's 29
Hemiparesis 1.8-3

Initial signs and symptoms (Table 2.2) are usually
mild and nonspecific and are caused by increased in-
tracranial pressure (ICP). Headache is the most com-
mon presenting complaint (75 to 97 %) (Abdollahza-
deh et al. 1994; Berger 1996; Steinbok and Mutat 1999;
Viano et al. 2001) and frequently occurs with recum-
bency. Decreased venous return and hypoventilation
during sleep and recumbency exacerbates raised in-
tracranial pressure (Steinbok and Mutat 1999). Head-
aches begin frontally and may migrate to the occiput.
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Constant occipital headache and neck pain with hy-
perextension is an ominous sign of tonsillar hernia-
tion into the foramen magnum. Respiratory depres-
sion, preceded by cluster or ataxic breathing, may fol-
low shortly (Rosenfeld 2000). Vomiting, found in 64
to 84% of patients, is the second most frequent pre-
senting symptom and is also caused by hydroceph-
alus and raised ICP (Steinbok and Mutat 1999; Viano
et al.2001). In the absence of tumor infiltration of the
area postrema, vomiting is usually not accompanied
by nausea, unlike ependymomas and other lesions
arising from the fourth ventricle itself.

Signs of cerebellar dysfunction include ataxia
(88%), gait disturbance (56 %), appendicular dysme-
tria (59 %), and wide-based gait (27% ) (Abdollahza-
deh et al. 1994; Pencalet et al. 1999; Steinbok and Mu-
tat 1999; Viano et al. 2001). Lesions of a cerebellar
hemisphere produce ataxia and dysmetria in the ipsi-
lateral limbs, while midline lesions produce truncal
and gait ataxia (Berger 1996). Other clinical features
include behavioral changes (32 %), neck pain (20%),
and papilledema (55 to 75%) (Abdollahzadeh et al.
1994; Steinbok and Mutat 1999). Some degree of hy-
drocephalus occurs in 92% of cases, while seizures
are extremely rare (2 to 5%) (Abdollahzadeh et al.
1994). Cranial nerves and descending motor tracts
are usually not affected, unless there is significant tu-
mor extension, and involvement indicates probable
brain stem infiltration. The only clinical feature relat-
ed to poor prognosis is the presence of brain stem
dysfunction (level of consciousness, motor tract
signs) regardless of histology (Sgouros et al. 1995).

2.5 Natural History

Cerebellar astrocytomas were once considered ge-
neric brain tumors, probably congenital, localized to
the posterior fossa, and requiring treatment only
when symptomatic. Patients would typically report
longstanding headaches and emesis since childhood,
with occasional periods of relief. Patients with long
standing cerebellar symptoms often developed
symptoms of syringomyelia, indicating unrelieved
hydrocephalus. It was commonly believed that the
cyst wall and cyst fluid were the pathological culprits.
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Thus, early treatment consisted of cyst fluid decom-
pression and cyst wall removal. Symptoms were re-
lieved temporarily, but patients often returned wit-
hin months to years with cyst recurrence and some-
times tumors with malignant progression. Not until
Cushing reported his surgical experience with 76 cer-
ebellar astrocytomas in 1931 did it become clear that
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Figure 2.2 a—c

MRI images of a typical pilocytic cerebellar astrocyto-
ma. a Axial, b sagittal, c coronal T1-weighted MRI with
gadolinium contrast demonstrating cystic hemispheric
lesion with mural nodule. In this case the cyst wall en-
hances brightly following gadolinium and does repre-
sent tumor

the true pathology lay in the mural nodule and that
removal of the mural tumor may result in cure (Cush-
ing 1931). If left untreated, the patient would experi-
ence increasing bouts of cerebellar fits,become blind,
and ultimately become comatose and succumb.

2.6 Diagnosis and Neuroimaging

2.6.1 Computed Tomography
and Magnetic Resonance Imaging

Computed tomography (CT) and magnetic reso-
nance imaging (MRI) are the preferred techniques
used to diagnose cerebellar astrocytomas. CT is fast-
er and less costly than MRI, but bone artifact limits
visualization of the posterior fossa. MRI is preferred
preoperatively because of its accurate anatomic local-
ization, superior resolution (no bone artifact and in-
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creased tissue distinction), and multiplanar capabili-
ty. The disadvantages of MRI include increased study
time and the requirement of general anesthesia in
younger children and infants. Both CT and MRI allow
for contrast injection and adequately demonstrate
the degree of hydrocephalus present.

The classic radiological appearance of a pilocytic
cerebellar astrocytoma, observed in 30 to 60 % of cas-
es, is a Jarge cyst with a solid mural nodule (found in
90% of these lesions; Fig. 2.2) localized to one of the
cerebellar hemispheres (Reddy and Timothy 2000;
Steinbok et al. 1996). On CT the cyst is hypodense to
brain and hyperdense to CSF due to its high protein
content, while on MRI the cyst appears hypointense
to brain on T1 weighted images (T1-WI) and hype-
rintense on T2 weighted images (T2-WT). The mural
nodule is hypo- to isodense to brain on CT and hype-
rintense to brain on T1-WI. The mural nodule en-
hances uniformly following contrast administration
on both CT and MRI, while the cyst is not affected by
contrast. The cyst wall, however, may demonstrate
contrast enhancement if neoplastic cells are present.
Most surgeons regard a contrast-enhancing cyst wall
as neoplastic tissue and attempt to resect the entire
cyst wall. In certain cases, the compressed glial reac-
tive tissue surrounding a cyst may also show limited
enhancement (Fig. 2.3). Other variations include
multiple mural nodules, a single large nodule filling
in a portion of the cyst, and/or an irregular cyst con-
tour.

Cerebellar astrocytomas can also appear as solid
lesions in 17 to 56 % of cases, with 90% arising from
or involving the vermis (Pencalet et al. 1999; Reddy
and Timothy 2000). CT shows a lesion hypo- to iso-
dense to brain and MRI demonstrates a solid mass
hyperintense to brain. The solid tumor enhances uni-
formly following contrast administration in the ma-
jority of cases, but variations include regions of non-
enhancement and small intratumoral cysts in up to
30% of solid tumors (Campbell and Pollack 1996).
Quite often, cerebellar astrocytomas will appear with
both cystic and solid features and may have a rind-
like enhancement pattern with varying degrees of
cyst formation. Brain stem involvement is seen in
8 to 30 % of cases (Reddy and Timothy 2000; Steinbok
and Mutat 1999; Viano et al. 2001), while the cerebel-
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Figure 2.3

Sagittal MRI of a cerebellar astrocytoma showing an ir-
regular, enhancing nodule located posterior to a large
cyst. The cyst wall appears to enhance slightly but this
represents gliotic brain tissue

lar peduncles are affected in 34% (Hayostek et al.
1993; Pencalet et al. 1999). Calcifications are present
in 10 to 17% of tumors and hemorrhage in only
4.5% (Berger 1996). Edema may be evident in some
cases but does not indicate malignancy or poor prog-
nosis.

2.6.2 Magnetic Resonance Spectroscopy

Unfortunately, neither classic tumor appearance nor
location on neuroimaging can confidently distin-
guish cerebellar astrocytoma from PNET and
ependymoma. Biopsy with histological examination
is necessary to establish a definitive diagnosis. Re-
cently, magnetic resonance spectroscopy (MRS) has
been used to distinguish various pediatric cerebellar
tumors based on differential levels of tumor metabo-
lites and macromolecules. Pilocytic astrocytomas
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demonstrate increased choline/N-acetyl-aspartate
(CHO:NAA) ratios and elevated lactate levels when
compared to normal brain, similar to many other tu-
mor types (Hwang et al. 1998; Wang et al. 1995; War-
ren et al. 2000). In one study, low grade astrocytomas
had higher NAA:CHO ratios than PNET, but lower ra-
tios than ependymoma, while creatine:CHO ratios
were highest for ependymoma and lowest for PNET
(Hwang et al. 1998; Wang et al. 1995). MRS may be
useful for distinguishing posterior fossa tumors in
children after initial CT/MRI scanning. Other metab-
olites differentially detected in PNET and astrocyto-
ma in vitro include glutamate, glycine, taurine, and
myoinositol. One study examined subtotally resected
low-grade astrocytomas and reported that higher
normalized CHO levels significantly related to tumor
progression for 2-years following resection (Lazareff
et al. 1998). Alternatively, high levels of lactate in pilo-
cytic astrocytoma carries no indication of malignan-
cy and may reflect aberrant glucose utilization in
these tumors (Wang et al. 1995).

2.7 Treatment
2.7.1 Preoperative Management

Preoperative management is dependent on the clini-
cal presentation of the patient. An asymptomatic, in-
cidentally discovered lesion can be observed with
surgery planned electively. More commonly, however,
patients present with signs of increased intracranial
pressure and cerebellar dysfunction, warranting ur-
gent medical intervention. High dose dexamethasone
can relieve headache, nausea, and vomiting within 12
to 24 hours and allow for several days of relief prior
to a surgical procedure. An initial loading dose of 0.5
to 1.0 mg/kg IV followed by 0.25 to 0.5 mg/kg/day
divided every 6 hours is the typical regimen (Rosen-
feld 2000). In a patient who is stuporous and lethar-
gic, with cardiorespiratory instability, relief of elevat-
ed ICP is of utmost importance and should be per-
formed immediately. This is done by placing an
external ventricular drain (EVD). In less urgent
situations, an endoscopic third ventriculocisternos-
tomy (ETV) can also be considered (Sainte-Rose et al.
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2001). This procedure consists of placing a fenestra-
tion in the floor of the third ventricle to allow CSF to
bypass an obstructive lesion in the posterior fossa.
ETYV, although not always successful, can avoid per-
manent shunt placement. Currently, most surgeons
will promptly proceed with tumor resection in the
hope that relief of the obstructing mass will also treat
the associated hydrocephalus.

Ventriculoperitoneal (VP) shunting has been
shown to improve survival after surgical resection
of posterior fossa tumors. This procedure carries
the risk of upward herniation and subdural hema-
toma from overshunting, and also renders the patient
dependent for life on the shunt, with all of its asso-
ciated complications. The risk of upward hernia-
tion is estimated at 3% and presents with lethargy
and obtundation around 12 to 24 hours after shunt
placement with the potential for compression of the
posterior cerebral artery at the tentorial hiatus,
causing occipital lobe ischemia/stroke (Steinbok
and Mutat 1999). Postoperative CSF diversion (with
VP shunting) following complete tumor removal
and unblockage of the aqueduct and fourth ven-
tricle is required in 10 to 40 % of cases (Imielinski et
al. 1998).

2.7.2 Operative Treatment
2.7.2.1 Gross Total Resection

Gross total resection (GTR) is the preferred treat-
ment goal and is achieved in 60 to 80% of operative
cases (Campbell and Pollack 1996; Gajjar et al. 1997).
GTR is defined as the removal of all identifiable tu-
mor during surgery, and is accomplished only when
both the surgeon’s report and postoperative neuro-
imaging are concordant. MRI with gadolinium is rec-
ommended within 24 to 48 hours after resection.
Postoperative changes, including swelling, edema,
and gliosis appear by 3 to 5 days following surgery
and may interfere with the identification of residual
tumor (Berger 1996). Residual tumor after GTR is de-
tected by imaging in 15% of cases, while postopera-
tive imaging fails to demonstrate known residual tu-
mor as reported by the surgeon in 10% of cases (Dir-
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ven et al. 1997). The clear presence of residual tumor
is managed by reoperation to achieve complete resec-
tion.

Classic cystic tumors with a mural nodule may
only require removal of the nodule to achieve com-
plete resection, but the management of cyst wall is
more controversial. Contrast enhancement of cyst
wall on post-contrast MRI scans is believed to repre-
sent neoplastic tissue, and complete removal of all
enhancing portions is considered essential to prevent
recurrence. Non-enhancing areas do not require re-
section, though recent studies have shown that en-
hancement of the cyst wall does not always indicate
tumor and may only represent vascularized reactive
gliosis (Burger et al. 2000; Steinbok and Mutat 1999).
There is also some evidence to suggest that patients
who undergo complete cyst-wall removal may have a
poorer prognosis at 5-years than those with cyst
walls left intact (Sgouros et al. 1995). Some support
biopsy of the cyst wall during resection for frozen
section, but pathological assessment is usually inde-
terminate and the sampling error is high, making bi-
opsy of little value. Surgeons may choose conserva-
tive management of enhancing cyst wall, especially if
such enhancement is thin (indicating gliosis rather
than tumor), biopsy samples unremarkable for clear
pathology, and gross appearance benign (Steinbok
and Mutat 1999).

2.7.2.2 Subtotal Resection

Subtotal resection (STR) is recommended when
GTR would result in unacceptable morbidity and
neurologic dysfunction, usually in the setting of
brain stem invasion, involvement of the floor of
the fourth ventricle, leptomeningeal spread, and
metastasis. Involvement of the cerebellar peduncles
was once thought to preclude GTR, but several
authorities contend that GTR can be achieved in this
circumstance (Berger 1996; Steinbok and Mutat
1999), as postoperative deficits from resection involv-
ing the cerebellar peduncles tend to be transient.
Management of incompletely resected tumors re-
mains controversial and depends on clinical circum-
stances.
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2.7.3 Follow-up Neuroimaging

Postoperative surveillance imaging in children with
benign cerebellar astrocytomas depends on the ex-
tent of initial resection and the histology of tumor.
While no standard schedule for surveillance imaging
exists, large centers tend to obtain MRI scans at 3 and
6 months, then annually for 3 to 4 years. Routine im-
aging after confirmed GTR for a typical JPA can be
stopped 3 to 5 years following resection if there is no
evidence of recurrence. However, due to the well-doc-
umented late-recurrence behavior of a small percent-
age of benign cerebellar astrocytomas, sometimes
decades after GTR, clinical changes should warrant
re-imaging. STR requires closer serial neuroimaging
due to higher rates of tumor recurrence. Dif-
fuse/fibrillary histology (grade II) is associated with
STR; however, GTR of this histologic subtype seems
to demonstrate prognosis and recurrence rates rival-
ing those of juvenile pilocytic cerebellar tumors
(grade I). Nevertheless, most practitioners tend to
follow grade II lesions more closely with serial exams
and neuroimaging.

2.7.4 Management of Recurrence

Management of recurrence remains the most chal-
lenging aspect of treating cerebellar astrocytomas.
Treatment options include a combination of reopera-
tion, radiation therapy, and chemotherapy (Fig. 2.4).
Recurrence following GTR is rare and can occur se-
veral years to decades from the initial operation. For-
tunately, the majority of these patients do well after
reoperation and rarely require further treatment. Re-
operation with the goal of GTR is the recommended
treatment for recurrence following STR, although
this is usually not possible because the primary rea-
son for incomplete resection is usually involvement
of vital structures such as the brain stem (Aguiar et
al. 1995). At reoperation, only 30% of recurrences re-
sult in GTR, while 70% continue to have residual tu-
mor (Dirven et al. 1997). An interesting biologic fea-
ture of low-grade astrocytomas is spontaneous re-
gression or involution of residual tumors (see
Sect. 2.8.2). For this reason many authors advocate a
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period of observation for residual disease prior to re-
operation. This approach is favored at our institution
particularly since a second procedure is associated
with increased morbidity afterward (Dirven et al.
1997).

Eighty-eight percent of all patients who recurred
had undergone STR, while 20 to 50 % had brain stem
invasion (Pencalet et al. 1999). Following STR, 30 to
40% of patients recur within 3 years (mean
54 months), while more than 60% recur by 5 to 6
years (Dirven et al. 1997). Diffuse/fibrillary histology
is more prone to recurrence, but this association is
not reported consistently in all series. Of all recurrent
tumors, 65 % are pilocytic and 31 % are diffuse/fibril-
lary (Gjerris et al. 1998; Sgouros et al. 1995). Re-
currences are more often found in the midline or
vermis. Smoot et al. (1998), using multivariate analy-
sis, noted that the only factor that predicted disease
progression was volume of residual disease. This
study also showed that only fibrillary histology, and
not brain stem invasion or postoperative radiation
therapy, significantly affects postoperative tumor
volume. Unfortunately, the relationship between
STR,brain stem invasion, residual tumor volume, and
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Figure 2.4

Algorithm for management of
cerebellar astrocytoma after sur-
gery

histology confound each other in almost all other se-
ries.

2.7.5 Adjuvant Therapy for Recurrence

Radiation therapy after resection plays an important
role in the control of PNET and ependymoma, but its
utility in cerebellar astrocytoma is incompletely un-
derstood. Postoperative irradiation in subtotally re-
sected tumors of any grade improves local control
and recurrence rates, but survival rates seem to be
unaffected (Garcia et al. 1990; Herfarth et al. 2001).
One retrospective, nonrandomized study comparing
patients with recurrent grade I and II cerebellar as-
trocytoma found no significant difference in survival
atboth 5and 9 years follow-up (Akyol et al. 1992). Ra-
diation doses range from 30 to 54 Gy over 3 to
6 weeks, and some evidence suggests that doses
greater than 53 Gy are necessary to see beneficial ef-
fects (Herfarth et al. 2001; Tamura et al. 1998). How-
ever, the detrimental effects on the developing ner-
vous system precludes its use in infants less than
3 years of age and current trends favor delaying radia-
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tion therapy as long as possible to maximize cogni-
tive development prior to radiation therapy. The risks
of radiation therapy include decreased cognitive
function (Chadderton et al. 1995) and increased risk
of malignant transformation (Herfarth et al. 2001).

Currently, there is no consensus on the use of radi-
ation therapy for the treatment of benign recurrent
cerebellar astrocytoma, though some authors suggest
its use if the recurrent tumor displays more aggres-
sive growth features (Akyol et al. 1992; Garcia et al.
1990). Experience with Gamma Knife (Elekta AB,
Stockholm) radiosurgery for the treatment of small-
volume residual or recurrent tumors is still too limit-
ed at this time for adequate assessment; it may have a
role for the treatment of very limited disease (Camp-
bell and Pollack 1996; Somaza et al. 1996).

Chemotherapy has an insignificant role in the
treatment of benign cerebellar astrocytoma, but has
been used in rare instances of multifocal disease, lep-
tomeningeal spread, and malignant transformation
(Castello et al. 1998; Tamura et al. 1998). Combination
chemotherapy has been used in adjuvant manage-
ment of inoperable low-grade astrocytomas. The
most widely used regimens are carboplatin/vincris-
tine (Packer et al. 1993) and 6-thioguanine/procarba-
zine/CCNU/vincristine (Prados et al. 1997). Both reg-
imens have been associated with complete and par-
tial responses in subgroups of tumors. Chronic eto-
poside treatment showed stable tumor lesions at
7 months in patients with recurrent nonresectable
cerebellar astrocytomas in one study (Chamberlain
1997). Cyclophosphamide has been applied in the
treatment of cerebellar astrocytoma with leptom-
eningeal spread (McCowage et al. 1996). To date, no
study has shown clear benefits in recurrence or sur-
vival with chemotherapy for residual or recurrent
cerebellar astrocytomas.
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2.8 Outcome

2.8.1 Prognostic Factors
2.8.1.1 Brain Stem Invasion

Brain stem invasion carries a poor prognosis with
only 40% of patients alive at 5-years after diagnosis
(Sgouros et al. 1995). Conversely, 84% of patients
with no evidence of brain stem involvement are alive
at 5-years (Sgouros et al. 1995). Brain stem invasion
significantly impacts survival irrespective of histolo-
gy as noted in several large series (Campbell and Pol-
lack 1996). Smoots et al. (1998) also contend that re-
sidual tumor volume within the brain stem is the only
prognostic factor for disease progression after multi-
variate analysis.

2.8.1.2 Tumor Grade

The impact of histology on outcome and progres-
sion-free survival (PFS) has been controversial (Pen-
calet et al. 1999). Hayostek et al. (1993) showed that
pilocytic cerebellar astrocytoma has 5, 10, and 20-
year survival rates of 85 %, 81 %, and 79 %, respective-
ly, while diffuse subtypes have dramatically reduced
survival rates of 7% at each of the 5, 10, and 20-year
timepoints. Unfortunately, the mean age of patients
in both groups differed greatly (14-years for pilocy-
tic, 51-years for diffuse) making any meaningful
comparison difficult. Also, diffuse tumors in this
study had more malignant histology (mitosis, necro-
sis, etc.), which suggests that higher-grade lesions
might have been included inappropriately. More re-
cent series have reported 78 % survival with 89 % PFS
for pilocytic histology and 44% survival with 52%
PES for diffuse subtypes at 5-years (Sgouros et al.
1995). Diffuse/fibrillary histology is reported as the
single most important determinant for residual tu-
mor volume, which according to one study is the only
predictor of tumor recurrence at any site after multi-
variate analysis (Smoots et al. 1998). Comparing GTR
and STR between grade I and grade II tumors has
been difficult because grade II lesions are more often
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subtotally resected due to tumor location and inva-
sion. Two authors, after multivariate analyses, suggest
that only extent of resection contributes to outcome
in children with grade I and grade II cerebellar astro-
cytoma (Sgouros et al. 1995; Smoots et al. 1998).

2.8.1.3 Tumor Appearance

Older reports state that tumors with cystic morphol-
ogy have a greater 5-year PES than do solid tumors.
More recent studies have now shown that cystic tu-
mors are more often completely resectable than are
solid tumors, which often invade surrounding paren-
chyma, making their complete removal difficult. Af-
ter controlling for extent of tumor removal, most se-
ries do not demonstrate a survival advantage based
on tumor morphology (Sgouros et al. 1995; Smoots et
al. 1998). Also, tumor location (hemispheric vs. ver-
mian/midline) does not appear to affect prognosis
(Smoots et al. 1998). Complete resection is more of-
ten achieved with a hemispheric location than in the
midline, probably due to the ability to perform a
more aggressive resection.

2.8.1.4 Clinical Features

Few clinical characteristics at time of presentation
contribute to overall outcome. Gender and age at di-
agnosis do not correlate to survival (Campbell and
Pollack 1996; Gilles et al. 1995; Smoots et al. 1998),
though earlier age at presentation might indicate ear-
lier progression of disease in those with recurrences
(Gajjar et al. 1997). A short duration of symptoms at
time of presentation is generally associated with a
more rapidly growing tumor, and therefore one more
likely to be of higher grade. Longer preoperative
symptomatology may indicate progressed disease
and larger tumor volume (Pencalet et al. 1999). Pa-
tients with neurofibromatosis sometimes present
with malignant histology, but the majority of NF pa-
tients with cerebellar astrocytomas appear to have a
quiescent course (Freeman et al. 1998; Smoots et al.
1998), though absolute numbers are small. The only
clinical feature related to poorer prognosis and sur-
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vival is evidence of brain stem dysfunction. Long
tract signs, nystagmus, apnea, and decreased con-
sciousness indicate brain stem invasion by tumor, but
also can result from raised ICP and mass effect.

2.8.2 Gross Total and Subtotal Resection

The prognosis for patients with grade I tumors and
GTR is excellent with 5 and 10-year progression-free
survival of 80 to 100% in nearly all studies. Also, 30-
year PFS is not uncommon with long term follow-up
in these patients. Patients with grade II tumors have
5-year survival rates of 50 to 80% after GTR. As ex-
pected, grade 11l and IV lesions continue to have poor
survival at 2-years despite GTR. GTR is more com-
monly reported in tumors of pilocytic histology with
cystic morphology and peripheral/hemispheric loca-
tion. Recurrence after confirmed GTR grade I tumors
is rare and occurs in less than 5% of cases, though re-
currences have been reported as late as 45-years after
initial resection (Boch et al. 2000). GTR is reported in
53% of patients with pilocytic cerebellar astrocyto-
mas operated upon, while only 19% of non-pilocytic
cerebellar tumors achieve GTR (Campbell and Pol-
lack 1996).

In general, STR is associated with future tumor re-
currence and poorer outcome (Pencalet et al. 1999).
Approximately 75% of patients with STR will recur
during follow-up. The 5-year survival rate ranges
from 29 to 80%, and 10-year survival ranges from 0
to 70% (Campbell and Pollack 1996; Sgouros et al.
1995). These variations in survival are explained by
inconsistent study design. STR is more commonly re-
ported with solid, midline tumors that are usually
grade II or higher. A number of reports demonstrate
that patients with STR remain stable, both clinically
and on serial imaging, without any evidence of pro-
gression for several years (Krieger et al. 1997). In one
prospective study, only 50 % of patients with STR and
no brain stem involvement demonstrated progres-
sion of disease at 8-years follow-up (Sutton et al.
1996). In the same study, 1.5% of documented resid-
ual tumors spontaneously regressed without further
treatment. Smoot et al. observed that 4 of 17 patients
with residual tumors had complete disappearance of
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tumor without additional intervention (Smoots et al.
1998; Steinbok and Mutat 1999). Unfortunately, the
number of reported involuted tumors was too small
to allow for any meaningful sub-analysis. Pilocytic
astrocytoma of the optic pathways or hypothalamic
region is known to resolve without any treatment,
and most of the spontaneously regressing tumors
were of this type (Berger 1996; Freeman et al. 1998).
The biologic reason behind tumor quiescence or re-
gression is unknown.

2.8.3 Malignant Transformation

Malignant transformation of pilocytic astrocytomas
is an exceedingly rare event (Berger 1996; Mamelak et
al. 1994). Several case reports describe malignant de-
generation in pilocytic cerebellar astrocytomas at re-
currence several years from initial resection. Stan-
dard indices of aggressive histology such as necrosis,
vascular proliferation, and mitoses do not indicate
malignancy in pilocytic astrocytomas, though in-
creased perivascular cellularity may serve as a mark-
er of future anaplastic change (Krieger et al. 1997).

2.8.4 Metastasis

Leptomeningeal dissemination (LMD) of low-grade
astrocytomas occurs rarely and is associated mainly
with hypothalamic tumor location (Morikawa et al.
1997; Pollack et al. 1994; Tamuar et al. 1998). Spinal
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metastases are the most common and were found in
3 of 72 patients in one series (Pollack et al. 1994) and
in 7% of diffuse cerebellar astrocytoma patients at
the time of diagnosis in one other study (Hayostek et
al. 1993). Long-term outcome is not known, but there
is anecdotal evidence that LMD indicates impending
malignant degeneration (Krieger et al. 1997). Aggres-
sive resection of isolated metastasis combined with
aggressive chemotherapy and additional radiation
therapy may result in progression-free survival
(Berger 1996; Pollack et al. 1994; Tamura et al. 1998).
CSF sampling offers no aid in detecting early LMD
(Pollack et al. 1994).

2.8.5 Survival

Progression-free survival and overall outcome is de-
pendent upon several factors including extent of re-
section, brain stem involvement, and histologic sub-
type (Table 2.3). Patients with complete tumor re-
moval enjoy 5 and 10-year PFS in greater than 90 % of
cases (Gajjar et al. 1997; Steinbok and Mutat 1999).
Incomplete tumor resection results in approximately
509% 5-year survival in most series, but with reopera-
tion to remove residual tumor, outcome may improve
to 80% PFS at 5-years, 74% at 10-years, and 40% at
20-years (Gajjar et al. 1997). STR with recurrence car-
ries a 25% PFS at 5-years from the time of recur-
rence; reoperation tends to lower subsequent recur-
rence rates, but does not affect overall survival (Sgou-
ros et al. 1995). Radiation therapy in the setting of

Table 2.3. Survival outcomes for cerebellar astrocytoma (Campbell and Pollack 1996; Li et al. 2001; Raffel et al. 1999)

Degree of resection Gross total
Subtotal

Brain stem involvement Yes
No

Tumor appearance Cystic
Solid

At recurrence

N/A = not reported

5-year (%) 10-year (%) 20-year (%)
80-100 90 90

30-80 0-79 42

40 N/A N/A

83 N/A N/A

88 N/A N/A

52 N/A N/A

29 N/A N/A
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STR or recurrence has not been shown to confer any
benefit on overall survival in nearly all studies, but
some do report a trend towards lowering the rate of
local progression.

2.9 Complications

Surgical resection of cerebellar astrocytomas may
lead to both non-neurological and neurological com-
plications (Table 2.4). Fortunately, the majority of
these adverse effects are either transient or treatable,
making the overall morbidity for surgical treatment
of cerebellar astrocytomas quite low.

2.9.1 Neurological Complications
2.9.1.1 Cerebellar Dysfunction

Worsening of cerebellar function, limb/truncal atax-
ia and cranial nerve (CN) palsy (usually of CN VI)
following surgery is not uncommon (Cochrane et al.
1994). Increased ataxia and dysmetria are usually due
to retraction injury or cerebellar swelling and im-
prove after several weeks to months. Restiform body
injury may result in permanent ipsilateral limb atax-
ia (Rosenfeld 2000). Significant injury to the vermis
can cause severe disabling truncal ataxia, which may
resolve only after a prolonged period of time. New
neurological deficits are found in 30% of postopera-
tive patients and include CN VI and VII dysfunction,
nystagmus, bulbar signs, pseudobulbar syndrome,
long tract motor signs, and transient mutism (Co-
chrane et al. 1994). Impaired initiation of chewing,
voiding, and eye opening may present after injury to
areas of the cerebellum responsible for repetitive mo-
tor movement memory.

Patients with these deficits commonly have tumor
involving the floor of the fourth ventricle, brain stem,
and cerebellar peduncles. Sometimes, removal of a
hemispheric tumor creates enough intracranial shift
to affect CN VI and cause transient diplopia. Approx-
imately one half of those with new deficits experience
complete recovery of function (Ersahin et al. 1996;
Pollack et al. 1995; Steinbok and Mutat 1999).
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Table 2.4. Complications following surgery for cerebellar
astrocytoma (Abdollahzadeh et al. 1994; Raffel et al. 1999;
Rickert 1998)

Complication Percent

Pseudomeningocele 12-24
Wound infection 2-5
Aseptic meningitis 45
Septic meningitis 6
Persistent HCP 10
Hematoma

Epidural 3

Subdural 3

Operative site 1.5
Transient CN palsy 45
Hemiplegia 15
Transient mutism 1:5
Permanent neurological deficit 15

2.9.1.2 Cerebellar Mutism

Cerebellar mutism is a well-recognized complication
of surgical removal of large midline posterior fossa
tumors in children. Patients demonstrate transient
mutism with unimpaired consciousness, intact com-
prehension,and no detectable cranial nerve or motor
deficits. The majority of cases will awake from sur-
gery with intact speech function, but then develop
mutism within 24 to 94 hours (Pollack et al. 1995). In
the largest series to date, the incidence was 8.5% for
all posterior fossa tumors and 12% for vermian tu-
mors, but did vary with histology (Catsman-Ber-
revoets et al. 1999). Patients with malignant tumors
commonly involving the brain stem, fourth ventricle,
and vermis experienced mutism more often (20%)
than those with less invasive tumors (1 %) (Doxey et
al. 1999; Ersahin et al. 1996).

Clinical improvement begins as profoundly dysar-
thric and abnormal speech, usually with isolated
words and phrases, and progressively improves to full
sentences. Recovery can begin as early as 2 weeks af-
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ter onset of symptoms or as late as 2 months after on-
set. Most patients recover fluent speech within
4 months of surgery with an average duration of mut-
ism lasting 6 weeks (Aguiar et al. 1995; Ersahin et al.
1996; Pollack et al. 1995). Twenty percent of patients
may have permanent dysarthria following recovery
from mutism. There are no identifiable clinical pre-
dictors of cerebellar mutism, and all cases report nor-
mal preoperative speech (Pollack et al. 1995). A small
case-controlled radiological review identified bilater-
al edema in the brachium pontis as the only factor sig-
nificantly associated with mutism (Pollack et al.
1995).

2.9.1.3 Neuropsychological Consequences

Surgery of the cerebellum also leads to alterations in
higher cognitive function, an effect usually attributed
to damage to the cerebral hemispheres. One study of
children following surgery of the posterior fossa for
tumor demonstrated neuropsychological changes at
2-year follow-up, which included visual-spatial dys-
function in 37 %, expressive language problems in 37
%, verbal memory decline in 33 %, and difficulty with
affect control in 15 to 56% (Levisohn et al. 2000). Ir-
ritability, impulsiveness, and disinhibition were the
most common changes in affect and increased in par-
allel with greater involvement of the vermis. These
neuropsychological consequences seem to also be
temporary, but long term studies are not available.

School performance and IQ are also affected by
cerebellar surgery, but current studies are confound-
ed by the inability to separate the emotional and psy-
chological effects of childhood illness and stress
from cerebellar surgery itself. Strong evidence is
lacking for cerebellar astrocytomas, but estimates in-
dicate that greater than 60% of these patients will
have an IQ greater than 90 after surgery, equivalent to
patients with ependymoma and far better than pa-
tients with PNETs (only 10% will have an IQ greater
than 90 after treatment for PNET) (Hoppe-Hirsch et
al. 1995). Postoperative radiation therapy is strongly
associated with lower IQ during childhood, and af-
fects younger children more than older ones (Grill et
al. 1999).
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2.9.2 Non-neurological Complications
2.9.2.1 Pseudomeningocele

Pseudomeningocele, the formation of a CSF collec-
tion outside the confines of the subarachnoid space, is
reported in 12 to 24 % of patients postoperatively (Ab-
dollahzadeh et al. 1994).1t occurs 1 to 2 weeks after the
initial surgery and presents as a fluctuant, occasional-
ly tense mass under the incision. A pseudomeningo-
cele predisposes surgical incisions to infection and
dehiscence, which can then lead to more serious com-
plications including meningitis. The formation of a
pseudomeningocele may indicate the presence of un-
treated hydrocephalus,a CSF fistula, or a wound infec-
tion. Most pseudomeningoceles resolve within days
to weeks without intervention. Wound breakdown
and hydrocephalus are indications for CSF diver-
sion/shunting and antibiotic treatment if meningitis
or other infection is suspected. Percutaneous aspira-
tion for cell count and culture is not recommended as
risk of infection rises with skin puncture, although it
may provide temporary relief of pain from skin ten-
sion, or prevention of complete wound dehiscence.

2.9.2.2 Hydrocephalus

Hydrocephalus (HCP) can develop from obstruction
anywhere along the CSF pathway from blood clot,
swelling, or inflammation. Persistent hydrocephalus
is reported in 10% of postoperative patients. Asymp-
tomatic HCP requires no immediate intervention and
the patient can be followed for 6 to 8 weeks before
permanent shunt placement is considered. Acute hy-
drocephalus warrants immediate CSF diversion and
may also occur in the setting of hemorrhage within
the resection cavity, necessitating urgent evacuation.
Ventriculoperitoneal shunting is indicated with
raised ICP, persistent pseudomeningocele, and CSF
leak, and is required in 10 to 26 % of patients follow-
ing posterior fossa surgery (Imielinski et al. 1998;
Rosenfeld 2000; Steinbok and Mutat 1999). The risk
of extra-neural metastasis from shunting in children
with cerebellar astrocytomas is virtually nonexistent
(Berger et al. 1991).
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2.9.2.3 Other

Wound infection and breakdown are rare (2 to 5%).
Risk factors include poor nutritional state, formation
of a CSF pseudomeningocele, poor surgical closure,
wound hematoma, and premature removal of su-
tures. Meningitis occurs in 3 to 8 % of patients (Abdo-
llahzadeh et al. 1994). Aseptic meningitis is a well-de-
scribed postoperative finding after posterior fossa
surgery in children. Patients complain of increasing
headache 4 to 7 days following surgery, accompanied
by fever, nuchal rigidity,and CSF pleocytosis (Rosen-
feld 2000). CSF culture and gram stain are negative.
No treatment is necessary, though bacterial meningi-
tis must be excluded. The risk of bacterial meningitis
is higher in patients with pseudomeningocele and
shunts. Cervical spine instability requiring structural
support is exceedingly rare, but can occur when a
laminectomy extends below C1. Radiation treatment
and infection are additional risk factors.
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cephalus and perioperative steroid administration.
Surgical removal of cerebellar astrocytomas may be
complicated by cerebellar dysfunction, cranial nerve
palsies,and mutism. These risks need to be discussed
preoperatively with the patient and parents. Fortu-
nately, the majority of patients recovers completely
from adverse postperative events.

2.10 Conclusion

Among pediatric brain tumors, cerebellar astrocyto-
mas have among the most favorable prognosis. The
great majority of cerebellar astrocytomas are low-
grade neoplasms (juvenile pilocytic/grade I tumors)
with excellent cure rates and long-term survival fol-
lowing surgery. Only a small minority have dismal
outcomes (grade III and IV tumors). Tumor recur-
rence, when it does occur, is a challenging manage-
ment problem and is most often seen with grade II
tumors, subtotal resection, or brain stem invasion.
There is no consensus among authorities regarding
the optimal method in treating recurrence, though
reoperation is advocated for first time recurrence,
and for subsequent recurrence many endorse follow-
ing the repeat surgery with radiation therapy. Che-
motherapy is reserved for rare cases of leptom-
eningeal spread and those tumors that do not re-
spond to radiation, although its use may also be con-
sidered prior to radiation in young children with in-
operable tumors. Other management considerations
encountered with cerebellar astrocytomas include
pre- or postoperative CSF diversion to control hydro-
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Chapter 3

Brainstem Gliomas

E.Pan - M.Prados

3.1 Introduction

Historically, brainstem gliomas (BSGs) were regard-
ed as a homogeneous category of central nervous sys-
tem neoplasms with a uniformly poor prognosis.
With the advent of magnetic resonance imaging
(MRI), BSGs are now recognized as a heterogeneous
group of neoplasms with distinct subtypes that vary
widely with respect to prognosis and growth pat-
terns. They can be classified broadly into two catego-
ries: the diffuse intrinsic gliomas and the nondiffuse
brainstem tumors (Table 3.1). The diffuse intrinsic
gliomas, which constitute the majority of brainstem
tumors and conform to the stereotype of BSGs, occur
most often in the pons, infiltrate throughout the
brainstem, and have a uniformly poor prognosis. The
nondiffuse brainstem tumors include focal midbrain,
dorsally exophytic,and cervicomedullary tumors. Al-
most all of these tumors are slow-growing,low-grade
neoplasms that have a more favorable prognosis and
response to treatment (specifically surgery) than the
diffuse intrinsic gliomas. The management plan for
these tumors is individualized to each distinct brain-
stem tumor type and is based strongly upon their
MRI characteristics and clinical presentations. It
should be appreciated that other tumors and non-tu-
mor conditions such as brain abscess, neuroepithelial
cyst, and inflammatory conditions can also present
with lesions in the brainstem, but these entities are
exceptionally rare and will not be discussed further.
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Table 3.1. Overview of the brainstem glioma subtypes®

Tumor type Approximate Clinical Imaging Predominant
frequency (%) I EN characteristics pathology
Diffuse intrinsic 75-85 Multiple bilateral CN Diffuse pontine Fibrillary astrocytoma
deficits enlargement (Grades II-1V)
LTS T1 hypointensity
Ataxia T2 hyperintensity
Short clinical history Little contrast
enhancement
Focal midbrain 5-10° Signs and symptoms Small, well- Low-grade
of raised ICP circumscribed astrocytoma
(Grades 1 and 1)
Isolated CN deficit No edema Ganglioglioma
Ataxia T1 hypointensity
Hemiparesis (rarer) T2 hyperintensity
Torticollis Variable enhancement
Ventriculomegaly
Dorsally exophytic  10-20 Signs and symptoms Arise from floor Pilocytic astrocytoma
of raised ICP of 4th ventricle (Grade )
CN dysfunction T1 hypointensity Grade |l astrocytoma
Prominent nystagmus T2 hyperintensity
Torticollis Bright enhancement
FTT (infants) -
LTS typically absent
Cervicomedullary  5-10 Lower CN dysfunction Arise from lower Low-grade
medulla/upper astrocytoma
LTS cervical cord
Apnea Bulges dorsally Ganglioglioma
toward 4th ventricle
Sensory loss T1 hypointensity
Torticollis T2 hyperintensity
Hydrocephalus (rarer) Commonly enhances

@ Adapted from Freeman and Farmer (1998)
b Frequency reflects incidence of focal tumors of the midbrain and medulla
CN, cranial nerve; ICP, increased intracranial pressure; LTS, long tract signs; FTT, failure to thrive
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3.2 Epidemiology

Brainstem tumors account for approximately 10 to
20 % of all intracranial tumors in children (Panitch
and Berg 1970; Farwell et al. 1977; Albright et al.
1983); 90 % are glial in origin (Pierre-Kahn et al.
1993). Seventy-five percent of BSGs occur in patients
before age 10 (Panitch and Berg 1970; Farwell et al.
1977). Historically, the prognosis for children with
BSGs (particularly diffuse intrinsic gliomas) has
been exceedingly poor, with median survival ranging
from 4 to 15 months (Fulton et al. 1981). The median
time to disease progression of diffuse intrinsic glio-
mas is only 5 to 6 months, and only 6 to 10 % of these
patients survive beyond 2 years after treatment
(Freeman and Perilongo 1999). The overall 5-year
survival rates are in the range 20 to 30 % for all brain-
stem tumors (Freeman and Farmer 1998).

Diffuse pontine gliomas represent 80 % of all pedi-
atric BSG subtypes (Freeman and Farmer 1998). The
nondiffuse brainstem tumors, including focal mid-
brain, dorsally exophytic, and cervicomedullary tu-
mors, occur less frequently but have much better
prognoses. One study noted a 4-year progression-
free survival rate (PFS) of 94 % and a total 4-year sur-
vival rate of 100 % in 17 patients with focal midbrain
tumors, which included tectal gliomas (Robertson et
al. 1995). Pollack et al. (1993) noted that 17 of 18 pa-
tients (94 %) with dorsally exophytic brainstem tu-
mors were alive at the conclusion of their study; fol-
low-up periods ranged from 33 to 212 months. Pa-
tients with cervicomedullary tumors have been not-
ed to have a 5-year PFS rate of 60 % and an overall 5-
year survival rate of 89 % after initial resection
(Weiner et al. 1997). Thus, the incidence and progno-
sis of BSG vary depending on the specific tumor sub-
type and location.

3.3 Pathology

Brainstem gliomas are not designated as a specific
pathological category in the World Health Organiza-
tion (WHO) classification of central nervous system
tumors. Rather, BSGs are classified by location rather
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than histology. For this reason, BSGs comprise tu-
mors of varying behavior and grade. Benign and low-
malignancy brainstem tumors tend to occur in the
midbrain and medulla, while higher-grade gliomas
occur more frequently in the pons. The major utility
of examining BSGs as a separate group from other
posterior fossa tumors is that distinct therapeutic
and prognostic concerns are related to neoplasms in
this location.

3.3.1 Histopathology
3.3.1.1 Diffuse Pontine Glioma

Similar to astrocytomas elsewhere in the CNS, most
diffuse pontine gliomas are fibrillary astrocytomas
and are characterized by the presence of nuclear aty-
pia, scant cytoplasm, and microcysts. Increased mi-
totic activity and nuclear pleomorphism are features
of grade III (anaplastic) astrocytoma, while mi-
crovascular proliferation and necrosis are required
for a diagnosis of grade IV astrocytoma (glioblasto-
ma multiforme). Fibrillary astrocytomas also exhibit
immunohistochemical reactivity to glial fibrillary
acidic protein (GFAP) and vimentin. It is difficult to
accurately determine the frequency of low- versus
high-grade tumors with diffuse intrinsic gliomas,
since biopsies are performed in only one-fourth to
one-third of all cases. An additional complicating fac-
tor is the unavoidability of sampling error when a ste-
reotactic biopsy is performed (Freeman and Farmer
1998). At autopsy, most pontine tumors are high-
grade gliomas with extensive brainstem involvement,
a finding that is most consistent with the poor out-
come associated with these tumors (Mantravadi et al.
1982).

3.3.1.2 Nondiffuse Brainstem Glioma

The overwhelming majority of focal midbrain tu-
mors, either tectal or tegmental, are grade I (pilocy-
tic) or grade II astrocytomas (Hoffman et al. 1980;
Robertson et al. 1995). Anaplastic astrocytomas have
been reported to occur in this region; however, they
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are recognized to have a more benign course than
similar tumors in the cerebral hemispheres (Raffel et
al. 1988). Most cervicomedullary tumors are low-
grade astrocytomas. Both gangliogliomas, which
contain both neoplastic glial cells and dysplastic neu-
rons, and ependymomas, which arise from ependy-
mal cells that line the ventricles, have also been re-
ported in this region (Epstein and Farmer 1993;
Weiner et al. 1997). Anaplastic astrocytomas were
noted in 4 of 39 patients (10 %; Weiner et al. 1997)
and 4 of 44 patients (9 %) with cervicomedullary tu-
mors (Epstein and Farmer 1993). Thus, approximate-
ly 90 % of cervicomedullary tumors are believed to
be low-grade in nature.

Dorsally exophytic tumors are largely low-grade as-
trocytomas. Khatib et al. reported in their series that
11 of 12 patients (92 %) with dorsally exophytic tu-
mors had classic grade I pilocytic astrocytomas (Kha-
tib et al. 1994). Histologically, these tumors are charac-
terized by a biphasic pattern of compacted bipolar
cells with loose-textured multipolar cells, low cellular-
ity, and Rosenthal fibers, which are eosinophilic, hya-
line, corkscrew-shaped intracytoplasmic masses. Mi-
toses are rare in these tumors. Gangliogliomas (Hoff-
man et al. 1980) and anaplastic astrocytomas (Pollack
et al. 1993) have also been reported, although these tu-
mors rarely occur as dorsally exophytic tumors.

3.3.2 Molecular Biology

The molecular characterization of BSG, particularly
of diffuse intrinsic pontine gliomas, is only at the be-
ginning stages. Sawyer et al. reported an extra copy of
the long arm of chromosome 1 (trisomy 1q) that was
translocated onto the distal end of one copy of chro-
mosome 7 as the sole chromosomal abnormality in a
patient with a high-grade pontine astrocytoma (Saw-
yer et al. 1990). Analysis of 13 pontine gliomas of ju-
venile onset revealed a high incidence of multiple or
tandem mutations of probable somatic (not germ-
line) origin in the p53 gene. These mutations appear
to be characteristic for pontine gliomas, as cerebral
gliomas do not usually have multiple mutations
(Zhang et al. 1993). Louis et al. (1993) also reported
allelic losses of chromosomes 17p (including the p53
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gene) and 10 in pediatric brainstem glioblastoma
multiforme (GBM) patients, with no epidermal
growth factor receptor (EGFR) gene amplifications
noted. This pattern of genetic alterations (i.e., p53
mutations without EGFR amplification) is similar to
that of secondary GBMs in young adults, which are
believed to arise from lower-grade astrocytomas
(Watanabe et al. 1996). The significance of such find-
ings remains unclear. An important challenge in un-
derstanding the biology of these tumors is the rela-
tive paucity of human tissue available for molecular
analysis, as few diffuse pontine gliomas undergo bi-

opsy.

3.4 Clinical Features

The array of clinical signs and symptoms caused by
BSGs is dependent upon their exact location and the
affected anatomic structures. For example, focal mid-
brain tectal gliomas typically cause extraocular mo-
tor palsies and hydrocephalus, while hemiparesis is
much less common. Dorsally exophytic tumors arise
primarily within the medulla and extend posteriorly
into the fourth ventricle. They often present with
signs and symptoms of raised intracranial pressure,
including headache, nausea, vomiting, papilledema,
gait ataxia, and stupor. In infants, such tumors often
present insidiously with failure to thrive. Other signs
include torticollis, prominent nystagmus, and cranial
nerve dysfunction (Pollack et al. 1993). Long tract
signs such as paresis, hyperreflexia, spasticity, and
the Babinski reflex are typically absent in patients
with these tumors. Cervicomedullary tumors origi-
nate in the lower medulla and upper cervical spinal
cord, which contain the lower cranial nerve nuclei (IX
to XII), medullary respiratory center, descending mo-
tor corticospinal tracts,and ascending sensory tracts.
Thus, presenting signs and symptoms of cervicome-
dullary tumors typically include dysphagia, dysar-
thria, nausea, vomiting, apnea, failure to thrive in in-
fants, upper motor neuron dysfunction, sensory loss,
and torticollis. Unlike in patients with dorsally exo-
phytic tumors, hydrocephalus is unusual and long
tract signs are common in patients with cervicome-
dullary tumors.
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The pons is the largest of the three brainstem com-
ponents and primarily contains motor tracts des-
tined for the spinal cord and cerebellum. Diffuse in-
trinsic pontine gliomas may present with a “triad” of
clinical signs: cranial nerve dysfunction (particularly
CN VI and VII), long tract signs, and ataxia. While
these three signs present simultaneously in only
about 35 % of diffuse pontine glioma patients (Farm-
er et al. 2001), the majority of patients present with at
least one of these cardinal signs. These tumors typi-
cally have a short duration of symptoms prior to di-
agnosis (median of 1 month), and only about 10 % of
patients present with hydrocephalus at diagnosis
(Freeman and Farmer 1998).

3.4.1 Growth Pattern

Many of the BSGs, when subclassified correctly
according to clinical presentation and location, have
stereotypical growth patterns. The growth and shape
of these tumors, especially the benign, slow-growing
neoplasms, are strongly influenced by existing
anatomical structures. This was observed by Scherer
(1938), who stated that fiber tracts and pial borders
direct the growth of low-grade lesions. Focal mid-
brain tumors often remain circumscribed within
the dorsal area of the midbrain (tegmentum and tec-
tal plate) (Rubin et al. 1998). Diffuse pontine gliomas,
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in comparison, grow unhindered along the me-
dullary axis both rostrally and caudally, without
involving the fourth ventricle (Epstein and Far-
mer 1993). Unlike low-grade tumors, the expan-
sion of a high-grade tumor is not contained or con-
trolled by the surrounding tissue matrix (Scherer
1938).

Dorsally exophytic tumors originate within the
substance of the medulla. Initially, the lesion causes
focal swelling of the medulla and displaces the axial-
ly-oriented fiber tracts. Because of rostral and caudal
anatomic barriers, the tumor grows toward the ave-
nue of least resistance, which in this region is the
floor of the fourth ventricle, thus becoming dorsally
exophytic (Fig. 3.1a-c) (Epstein and Farmer 1993).

Cervicomedullary tumors originate within the up-
per cervical cord below the cervicomedullary barrier.
Caudal growth is limited by the circumferential pia of
the upper cord and follows a cylindrical shape, simi-
lar to spinal cord tumors. Rostral growth is limited by
the crossing fibers of the low medulla, and thus di-
rects the growth toward the least resistant area, the
obex, which is the midline point of the dorsal medul-
la that marks the caudal angle of the fourth ventricle
(Fig. 3.2 a,b) (Epstein and Farmer 1993). From there
the tumor may rupture through the obex into the
fourth ventricle and cause obstructive hydroceph-
alus.

'\
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lllustrations of growth patterns of benign medullary tumors.a Focal medullary tumor displaces axially oriented fibers as
it grows (arrows). b Larger focal medullary tumor tends to grow subependymally (arrowhead) since its axial growth is lim-
ited by barriers. c Subependymal lesion becomes dorsally exophytic (arrow) because of the limited resistance to growth
offered by the ependyma. (Reprinted with permission from Epstein and Farmer 1993)
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Ventricle

Figure3.2a,b

Illustrations of growth patterns
of cervicomedullary lesions.
a Caudal growth is cylindrical, as
for spinal cord tumors (arrow).
b Rostral growth is directed to-
ward the obex (arrow) as a result
of hindrance from pial elements
and decussating fibers. Note the
rostral displacement of the bar-
rier. (Reprinted with permission
from Epstein and Farmer 1993)

3.4.2 Prognostic Factors

A number of studies have addressed the question of
which factors are predictive for prognosis. Albright et
al. (1986) found that early presentation of cranial
nerve palsies and presence of mitoses on histologic
examination were statistically significant negative
prognostic factors, whereas calcification or Rosenthal
fibers in the tumor histology were significant favor-
able prognostic factors. Other studies have also found
a significant correlation of early cranial nerve in-
volvement with poor outcome. Other features associ-
ated with poor outcome include presence of long
tract signs (Freeman et al. 1993), young age (less than
2 years), and short duration of signs and symptoms
prior to diagnosis (Panitch and Berg 1970). Favorable
outcome is associated with older age, absence of cra-
nial nerve and long tract signs at presentation, long-
er duration of signs and symptoms, and neurofibro-
matosis type 1 (NF1) (Kaplan et al. 1996). It is not
clear why cranial nerve and long tract signs portend
poor outcomes, but they may reflect the aggressive
behavior of high-grade gliomas.

3.5 Diagnosis and Imaging

3.5.1 Computed Tomography
and Magnetic Resonance Imaging

High-quality neuroimaging, specifically MR is the di-
agnostic tool of choice for BSGs. On CT, diffuse intrin-
sic tumors are iso- or hypodense, and enhance poorly
after contrast administration. If a posterior fossa le-
sion is suspected, an MRI scan is mandatory; for most
cases of diffuse intrinsic pontine glioma, diagnosis
and prognosis is determined from MRI appearance
alone. On MRI, diffuse pontine gliomas are usually hy-
pointense on T1-weighted and hyperintense on T2-
weighted images (Fig. 3.3a-f). Most do not enhance
significantly with gadolinium, although some may ex-
hibit heterogeneous enhancement. The differential di-
agnosis of diffuse intrinsic pontine mass on MRI in-
cludes malignant nonglial tumors (e.g.,ependymomas
or primitive neuroectodermal tumors), nonmalignant
tumors (e.g., gangliogliomas, hamartomas), infarc-
tion, infection, and demyelination.

Focal midbrain tumors are also iso- or hypointen-
se on T1-weighted images and hyperintense on T2-
weighted images (Fig. 3.4a-f). Lesions that exclusive-
ly involve the midbrain tectum rarely enhance with
gadolinium (Robertson et al. 1995; Bowers et al.
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2000), whereas peritectal and tegmental tumors more
frequently demonstrate enhancement (Robertson et
al. 1995). Ventriculomegaly secondary to obstructive
hydrocephalus can also be readily discerned on MRI.

Dorsally exophytic tumors appear as sharply de-
marcated hypointense lesions on T1-weighted imag-
es and are hyperintense on T2-weighted images
(Fig. 3.5a-d). Unlike the other BSGs, bright uniform
enhancement and hydrocephalus are commonly not-
ed findings (Khatib et al. 1994). Cervicomedullary tu-
mors appear as solid masses within the lower medul-
la and upper cervical cord that frequently extend in-
to the fourth ventricle. Like the other BSGs, they are
hypointense on T1-weighted and hyperintense on
T2-weighted images. They often enhance homoge-
neously with gadolinium (Fig. 3.6a-c).

With the development of MR imaging, BSG sub-
types could be classified by various imaging criteria.
Barkovich et al. (1990) retrospectively reviewed 87
pediatric patients with BSG and noted several statis-
tically significant prognostic factors for poor out-
come, including location primarily in the pons (as
opposed to the midbrain or medulla), moderate to se-
vere brainstem enlargement, and diffuse infiltration.
Focal lesions and tumors with identifiable cysts had
favorable outcomes; tumor necrosis and hydroceph-
alus had no prognostic significance (Barkovich et al.
1990). In their review, Moghrabi et al. (1995) found
that the presence of MRI enhancement of BSG gave
no statistically significant prognostic information.
The value of contrast enhancement lies in the follow-
up of BSG patients, as new-onset or significantly in-
creased contrast enhancement may indicate tumor
progression, particularly if noted prior to radiother-

apy.
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3.5.2 Role of Diagnostic Biopsy
for Diffuse Pontine Glioma

The issue of whether or not to biopsy a diffuse brain-
stem lesion has been a subject of controversy. Prior to
the general availability of MRI, brainstem biopsies
were performed to confirm the diagnosis of a neo-
plasm and identify the histologic grade, thereby con-
tributing to prognosis and formulation of a treat-
ment plan. Currently, most evidence argues against
routine biopsies of diffuse brainstem lesions. When
the MRI scans and clinical features are consistent
with diffuse brainstem glioma, the diagnostic infor-
mation obtained from biopsy often has little impact
on prognosis (Albright et al. 1993). Additionally, oth-
er lesions in the differential diagnosis, such as demy-
elination or encephalitis, have markedly different
clinical and radiographic features than those of dif-
fuse brainstem gliomas, and thus often do not require
biopsies to distinguish them from BSG. Finally, biop-
sy of brainstem lesions is subject to sampling error.
Cases have been documented where the biopsy re-
vealed a low-grade glioma, yet 1 year later on autopsy
the brainstem lesion was noted to be a GBM (Albright
et al. 1986).

Although the stereotactic brain biopsy procedure
itself is relatively safe (mortality rate is less than
05 % and morbidity is approximately 6 %), risks still
exist, such as plegia, hemorrhage, cranial nerve defi-
cits, and the possibility of the biopsy being nondiag-
nostic (Albright 1996). The potential benefit from a
biopsy often does not clearly outweigh the potential
risks of such a procedure. Currently, a surgical stereo-
tactic biopsy is indicated only in situations where the
clinical and radiographic features are not consistent
with diffuse intrinsic pontine glioma. The role of bi-
opsy may become more important with the advent of
molecular typing and biologically directed therapies.
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3.6 Treatment
3.6.1 Radiotherapy

The conventional treatment for BSGs remains frac-
tionated external beam radiotherapy. The standard
radiation dose is 54 to 60 Gray (Gy), or 5400 to 6000
rads, delivered conformally in single daily fractions
of 1.8 to 2.0 Gy per day over approximatily 6 weeks.
Hyperfractionated external beam radiotherapy
(HFRT) is a regimen in which total doses of 64 Gy or
more are delivered in twice-daily, smaller-dose frac-
tions (e.g., 1 Gy) over 6 weeks (Jennings et al. 1996).
HFRT was originally proposed for the treatment of
patients with diffuse intrinsic gliomas. However,
Mandell et al. (1999) conducted a phase III random-
ized study demonstrating that there were no statisti-
cally significant differences in PFS or overall survival
between diffuse pontine glioma patients treated with
standard radiation versus HFRT; median time to
death was 8.5 months for patients treated with the
standard radiation dose and 8 months for those who
received HFRT to 70.2 Gy (Mandell et al. 1999). Fur-
thermore, HFRT was reported to cause significant ad-
verse treatment-related effects in long-term survi-
vors (Freeman et al. 1996). Median survival in un-
treated diffuse intrinsic glioma patients is approxi-
mately 20 weeks (Langmoen et al. 1991).

3.6.2 Chemotherapy
for Diffuse Pontine Glioma

The role of chemotherapy in the management of dif-
fuse intrinsic gliomas is not clear. Numerous chemo-
therapy regimens have been used to treat recurrent
BSG and have not demonstrated significant efficacy.
These include PCNU (Allen et al. 1987), cisplatin (Sex-
auer et al. 1985), topotecan (Blaney et al. 1996),and ifos-
famide (Heideman et al. 1995). Chamberlain reported
one patient with a complete response, three patients
with partial responses,and two patients with stable dis-
ease in twelve patients with recurrent BSG treated with
oral VP-16 (etoposide); however, two of the partial re-
sponders were over age 28 (Chamberlain 1993). Trials
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involving multiagent chemotherapy regimens for re-
current BSG have not fared better (Pendergrass et al.
1987; Rodriguez et al. 1988; van Eys et al. 1988).

Results from studies of regimens for newly-diag-
nosed BSG patients that involve combining radio-
therapy and chemotherapy, either concurrently or se-
quentially, have been quite disappointing. Such regi-
mens include radiation with high-dose tamoxifen
(Broniscer et al. 2000), HFRT with carboplatin and
etoposide concurrently (Walter et al. 1998), and radi-
ation followed by high-dose busulfan and thiotepa
(Bouffet et al. 2000). The only phase III trial evaluat-
ing chemotherapy in diffuse intrinsic glioma patients
involved the randomization of patients to one of two
arms: radiotherapy alone versus radiotherapy with a
concurrent chemotherapy regimen of vincristine,
CCNU, and prednisone. Overall 5-year survival rate
was 17 % for patients who received radiotherapy
alone and 23 % for those who received radiotherapy
and chemotherapy. These results were not statistical-
ly different, and the median survival was 9 months in
both trial arms (Jenkin et al. 1987). Chemotherapy
administered concurrently with radiation as a radio-
sensitizing agent also has not demonstrated benefit -
in fact, patients who received cisplatin with HFRT
had worse outcomes compared with those who re-
ceived HFRT alone (Freeman et al. 2000).

Another approach to treating diffuse intrinsic
gliomas involves immunotherapy, in which the goal is
to heighten the patient’s anti-tumor immune re-
sponse. The interferons, a widely used class of immu-
notherapy agents, are glycoproteins that induce the
synthesis of specific proteins, regulate immune effec-
tor cells, and inhibit mitotic activity (Packer 1996).
However, results of clinical trials involving interfe-
rons are conflicting. Wakabayashi et al. (1992) report-
ed 3 patients with complete responses and 9 patients
with partial responses in a group of 16 diffuse intrin-
sic glioma patients treated with interferon-alpha,
ACNU, and radiation therapy. Median survival was
15.7 months, which was notably higher than previ-
ously reported survival rates for BSG patients (Wak-
abayashi et al. 1992). However, in a phase I/11 study by
Packer et al., 30 of 32 diffuse intrinsic glioma patients
treated with escalating doses of interferon-alpha and
HEFRT to 72 Gy developed progressive disease at a me-
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dian of 5 months. Median survival was only approxi-
mately 9 months (Packer et al. 1996).

Currently, there is little evidence to suggest that
any standard chemotherapy agent or multiagent reg-
imen has a significant impact on the outcome of pe-
diatric patients with diffuse intrinsic gliomas. Thus,
the standard of care for newly diagnosed diffuse in-
trinsic gliomas is conventional radiotherapy. Chemo-
therapy should be reserved for cases involving tumor
progression. Whenever possible, patients should be
given the option for enrollment into clinical research
trials. Given the dismal prognosis, any treatment de-
veloped in the future that exhibits a modestly signifi-
cant benefit will have a tremendous impact on the
outcome of this patient group.

3.6.3 Surgery and Adjunctive Treatment
for Nondiffuse Tumors

Focal midbrain tumors often have an indolent course
reflective of their benign pathology and favorable
prognosis (Robertson et al. 1995; Bowers et al. 2000).
Small tectal tumors can be followed by serial MRI
scans, while hydrocephalus can be alleviated with
CSF diversion by a shunt or third ventriculostomy.
Often, these tectal gliomas will remain unchanged for
many years. With tumor progression, surgery is indi-
cated to obtain tissue for diagnosis and potentially
achieve a gross total resection. If a tumor happens to
be surgically accessible, then gross total resection
may be attempted although the difficult location of
these tumors usually precludes complete excision.
Tegmental and other non-tectal midbrain tumors
tend to be larger and more frequently cause signs and
symptoms of brainstem involvement (Robertson et
al. 1995). Surgery is indicated for these midbrain tu-
mors, and debulking or resection often leads to neu-
rological improvement (Pendl et al. 1990; Vandertop
et al. 1992). The role of radiotherapy has not been de-
finitively outlined, but is often used for progressive
tumors not amenable to resection. No chemotherapy
regimen has been shown to have any meaningful im-
pact on survival in this patient subgroup.

Surgery is also the treatment of choice for dorsal-
ly exophytic tumors. Despite the fact that an optimal
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resection may still leave a thin layer of tumor on the
floor of the fourth ventricle, several series have noted
excellent results for most of these patients (Pollack et
al. 1993; Khatib et al. 1994). Although routine postop-
erative adjuvant treatment is not indicated, the mi-
nority of patients whose tumors recurred after initial
resection were noted to have their tumors controlled
with repeat resections and radiotherapy (Pollack et
al. 1993). Radiation should be considered for patients
with high-grade tumors or for those whose tumors
progress within 9 months postoperatively (Freeman
and Farmer 1998). An increasing number of pediatric
patients are being treated with chemotherapy for
symptomatic and recurrent low-grade tumors.
Regimens include carboplatin plus vincristine,
and nitrosourea-containing multiagent chemothera-
py drugs.

Like other nondiffuse BSGs, cervicomedullary tu-
mors are mostly of low-grade histology and associat-
ed with a favorable prognosis (Epstein and Wisoff
1987; Weiner et al. 1997). Conceptually, they should
be regarded as intramedullary spinal cord tumors
(Robertson et al. 1994). Thus, surgery is the mainstay
of treatment when symptoms of progression arise,
and if possible should be performed prior to the oc-
currence of significant neurologic disability. Most of
these tumors have long antecedent presentations (18
to 24 months) and have very slow-developing symp-
tomatic progression (Jennings et al. 1996). Initially,
asymptomatic or stable patients may be followed
clinically and radiographically. If residual disease is
present within the medulla or upper cervical spinal
cord, careful observation is probably warranted. Rou-
tine adjuvant chemotherapy or radiotherapy is not
indicated. However, these treatment modalities may
be used to manage the small proportion of high-
grade cervicomedullary tumors, which should be
treated as if they were diffuse intrinsic gliomas.

3.7 Conclusion

Brainstem gliomas are a heterogeneous group of neo-
plasms with dissimilar natural histories and prog-
noses. Distinct tumor subtypes and growth patterns
exist that are classified according to location within
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the brainstem, clinical presentation, and radiograph-
ic appearance. They are subdivided into diffuse in-
trinsic gliomas, which originate primarily in the pons
and have a dismal prognosis, and the nondiffuse BSG,
of which the overwhelming majority are low-grade in
histology and have a very favorable outcome. The di-
agnosis and treatment approach are made based on
noninvasive methods: careful clinical history, physi-
cal examination, and MRI characteristics. In the set-
ting of classic neuroradiological and clinical find-
ings, routine biopsy for diagnosis is typically not in-
dicated. Developing effective treatments for diffuse
intrinsic gliomas has been especially frustrating, as
their infiltrative nature and brainstem location pre-
cludes surgical debulking, and chemotherapeutic
agents have not demonstrated significant efficacy
against them. Conventional conformal radiotherapy
is the mainstay of treatment for diffuse intrinsic glio-
mas, while surgical resection is the treatment of
choice for symptomatic or recurrent nondiffuse BSG.
Radiotherapy and chemotherapy for nondiffuse BSG
are reserved for recurrent or high-grade neoplasms.
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4.1 Epidemiology

4.1.1 Incidence

Ependymomas are relatively rare gliomas arising
from the differentiated ependymal cell layer lining
the ventricular system and central canal of the spinal
cord. Intracranial ependymomas account for approx-
imately 9% of all brain tumors in the population un-
der 20 years of age, and are the third most common
primary brain tumor in children (following astrocy-
tomas and primitive neuroectodermal tumors). Ac-
cording to SEER (Surveillance, Epidemiology and
End Results) data from 1975 until 1998, the annual in-
cidence of ependymoma is 2.6 per million for the 0 to
14 age group, and 2.2 per million for the 0 to 20 age
group (Ries et al. 1999). Population-based measure-
ments of the incidence of spinal cord ependymoma
in children are available from the Connecticut Tumor
Registry. Between 1935 and 1973, 5 spinal cord
ependymomas and 44 intracranial ependymomas
were identified in the Connecticut population under
20 years of age; suggesting that spinal cord ependy-
moma represents approximately 10% of all ependy-
mal tumors in children and young adults (Dohrmann
et al. 1976). Another large institutional series con-
firmed that spinal cord ependymomas are rare in
children under 10 years of age, accounting for less
than 1% of all spinal tumors. After age 10, the inci-
dence of spinal cord ependymoma increases, and it
represents the majority of intramedullary tumors in
patients older than 20 years (Constantini et al. 1997).



Chapter 4

4.1.2 Age and Sex Distribution

The incidence of intracranial ependymoma peaks in
the 0 to 4 age group (5.2 cases per million) and de-
creases thereafter to 1.5 per million in the 5 to 14 age
group, and 0.9 per million in the 15 to 19 age group.
Ependymomas are twice as common in males than in
females. The average annual incidence is 3 per mil-
lion in males, and 1.5 per million in females (Ries et
al. 1999).

4.1.3 Etiology - Environmental
and Viral Causes

The etiology of ependymomas remains obscure. In
most epidemiologic studies ependymomas are
grouped with other brain tumors, making definitive
identification of specific risk factors impossible. One
agent that recently received attention and has been
studied for its role in oncogenesis is a specific poly-
omavirus, simian virus 40 (SV40). Contamination of
pools of poliovirus and adenovirus vaccines from
1955 until 1963 with SV40 has raised concern about
possible increases in overall cancer incidence and in-
creases in the incidence of rare tumors such as
ependymoma and choroid plexus papilloma (Carbo-
ne et al. 1997). SV40 virus is capable of transforming
cells from different species, including normal human
cells, into cells with a neoplastic phenotype. Further-
more, in an animal model, intracerebral inoculation
of rodents with SV40 virus induces ependymoma
formation (Kirschstein and Gerger 1962). SV40 onco-
genicity and transforming ability are dependent on
the expression of the early region gene product, large
tumor antigen (Tag), which complexes with tumor
suppressor genes such as p53, pRb, p107, p130, p300
and p400, resulting in their inactivation (Zhen et al.
1999). The SV40 genome can be detected in the tissue
of a majority of ependymomas and choroid plexus
carcinomas, and also in astrocytomas, meningio-
mas, glioblastoma multiforme, and medulloblastoma
(Bergsagel et al. 1992; Martini et al. 1996). Normal
brain tissue is negative for SV40 large tumor antigen.
Although provocative, these data are nonspecific and
do not provide a causative link for the formation of
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human tumors. In addition, large epidemiologic
studies that evaluated the incidence of neoplasms in
patients inoculated with contaminated vaccines after
long follow-up periods ranging from 17 to 30 years
did not detect an increased overall incidence of
ependymoma or other neoplasms (Strickler et al.
1998).

4.1.4 Genetic Predisposition

Neurofibromatosis type 2 (NF2) is the only known
genetic defect with a predisposition for development
of ependymoma. Patients with NF2 typically develop
intramedullary spinal tumors (Lee et al. 1996). NF2
mutations have been found in 25 to 70% of patients
with sporadic intraspinal ependymomas. No NF2
mutations were found in ependymomas arising in
other locations (Birch et al. 1996; Lamszus et al.
2001). Familial intracranial ependymoma is very
rare; however, in one family with four cousins who
developed ependymoma, a suspected tumor-sup-
pressor gene locus was located by a segregation anal-
ysis to the 22pter-22ql11.2 region (Hulsebos et al.
1999). There is currently no evidence that this gene
plays a role in sporadic ependymoma. Although there
is a case report of a child with a germ-line mutation
in the p53 gene and intracranial ependymoma,
ependymoma is usually not considered to be one of
the neoplasms associated with Li-Fraumeni syn-
drome (Hamilton and Pollack 1997). One large popu-
lation study indicated that parents of children with
ependymoma may be at an increased risk of colon
cancer (relative risk 3.7; Hemminki et al. 2000). How-
ever, another large study did not identify increased
risk of any cancer in families of children with brain
tumors (Gold et al. 1994).

4.2 Pathology

4.2.1 Histopathological Characteristics

Ependymomas arise from ependymal epithelium,
which lines the ventricles of the brain and central ca-
nal of the spinal cord. Therefore, the most common
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Myxopapillary  ependymoma,
WHO grade |, demonstrates
cuboidal to elongated tumor
cells arranged in a perivascular
papillary pattern around central
cores of mucinous perivascular
stroma

sites for this tumor are the fourth, third, and lateral
ventricles, and the lumbosacral spinal cord. Ependy-
momas are usually well-demarcated tumors that of-
ten display areas of calcification, hemorrhage, and
cysts. Ependymomas vary from well-differentiated
tumors with no anaplasia and little polymorphism
to highly cellular lesions with significant anaplasia,
mitotic activity, and necrosis that may resemble
glioblastoma multiforme. The WHO classification of
brain tumors (Kleihues and Cavenee 2000) distin-
guishes three grades of ependymoma. Two histologic
entities are known as grade I (WHO) ependymoma.
The first is subependymoma, a rare benign ependy-
mal tumor located in the wall of the ventricular
system. Histologically, subependymomas are charac-
terized by clustering of monomorphic cells arran-
ged against a fibrillary background, frequently show-
ing the presence of focal cystic degeneration, vascu-
lar hyalinization, hemosiderin deposition, and calci-
fications. Subependymomas usually show strong im-
munopositivity for glial fibrillary acidic protein
(GFAP) and S-100 antigens. Compared to other
ependymal tumors, subependymomas have the
lowest rate of cell proliferation, as evidenced by MIB-
1 immunostaining (Prayson and Suh 1999). Subepen-
dymomas do not show any chromosomal changes
and are considered to be hamartomatous lesions
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by many authors (Debiec-Rychter et al. 2000). Most
subependymomas are incidental tumors discovered
at autopsy, but they may grow large enough to be
symptomatic. Following surgical resection, these tu-
mors rarely recur and the long-term prognosis is ex-
cellent.

Myxopapillary ependymomas, also WHO grade I,
are found almost exclusively in the region of the cau-
da equina, originating from the filum terminale. My-
xopapillary ependymomas are slow-growing tumors
that may eventually erode into adjacent bone and soft
tissues. Grossly, myxopapillary ependymomas are
well-circumscribed and separate from the adjacent
nerves and spinal cord. The microscopic features are
reminiscent of the normal filum terminale (Fig. 4.1).
Cuboidal to columnar cells, sometimes with clear
cytoplasm, are arranged in a perivascular papillary
pattern around a central core whose stroma is com-
posed of connective tissue and blood vessels (Klei-
hues and Cavene 2000). Although rare, myxopapillary
ependymomas can spread along the CNS axis (Woes-
ler et al. 1998) or occur outside the central nervous
system in ectopic sites such as the sacrum and pre-
sacral tissues, where embryonically derived ependy-
mal rests may be found (Gerston et al. 1985; Ciraldo
et al. 1986).
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WHO grade II ependymomas are usually solid and
well demarcated, with limited infiltration of sur-
rounding structures. Histologic features include
perivascular pseudorosettes, which consist of neo-
plastic ependymal cells surrounding a blood vessel
with cytoplasmic processes extending from their nu-
clei to the vessel wall (Fig. 4.2). Less commonly,
true ependymal rosettes may form. These are
composed of neoplastic cells forming a central space
reminiscent of ependymal canals. Grade II ependy-
momas are moderately cellular with low mitotic ac-
tivity, but may demonstrate nuclear atypia, occasion-
al mitoses, and foci of necrosis and calcification.
Three subtypes of grade II ependymomas are de-
scribed: cellular ependymoma, which displays con-
spicuous cellularity but often less prominent pseudo-
rosette or rosette formation; papillary ependymoma,
which histologically mimics the pattern of choroid
plexus papilloma; and clear-cell ependymoma, which
consists of cells with swollen, clear cytoplasm and
well-defined plasma membranes (Kleihues Cavenee
2000).

WHO grade III anaplastic (malignant) ependymo-
ma has histologic evidence of anaplasia, including
high cellularity, variable nuclear atypia, and hyper-
chromatism, and marked mitotic activity (Fig. 4.3).
Vascular proliferation is often prominent, and necro-

Ependymoma
Figure 4.2

Ependymoma, WHO grade I,
demonstrates moderate cellu-
larity with low mitotic activity
and pseudorosettes (neoplastic
cells around a blood vessel with
their cytoplasmic processes run-
ning between their nuclei and
the vessel wall)

sis may be widespread (Kleihues et al. 1993). Epen-
dymoblastomas are highly malignant rare tumors of
embryonal origin that consist of elements resembling
primitive embryonic ependymal cells. Despite their
name, these tumors are not ependymal tumors, but
highly malignant primitive neuroectodermal tumors
(Kleihues and Cavenee 2000; see Chapter 5).

Significant disagreement may exist among neuro-
pathologists over the diagnosis and grading of
ependymomas. The rate of misclassification can be as
high as 69% (Robertson et al. 1998), and the criteria
for distinction between grades IT and III are not high-
ly reproducible. Many studies, even with central his-
tology review, could not confirm the correlation be-
tween histology and patients’ outcomes (Schiffer et
al. 1991; Ross and Rubinstein 1989; Perilongo et al.
1997; Robertson et al. 1998).

Immunohistochemistry may be difficult to inter-
pret in ependymomas and does not appear to add
useful information to conventional histologic exami-
nation. Most ependymomas express GFAP, while the
expression of other antigens, such as epithelial mem-
brane antigen (EMA), varies. Vimentin is usually
found in perivascular pseudorosette expression. In a
study of 22 patients with ependymoma, DNA indices
did not correlate with outcomes or histology (Reyes-
Mugica et al. 1994).
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Ependymoma, WHO grade 3,
demonstrates high cellularity,
nuclear atypia, and mitotic activ-
ity

Electron microscopy can be useful in establishing
the diagnosis of ependymoma when there is atypical
appearance under light microscopy. The normal
ependymoma cell bears microvilli and cilia on its
apical surface (Sara et al. 1994). True rosettes are
found in more than 90% of cases by electron mi-
croscopy, while they are present in only 30 to 40% of
cases by light microscopy (Jinnouchi et al. 1989).
However, there are no ultrastructural features that
can differentiate low-grade from anaplastic ependy-
momas.

4.2.2 Cytogenetics

Techniques used for genetic studies of ependymoma
include karyotyping, polymerase chain reaction
(PCR)-based microsatellite analysis, NF2 gene se-
quencing, and comparative genomic hybridization
(CGH). Karyotyping depends on successful in vitro
culture of tumor tissue, and therefore may not repre-
sent the entire tumor cell population. Microsatellite
analysis provides limited coverage of the genome.
CGH screens the whole genome of all tumor cells and
can identify a variety of aberrations, but the sensitiv-
ity of CGH and the clinical relevance of aberrations
identified remain poorly defined. Recently, several
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large studies of chromosomal-copy-number aberra-
tions in pediatric intracranial and spinal cord
ependymomas have been published, and the summa-
ry of their results are presented in Table 4.1.

Between 55% and 100% of intracranial ependy-
momas and all spinal cord ependymomas demon-
strate chromosomal aberrations, usually displaying
multiple genomic imbalances. The most common
chromosomal losses in pediatric intracranial
ependymomas involve chromosome 22 (21/93 pa-
tients), 16 (10/93) and 20q (9/93). The most common
chromosomal gains involve chromosome 1q (20/93).
Higher frequency of imbalanced chromosomal re-
gions, as revealed by CGH, was found in spinal
ependymomas and ependymomas of lower histolog-
ic grade (Scheil et al. 2001; Hirose et al. 2001). The fre-
quency and variety of chromosomal aberrations
identified in combination with the relatively low inci-
dence of ependymoma makes the prognostic utility
of these findings unclear. Nevertheless, CGH may
prove to be helpful in localizing regions where genes
important for development of sporadic ependymoma
are located.
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Table 4.1. Most frequent genetic aberrations in pediatric ependymoma, using comparative genomic hybridization

Number of samples

Reardon et al.(1999)

22 intracranial ependymomas

Ward et al.(2001) 40 intracranial ependymomas

Hirose et al. (2001) 14 intracranial ependymomas

9 spinal cord ependymomas

Scheil et al.(2001) 9 intracranial ependymomas

Zheng et al. (2000) 7 intracranial ependymomas

Chromosomal losses

Chromosomal gains

Chromosome Frequency Chromosome  Frequency
X 6/22 1q 4/22
6q 4/22 9 3/22
22q 4/22
22 10/40 1q 8/40
16p 5/40 4q 7/40
17q 5/40 7q 6/40
20q 5/40 6q 5/40
7p 5/40  «
9 5/14 1q 414
6q 2/14
22q 2/14
1,2,10 2/9 7 9/9
22q 2/9 9 8/9
20 4/9
no pattern identified 1q 4/9
17 3/9
22q 5/8 13q 3/8
16 5/8 21q 2/8
20q 4/8

4.3 Clinical Features

Intracranial ependymomas predominate in children,
representing 90% of all pediatric ependymomas.
Only 10% of ependymomas in children are located in
the spinal cord (Dohrmann et al. 1976). Supratentori-
al and infratentrial ependymomas represent approx-
imately one third, and respectively two thirds of in-
tracranial ependymomas. Approximately 35% of tu-
mors are WHO grade I1I at diagnosis. Seven to fifteen
percent of patients with ependymoma have dissemi-
nated disease at diagnosis (Robertson et al. 1998; Pe-
rilongo et al. 1997). Supratentorial ependymomas
present as intracerebral lesions, typically adjacent to

the lateral ventricles. Infratentorial ependymomas
arise from the fourth ventricle and typically invade
adjacent structures or extend into the aqueduct of Syl-
vius, foramen of Magendie, foramen of Luschka, or to
the upper cervical spinal cord. Extraneural ependy-
momas have been described rarely, usually after pro-
gression of intracranial disease. Reported sites of ex-
traneural spread include peritoneum, lymph nodes,
lungs, pleura, bone, and liver (Newton et al. 1992).
Table 4.2 illustrates Chang’s staging system for
posterior fossa tumors. Posterior fossa ependymo-
mas typically present with signs and symptoms of
obstructive hydrocephalus including vomiting, head-
ache, and ataxia (Nazar et al. 1990; Ilgren et al. 1984).
Infiltration into the brainstem and growth through
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Table 4.2. Modified Chang's staging system for posterior fossa tumors

Tumor

T Tumor confined to the fourth ventricle

T2 Tumor of the fourth ventricle with contiguous extension inferiorly through the foramen of Magendie and
extending to the upper cervical canal

T3 Tumor of the fourth ventricle with lateral extension through the foramen of Luschka into the
cerebellomedullary or cerebellopontine cistern

T4 Tumor of the fourth ventricle with invasion of other structures such as the cerebellar peduncle, medulla,
pons, midbrain, etc.

Metastases

Mo No evidence of metastases

M1 Microscopic tumor found in cerebrospinal fluid

M2 Gross nodule seedings in the cerebellar or cerebral subarachnoid space or in the third or lateral ventricles

M3 Gross nodule seedings in the spinal subarachnoid space

M4 Extraneuroaxial metastases

the foramina of Luschka or central canal may result
in cranial nerve palsies, torticollis, or meningismus.
Children less than 2 years of age tend to present with
nonspecific signs such as irritability, vomiting, leth-
argy, macrocephaly, or gait disturbance (Nazar et al.
1990). The duration of symptoms is usually less than
6 months at the time of diagnosis (Coulon and Till
1977), with 50 % of children presenting with duration
of symptoms of less than 1 month (Horn et al. 1999).
Symptoms of spinal cord ependymoma from an adult
series included pain in 75 %, sensory changes in 71 %,
and weakness in 68 %. Average duration of symptoms
was 13 months prior to diagnosis (Waldron et al.
1993). Ependymomas of the cauda equina present
with limited spinal motion in 50% of patients,
paravertebral spasm in 32%, and motor deficits and
abolition of reflexes in 34 % (Wager et al. 2000).

4.4 Natural History and Risk Factors

In a small retrospective series of 11 untreated intrac-
ranial ependymomas, all patients died within 3 years
of symptom onset (Mork and Loken 1977). In older

series, surgery alone was shown to be curative in a
small proportion of patients. For example, in one pe-
diatric series between 1935 and 1973, 4/12 patients
with intracranial ependymomas, and 3/3 of patients
with spinal cord ependymomas were alive 5 years af-
ter surgery (Dohrmann et al. 1976). In another series
of patients diagnosed between 1953 and 1974, 2/12
patients with intracranial ependymomas treated
with surgery alone were alive 5 years after the sur-
gery,and 10/17 patients with intramedullary ependy-
momas were alive 10 years after the surgery (Mork
and Loken 1977). A recent series using better diag-
nostic imaging studies noted that if gross total resec-
tion (GTR) was accomplished, surgery alone may be
curative for a subgroup of children with a low grade
intracranial ependymoma. In that study, 5/7 patients
following GTR without adjunctive therapy remained
in remission 24 to 70 months following surgery
(Awaad et al. 1996). It should be noted that longer ob-
servation of patients is necessary since recurrences
continue to occur past 5 years from diagnosis.

While most studies agree that achievement of GTR
of intracranial and intramedullary spinal cord
ependymoma correlates with superior outcomes,
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other risk factors including location of tumor, histol-
ogy,and use of adjuvant chemotherapy, have not been
unequivocally confirmed to predict outcome (Peri-
longo et al. 1977; Rousseau et al. 1994; Robertson et al.
1998; Cervoni et al. 1994). Younger children with
ependymoma historically have had worse outcomes.
Itis not clear if age alone, or a combination of risk fac-
tors such as unfavorable location, which may prevent
GTR, and withholding radiation therapy may have
contributed to poor outcomes in younger age groups.
Current studies stratify patients based on age, histol-
ogy, and location of ependymoma, despite conflicting
literature reports on their validity.

4.5 Diagnosis and Neuroimaging
Evaluation of a patient with ependymoma should in-

clude a comprehensive history and physical examina-
tion, preoperative and postoperative MRI of the

Figure4.4ab

Ependymoma

brain, MRI of the spine, and CSF sampling. Ideally,
the spinal MRI study should be performed prior to
surgery, mainly because postoperative changes can
be confused with drop metastases or leptomeningeal
spread.

Radiographically, supratentorial ependymomas
appear as large, heterogeneous, periventricular or,
less commonly, intraventricular masses. Calcifica-
tions are present in approximately 50 % of tumors ex-
amined by computerized tomography. Most suprat-
entorial ependymomas have cystic components and
enhance after the administration of intravenous con-
trast (Furie and Provenzale 1995). Infratentorial
ependymomas appear as heterogeneous lesions that
grow into the fourth ventricle and cause dilation of its
upper part. Usually, the tumor is separated from the
vermis by a cleavage plane. In most cases, the solid
part of the tumor is isointense with gray matter on
T1- and T2-weighted MRI images, and enhances with
contrast (Tortori-Donati et al. 1995). The pattern of

a Axial T1-weighted image following gadolinium shows a heterogeneous pattern of enhancement with the tumor direct-
ly approximated to the floor of the fourth ventricle. b Sagittal T2-weighted image showing a mixed signal mass pushing
the cerebellum superiorly and extending inferiorly through the foramen magnum. Note the anterior displacement of the

brainstem
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enhancement is often heterogeneous (Fig. 4.4a). Of-
ten the tumor is noted to extend along CSF spaces, ei-
ther through the foramen magnum (Fig. 4.4b) or lat-
erally through the foramen of Luschka.

The typical picture of intramedullary spinal cord
ependymoma on MRI consists of segmental or dif-
fuse cord expansion with intramedullary intensity
abnormalities and prominent nodular gadolinium
enhancement (discussed in greater detail in
Chap. 10). Intramedullary cysts and hydrosyringo-
myelia are common, particularly in childhood cases.
Gadolinium enhancement usually distinguishes solid
tumor from cord edema and from cyst or syrinx (Sla-
sky et al. 1987). Cauda equina ependymomas usually
demonstrate homogeneous hypointense signal on
T1-weighted MRI sequences, hyperintense signal on
T2-weighted sequences, and homogeneous enhance-
ment after gadolinium injection (Wager et al. 2000).

4.6 Treatment

4.6.1 Surgery

The surgical goals are (1) establish a definitive tissue
diagnosis, (2) achieve a GTR if possible,and (3) re-es-
tablish CSF flow. While the first and last goals are usu-
ally always possible, tumor invasion of surrounding
tissues and proximity of posterior fossa tumors to the
brainstem can preclude complete resection in a sub-
stantial proportion of patients. The reason for at-
tempting GTR is based on results from retrospective
and prospective studies, where the most important
prognostic factor is extent of resection. In a study of
55 patients with anaplastic ependymoma, patients
with a GTR followed by other treatments had a 83 %
disease-free survival after 3 years of follow-up, com-
pared with 38 % for those without complete resection
(Timmermann et al. 2000). In a similar study of 32
children between 2 and 18 years of age with ependy-
moma, 66 % of patients with complete resection had
a 5-year progression-free survival, compared with
11% of those without complete resection (Robertson
et al. 1998).

Some investigators have advocated surgery alone
without adjunctive therapy. In one study of ten se-
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lected cases with intracranial ependymoma (eight
supratentorial and two posterior fossa), seven re-
mained free of disease without any other interven-
tions at a median follow-up of 48 months (Hukin et
al. 1998). Investigators at St. Jude Children’s Research
Hospital have found that 10/16 patients with residual
disease after the first surgery achieved GTR after a
“second-look” surgery (Osterdock et al. 2000). The
role of second-look surgery is debated, and the Chil-
dren’s Oncology Group is developing a study in which
second-look surgery will be performed in patients
with residual local disease, following adjuvant che-
motherapy (see Chapter 13).

Surgical results have been improved by using tech-
nical advances such as intraoperative electromyo-
graphic monitoring of cranial nerves, computer-as-
sisted navigation, and the operating microscope. Due
to the paramount importance of the degree of surgi-
cal resection, all children with suspected ependymo-
ma should be referred to a center that can provide the
expertise required for optimal management of these
tumors.

4.6.2 Radiation Therapy

Radiotherapy is considered the standard adjuvant
treatment for intracranial ependymomas in older
children, with various definitions of the lower age
limit. The approach to radiation therapy of ependy-
moma, in particular the radiation field, has changed
over time. In the 1960s and 1970s,local field radiation
was used, as improved outcomes were noted in irra-
diated patients when compared to historical controls.
In 1975, Salazar recommended extending the radia-
tion field to include the whole brain in low-grade
ependymomas and the entire craniospinal axis in
high-grade ependymomas (Salazar et al. 1975). These
recommendations were based on an overestimated
risk of dissemination from autopsy findings, and on
poor distinction between ependymomas and epen-
dymoblastomas. In the late 1980s and early 1990s,
multiple studies questioned the role of craniospinal
radiation (Vanuytsel and Brada 1991; Shaw et al.
1987; Goldwein et al. 1991) and reported no differ-
ence in failure rates between patients undergoing lo-
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calized vs. craniospinal radiation. Local relapse was
confirmed to be the most significant component of
failure, and a local radiation dose of more than
4500 cGy was recommended (Goldwein et al. 1991).

In the late 1980s, cooperative pediatric study
groups initiated studies of postoperative chemother-
apy in infant brain tumors with the goal of delaying
and possibly avoiding radiation in young patients for
whom cranial radiation would produce significant
morbidity (Duffner et al. 1993; Geyer et al. 1994).
Young children with ependymomas were treated in
these studies together with patients with primitive
neuroectodermal tumors. In the 1990s, attempts were
made to replace radiation therapy with high dose
chemotherapy consolidation in children less than
6 years of age with malignant brain tumors (Mason et
al. 1998a), or to replace radiation with postoperative
chemotherapy in children under 5 years of age (Grill
et al. 2001). However, radiation was avoided in only
23% of patients in the latter study, and after progres-
sion of tumor, only those children who underwent a
second complete resection remained in remission
following radiation therapy.

The Pediatric Oncology Group conducted a clini-
cal trial of hyperfractionated radiation for localized
posterior fossa ependymoma. Forty-six patients old-
er than 3 years of age were enrolled in this study be-
tween 1991 and 1994. Hyperfractionated radiation
was given using 1.2 Gy in 58 fractions for a total dose
of 69.6 Gy. The results of this study are not yet pub-
lished, but they may answer the question of whether
higher doses of radiation will improve disease con-
trol in patients with postoperative residual disease, a
group that has who historically had a poor outcome
despite adjuvant therapy. Other investigators have fo-
cused on reducing the radiation field by using confor-
mal techniques. In one such study, 36 children with
localized ependymoma underwent conformal radio-
therapy with an anatomically defined clinical target
volume margin of 10 mm surrounding the postoper-
ative residual tumor and tumor bed. Two failures oc-
curred after a median follow-up period of 15 months.
Of note, 30/36 children in this preliminary report had
complete surgical resection (Merchant et al. 2000).
Radiosurgery has also been used in patients with
ependymoma, usually at the time of recurrence, and
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can be used safely without significant risk of radion-
ecrosis (Hodgson et al. 2001). In another study, tumor
control was achieved in 3/5 patients undergoing ra-
diosurgery for residual localized ependymoma (Ag-
garwal et al. 1997). 1t is possible that radiosurgery will
have a significant role in local control of ependymo-
ma in the future; however, more studies comparing
radiosurgery to standard radiation are necessary.

Current studies have adopted a conformal ap-
proach for all patients older than 12 months of age.
The American Pediatric Brain Tumor Consortium
study for children less than 3 years of age uses in-
trathecal chemotherapy, systemic chemotherapy, and
conformal radiotherapy for patients with higher-risk
disease. The Children’s Oncology Group proposes the
use of conformal radiation therapy in a subgroup of
patients older than 1 year of age with higher-risk lo-
calized ependymomas. Craniospinal radiation may
still be used alone, or in combination with chemo-
therapy, for an occasional older patient with dissem-
inated ependymoma.

In summary, although the role of radiation thera-
py has not been confirmed in randomized studies,
the high risk of relapse in younger children treated
with chemotherapy only, even after gross total resec-
tion, warrants its use. Studies are underway to con-
firm the role of conformal field radiation in local con-
trol of ependymoma.

4.6.3 Chemotherapy

Ependymomas are sensitive to chemotherapy. Cis-
platin, the most effective single agent, provides a 30 %
response rate in recurrent tumors (Walker and Allen
1988). A combination of agents, either platinum-
based or nitrosourea-based, have resulted in 60 % re-
sponse rates in recurrent adult ependymoma in a
small retrospective study (Gornet et al. 1999).1n eight
children under the age of 4 years with residual
ependymoma, an 86% response rate to VETOPEC
therapy (vincristine, etoposide, cyclophosphamide,
cisplatin, carboplatin) was reported (White et al.
1998). The role of chemotherapy in the treatment of
older children with ependymoma has not been estab-
lished, although some conclusions may be possible
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when the Children’s Cancer Group study (CCG-9942)
is published. In that study, investigators used pre-ir-
radiation chemotherapy in children older than
3 years of age with residual disease.

The role of chemotherapy in delaying or avoiding
radiation in young children with ependymoma has
been well studied. The results of several studies ad-
dressing chemotherapy in young children with
ependymoma are presented in Table 4.3. The out-
comes cannot be directly compared since radiation
was planned, although not always given, as a part of
earlier studies (Duffner et al. 1993; Geyer et al. 1994).
In later studies, radiation was used only after tumor
progression, and its use indicated chemotherapy fail-
ure (Mason et al. 1998a, b; Grill et al. 2001). Also, 2- or
3-year follow-up is inadequate to accurately assess
long-term progression-free survival. While this ap-
proach delayed irradiation for a median of 15 months
in the most recent study (Grill et al. 2001), progres-
sion-free-survival rates are disappointingly low. As a
result of the disappointing survival using surgery
and chemotherapy, some current ongoing clinical tri-
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als for ependymoma are re-incorporating the use of
local radiation in all but the youngest patients.

High-dose chemotherapy followed by autologous
bone marrow rescue has been used in the setting of
recurrent or progressive disease with dismal results.
In a study which used a thiotepa, etoposide, and car-
boplatin conditioning regimen and autologous bone
marrow rescue, of 15 children with recurrent ependy-
moma 5 died of treatment complications and all oth-
er patients sustained disease recurrence (Mason et al.
1998a, b). In another study, which used busulfan and
thiotepa as a conditioning regimen, of 16 patients one
sustained toxic death, and only 3 survived with a fol-
low-up of 15 to 25 months. All three surviving pa-
tients received additional radiation (one patient) or
surgery and radiation (two patients) after transplant
(Grill et al. 1996). Because of the poor outcome in
these small studies, high-dose therapy is not recom-
mended in patients with relapsed or progressive dis-
ease. Myeloablative therapy is still being studied as an
upfront approach for high-risk patients up to
10 years of age in the Headstart protocol.

Table 4.3. Progression-free survival of young children with ependymoma treated with chemotherapy

Study Duffner et al. Geyer et al.(1994) Mason et al.(1998) Grill et al. (2001)
Age groups (1993)° <18 months <6 years of age <5 years of age
included <36 months
Chemotherapy 7 cycles 8coursesof 8drugs 5 cycles of induction 7-cycles alternating
regimen "VCR/CTX in 1 day VCR/CTX/cisplatin/VP/16; 3 regimens
alternating with consolidation with high  procarbazine/carbo
cisplatin/VP-16 dose carbo/thiotepa/ VP-16/cisplatin/
VP-16 and stem cell VCR/CTX
rescue
Complete resection 19 15 patients total, 4 46
degree of resection
not available
Incomplete resection 27 6 27
Progression-free 42% at 2 years 26% at 3 years 30% at 2 years 22% PFS at 4 years
survival 27% at 5 years

2 Most patients in this study underwent irradiation following chemotherapy
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Currently, chemotherapy is used as an adjuvant
treatment in patients with postoperative residual dis-
ease. The goal is to achieve a response that would in-
crease the feasibility of second-look surgery and con-
formal radiation therapy. Chemotherapy may also
control microscopic disseminated disease, but it rare-
ly results in complete response of macroscopic dis-
ease.

4.6.4 Treatment of Spinal Cord Ependymomas

Spinal cord ependymoma has a more favorable prog-
nosis than its intracranial counterpart. Surgery re-
mains the primary mode of therapy for spinal cord
ependymomas, and complete resection is usually
curative. Current treatment recommendations are
that another resection be attempted if residual tumor
is unexpectedly found on the postoperative scan, or
in the case of recurrence (Nadkarni and Rekate 1999).
Radiation therapy is used when complete resection is
not possible. In some studies, excellent control rates
of residual tumor were achieved with radiation ther-
apy (80% progression-free survival at 5 years after
diagnosis; Waldron et al. 1993; Garrett et al. 1983);
while others report higher post-radiation relapse
rates (37 to 89%; Whitaker et al. 1991; Cervoni et al.
1994). The management of spinal cord tumors is dis-
cussed in greater detail in Chap. 10.

4,6.5 Recurrent Disease

Depending on the completeness of surgical resection
and patient age, disease recurs in 25 to 80% of pa-
tients. In a retrospective series of 52 relapsed pediat-
ric patients, progression occurred in the majority of
cases at the original tumor site (73%), the original
and a new site were involved in 16% of cases, and a
new site alone in 11% of cases. Thirteen percent of
patients with previously localized disease recurred
with disseminated disease (Horn et al. 1999). A simi-
lar distribution of site of relapse was observed in an-
other retrospective study of 37 relapsed patients
(Goldwein et al. 1990). Very similar results were ob-
tained in a prospective study of young children.
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Eighty-seven percent of relapses in that study were
local and 13% were at a distant site (Grill et al. 2001).
A variety of treatments were used after relapse in-
cluding second surgery, radiation, radiosurgery, che-
motherapy, and high dose chemotherapy. Twenty to
twenty-eight percent of patients achieved a second
complete remission (Goldwein et al. 1990; Grill et al.
2001). Children under 5 years of age who did not re-
ceive radiation upfront and who underwent a second
complete resection followed by irradiation therapy
had the best chance of second complete remission
(28 %). However, there was no benefit of radiation for
recurrent disease if a second complete resection was
not achieved (Grill et al. 2001).

Although recurrent ependymoma has poor prog-
nosis, routine neuroimaging surveillance is recom-
mended as patients with asymptomatic recurrences,
discovered on routine imaging scans, had longer sur-
vival than patients who were symptomatic at the time
of tumor recurrence (60% vs. 30 % at 2 years post-re-
currence; Good et al. 2001).

4.7 Outcome

4.7.1 Neurological Function

With long-term remission rates of at least 50% at 5
years after diagnosis, long-term effects of a tumor
and its treatment on neurological functioning have
become even more important. Table 4.4 summarizes
the results of neurologic exams in children with
ependymoma prior to adjuvant treatments and after
long-term follow-up. Long-term sequelae most com-
monly include cranial nerve deficits, abnormal gait,
and difficulties with fine motor function. Of note, 30
% of children with supratentorial ependymomas and
50% of those with infratentorial tumors required
placement of a ventriculoperitoneal shunt (Horn et
al. 1999).

Long-term intellectual outcome has also been
studied. Cognitive impairment occurs in most pa-
tients with posterior fossa tumors, even after posteri-
or fossa irradiation only. The degree of impairment
correlates with the dose of craniospinal irradiation
(Grill et al. 1999). The mean full-scale IQ score was
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Table 4.4. Results of neurological exam in children with intracranial ependymoma

Neurologic exam Percent (%) of children with

normal findings, 1 month after surgery

Percent (%) of surviving children with
normal findings, 6 years after diagnosis
(n=39)

(n=84)
Consciousness 92
Speech 80
Memé:ry 98
Visual acuity 86
Visual fields 80
Cranial nerves 49
Fine motor function 64
Sensory function 97
Gait 43
Swallowing 84
Posterior-fossa mutism?® 79

2 Only patients with posterior fossa tumors were included

found to be 85 in 12 patients with posterior fossa
ependymoma who underwent posterior fossa irradi-
ation as a part of their treatment. This was signifi-
cantly better than in patients with medulloblastoma
who underwent craniospinal irradiation, whose
mean full-scale IQ score was 70. Ninety-two percent
of children who underwent posterior fossa irradia-
tion alone were able to attend normal schools (Grill
etal. 1999).

4.7.2 Progression-Free Survival

Figure 4.5 presents results of overall survival and
progression-free survival in a retrospective group of
84 children with ependymoma treated between 1987
and 1991. All age groups and any treatment modality
are included. This historic group has close to 50%
long-term survival, and somewhat lower progres-
sion-free survival. Five-year overall survival rates ob-
tained from SEER registry indicate 56 % survival for
children with ependymoma treated between 1985
and 1994 (Ries et al. 1999). With current treatment

100
82

8 &

74
97
67
95
93

plans,low-risk patients (older patients with complete
surgical resection) treated with observation or con-
formal field radiation can expect 75% progression-
free survival. Older patients with postoperative resid-
ual disease may achieve 30 to 50% progression free
survival when treated with radiation with or without
chemotherapy and second-look surgery. Additional-
ly, up to 20% of patients whose disease progresses or
recurs may achieve a prolonged second complete re-
mission. Up to 50% of young children treated with
upfront surgery and chemotherapy, and rescue sur-
gery and radiation are alive in first or second com-
plete remission at 4 years post diagnosis (Grill et al.
2001). Expectations are that current treatment of in-
fants with chemotherapy and conformal field radia-
tion can sustain similar results.
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Overall survival

Kaplan-Meier curves for 84
children with ependymo-
ma treated between 1987
and 1991: overall survival a
and progression-free sur-
vival b
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4.8 Conclusion

In summary, ependymoma affects 2.6 per million
children annually. Children under 4 years of age have
the highest incidence of disease. Two-thirds of pa-
tients with intracranial ependymomas present with
posterior fossa tumors, and more than 85% present
with localized disease. Complete surgical resection is
the most important predictor of good outcome. Con-
formal field radiation is recommended as adjuvant
therapy in most patients, and chemotherapy is used
in control of microscopic dissemination. Currently,
overall survival of all children with ependymoma is
in the range of 50 to 60%. Most children who under-
went posterior fossa irradiation for this tumor are
able to pursue normal schooling.
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Chapter 5

Embryonal Tumors

P.G.Fisher

5.1 Introduction

Embryonal tumors account for a large fraction of pe-
diatric brain tumors. Their cell of origin, histopatho-
logical classification, and treatment are all areas of
controversy. The prognosis for these tumors was at
one time exceedingly poor, but advances in treatment
have led to substantial improvement in survival. In-
tensive treatment strategies often lead to debilitating
and severe late effects.

Historically, all embryonal tumors, regardless of
their site of origin in the central nervous system
(CNS), were grouped under the umbrella term prim-
itive neuroectodermal tumor (PNET) (Rorke 1983).
These tumors were distinguished by a homogeneous
histologic appearance consisting of poorly cohesive,
undifferentiated neuroepithelial cells, often with a
high mitotic rate. These small, monomorphic, round
cells sometimes demonstrate neuroblastic differenti-
ation. All embryonal tumors were conjectured to
arise from a common precursor cell of the sube-
pendymal matrix in the CNS. The tendency for these
neoplasms to disseminate though cerebrospinal fluid
(CSF) pathways was believed to contribute to a poor
outcome. The term medulloblastoma is often used in-
terchangeably with infratentorial PNET. Bailey and
Cushing believed that the cells of origin were “medul-
loblasts,” one of the primitive cell types of the neural
tube. Medulloblasts have never been identified; other
cells of origin include cells of the subependymal lay-
er, external granule layer, and internal granule layer.

Growing evidence suggest that rather than being
one uniform group of tumors, PNETs are a heteroge-
neous group of neoplasms. Indeed, gene-expression
profiling favors the older concept of a site-specific or-
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igin for distinct embryonal tumors (Pomeroy et al.
2002; Gilbertson 2002). Embryonal tumors are better
identified by their more classic descriptions, based
on tumor location, divergent histopathologic origins,
and patterns of differentiation. These embryonal
neoplasms include medulloblastoma, atypical tera-
toid/rhabdoid tumor, pineoblastoma, ependymobla-
stoma, cerebral neuroblastoma, ganglioneuroblasto-
ma, medulloepithelioma, and supratentorial embryo-
nal tumor. Children with average-risk medulloblas-
toma have significantly higher survival rates than
those with other embryonal neoplasms (McNeil et al.
2002). In this chapter we shall consider and discuss
separately the entities of medulloblastoma, atypical
teratoid/rhabdoid tumor, pineoblastoma, and other
embryonal tumors as recognized by the current
World Health Organization (WHO) classification of
tumors (Kleihues and Cavenee 2000).

5.2 Medulloblastoma

5.2.1 Epidemiology

The incidence of pediatric CNS neoplasms is approx-
imately 3.5 per 100,000 children per year. Medullo-
blastoma accounts for about 20 percent of these cas-
es (Gurney et al. 1999). By the 1990s, multimodal ther-
apies were associated with increasing survival from
medulloblastoma (McNeil et al. 2002; Gurney et al.
1999), while incidence was considered to be decreas-
ing slightly (Thorne et al. 1994; Morland 1995). A
more recent report, however, suggests no change in
medulloblastoma occurrence (McNeil et al.2002). Re-
gardless, medulloblastoma remains the second most
common pediatric brain tumor, following pilocytic
astrocytoma. Peak occurrence is around 4 years of
age (Gurney et al. 1999; Morland 1995). Up to 20% or
more of cases occur in patients over 15 years of age
(Peterson and Walker 1995; Prados et al. 1995; Rob-
erts et al. 1991). Boys are affected one and a half times
more frequently than girls, and females have a better
outcome (McNeil et al. 2002; Gurney et al. 1999; Weil
et al. 1998).

The etiology for this tumor is unclear, except in a
small fraction of children who harbor a germline
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mutation of a tumor-suppressor gene, such as in Gor-
lin’s syndrome or, even more rarely, Turcot’s syn-
drome (Hamilton et al. 1995), Li-Fraumeni syndrome
(Pearson et al. 1982), ataxia telangiectasia (Shuster et
al. 1966), or Coffin-Siris syndrome (Rogers et al.
1988). Gorlin’s syndrome is identified by nevoid bas-
al cell carcinoma, jaw cysts, palmar and plantar pits,
rib anomalies, hyporesponsiveness to parathyroid
hormone, and medulloblastoma (Gorlin and Goltz
1960; Gorlin et al. 1965). Environmental exposures
such as to JC and SV40 viruses have been described
as putative causes for medulloblastoma, but epidemi-
ological studies are inconclusive (Fine 2002). Mater-
nal consumption of cured meats and exposure to N-
nitroso compounds have been posited as risk factors
for childhood brain tumors, yet evidence is inconsis-
tent (Gurney et al. 1999).

5.2.2 Pathology
5.2.2.1 Grading

Most clinicians and neuropathologists now agree
that medulloblastoma is a distinct cerebellar cancer.
The WHO classifies medulloblastoma as a malignant
neuroepithelial embryonal neoplasm of the cerebel-
lum with predominantly neuronal differentiation,
distinct from other embryonal tumors, and with a
tendency to metastasize via CSF pathways (Kleihues
and Cavenee 2000). All tumors are classified as grade
IV because of their highly malignant phenotype.
However, some data suggest that this grading system
may be an oversimplification. Less differentiation
and increasing anaplasia tend to be associated with a
significantly worse outcome (Eberhart et al. 2002).

5.2.2.2 Histopathology

Histologically, classic medulloblastoma is a small,
round-cell, embryonal tumor composed of tightly
packed and poorly differentiated cells with scanty
cytoplasm and dense basophilic nuclei, as well as
a number of mitotic figures (Fig. 5.1). Glial or neu-
ronal differentiation may be present. Perivascular
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pseudorosettes or Homer-Wright rosettes (neuro-
blastic rosettes of nuclei in a circle around tang-
led cytoplasmic processes) may be present in a
minority of cases (Fig. 5.2). Vascular proliferation
and hemorrhage are seldom noted. Grossly, the
tumor often sits at the cerebellar vermis or within
the fourth ventricle as a circumscribed yet friable,
tan to pink mass of several centimeters (Fig. 5.3). On
MRI the mass demonstrates homogeneous low signal
intensity on T1-weighted images, and intermediate-
or rarely hyper-intensity on T2-weighted images. En-
hancement with gadolinium may be patchy or dense
(Fig. 5.4).

A variety of histologic variants of medulloblasto-
ma have been identified to date. While exceeding-
ly rare, medullomyoblastoma, with striated muscle
or muscle antigen, and melanotic medulloblas-
toma, with a minor component of melanin-forming
neuroepithelial cells, were described decades ago
(Marinesco and Goldstein 1933; Fowler and Simpson
1962). Both of these subtypes may carry a worse
prognosis than classic medulloblastoma. More
recently, desmoplastic medulloblastoma and large-
cell medulloblastoma have been described as dis-
tinct subtypes, and the separate entity of an atypical
teratoid/rhabdoid tumor has clearly been established
(see Section 5.3).
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Gross specimen of circum-
scribed medulloblastoma at the
level of the cerebellar vermis
and fourth ventricle

Desmoplastic medulloblastoma is characterized
microscopically by an abundant stromal component
of dense reticulin surrounding nodular foci of tumor
(so-called pale islands) (Fig. 5.5). Macroscopically,
this variant appears as a mass at the superficial edge
of a cerebellar hemisphere (Fig. 5.6), occurring per-
haps most often in adolescents or young adults (Levy
et al. 1997). There may be extensive infiltration of the
overlying meninges.

Large-cell medulloblastoma is identified histologi-
cally by pleomorphic, large, round to irregular nuclei
with prominent nucleoli and a more abundant cyto-
plasm than classic medulloblastoma (Fig. 5.7) (Giangs-
pero et al. 1992). Numerous mitoses and a high apopto-
tic rate are common. Large-cell tumors stain uniform-
ly for synaptophysin, and may stain for chromogranin.
These tumors may constitute up to 4% of medulloblas-
tomas, and are frequently associated with bulky spinal
metastases at diagnosis (Fig. 5.8) and an aggressive
disease course (Brown et al. 2000). Overall survival at
5 years from diagnosis may be as low as 10%.

Atypical teratoid/rhabdoid tumor (ATRT; see sec-
tion 5.3) is a newly recognized tumor that despite dis-
tinct histologic and biologic features was previously
misclassified with medulloblastoma. It is a distinct
malignant neoplasm with a very high mortality rate
in infants and young children. Since patients with this
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highly aggressive tumor were considered years ago to
harbor medulloblastoma, they were undoubtedly
treated on clinical trials for medulloblastoma. Thus,
overall survival rates reported for very young chil-
dren with “medulloblastoma” might underestimate
the true survival to be expected with medulloblas-
toma.

Chapter 5

MR images of a five year old boy with a typical posteri-
or fossa medulloblastoma. a T2-weighted sagittal im-
age showing a large heterogeneous, partially cystic
mass arising within the cerebellar vermis, displacing
the brainstem anteriorly, and with associated ventricu-
lar enlargement. b T1-weighted image with contrast
demonstrates minimal enhancement, which is a com-
mon finding. c T2-weighted axial image showing that
the tumor extends to the floor of the fourth ventricle
but does not invade the brainstem. This tumor was re-
sected completely
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Figure 5.6

Transverse T1-weighted axial MR image following con-
trast demonstrating a superficial left cerebellar desmo-
plastic medulloblasﬁoma in a 16-year-old girl
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5.2.2.3 Molecular Biology and Cytogenetics

Improved characterization of the histologic variants
of medulloblastoma has also led to an improved un-
derstanding of the underlying biologic features. Bet-
ter knowledge of the molecular and cytogenetic
changes associated with outcome in medulloblasto-
ma (Table 5.1) will be necessary to refine stratifica-
tion of disease risk, which at present is based solely
on clinical features (see below). In the future, ascer-
tainment of molecular variations may allow for indi-
vidually tailored therapy using specific or novel tar-
gets.

In the 1970s and 1980s, descriptive histopatholog-
ic features such as desmoplasia and increased cellular
differentiation were correlated with improved sur-
vival (Caputy et al. 1987; Chatty and Earle 1971), al-
though one report suggested that patients with dif-
ferentiating neoplasms fare less well (Packer et al.
1984). More recently, a low proliferative index (as de-
termined by Ki-67 antigen/MIB-1 antibody identifi-
cation of cycling, non G,/G, phase cells) has been
found to predict a better outcome (Grotzer et al.
2001). A high rate of apoptosis also predicts an im-
proved outcome (Haslam et al. 1998).
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Table 5.1. Cytogenetic and molecular features associated
with medulloblastoma outcome

Good prognosis

Hyperdiploidy (Gajjar et al. 1993)
High trkC expression (Grotzer et al. 2000; Kim et al. 1999)

Poor prognosis

Isolated 17p loss of heterozygosity (Gilbertson et al.2001)
Elevated erbB2 expression (Gilbertson et al.2001)
Elevated c-myc expression (Scheurlein et al. 1998)
Overexpression of calbindin-D,g, (Pelc et al. 2002)

Cytogenetic studies over the last ten years have
yielded a number of findings. Isochromosome 17 is
seen in about half of cases of medulloblastoma (Bi-
gner et al. 1988), and is associated with large-cell
medulloblastoma (Brown et al. 2000). Loss of het-
erozygosity of 17p may be seen with isochromosome
17q. Isolated 17p loss appears to be associated with
poor prognosis (Gilbertson et al. 2001). Chromo-
some-1 rearrangements and 1q loss have been incon-
sistently noted in medulloblastoma (Bigner et al.
1988). Hyperdiploidy appears to be associated with a
better outcome than diploidy (Gajjar et al. 1993), yet
one study found diploidy to be associated with a bet-
ter outcome than aneuploidy (Zerbini et al. 1993).
Comparative genomic hybridization has revealed
that high-level chromosomal gain at 8q24 (the locus
of c-myc, see below) may be associated with large-cell
medulloblastoma (Brown et al. 2000).

Molecular markers recently associated with
medulloblastoma have thus far included the genetic
loci c-myc, trkC and erbB2. In a study of 55 patients,
elevated expression of erbB2, a gene for class I recep-
tor tyrosine kinases, was associated with reduced pa-
tient survival (Gilbertson et al. 2001). High expres-
sion of trkC, a neurotrophin-receptor gene that pro-
motes apoptosis in medulloblastoma, has consistent-
ly predicted a favorable clinical outcome (Grotzer et
al. 2000; Kim et al. 1999). Amplification of the c-myc
proto-oncogene has been linked to a very poor prog-
nosis and was found in 8 of a series of 32 medullo-
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blastomas (Scheurlein et al. 1998). The c-myc proto-
oncogene has been found to be amplified in large-cell
medulloblastomas (Brown et al. 2000). Overexpressi-
on of the calcium-binding protein calbindin-D,g, is
associated with a high risk of medulloblastoma re-
lapse (Pelc et al. 2002). This protein protects cells
from calcium overload and may prevent apoptosis.

Recent laboratory reports have implicated a key
role for the human homolog of the Drosophila gene
patched (PTCH). Mutations in this gene occur in
some medulloblastoma tumors (Pietsch et al. 1997;
Raffel et al. 1997; Wolter et al. 1997; Xie et la. 1997).
The PTCH protein product serves as a transmem-
brane receptor where the antagonist ligand sonic
hedgehog protein (Shh) binds, a key ligand-receptor
signal-transduction pathway in cerebellar develop-
ment (Gilbertson 2002). The mechanism by which
PTCH signal dysregulation leads to tumorigenesis is
unclear, but appears to stem from a principal defect
in PTCH. Overexpression of PTCH and two other
Shh downstream target genes — GLI and n-myc - is
highly correlated with desmoplastic medulloblasto-
ma (Pomeroy et al. 2002). Patients with Gorlin’s
syndrome have germline mutations in the PTCH
gene at chromosome 9931, and their medulloblasto-
mas are often desmoplastic (Pietsch et al. 1997). Mu-
tations in other genes in the Shh pathway, such as the
human suppressor of fused (SUFU), have also been
identified as leading to medulloblastoma (Taylor et
al. 2002).

Further research is being driven by the use of
transgenic mouse models of medulloblastoma. Inac-
tivation of one PTCH allele in the mouse leads to a
14% incidence of medulloblastoma (Wetmore et al.
2000). These tumors demonstrate features of both
glial and neuronal differentiation, also observed in
human tumors. An additional genetic mutation in a
critical tumor suppressor gene such as p53 leads to
virtually all mice developing medulloblastoma (Wet-
more et al. 2001). Interestingly, transgenic mice defi-
cient for both DNA ligase IV (Lig4; a component of
the DNA repair machinery) and p53 also develop
medulloblastoma (Lee et al. 2002). A confounding
variable in the interpretation of these results is that
p53 mutations are not commonly observed in human
tumors. Nonetheless, these animal studies suggest
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that alterations in multiple genetic pathways may re-
sult in medulloblastoma.

5.2.3 Clinical Features

Since medulloblastoma occurs most often in the mid-
line cerebellum at the level of the fourth ventricle,
children present frequently with symptoms and signs
of obstructive hydrocephalus and cerebellar dysfunc-
tion over a period of 2 to 6 months. Early symptoms
may include irritability, behavioral changes, and de-
clining school performance. The child may go on to
experience emesis, particularly upon awakening,
horizontal diplopia, head tilt, clumsiness, and occipi-
tal or frontal headaches. Within 6 months of head-
ache onset, virtually all children will have associated
neurologic signs, such as papilledema, strabismus,
ataxia, or weakness (Honig and Charney 1982). In-
fants may display microcephaly, splitting of the crani-
al sutures, or a bulging anterior fontanelle.

5.2.4 Natural History

Among all childhood brain tumors, medulloblasto-
ma has the greatest tendency for subarachnoid space
seeding and extraneural spread. At diagnosis, 14% to
43% of patients are reported to have microscopic or
nodular seeding in the subarachnoid space of the
spine or brain (Tarbell et al. 1991; Deutsch and Reigel
1980). Spread outside the CNS at any point in the dis-
ease course occurs in less than 5% of cases (Klein-
man et al. 1981).

More than half of all children with medulloblasto-
ma can now be cured of their disease. Relapse occurs
most often at the primary tumor site or elsewhere
within the cerebellum, with or without neuraxis
spread (Halberg et al. 1991). Median time to re-
currence is 14 months from diagnosis, although
for infants the time to progression is just 6 months
(Minn et al. 2001; Duffner et al. 1993). Subarachnoid
tumor spread has been noted in many patients at
autopsy. These data on tumor relapse derive from
children treated with 36 Gy of craniospinal radiation,
or infants treated without radiotherapy. As the dose
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of prophylactic neuraxis radiation is decreased and
systemic and intrathecal chemotherapies added or
altered, these patterns of relapse may change.

The relationship of age at diagnosis to natural his-
tory has been debated. Children of less than 3 years
have significantly worse survival than older children,
but there do not appear to be significant differences
between age groups 4 t0 9,10 to 14, and 15to 19 years
(McNeil et al. 2002). Thus, the adverse effect of very
young age on outcome may be confounded by the ab-
sence of irradiation during treatment. Outcome is
unaffected by race (McNeil et al. 2002).

5.2.5 Diagnosis, Surgery, and Staging
5.2.5.1 Diagnosis

A child presenting with the clinical features de-
scribed above should be immediately evaluated by a
brain imaging study. Initially, this will be a computed
tomography (CT) scan of the head because of its sim-
plicity, speed, and availability in most communities.
In addition, sedation can often be avoided with the
rapid acquisition of images using newer CT scanners.
A high quality CT scan will almost always detect
a posterior fossa mass. Nonetheless, anatomic de-
finition and preoperative planning require a high-
quality MRI scan. MRI can also add to preoperative
treatment planning with the ability to reformat
three-dimensional volumetric data for tumor local-
ization. In many centers, full-spine MRI is also ob-
tained simultaneously with the brain MRI to deter-
mine if there is leptomeningeal dissemination.
A child with a posterior fossa mass might have ob-
structive hydrocephalus and be at risk for deteriora-
tion from transient increases in intracranial pressure
while supine or sedated during a prolonged MRI.
Dexamethasone 0.1 to 0.3 mg/kg divided twice to
four times daily may be initiated for vasogenic ede-
ma. At times, a ventriculostomy may be required pri-
or to further imaging to allow CSF drainage and ICP
monitoring.
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5.2.5.2 Surgery

Virtually all children with a posterior fossa mass will
undergo an open craniotomy. The goals of surgery
are relief of mass effect, tissue diagnosis, and cytore-
duction to facilitate further treatment. In general,
there is no indication for stereotactic or open biopsy
unless the cerebellar tumor is diffuse or there is ex-
tensive leptomeningeal seeding. An effort should be
made for a near-total or gross total resection. Chil-
dren who are left with less than 1.5 cm? of residual
disease on postoperative imaging have an improved
prognosis for long term, relapse-free survival (Zelt-
zer et al. 1999). Preoperative tumor infiltration of the
brainstem does not affect prognosis (Zeltzer et al.
1999). Thus, removal of tiny components of medullo-
blastoma invading the brainstem or lying at the floor
or exit of the fourth ventricle is not warranted and
should be avoided in order to minimize neurologic
injury. A postoperative brain MRI should be obtained
48 to 72 hours following surgery, before obscuring
gliosis and evolving blood products lessen the ability
to distinguish residual tumor.

Many children will require a postoperative ven-
triculostomy (i.e., external drain) for temporary di-
version of CSF as obstructive hydrocephalus resolves.
Usually, weaning from the ventriculostomy will take
place over the first week or ten days either by gradu-
ally elevating the external drain, or by clamping the
drain with continuous monitoring of the ICP. This is
usually done in an intensive-care setting. If ICP rises,
or if ventricular enlargement occurs with such wean-
ing, the presence of true hydrocephalus must be pre-
sumed and a permanent ventriculoperitoneal shunt
should be placed. Shunt placement does not appear to
increase the risk of systemic tumor spread (Berger et
al. 1991). If the ventriculostomy can be removed suc-
cessfully, careful observation of ventricular size and
clinical symptoms must continue as delayed hydro-
cephalus can still occur.
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5.2.5.3 Staging

Following surgery, the child requires a simple staging
protocol for further evidence of tumor spread. If not
already done, a full spine MRI with and without gad-
olinium is mandatory. Spine imaging should be de-
layed at least for 10 to 14 days following surgery, as
blood products in the subarachnoid space can be
misinterpreted as metastatic tumor. A lumbar punc-
ture should be obtained in the same time period to
assess cytology for microscopic tumor spread. Ven-
tricular sampling of CSF for cytology has inferior
sensitivity and should not be used unless a lumbar
sample absolutely cannot be obtained (Gajjar et al.
1999). A bone scan is often obtained to search for ex-
traneural spread, but bone marrow biopsy is no long-
er recommended.

With these findings from staging, children over
age 3 years are stratified into two risk groups, based
on resection extent and Chang metastasis staging
(Tables 5.2 and 5.3) (Chang et al. 1969).“Average risk”
includes children with less than 1.5 cm? residual and
no metastasis. “High risk” is defined by more than
1.5 cm? residual or metastatic disease. However, the
impact of M1 disease on survival remains debatable.
In both trials Children’s Cancer Group (CCG) 921 and
HIT 91, overall survival was not significantly differ-
entin children staged as M1 or M0 (Zeltzer et al. 1999;
Kortmann et al. 2000). Histologic variants such as
large-cell medulloblastoma or cellular markers may
portend a poor outcome, but are not used to establish
high risk.

Previously, brainstem invasion (Chang stage T3b)
was another indication for stratification as high risk,
but such does not appear to affect prognosis (Duffner
et al. 1993). The older term “low risk,” indicating less
than 1.5 cm? residual tumor, M0, and no brainstem
invasion has been abandoned.

Radiotherapy or chemotherapy does not usually
commence until three to four weeks after surgery be-
cause of time required for wound healing, neurologic
recovery, and staging. Baseline assessment of endo-
crine and cognitive function should be performed in
the postoperative period, as craniospinal irradiation
may adversely affect the pituitary and thyroid glands
along with the cerebrum.
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Table 5.2. Chang metastasis staging system for medulloblas-
toma (Gajjar et al. 1999)

MO No evidence of gross subarachnoid or
hematogenous metastasis

M1 Microscopic tumor cells found in cerebrospinal fluid

M2 Gross nodular seeding demonstrated in the
cerebellar, cerebral subarachnoid
space, or in the third or lateral ventricles

M3 Gross nodular seeding in spinal subarachnoid space
M4 Extraneural metastasis

Table 5.3. Risk stratification for medulloblastoma in children
>3 years

Average risk

<1.5 cm? postoperative residual tumor and
Stage MO

High risk
>1.5 cm? postoperative residual tumor or
Stage M1-4

5.2.6 Treatment

Medulloblastoma is radiosensitive, and thus for many
years craniospinal irradiation followed by an addi-
tional radiation boost to the posterior fossa has been
the mainstay of adjuvant therapy for this tumor. In-
deed, attempts to omit craniospinal irradiation in
children of less than 3 years or to exclude the entire
neuraxis from the radiation field resulted in reduced
survival (Duffner et al. 1993; Bouffet et al. 1992). The
cognitive and endocrinologic sequelae (see below) of
craniospinal radiotherapy, along with the poor sur-
vival of children with high-risk medulloblastoma,
has led to sustained efforts by cooperative groups to
introduce chemotherapy in order to reduce radiation
dosage, improve survival, or delay irradiation.

In the late 1970s, the International Society of Pedi-
atric Oncology (SIOP I), CCG (CCG 942), and the Pe-
diatric Oncology Group (POG 7909) each performed
prospective randomized trials of craniospinal irradi-
ation alone versus post-irradiation chemotherapy,
heavily based on alkylators (lomustine or nitrogen
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mustard/procarbazine) plus vincristine, with or
without prednisone (Tait et al. 1990; Evans et al. 1990;
Krischer et al. 1991). An improvement in overall sur-
vival from chemotherapy was not apparent for all
children, but a benefit did appear in those who had
bulky residual disease or metastatic disease, i.e.,
high-risk disease. These experiences and a series of
subsequent trials demonstrated that medulloblasto-
ma is one of the most chemotherapy-sensitive of all
brain tumors. Alkylators and platinum compounds
have remained the foundation of adjuvant chemo-
therapy, particularly lomustine, cisplatin, and some-
times procarbazine, cyclophosphamide, ifosfamide,
or carboplatin. The mitotic inhibitor vincristine is of-
ten administered weekly during irradiation and then
during adjuvant chemotherapy. In addition, the topo-
isomerase II inhibitor etoposide has shown promis-
ing activity in disseminated medulloblastoma and
infant medulloblastoma, and its use is increasing
(Duftner et al. 1993; Ashley et al. 1996). The antime-
tabolite methotrexate has been used in European tri-
als, particularly before irradiation, but there remains
concern in the United States about its potential for
causing leukoencephalopathy.

In average-risk medulloblastoma, a series of trials
from SIOP, the French Society of Pediatric Oncology
(SFOP), POG and CCG [now merged into the Chil-
dren’s Oncology Group (COG)], and the German So-
ciety of Pediatric Oncology (GPO and the HIT trials)
have attempted to reduce craniospinal irradiation,
with the addition of either pre-irradiation “neoadju-
vant” chemotherapy or, more commonly, post-irradi-
ation chemotherapy (Table 5.4) (Kortmann et al.
2000; Bailey et al. 1995; Gentet et al. 1995; Thomas et
al. 2000; Kiih] et al. 1998; Packer et al. 1999; Taylor et
al. 2001). The study POG 8631/CCG 923 compared di-
rectly 23.4 Gy versus 36 Gy craniospinal irradiation,
without any chemotherapy in either group. This
study was suspended in 1990 when an interim statis-
tical analysis revealed an increased rate of relapse in
the reduced-dosage radiotherapy group (Thomas et
al. 2000). Regardless, follow-up of this cohort over
time has provided very important data. First, the chil-
dren receiving 36 Gy experienced an event-free sur-
vival (EFS) of 67% at 5 years and 60% at 8 years.
These results serve as a benchmark for average-risk
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disease. Secondly, EFS was marginally inferior for the
23.4 Gy group, at 52% at 5 years (P=.077). There was
an increased rate of early relapse and increased risk
of isolated exoprimary recurrence, results contrary to
earlier limited institutional experiences (Halberg et
al. 1991; Deutsch et al. 1996). In contrast, the subse-
quent single-arm study CCG 9892, employing 23.4 Gy
craniospinal irradiation plus a boost to the posterior
fossa totaling 55.2 Gy with concurrent weekly vinc-
ristine, followed thereafter by eight courses of lomu-
stine, cisplatin, and vincristine, attained a 5-year EFS
of 78%, statistically not different from the POG
8631/CCG 923 benchmark with 36 Gy. While this
study accrued just 65 eligible patients, it appears that
chemotherapy can be substituted for at least some
amount of craniospinal irradiation. Whether greater
experience with this approach will demonstrate a
change in relapse patterns such as increased isolated
exoprimary relapses is uncertain.

In high-risk medulloblastoma studies, and even in
some of the average-risk studies, there has been a
consistent effort to deliver neoadjuvant chemothera-
py, and sometimes post-irradiation chemotherapy
(Table 5.5) (Zeltzer et al. 1999; Kortmann et al. 2000;
Bailey et al. 1995; Gentet et al. 1995; Mosijczuk et al.
1993; Tarbell et al. 2000). The rationale for neoadju-
vant chemotherapy lies in the presumed benefit
of unencumbered treatment before radiation, possi-
bly offering better tolerance, less toxicity, and per-
haps even increased disease control. To date, few data
support such hypothetical advantages. In fact, my-
elosuppression in some instances has led to delays
in initiation of radiotherapy or early disease pro-
gression (Kortmann et al. 2000; Mosijczuk et al.
1993). The risk of distant neuraxis relapse also ap-
pears to increase with pre-irradiation chemotherapy
(Hartsell et al. 1997). It does seem clear that post-
irradiation chemotherapy improves survival in pa-
tients with high-risk medulloblastoma (Packer et al.
1994). At present, based on all studies, 5-year EFS
appears to be at least 50% for high-risk patients.
Current trials for these patients are evaluating either
chemotherapy concurrent with radiotherapy fol-
lowed by further adjuvant chemotherapy, or post-ir-
radiation high-dose chemotherapy with blood stem-
cell rescue.

Embryonal Tumors

5.2.7 Outcome

Data from multiple prospective studies suggests that
overall survival for all children with medulloblasto-
ma now approaches 60% at 5 years and at least 40 to
50% at 10 vears (Tait et al. 1990; Evans et al. 1990). Re-
lapse beyond 8 years from diagnosis appears unlike-
ly (Belza et al. 1991). While some satisfaction can be
derived from these modest improvements in surviv-
al, the growing number of children cured of their dis-
ease has led to a sobering recognition of the severity
of late effects, namely cognitive decline, growth fail-
ure, endocrinopathies, hearing loss, CNS vascular
disease, and secondary malignancies.

Cranial irradiation has been linked to cognitive
decline, with intelligence quotient (IQ) used as a sur-
rogate marker. Cognitive decline appears to be most
notable in attention, short-term memory, visual mo-
tor processing, spatial relations, and quantitative
skills. Whether the additional radiotherapy boost to
the posterior fossa with exposure beyond the clinoid
processes anteriorly to the hippocampus and fore-
brain exacerbates this damage is unknown. While da-
ta are very limited, children less than age 9 at diagno-
sis of medulloblastoma who receive 36 Gy craniospi-
nal irradiation, have a full scale IQ approximating 70
six to nine years later; for those receiving 23.4 Gy, IQ
averages 85 (Mulhern et al. 1998). Indeed, 100% of
children less than age 7 years treated with 24 to 36 Gy
craniospinal irradiation go on to require special edu-
cation services (Radcliffe et al. 1992). For children
older than 3 years treated with 23.4 Gy and infants
salvaged with a median dosage of 35.2 Gy following
relapse after chemotherapy, a striking (and worry-
ing) finding is an approximate 4 point decline in I1Q
every year following irradiation (Ris et al. 2001; Wal-
ter et al. 1999). It is unclear when the 1Q decline
reaches a plateau.

Growth failure appears to be a nearly universal
phenomenon in patients with medulloblastoma, sec-
ondary to radiation exposure to the pituitary gland,
spinal cord, and vertebral column. Hypothyroidism
and gonadal dysfunction are also common. High-fre-
quency hearing loss from both radiation exposure to
the cochlea and damage to its hair cells from cispla-
tin is also quite common. For a fuller discussion of
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these late effects, the reader is referred elsewhere
(Strother et al. 2002). Secondary malignancies from
radiotherapy and even chemotherapy are also being
increasingly recognized, particularly in children who
have Gorlin’s syndrome (Stavrou et al. 2001).

5.2.8 Future Directions

Future investigation in medulloblastoma will focus
on both the optimal dosage and delivery method for
radiotherapy. A single pilot study using 18 Gy cran-
iospinal irradiation followed by lomustine, cisplatin,
and vincristine in 10 patients less than age 5 at diag-
nosis of average-risk medulloblastoma produced
7 long-term survivors four years later with no signif-
icant change from baseline IQ (Goldwein et al. 1993).
A multi-institution pilot study of this approach is un-
derway, and a COG-sponsored clinical trial is in de-
velopment to study this dosage in younger children.
As for delivery, technological improvements now al-
low for conformal radiotherapy to limit radiation
scatter from the posterior fossa boost, or even to lim-
it the clinical target volume of the boost to the origi-
nal tumor volume rather than the entire posterior
fossa (Freeman et al. 2002). In either instance, confor-
mal techniques promise to limit exposure to the co-
chlea, hippocampus, forebrain, hypothalamus, and
pituitary gland, but possibly carry a risk of increased
local recurrence.

5.3 Atypical Teratoid/Rhabdoid Tumor

5.3.1 Epidemiology

Since atypical teratoid/rhabdoid tumor (ATRT) was
first described as a distinct entity in the 1980s, mea-
surement of the true incidence is difficult. ATRT con-
stituted 2.1 % of primary brain tumors in children 18
years and younger at one institution (Kleihues et al.
2000). Some reports have suggested that up to 1 in 4
embryonal tumors in children less than 3 years old
are ATRT (Packer et al. 2002). Indeed, the tumor has a
striking predilection for infants, with mean age at di-
agnosis of 7 months, and 94% of affected children
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less than 5 years of age (Kleihues et al. 2000; Packer et
al. 2002). Boys outnumber girls about 1.5 to 1 (Klei-
hues et al. 2000; Burger et al. 1998).

5.3.2 Pathology

ATRT is a malignant embryonal tumor containing
rhabdoid cells and often additional, disparate com-
ponents of small embryonal, mesenchymal, and epi-
thelial cells (Fig. 5.9). They contain sheets of rhab-
doid cells, which appear as medium-sized, ovoid
cells, with an eccentric sometimes reniform nucleus,
a prominent nucleolus, and a fine granular homoge-
neous cytoplasm. These cells almost always express
epithelial membrane antigen and vimentin (Burger
et al. 1998). Mitoses are abundant. MIB-1 labeling in-
dex focally can be up to 80% (Kleihues et al. 2000).
Only 10% of tumors are composed strictly of rhab-
doid cells, and one-third to one-quarter exhibit an
epithelial and/or mesenchymal component (Packer
et al. 2002). Epithelial cells may appear adenomatous
or squamous, or occur in nests. The epithelial and
mesenchymal cells can misleadingly suggest a terato-
ma, but ATRT is negative for germ cell markers
(Packer et al. 2002). Two-thirds of these tumors pos-
sess a small-cell component, masquerading as
medulloblastoma or other embryonal tumor (Klei-
hues et al. 2000). All tumors are considered as WHO
grade IV.

ATRT appears grossly as a soft, pinkish, bulky tu-
mor demarcated from parenchyma, often with necro-
sis or sometimes dystrophic calcification, cysts, or
hemorrhage. Over half of ATRTs are located in the
posterior fossa, with the remainder situated mostly
in the supratentorial compartment, sometimes in the
pineal region. On MRI, the tumor may appear similar
to medulloblastoma, with hypointensity on TI-
weighted images and isointensity on T2-weighted
images (Fig. 5.10). Enhancement with gadolinium
can be inhomogeneous.

Important to the diagnosis of ATRT are cytoge-
netic and molecular findings. Ninety percent of tu-
mors demonstrate monosomy or a deletion of chro-
mosome 22 by fluorescence in situ hybridization or
loss of heterozygosity studies (Burger et al. 1998; Bi-



Sagittal T1-weighted image of a large midbrain to pon-
tine atypical teratoid/rhabdoid tumor in a 3-month-old

boy presenting with a facial palsy
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Figure 5.9

Hematoxylin and eosin micro-
graph of atypical teratoid/rhab-
doid tumor, with its disparate
small embryonal cell and epi-

thelial and mesenchymal cell
components

egel et al. 1999). Chromosome 22 abnormalities can
be seen in other tumors, and hence this finding is nei-
ther sufficient nor necessary for diagnosis. In one
study perhaps all ATRTs demonstrate homozygous
deletions or mutations of the gene hSNF5/INI1, which
maps to 22q11.2 (Biegel et al. 1999). While its role in
malignant transformation is unknown, INII does ap-
pear to be a tumor-suppressor gene involved in rhab-
doid tumors of the brain as well as the kidney and
other extraneural sites. A fraction of children have
germline mutations of INII, which can on rare occa-
sions be transmitted in an autosomal dominant fash-
ion with incomplete penetrance (Biegel et al. 1999;
Taylor et al. 2000).

5.3.3 Treatment

Prognosis to date for this tumor has been dismal, and
thus optimal therapy unknown. Median survival is
less than 10 months, and most children die within a
year of diagnosis (Burger et al. 1998; Biegel et al. 1999;
Hilden et al. 1998; Olson et al. 1995). Diagnosis is
made following a subtotal or gross total surgical re-
section. Staging studies similar to those in medullo-
blastoma are reasonable, although ATRT has not been
reported to disseminate to bone. Incidence of
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neuraxis dissemination is uncertain, and reports
range from 15% to 40% at diagnosis (Packer et al.
2002; Burger et al. 1998; Hilden et al. 1998). ATRT does
not appear to spread outside the neuraxis, and renal
rhabdoid tumors do not appear to invade the CNS;
thus, abdominal or chest staging is not necessary.

There have been case reports of prolonged surviv-
al using high-dose chemotherapy with hematopoiet-
ic stem cell rescue or multi-modality treatment with
craniospinal irradiation, multiagent chemotherapy,
and triple intrathecal chemotherapy, a regimen simi-
lar to that seen in the Intergroup Rhabdomyosarco-
ma Study III guidelines (Hilden et al. 1998; Olson et
al. 1995). Other attempts using infant brain tumor
chemotherapy regimens with cyclophosphamide,
vincristine, cisplatin,and etoposide have led to tumor
reduction, but responses do not appear to be sus-
tained (Packere et al. 2002).

5.4 Other Embryonal Tumors

5.4.1 Pineoblastoma

Pineoblastomas are composed of patternless (WHO
grade IV) malignant tumors of the pineal region,
sheets of densely packed small cells. Homer-Wright
rosettes and Flexner-Wintersteiner rosettes, indicat-
ing retinoblastic differentiation, may be seen. These
tumors account for half of pineal parenchymal tu-
mors, occurring in the first two decades of life slight-
ly more often in males (Kleihues et al. 2000; Schild et
al. 1993). Like other embryonal tumors, these have a
tendency for neuraxis metastasis. Pineoblastoma can
occur with bilateral/familial retinoblastoma, termed
“trilateral retinoblastoma,” and in such instances has
a mean survival of just 11 months (DePotter et al.
1994). Pineoblastoma has also been reported with
Turcot’s syndrome (Ikeda et al. 1998). Pineoblastoma
should be distinguished from pineocytoma or be-
nign pineal cyst.

The mainstay of treatment for pineoblastoma has
been irradiation, typically craniospinal, yielding 1-
year, 3-year, and 5-year overall survival in older chil-
dren and adults of 88%, 78%, and 58 %, respectively
(Schild et al. 1993). Patients with pineoblastoma fare
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significantly better than those with other supratento-
rial embryonal tumors (Cohen et al. 1995), and limit-
ed prospective data suggest that craniospinal irradia-
tion plus chemotherapy, such as vincristine, lomusti-
ne, and prednisone as in CCG 921 may improve over-
all and progression-free survival in children after
3 years to 73% and 61 %, respectively (Jakacki et al.
1995). Chemotherapy alone is insufficient for manag-
ing these tumors, especially among infants (Jakacki et
al. 1995; Jakacki 1999; Duffner et al. 1995). A residual
enhancing mass persisting for as long as 5 years be-
fore resolving is not uncommon in pineoblastomas
following radiotherapy and chemotherapy, and does
not indicate treatment failure (Jakacki et al. 1995).

5.4.2 Other Non-Pineal Embryonal Tumors

Outcome for non-pineal supratentorial embryonal
tumors has historically been worse than pineoblasto-
ma or medulloblastoma, with 3-year progression-
free survival of 33% following craniospinal irradia-
tion and chemotherapy (Cohen et al. 1995). While
these tumors have frequently been treated the same
as medulloblastoma, there are no prospective, ran-
domized studies evaluating the role of adjuvant che-
motherapy following radiation and no historical data
to support this seemingly reasonable approach.
Craniospinal irradiation of 35 Gy with an additional
boost to at least 54 Gy to the tumor region appear to
be necessary (Timmermann et al. 2002). Incomplete
resection, tumor dissemination, and younger age ap-
pear to be adverse prognostic factors (Albright et al.
1995; Reddy et al. 2000).

Very small numbers of the non-pineal embryonal
tumors limit execution of trials aimed specifically at
these entities. Additionally, their biologic character-
ization is incomplete. Analysis by comparative ge-
nomic hybridization shows that supratentorial PNET
and medulloblastoma have distinctly different pat-
terns of chromosomal gains and losses, suggesting
different biologic entities (Russo et al. 1999). Never-
theless, their distinct natural histories and compara-
bly poorer prognosis merit experimental, innovative
treatments different from those for medulloblasto-
ma. The reader is referred elsewhere for fuller de-
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scriptions of very uncommon tumors such as epen-
dymoblastoma (Dorsay et al. 1995; Robertson et al.
1998; Mgrk and Rubinstein 1985), cerebral neuro-
blastoma (Horton and Rubinstein 1976; Bennett and
Rubinstein 1984; Berger et al. 1983), ganglioneurobla-
stoma, and medulloepithelioma (Molloy et al. 1996).

5.5 Conclusion

Pediatric embryonal malignancies are a clinically
and biologically heterogeneous group of tumors.
Therapeutic advances in surgery, radiation therapy
and chemotherapy have resulted in improved surviv-
al for patients with medulloblastoma, but are also as-
sociated with increased treatment-related toxicity.
Improved understanding of pathologic and biologic
features have allowed for identification of atypical
teratoid/rhabdoid tumor as a distinct tumor type,
separate from medulloblastoma. Although standard-
risk medulloblastoma is curable in many patients,
most embryonal pediatric CNS tumors have high re-
lapse rates with current treatment strategies. Ongo-
ing investigation is required to better characterize
high-risk tumor subtypes and identify better treat-
ment strategies.
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Chapter 6

Intracranial Germ Cell

Tumors

K.H.Lieuw - D.Haas-Kogan - A.Ablin

6.1 Introduction

Intracranial germ cell tumors (GCT) are a group of
relatively uncommon tumors that display histologic,
genetic, biochemical, diagnostic, and therapeutic
similarities to the more common GCTs that occur
outside the central nervous system. Their extra-em-
bryonic origins in the fetal yolk sac account for their
numerous similarities, and subsequent migratory
paths early in fetal development underlie their ubiq-
uitous primary sites. Intracranial GCTs most com-
monly arise from the pineal or suprasellar region and
their location has traditionally hampered surgical
management. For this reason, radiation alone, fre-
quently encompassing a large treatment volume, has
constituted the gold standard for treatment. In the
last two decades, effective chemotherapy in combina-
tion with improved neurosurgical procedures and ra-
diation techniques have resulted in dramatic im-
provements in survival. However, the morbidity of
radiation therapy in children, particularly craniospi-
nal irradiation (CSI), has prompted many investiga-
tors to explore approaches that reduce the volume
and dose of radiotherapy while preserving high cure
rates (Shirato et al. 1997; Choi et al. 1998; Matsutani et
al. 1998; Aoyama et al. 2002).

In this chapter we review the epidemiology of in-
tracranial GCTs, the pathologic features of both be-
nign and malignant GCTs, and their molecular and
cytogenetic features. We discuss the clinical features
of intracranial GCTs and the role of imaging and lab-
oratory investigations in their diagnoses. In broach-
ing the controversy surrounding diagnostic biopsy,
we delineate the salient arguments for and against
mandatory biopsy prior to treatment. Finally, we dis-
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cuss risk stratification to intensify treatment in pa-
tients with intracranial GCTs that have a poor prog-
nosis.

6.2 Epidemiology

6.2.1 Anatomical Location

Intracranial GCTs account for less than 4% of pediat-
ric brain tumors in North America. Most intracranial
GCTs originate near the third ventricle, extending
from the suprasellar cistern to the pineal gland. Pine-
al region GCTs outnumber those in the suprasellar
region by a ratio of 2:1,and in 5 to 10% of cases, the
tumor is found in both regions (Jennings et al.
1985b). Whether this is due to bifocal disease or tu-
mor spread remains unknown. Intracranial GCTs oc-
cur less commonly in other midline locations such as
basal ganglia, thalamus, and ventricles, particularly
the fourth ventricle. Intracranial GCTs have also been
reported in the cerebellum (Nakase et al. 1994), me-
dulla oblongata (Nakajima et al. 2000), and optic
nerves (lizuka et al. 1996). Germinomas are more fre-
quent in the suprasellar region and in females while
nongerminomatous germ cell tumors (NGGCT) are
more common in the pineal region and in males.

6.2.2 Age, Sex, and Geographic Variation

In western countries, intracranial GCTs account for
0.4% to 3.4 % of all intracranial tumors whereas in Ja-
pan and Taiwan, intracranial GCTs are more common
and account for 2.1% to 11.1% of brain tumors (Jel-
linger 1973; Jennings et al. 1985b; Hoffman et al. 1991;
Lin et al. 1997). This phenomenon is also seen in tes-
ticular GCTs for which the incidence in Japan is far
greater than that seen in the United States (Packer et
al.2000). Most intracranial GCTs occur in adolescents
and young adults (68%). The peak incidence of in-
tracranial GCTs occurs at 10 to 12 years of age.In par-
ticular, most NGGCTs exhibit a predilection for
younger children whereas germinomas are most
common in teenagers (Jennings et al. 1985b).

Intracranial Germ Cell Tumors

Intracranial GCTs exhibit interesting gender pro-
pensities. In the United States,between 1986 and 1995,
incidence rates were 2.3 per million for males and 0.9
per million for females, representing a male predomi-
nance of 2.5:1. When examined by histology, NGGCTs
demonstrate a male:female ratio of 3.2:1 while ger-
minomas reveal a male:female ratio of only 1.8:1 (Jen-
nings et al. 1985b). In females, 75% of intracranial
GCTs develop in the suprasellar region whereas in
males 70 % are found in the pineal area. The reason for
these sex differences remains unclear. The incidence
of intracranial GCTs has increased in the United
States from 0.6 per million in 1975 to 1979 to 1.9 per
million in 1990 to 1995 (Bernstein et al. 1999).

There are two distinct histological groups within
the larger group of intracranial GCTs: germinomas
and NGGCTs. Germinomas are more common, ac-
counting for 50 to 70% of the total (Jooma and Ken-
dall 1983; Oi and Matsumoto 1992). NGGCTs repre-
sent one third of intracranial GCTs and consist of em-
bryonal carcinoma, endodermal sinus (yolk sac) tu-
mor, choriocarcinoma, teratoma, and GCTs of mixed
cellular origin. Jennings et al. (1985b) found that ger-
minomas accounted for 65% of intracranial GCTs
followed by teratomas (18 %), endodermal sinus tu-
mors (7%),embryonal carcinomas (5%), and chorio-
carcinomas (5%). Other studies show a higher inci-
dence of mixed tumors ranging from 21% to 32%
(Matsutani et al. 1997; Salzman et al. 1997).

6.3 Pathology
6.3.1 Etiology

GCTs can be divided into extragonadal tumors and
gonadal tumors, the latter encompassing half of all
such tumors. Among extragonadal sites, half are sac-
rococcygeal and 40% arise intracranially. Rare sites
of extragonadal GCTs include midline regions such
as the retroperitoneum and nasopharynx. Their sites
of origin notwithstanding, the features of GCTs are
identical, whether identified by light microscopy,
electron microscopy, or enzyme or immunohis-
tochemical assay (Jennings et al. 1985b; Felix and
Becker 1990).
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The pathogenesis of intracranial GCTs remains
elusive. Although gonadotropins have been implicat-
ed in the pathogenesis of gonadal GCTs, such evi-
dence for intracranial GCTs is lacking. One hypothe-
sis is that GCTs arise most commonly near centers of
gonadotropin regulation because such regions serve
as sanctuary sites for undifferentiated germ cells
(Jennings et al. 1985b). An additional role for the pi-
neal gland in the neuroendocrine regulation of neo-
plastic growth has also been suggested (Lapin and
Ebels 1981).

The etiology of intracranial GCTs is thought to be
mismigration of primordial germ cells during em-
bryonic development followed by malignant trans-
formation. According to the “germ cell theory,
primordial germ cells normally develop from the
extraembryonic yolk sac endoderm and migrate to
the gonadal folds. Germinomas as well as embryo-
nal carcinomas can develop by further differen-
tiation and transformation of the original primordi-
al germ cells. Embryonal carcinomas are composed
of pluripotent cells that develop into endodermal
sinus tumors, choriocarcinomas, or teratomas
depending on the developmental pathway the
cells undertake (Teilum 1976). Others have suggest-
ed that primordial germ cells can differentiate
to yield either embryonal carcinomas or terato-
mas by differentiation through embryonic path-
ways, or endodermal sinus tumors or choriocarcino-
mas by extraembryonic pathways (Takei and Pearl
1981).

The “germ cell theory” is supported by the fact
that interaction of the C-kit receptor with its ligand,
steel factor (SLF), mediates the migration of primor-
dial germ cells, as lack of C-kit in animal models pre-
vents germ cell migration. The gradient of SLF found
from the yolk sac to the gonadal ridge is thought to
guide the migration of primordial germ cells, and ex-
tragonadal GCTs are thought to arise from such mis-
migration. The protooncogene c-kit encodes a cell-
surface receptor that has tyrosine kinase activity in
its cytoplasmic demain. The interaction of c-kit with
SLF leads to receptor dimerization, kinase activation,
and tyrosine phosphorylation of specific cytoplasmic
proteins. Mutations in c-kit and SLF have been found
that result in a defective signaling pathway leading to
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infertility (Loveland and Schlatt 1997; Cushing et al.
2002).

An alternative theory, the “embryonic cell theory,”
invokes a pluripotent embryonic cell that escapes
normal developmental signals and gives rise to GCTs.
Finally, a third hypothesis contends that germinoma
is the only neoplasm arising from germ cells and oth-
er GCTs are due to misfolding and misplacement of
embryonic cells into the lateral mesoderm early in
embryogenesis leading to the entrapment of these
cells into a variety of different brain regions (Sano et
al. 1989).

6.3.2 Classification

The current World Health Organization (WHO) clas-
sification of GCTs is based on histology and tumor
markers such as alpha-feto protein (AFP) and beta-
human chorionic gonadotrophin (B-HCG), which
have become important in diagnosis as well as prog-
nosis. Table 6.1 lists the various germ cell tumors,
separating the malignant from the benign, while Ta-
ble 6.2 illustrates the classification based on tumor
markers. As mentioned above, different GCTs may
represent the malignant forms of different stages of
normal embryonic development. For example, pri-
mordial germ cells result in germinomas, embryonic
differentiation gives rise to teratomas and embryonal
carcinomas, and extraembryonic derivatives of the
yolk sac and trophoblast give rise to endodermal si-

Table 6.1.Classification of GCTs according to benign versus
malignant tumors

Benign germ cell Malignant germ cell

tumors tumors

Immature teratoma® Germinoma

Mature teratoma Embryonal carcinoma
Endodermal sinus
tumor (yolk sac tumor)
Choriocarcinoma

Mixed germ cell tumor

@ May contain rare malignant germ cell elements



Chapter 6
Table 6.2.GCTs according to tumor markers

Tumor type AFP B-HCG PLAP
Mature teratoma - oS h
Immature teratoma +/- +/- =
Pure germinoma - - 4
‘Endodermal sinus tumor ~ + e 2
Choriocarcinoma = i T
Embryonal carcinoma + + &
Mixed germ cell tumor +/- e +/-

nus tumors and choriocarcinomas, respectively. In-
tracranial GCTs can also be classified based on tumor
markers found in serum or cerebrospinal fluid (CSF),
which can influence diagnoses and prognoses of
patients with intracranial GCTs. Typically, germin-
omas are non-secreting tumors, whereas NGGCTs
usually secrete either AFP and/or B-HCG (see Ta-
ble 6.2).

6.3.3 Histopathology

Intracranial germinomas are histologically identical
to dysgerminomas of the ovary and seminomas of
the testis (Beeley et al. 1973). Microscopically, they
are composed of large monomorphic cells with abun-
dant clear cytoplasm arranged in nests separated by
bands of connective tissue. The differential diagnosis
includes lymphoma and endodermal sinus tumor.
Germinomas can be distinguished from lymphoma
by positive placental alkaline phosphatase (PLAP)
staining in germinomas, and from endodermal sinus
tumor because the latter is positive for AFP while ger-
minomas are not.

Among NGGCTs, teratomas are designated mature
or immature based on the absence or presence of dif-
ferentiated tissues. Mature teratomas contain mature
tissues from all three embryonic layers (ectoderm,
mesoderm, and endoderm). Immature teratomas are
distinguished from mature teratomas by the presence
of immature tissues, usually neuroepithelium. Em-
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bryonal carcinomas arise from pluripotent embryon-
ic cells and are characterized by large cells with large
nuclei and nucleoli with varying amounts of central
necrosis. Embryonal carcinomas can produce both
AFP and B-HCG. Unlike other GCTs, CD30 (Ki-1 an-
tigen) immunohistochemical staining is positive in
embryonal carcinomas. Endodermal sinus tumors
arise from differentiated extraembryonic tissue, usu-
ally occur as part of mixed GCTs, and produce AFP.
Choriocarcinomas arise from placental trophoblastic
tissue, also generally occur as part of mixed GCTs,
and are characterized by the presence of syncytiotro-
phoblasts that secrete f-HCG (Felix and Becker 1990;
Hawkins 1990; Cushing et al. 2002).

6.3.4 Molecular Biology and Cytogenetics

Multiple complex karyotypes have been reported for
intracranial GCTs including loss of chromosomes 4,
9p,11,13,and 17p as well as gain of chromosomes 8q,
21, and 1q. In addition, whereas isochromosome 12p
seems to be important in the development of testicu-
lar tumors, it is less common in extragonadal tumors
(de Bruin et al. 1994; Yu et al. 1995; Lemos et al. 1998).
A recent study by Rickert et al. (2000), using compar-
ative genomic hybridization to analyze pineal region
GCTs, reported various abnormalities including gains
on 12p (40%),8q (27%), and 1q (20%) as well as loss-
es on 13q (47%), 18q (33%), and 9q and 11q (20%
each). They also noted different cytogenetic abnor-
malities based on histology. For example, the most
common chromosomal changes in germinomas were
-13q and -18q (38% each) whereas in mixed terat-
omas-germinomas frequent abnormalities included
+8q(100%),+12p (75%),-13q (75%),and -9q (50 %).
Okada et al. (2002) examined 25 intracranial GCTs
and found an increased number of X chromosomes in
23/25 cases and noted hypomethylation of the addi-
tional X chromosome in 81% of the tumors. Only 20
% of cases had increased copy number of 12p, and
12% had loss of 13q. They concluded that along with
the increased incidence of intracranial GCTs in males
as well as predisposition in patients with Kleinfelter
syndrome, sex chromosome aberrations might have
an important role in the development of GCTs.
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In addition to cytogenetic changes, some of the
genes that may be important in the development of
GCTs have been defined. Recently, alterations in the
mdm-2 gene, often amplified in sarcomas, has been
implicated in tumorigenesis of some testicular and in-
tracranial GCTs. Mdm-2 is a negative regulator of the
p53 tumor-suppressor gene product and is in turn in-
duced by p53. Iwato et al. searched for p53 mutations
and mdm-2 amplifications in intracranial GCTs and
found mdm-2 amplifications in 19% of intracranial
GCTs. Theoretically, increases in mdm-2 protein level
would antagonize p53 function (Iwato et al. 2000b).

Iwato et al. (2000a) examined the INK4a/ARF lo-
cus for alterations in intracranial GCTs and found al-
terations in 71% of 21 such tumors. The INK4a/ARF
genes are tumor-suppressor genes and the INK4a
protein has been found to inhibit cyclin-dependent
kinases and decrease phosphorylation of the retino-
blastoma protein, resulting in cell cycle arrest. The
AREF protein interacts with mdm-2 and stimulates the
latter’s degradation. Interestingly, alterations in
INK4a/ARF were more common in germinomas
(90%) than in NGGCTs (55%).

6.4 Clinical Features: Signs and Symptoms

Presenting symptoms of patients with intracranial
GCTs depend on tumor location. Pineal region tu-
mors usually present with eye movement disorders
or symptoms caused by increased intracranial pres-
sure due to obstructive hydrocephalus. Headache,
nausea, and vomiting are the most common symp-
toms, seen in 56 to 93% of patients. Blurred vision
and somnolence are seen in 20 to 54 %, while ataxia,
seizures, and behavioral disturbances are seen in 10
to 28 % (Saitoh et al. 1991; Drummond and Rosenfeld
1999; Steinbok and Cochrane 2001). Involvement of
adjacent midbrain structures can result in visual dis-
turbances, such as Perinaud’s syndrome, which is
seen in 25 to 50% of pineal region GCTs. Perinaud’s
syndrome is an impairment of upward gaze in com-
bination with dilated pupils that are non-reactive to
light but responsive to accommodation. In addition,
an attempt at upward gaze may elicit a rhythmic con-
vergence-retraction nystagmus.
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On examination, papilledema is present in about
half of patients. In patients with pineal region GCTs
approximately 80% present with symptoms of in-
creased intracranial pressure (ICP) whereas less than
10% of patients with suprasellar GCTs present with
increased ICP. Endocrinopathies such as diabetes in-
sipidus or precocious puberty occur in patients with
intracranial GCTs and account for approximately 6 to
12% of presenting symptoms. In fact, patients with
suprasellar GCTs most commonly present with endo-
crinopathies such as diabetes insipidus and manifes-
tations of anterior pituitary dysfunction such as
growth failure. These symptoms were seen in 87 % of
patients versus only 8% of patients with pineal re-
gion GCT (Jooma and Kendall 1983; Edwards et al.
1988; Hoffman et al. 1991; Saitoh et al. 1991; Kang et
al. 1998; Steinbok and Cochrane 2001).

Intracranial GCTs may infiltrate adjacent struc-
tures such as the hypothalamus (11%) and third ven-
tricle (22%) or disseminate throughout the cere-
brospinal fluid (10%). For endodermal sinus tumors
and choriocarcinomas, dissemination is more com-
mon as evidenced by third ventricular involvement
in over 40 % of cases. Extracranial spread to the lungs
and bones has also been reported in approximately
3% of patients (Gay et al. 1985; Jennings et al.
1985a,b).

6.5 Diagnosis

Operative morbidity and mortality prior to the 1980s
was high and impeded histological diagnoses of
many intracranial GCTs. Therefore, radiodiagnostic
trials of 20 Gy historically functioned as surrogates
for a histological diagnosis of germinoma, since these
tumors were characteristically radioresponsive. Poor
response to 20 Gy indicated an alternate diagnosis
such as NGGCT or glioma. A robust response to 20 Gy
suggested a histological diagnosis of germinoma, and
treatment was continued to 50 Gy for definitive treat-
ment. In light of the advances in neurosurgical tech-
niques as well the ability to differentially treat with
chemotherapy, surgical biopsy in the modern era is
generally much safer and usually recommended pri-
or to treatment. However, controversy remains
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whether biopsy is indicated for these tumors. This
primary decision determines the management plan.

6.5.1 Laboratory Investigations

AFP is normally expressed during embryonic devel-
opment. It is the earliest serum binding protein in the
fetus and reaches peak concentration at 12 to
14 weeks of gestation then gradually falls to reach
adult levels of 10 ng/dl at 1 to 2 years of age. As AFP
levels decline during fetal development, albumin be-
comes the predominant binding protein. The pres-
ence of AFP (>25 ng/ml) indicates that there are ma-
lignant components in the tumor consisting of yolk
sac elements or embryonal carcinoma. The half life of
AFP is 5 to 7 days and is a useful marker to follow,
with one caveat: due to the variable rates of AFP lev-
els in infants, AFP levels are less informative in this
very young age group. Of note is the phenomenon of
increasing AFP levels due to chemotherapy-induced
tumor lysis and not necessarily due to disease pro-
gression. B-HCG is produced by syncytiotrophob-
lasts during pregnancy to maintain the corpus lu-
teum, and minute amounts are found in normal
adults. Pathologic elevations of B-HCG (>50 1U/L)
are found when there is a clonal disorder of syncytio-
trophoblasts such as in choriocarcinoma or syncy-
tiotrophoblastic giant cells found in embryonal carci-
nomas. Therefore, when an elevation of one of these
tumor markers is present, it is highly suggestive of
the histological diagnosis.

Embryonal carcinomas secrete both AFP and B-
HCG while endodermal sinus tumors and choriocar-
cinomas secrete only AFP and B-HCG, respectively
(see Table 6.2). However, in as many as 30% of GCTs,
more than one histologic subtype is found (Matsuta-
ni et al. 1997). The most useful laboratory values for
the diagnosis of GCTs are elevations of AFP and/or
B-HCG in serum or CSE It is important to sample
both serum and CSE as serum levels can be normal in
the presence of elevated CSF levels. If present, the pro-
tein levels can serve as useful tumor markers since
they decrease as tumor burden decreases. GCTs that
have elevations of these tumor markers show worse
prognosis when matched with patients with identical
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histologic diagnoses but normal marker levels (Itoya-
ma et al. 1995; Nishizaki et al. 2001). AFP can be used
as a tumor marker in endodermal sinus tumors and
B-HCG is useful in choriocarcinoma. Embryonal car-
cinomas can secrete both AFP and -HCG.

Another helpful tumor marker is placental alka-
line phosphatase (PLAP), which is a fetal isoenzyme
of alkaline phosphatase and is almost always elevated
in germinomas (Cushing et al. 2002). Therefore, one
controversial option in patients with elevated PLAP
but normal B-HCG and AFP would be to assume the
diagnosis is germinoma and treat accordingly (Stein-
bok 2001). However, PLAP is not readily available as a
test in many institutions and such empiric diagnoses
are extraordinarily rare. Another marker for germi-
noma that has recently been investigated is the solu-
ble isoform of C-kit (S-kit). Elevations of S-kit were
found in the CSF of patients with germinoma and al-
so correlated with the patient’s clinical course. More-
over, the level of S-kit was remarkably higher in pa-
tients with tumor dissemination and suggests that
S-kit may be another useful tumor marker (Miyano-
hara et al. 2002).

6.5.2 Diagnostic Imaging

As in the diagnosis of other brain tumors, computed
tomography (CT) and magnetic resonance imaging
(MRI) are the most common modalities used to diag-
nose intracranial GCTs. Of historic interest only, pi-
neal region tumors can be detected on plain skull
films by the presence of calcifications. MRI is the
study of choice although CT has an advantage over
MRI in identifying calcifications. The identification
of calcification in the pineal gland in a child younger
than 6 years old is an indication for an MRI even
when no mass is apparent on CT (Zimmerman and
Bilaniuk 1982; Steinbok 2001).

Findings on CT or MRI are almost never sufficient
for the diagnosis of GCTs. Germinomas are usually
diffusely enhancing on CT and MRI whereas NG-
GCTs are more likely to be heterogeneous in part due
to hemorrhage. Larger germinomas can also have a
heterogeneous appearance (Fig. 6.1). A tumor in the
suprasellar region in association with a pineal tumor
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Figure 6.3

is usually a GCT, most likely a germinoma (Fig. 6.2).
A bifocal location is not guaranteed to be a germino-
ma as GCTs with mixed elements can also appear in
two locations (Fig. 6.3). A recent or old hemorrhage
seen in the tumor suggests an NGGCT, particularly
common with choriocarcinoma (Fig. 6.4). Intracrani-
al teratomas tend to be well circumscribed and have
large cysts and calcifications within the tumor, which
can be helpful in distinguishing them from germin-
omas. Immature teratomas tend to have fewer cysts
and calcifications and may secrete tumor markers if
microscopic malignant germ cell elements are pres-
ent (Fujimaki et al. 1994).

In addition to GCT, the differential diagnosis of a
pineal lesion includes pineoblastoma, trilateral retin-
oblastoma in a patient with bilateral retinoblastoma,
pineocytoma, glioma, meningioma, lymphoma, or a
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Figure 6.4

An axial CT image from a teenage boy who presented
with headaches and a change in mental status. A large,
partially hemorrhagic tumor is seen extending into the
lateral ventricles. An endoscopic biopsy was consistent
with choriocarcinoma. B-HCG as measured in the CSF
was 88,767 IU/L (normal: <1.5). Hydrocephalus is pres-
ent and an external ventricular catheter has been in-
serted into the anterior portion of the ventricle

benign lesion such as a cyst. Benign cysts can be gen-
erally distinguished from malignant cystic neo-
plasms by the lack of enhancement, or by a very thin
rim of enhancement surrounding a hypointense cen-
ter (Steinbok 2001).

6.5.3 Obtaining Tissue Diagnosis

There is geographic variation in management strate-
gies. In 1992, Oi and Matsumoto noted that the ma-
jority (84%) of Japanese neurosurgeons were com-
fortable using a radiodiagnostic trial of 20 Gy in lieu
of histological confirmation of a germinoma. In con-
trast, the majority (78%) in Western countries rec-
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ommended histological diagnoses as the initial man-
agement of pineal region tumors. This discrepancy
may be due to the fact that pineal region tumors are
much more common in Japan and the incidence of
germinomas in particular is higher (Oi and Matsu-
moto 1992). A follow-up study by Oi et al. showed that
by 1998, radical resection of the tumor was recom-
mended as the initial procedure by only 22 % of Jap-
anese neurosurgeons with 39 % recommending biop-
sy and 39% recommending radiation therapy. The
authors suggested that tissue diagnosis by ventri-
culoscopic or stereotactic approach as the most ap-
propriate initial step for the treatment planning of pi-
neal region tumors (Oi et al. 1998).

Although a definitive conclusion cannot be
reached, a prudent strategy would be to utilize a safe
and minimally invasive technique to obtain tissue for
histologic analysis. Such techniques would include
endoscopic biopsy at the time of third ventriculosto-
my or aqueductoplasty, or stereotactic biopsy. A re-
view of 370 cases of stereotactic biopsies in France re-
ported only 1.3% mortality and 1% major morbidity
rates (Regis et al. 1996). Despite these relatively low
rates, most surgeons are more comfortable with open
biopsy in this region due to the close proximity of
deep cerebral veins. One of the advantages of open bi-
opsy is that sampling error can be minimized by tak-
ing several biopsies. This is particularly important
since mixed GCTs are commonly encountered. Ad-
vances in surgical techniques allow open procedures
to access the pineal region without major morbidity.

6.6 Treatment
6.6.1 Role of Surgery

Prior to 1970, surgery resulted in 25 to 70 % morbidi-
ty and mortality rates and led to radiotherapy be-
coming the treatment of choice with 60 to 80% 5-year
survival rates. In Japan, the standard of care was ad-
ministration of a radiodiagnostic trial of 20 Gy fol-
lowed by definitive doses of radiation if 20 Gy in-
duced a tumor response (Handa and Yamashita
1981). Conventional radiotherapy for CNS germin-
omas involved 30 Gy of craniospinal irradiation (CSI)
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followed by a boost to the primary disease site to a to-
tal dose of 50 Gy. The main role of surgery at that time
was for treatment of hydrocephalus by placement of
ventriculo-peritoneal shunts, which resulted in peri-
toneal metastases at times (Brandes et al. 2000).

Chemotherapy was incorporated into the treat-
ment of intracranial GCTs after agents known to have
activity against testicular GCTs were shown to cross
the blood-brain barrier (Ginsberg et al. 1981; Brandes
et al.2000). The next logical step in the treatment of in-
tracranial GCTs incorporated chemotherapy adminis-
tered prior to irradiation (neoadjuvant chemothera-
pY) in an attempt to reduce the doses and volumes of
radiation and the resulting toxicity (Allen et al. 1987).
Chemotherapy without radiation, however, does not
provide as durable a response to treatment. One study
reported that of 13 AFP- and B-HCG-secreting GCTs
treated by chemotherapy and surgery alone, 12 re-
lapsed (Baranzelli et al. 1998). Approximately 50% of
these patients could be salvaged by radiation therapy.
The authors concluded that focal radiotherapy should
be part of the treatment of these tumors.

As chemoradiation emerged as the standard of
care for intracranial NGGCTs, the role of surgery re-
mained controversial. In a study by Weiner et al., rad-
ical resection in addition to chemotherapy improved
prognosis for patients with intracranial NGGCT.
They recommended delayed surgical resection for
patients who have normalized tumor markers with
persistent radiographic abnormalities after three cy-
cles of initial chemotherapy in order to avoid unnec-
essary radiation or further chemotherapy (see also
Chap. 13; Balmaceda et al. 1996; Weiner et al. 2002).
Most centers continue to use chemoradiation as the
mainstay of treatment with surgery reserved for re-
sidual disease. A clear indication for surgery is in ma-
ture teratoma where surgical resection is generally
accepted as sufficient for cure. In immature terato-
mas, chemoradiotherapy should be utilized if tumor
markers are present since it may be presumed that
malignant germ cell elements have been missed. For
completely resected non-secreting immature terato-
mas, there is still a risk of relapse without adjuvant
therapy (Sawamura et al. 1998b).
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6.6.2 Chemotherapy

With the recognition of chemosensitivity of intracra-
nial GCTs, a number of agents were evaluated. As sin-
gle agents, actinomycin-D, vinblastine, bleomycin,
doxorubicin, cisplatin, carboplatin, etoposide, ifosfa-
mide, and cyclophosphamide are active against
GCTs, and combinations of these agents are the basis
for treatment regimens. The most common combina-
tions currently in use incorporate cisplatin with eto-
poside and bleomycin (PEB), with alternatives such
as PVB containing vinblastine instead of etoposide,
and JEB containing carboplatin instead of cisplatin
(Hawkins et al. 1986; Pinkerton et al. 1990; Einhorn
and Donohue 1997; Cushing et al. 2002). In addition,
ifosfamide has been found to be the third most active
agent against GCTs following cisplatin and etoposide
and was investigated as salvage therapy in patients
with refractory disease (Nichols 1996).

Recent studies have supported distinct therapeu-
tic approaches for germinomas and NGGCTs as NG-
GCT clearly have worse prognoses than germinomas.
For NGGCTs, radiation alone produces 5-year surviv-
al rates of only 30 to 40 %. Excellent response rates to
chemotherapy have shifted the standard treatment of
NGGCT to combined modality therapy consisting of
chemotherapy and radiation. For mixed GCTs, treat-
ment is directed at the most malignant element. Be-
cause histology will influence the choice of treat-
ment, and coincident with improved surgical tech-
niques, the need for obtaining tumor histology is now
recognized (Aydin et al. 1992; Sawamura et al. 1997).

Calaminus et al. (1997) reported promising results
with four courses of PEI [cisplatin (20 mg/m? day 1 to
5), VP16 (100 mg/ m? day 1 to 3), and ifosfamide
(1.5 g/ m* day 1 to 5)], resection of the residual tumor
if feasible, followed by radiation consisting of 30 Gy
CSI and an additional 24 Gy boost to the primary site.
Event free survival (EFS) was 81% with 11 months
follow-up, representing a significant improvement
from previous studies. Robertson et al. (1997) report-
ed improved outcome for intracranial NGGCTs uti-
lizing a treatment plan of initial radical surgical re-
section followed by three or four cycles of adjuvant
chemotherapy with cisplatin (100 mg/ m?/cycle) and
VP-16 (500 mg/m2/cycle), followed by radiotherapy
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and finally four additional cycles of post-radiation
chemotherapy. Four-year actuarial EFS and overall
survival were 67 % and 74 %, respectively. It remains
to be seen whether further intensification using mye-
loablative chemotherapy with autologous stem-cell
rescue has a role in patients with poor-prognosis
GCTs or relapsed GCTs.

6.6.3 Radiation Therapy

The extent of the radiation field in the treatment of
localized NGGCT remains unclear. There is little lit-
erature addressing the appropriate radiation field for
localized NGGCT, and only small patient numbers. In
a study by the French Society of Pediatric Oncology
chemotherapy and focal radiation resulted in 5 re-
lapses among 24 patients with localized NGGCTs
(Bouffet et al. 1999). A similar regimen in a separate
study resulted in 3 of 18 patients experiencing dis-
ease recurrence, 2 with isolated spinal relapses (Rob-
ertson et al. 1997).

Recommendations for the multimodality ap-
proach to NGGCT have emerged from recent studies.
For patients with NGGCTs and complete responses to
chemotherapy, Buckner recommends 54 Gy limited-
field irradiation and 30 Gy CSI if the spinal axis is in-
volved; in patients with partial response, 59.4 Gy lim-
ited field was recommended with 36 Gy CSI if spinal
involvement is evident (Buckner et al. 1999).

Of the various histologic subtypes of intracranial
GCTs, germinoma represents the most common and
prognostically most favorable subgroup. The roles
of surgery, chemotherapy, and radiation are con-
stantly evolving. Other than as a diagnostic tool,
surgery has no proven role in the treatment of intrac-
ranial germinomas. Several studies have shown no
benefit to radical surgical resection in overall surviv-
al for germinoma patients (Sawamura et al. 1997).
Unlike surgery, radiation remains a critical compo-
nent of the treatment of intracranial germinomas. In
fact, the gold standard against which all new ap-
proaches must be measured remains radiotherapy
alone. Controversy persists regarding the appropriate
fields and volumes for irradiation, particularly for lo-
calized, non-disseminated germinomas. A key point
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of controversy involving radiation for localized ger-
minomas has been the need for CSI. Current evidence
substantiates omitting CSI from the treatment of lo-
calized germinoma. Spinal failure rates of less than
10% in the absence of CSI, reported in most contem-
porary series, do not justify routine incorporation of
CSI into treatment strategies for localized germino-
ma. Since CSI is no longer indicated for localized
pure germinomas, the value of whole brain irradia-
tion and whole ventricular radiation have been ques-
tioned as well.

Although most investigators now omit whole
brain radiation, several studies have reported higher
recurrence rates associated with radiation targeting
the tumor volume only (Uematsu et al. 1992; Shiba-
moto et al. 1994; Wolden et al. 1995; Brandes et al.
2000). Specifically, tumor recurrences following radi-
ation fields confined to only the primary tumor result
in disease failure within adjacent brain parenchyma
and ventricles. Therefore, investigators have recom-
mended initial inclusion of the entire ventricular
field followed by a boost to the primary tumor to a to-
tal dose of 45 Gy for tumors less than 4 cm in size,
and 20 Gy for spinal prophylaxis in case of posi-
tive cytology (Uematsu et al. 1992; Shibamoto et al.
1994). Shibamoto et al. suggested modulating the
radiotherapy dose according to tumor diameter,
with 40 Gy for tumors up to 2.5 cm, 45 Gy for tu-
mors between 2.5 to 4 cm, and 50 Gy for tumors over
4 cm (Shibamoto et al. 1994). Dissemination to hy-
pothalamus, third ventricle, or spinal cord identifies
a high-risk group that warrants consideration of
CSI with systemic chemotherapy (Jennings et al.
1985b).

We recommend whole ventricular irradiation, fol-
lowed for localized germinoma by a boost to the pri-
mary tumor when using radiation alone. Some ques-
tion the rationale of whole ventricular irradiation
given the continuity of CSF space throughout the en-
tire central nervous system. We argue that the natural
history of germinomas is characterized by multifoca-
lity and intracranial relapses at foci separate from the
primary tumor with lesser propensity for diffuse
CNS involvement. These features distinguish germin-
omas from other CNS malignancies, such as
medulloblastoma, that require CSI for cure. Whether
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more generous local radiation fields sterilize occult
multifocal disease or target direct ventricular inva-
sion, a role appears to exist for whole ventricular ir-
radiation in the treatment of localized germinoma.
As for dose, the literature supports 245 Gy to the pri-
mary tumor for germinomas treated with radiation
alone.

6.6.4 Combined-Modality Treatment

Historically, intracranial germinomas have been
treated with radiation alone, producing excellent
cure rates. The significant long-term toxicity of radi-
ation, particularly in children, has prompted investi-
gations into alternative treatments that minimize the
dose and volume of irradiation. However, these alter-
native approaches must be required to preserve the
high cure rates established with radiation alone.
Combined-modality approaches in which chemo-
therapy precedes radiation have gained credence and
are now considered a standard alternative to radia-
tion alone.

Several series have reported excellent clinical out-
come with pre-irradiation chemotherapy followed by
focal irradiation. Buckner et al. and Sawamura et al.
reported 100 % survival with median follow-ups of 51
and 24 months respectively (Sawamura et al. 1998¢;
Buckner et al. 1999). Buckner et al. treated 9 patients
with germinomas and 8 with mixed GCTs. Treatment
consisted of etoposide (100 mg/ m*/d) plus cisplatin
(20 mg/ m*d) daily for 5 days every 3 weeks for four
cycles, followed by radiation therapy. They recom-
mend that germinoma patients with complete re-
sponses after standard chemotherapy receive 30 Gy
to a limited field with the addition of 20 Gy CSI for
disseminated disease. For patients with partial re-
sponses, dose of 54 Gy were recommended with 30 Gy
CSI for disseminated disease.

A recent study by Aoyama et al. (2002) reported
excellent results for chemoradiation. Patients with
pure germinomas were treated with EP (etoposide
100 mg/m* and cisplatin 20 mg/m?) given for 5 days
every 4 weeks for 4 four cycles; patients with other
pathologic types were treated with ICE (ifosfamide
900 mg/m? cisplatin 20 mg/m? and etoposide
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60 mg/m?) for 5 consecutive days every 4 weeks for up
to six cycles depending on chemoresponsiveness, ex-
tent of surgical resection, and tumor marker levels. At
5 years, they observed overall survival rate of 100%
with relapse-free survival rate of 90 % for germinoma
patients and 44 % for f—HCG secreting germinomas,
which represent a mixed germ cell tumor with
B-HCG secreting syncytiotrophoblastic giant cells.
This is additional evidence that treatment should be
directed at the most malignant element. The 5-year
overall survival rates were 93% for non-B—HCG se-
creting germinomas and 75% for B-HCG-secreting
germinomas. The Aoyama group recommend, fol-
lowing EP chemotherapy, that dose and volume can
be reduced to 24 Gy in 12 fractions for non-B—HCG-
secreting germinomas, but higher radiation doses
maintained for B~-HCG secreting germinomas.

Sawamura et al. (1998a) have recommended fur-
ther risk stratification of patients into three catego-
ries. They have categorized pure germinoma and ma-
ture teratoma as the good-prognosis group with the
poor-prognosis group including embryonal carcino-
ma, yolk sac tumor, choriocarcinoma, and mixed
germ cell tumor containing any embryonal carcino-
ma, yolk sac tumor, or choriocarcinoma elements. Fi-
nally, their intermediate-prognosis group includes
germinomas with elevated B—HCG, immature terato-
ma, extensive/multifocal germinoma, and mixed
germ cell tumor containing only germinoma with
teratoma elements. Further therapeutic studies in-
corporating this type of risk stratification is warrant-
ed to determine if prognosis can be improved in the
poor-risk group while minimizing the therapy-in-
duced physical or cognitive sequelae.

The chemoresponsiveness of intracranial GCTs
prompted regimens using chemotherapy alone. How-
ever, efforts to omit radiation and treat intracranial
GCTs with chemotherapy alone have not been prom-
ising. Yoshida et al. saw a response rate of 80 to 85%
in patients treated with a combination regimen with
cisplatin and etoposide but survival times at 2 years
were 88% in germinomas and 48 % in NGGCTs. Ba-
ranzelli et al. used six cycles of chemotherapy fol-
lowed by surgery in case viable residual tumor was
found on imaging, and radiation was further deliv-
ered in case viable residual tumor was found on pa-
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thology. They reported 66% cure rate; however, pa-
tients who did not receive radiation relapsed. Thus,
chemotherapy alone does not provide comparable
cure rates (Yoshida et al. 1993; Balmaceda et al. 1996;
Baranzelli et al. 1998).

6.6.5 Treatment of Recurrent Disease

As with most malignancies, relapse poses a formida-
ble problem. For patients who relapse with intracra-
nial GCTs, salvage therapy using the same chemo-
therapy regimen followed by radiotherapy has been
effective (Sawamura et al. 1999). Kobayashi et al.
(1989) used combinations of cisplatin and etoposide
in four cases of recurrent intracranial germ-cell tu-
mor (three malignant teratomas and one germino-
ma) with a response rate of 100%. Aoyama et al. suc-
cessfully treated recurrent germinomas with further
chemotherapy and re-irradiation (Aoyama et al.
2002). However, improving prognosis for NGGCTs re-
mains a concern. Encouraging results from Tada et.
al. (1999) used high-dose chemotherapy (200 mg/ m?
cisplatin, 1250 mg/ m? etoposide, and 150 mg/ m?
ACNU) with autologous stem-cell rescue in six pa-
tients with high-risk intracranial nongerminoma-
tous germ cell tumor and reported 100% survival
with 1 to 7-year follow-up (Tada et al. 1999). Although
trials using high-dose chemotherapy with stem-cell
rescue seem to be showing promise in relapsed ex-
tracranial GCTs, it remains to be seen whether mye-
loablative consolidation therapy has a role in the
treatment of intracranial GCTs.

6.7 Outcome

The outcome for patients with pure intracranial ger-
minoma is significantly better than for NGGCT. Cure
rates above 90 % with radiation alone establish radia-
tion as the benchmark against which combined-mo-
dality therapy must be compared. Comparable out-
comes are achieved in patients with intracranial ter-
atoma. Prognosis for NGGCTs other than teratoma is
poorer than for germinomas with historically 20 to
49% 5-year survival rates (Jennings et al. 1985b;
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Schild et al. 1996; Matsutani et al. 1997; Drummond
and Rosenfeld 1999; Jaing et al. 2002). However, it is
clear that combined-modality therapy has dramati-
cally improved these historically poor clinical out-
comes of patients with NGGCTs. The roles of surgical
resection and high-dose chemotherapy with stem-
cell rescue for patients with NGGCTs are currently
under investigation.

Given higher cure rates for patients with intracra-
nial GCTs,long-term toxicities are clearly evident. Sa-
wamura et al. (1998a) reported a variety of late ad-
verse effects of therapy including stroke, secondary
malignancy, and cognitive, endocrinologic, auditory,
and visual dysfunctions. Of 85 patients, 58 required
hormone replacement therapy and 26 patients
showed poor performance status. Young patients are
at increased risk of physical as well as neuropsycho-
logical deficits. As expected, patients who received
less than 55 Gy showed higher Karnofsky scores (Ono
et al. 1994).

Sands et al. (2001) reported the results of quality of
life and neuropsychological functioning in patients
enrolled in the First International CNS Germ Cell Tu-
mor Study. Patients who received CNS radiation ther-
apy had worse physical health but similar psychoso-
cial health. Patients with germinomas significantly
outperformed those with NGGCTs on all neuropsy-
chological measures, and younger patients were at in-
creased risk for psychosocial and physical problems
as well as neuropsychologic deficits. In the study by
Aoyama et. al. (2002) using chemotherapy followed
by low-dose involved-field radiotherapy, the authors
noted no remarkable deterioration in quality of life
or neurocognitive function.

Combination chemoradiotherapy regimens with
risk stratification and dose adjustments will likely
decrease the long-term side effects of therapy while
improving the prognosis for those with the poor-risk
intracranial GCTs. New approaches hold promise as
well. Osada et al. (2001) provide a case report of uti-
lizing dendritic-cell based immunotherapy in a pa-
tient with relapsed, resistant intracranial germ cell
tumor who had significant tumor shrinkage as well as
decrease in tumor markers after four infusions of pe-
ripheral blood dendritic cells followed by monocyte-
derived dendritic cells.
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6.8 Conclusion

In this chapter, we have reviewed the epidemiology,
pathology, clinical features, diagnosis, and treatment
of intracranial germ cell tumors. The utilization of
tumor markers, improved imaging technologies, and
safer biopsy techniques has made the diagnosis of in-
tracranial germ cell tumors relatively straightfor-
ward. Mixed GCTs remain a diagnostic challenge. The
outcomes of patients with GCTs have paralleled the
success that has been achieved in other types of pedi-
atric cancers with the advances in combinatorial reg-
imens and intensification of treatments. As with oth-
er pediatric malignancies, the challenge is to distin-
guish the patients who require more intensive thera-
py from those needing standard treatment. Risk-
stratified treatment protocols individualized to a pa-
tient’s tumor profile are clearly the next step. Techno-
logical advances in the field of neurosurgery and ra-
diation oncology continue to further treatment suc-
cess and decrease long-term sequelae of our thera-
pies. Further understanding of the biology of intrac-
ranial GCTs should result in novel, targeted, and less
toxic therapeutics.
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Chapter 7

Craniopharyngioma

R.Du  R.H.Lustig - B.Fisch
M. W. McDermott

7.1 Introduction

Craniopharyngiomas are histologically benign neu-
roepithelial tumors that arise from squamous cell
rests found along the path of the primitive cran-
iopharyngeal duct and adenohypophysis. They fre-
quently involve vital structures in the sellar region
including the optic apparatus and the pituitary, and
often lead to visual, endocrine, and mental distur-
bances. Thus, despite their benign histology, the in-
volvement of various neural structures in the supra-
sellar region makes the treatment and management
of craniopharyngiomas difficult. There is an ongoing
controversy regarding optimal treatment of cran-
iopharyngiomas. The debate revolves around the
risks and benefits of attempted gross total resection
as compared to subtotal resection or biopsy followed
by adjunctive therapy such as external beam radio-
therapy, radiosurgery, intracavitary radiation, and/or
chemotherapy.

7.2 Epidemiology

The incidence of craniopharyngioma is 1.3 per
1,000,000 person years and does not vary with gender
or race. There is a bimodal distribution with peak
rates during childhood (5 to 14 years) and in older
adults [65 to 74 years in the Central Brain Tumor Reg-
istry of the United States (CBTRUS) and 50 to 74
years in the Los Angeles County Cancer Surveillance
Program; Bunin et al. 1998]. Craniopharyngiomas ac-
count for 5 to 10% of pediatric brain tumors and 1 to
4% of adult brain tumors (Kernohan 1971; Samii and
Tatagiba 1997; Bunin et al. 1998; Moore and Could-
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well 2000). It is the most common neuroepithelial in-
tracranial tumor in children and accounts for 56 % of
pediatric sellar and suprasellar tumors (Miller 1994).
One should note, however, that the majority of cran-
iopharyngiomas occur in adults because the overall
incidence of brain tumors in adults is much greater
than in children.

7.3 Pathology
7.3.1 Etiology

In the middle of the fourth week of gestation, Rath-
ke’s pouch projects upwards from the roof of the sto-
modeum (oral cavity) and grows towards the in-
fundibulum, a downward growth from the dienceph-
alon (Fig.7.1). During the sixth week of gestation, the
connection between Rathke’s pouch and the oral cav-

Rathke’s pouch projects from the roof of the stomo-
deum and grows towards the infundibulum during the
fourth week of gestation. During the sixth week of ges-
tation, the connection between Rathke’s pouch and the
pharyngohypophyseal stalk disappears. Rathke’s pouch
then develops into the adenohypophysis. Craniophar-
yngiomas are generally believed to develop from squa-
mous cell rests along the path of the primitive cran-
iopharyngeal duct and adenohypophysis (Reprinted by
permission)

Craniopharyngioma

ity (the pharyngohypophyseal stalk) disappears.
Rathke’s pouch then develops into the pars distalis,
pars intermedia, and pars tuberalis, which make up
the adenohypophysis (Moore and Persaud 1993; Mill-
er 1994; Samii and Tatagiba 1997). Craniopharyngio-
mas are generally believed to develop from squa-
mous cell rests found along the path of the primitive
craniopharyngeal duct and adenohypophysis (Dono-
van and Nesbit 1996; Moore and Couldwell 2000).
A metaplastic origin from adenohypophyseal cells
has been proposed for the papillary subtype of cran-
iopharyngioma, but the exact origin of these tumors
remains controversial (Miller 1994).

7.3.2 Classification

Craniopharyngiomas are divided anatomically into
four groups depending on the relationship of the tu-
mor to the optic chiasm: prechiasmatic, retrochias-
matic, subchiasmatic, and laterally expansile (Hoft-
man et al. 1999). Most craniopharyngiomas are both
intra- and extrasellar (75%), but some are purely su-
prasellar (20%) or purely intrasellar (5%). Thirty
percent extend anteriorly, 25% extend laterally into
the middle fossa, and 20% are retroclival. Intraven-
tricular craniopharyngiomas, which arise within the
third ventricle and extend downward through the
sphenoid bone into the nasopharynx, are very un-
common (Harwood-Nash 1994).

7.3.3 Histopathology

Craniopharyngiomas can also be classified by patho-
logic type: adamantinomatous, papillary, and mixed.
The adamantinomatous type is the most common; it
is cystic and filled with dark brown fluid (Sidawy and
Jannotta 1997). The epithelium resembles tumors of
tooth-forming tissues or ameloblastomas, and less
commonly of long-bone tumors known as adaman-
tinomas, thereby giving these the name “adamanti-
nomatous craniopharyngiomas” Microscopically,
the epithelium consists of a basal layer of small baso-
philic cells, followed by an intermediate layer of vari-
able thickness composed of a loose collection of stel-
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Figure 7.2

Adamantinomatous craniophar-
yngioma showing palisading
basal squamous epithelium sur-
rounding loosely arranged epi-
thelial cells (stellate reticulum)
and nodules of eosinophilic
keratinized cells

late cells whose processes traverse the intercellular
spaces (Fig.7.2). The top layer consists of keratinized
squamous cells that desquamate as stacks of flat ker-
atin plates into the cyst cavity. The cyst fluid is there-
fore rich in membrane lipids such as cholesterol, as
well as in keratin from the cytoskeleton, and can
cause chronic inflammation within the cyst walls.
The desquamated cells often calcify but rarely
progress to metaplastic bone formation (Miller
1994).

Squamous papillary craniopharyngiomas, the sec-
ond variety, are composed of stratified squamous ep-
ithelium that has papillary projections of epithelial
cords into the surrounding tissues. These tumors
rarely calcify or desquamate, the cell layers being sol-
id and compact with no stellate regions. These tu-
mors occur mostly in adults. Mixed craniopharyngi-
omas, the third type, have features of both the ada-
mantinomatous and papillary types.

While the adamantinomatous type is common in
all age groups, the squamous papillary type is rare in
children. In pediatric patients, 92 to 96% have been
found to be adamantinomatous, 0% squamous papil-
lary, 0 to 4% mixed, and 4% not classified (Miller
1994; Weiner et al. 1994). In adults, 63 to 66% were
adamantinomatous, 27 to 28% squamous papillary,
6 to 7% mixed, and 3% not classified. However, one

pure squamous papillary tumor has been found in a
child, showing that while these are rare in children,
they are not exclusive to adults.

7.3.4 Tumor Biology

Raghavan et al. (2000) have measured the prolifera-
tive activity of craniopharyngiomas based on their
MIB-1 immunostaining for the Ki-67 nuclear anti-
gen, but found no correlation with morphological
features or clinical outcomes. Thapar et al. (1994)
demonstrated the expression of estrogen-receptor
gene in the proliferative epithelial component of 19
adamantinomatous and 4 papillary craniopharyngi-
omas, which suggested hormonal involvement in the
genesis or progression of craniopharyngiomas. How-
ever, there was no correlation between the presence
of estrogen-receptor mRNA hybridization signal and
the clinical outcome. Barbosa et al. (2001) several dif-
ferent types of brain tumors and found a high level of
acetylcholinesterase activity and a low level of buty-
rylcholinesterase activity in all three craniopharyn-
giomas studied. Low levels of butyrylcholinesterase
were correlated with slow growth in the tumors stud-
ied but the correlation between the level of this en-
zyme and clinical outcome was not studied. Vidal et
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al. (2002) found strong cytoplasmic immunoreactivi-
ty for vascular endothelial growth factor (VEGF) in
epithelial cells of both adamantinomatous and papil-
lary craniopharyngiomas and that microvessel den-
sity,a measure of angiogenesis, correlated with an in-
creased risk of recurrence. However, not every recur-
rent tumor had a high microvessel density, indicating
that other factors are involved in the prognosis of
these tumors.

Little is known about the genetic basis for the de-
velopment of craniopharyngiomas. Sarubi et al.
(2001) studied 22 adamantinomatous craniopharyn-
giomas for mutations in three genes associated with
odontogenic tumors, Gsa, Gi2a, and patched (PTCH).
No mutations were detected in any of the three. Mat-
suo etal. (2001) demonstrated the expression of pros-
taglandin H synthetase-2 (PHS-2) in a variety of
brain tumors, including 2 out of 4 craniopharyngio-
mas, suggesting that PHS-2 may play a role in tumor-
igenesis, but the significance of this isolated finding
remains unclear. Nozaki et al. (1998) studied the oc-
currence of p53 mutations in a variety of tumors, but
found no evidence of p53 mutations in any of four
craniopharyngiomas. Overall, these data demon-
strate that the genetic and molecular basis for cran-
iopharyngiomas remains poorly understood, in con-
trast to the advances that have been made in under-
standing the oncogenesis of many malignant tumors.
Further experimental studies are clearly required if
specific biological therapies are to be developed.

7.4 Clinical Features
7.4.1 Signs and Symptoms

The sellar/suprasellar location of craniopharyngio-
mas can cause compression or destruction of the op-
tic chiasm, nerves,and/or tracts, hypothalamus, pitu-
itary stalk, and/or adjacent vascular structures, lead-
ing to the typical clinical picture of progressive visu-
al loss, headaches, and/or endocrine abnormalities
(Miller 1994). The exact position of the tumor can in-
fluence the clinical picture. Retrochiasmatic tumors
extend posteriorly and push the chiasm anteriorly
against the tuberculum sella. These tumors tend to
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fill the third ventricle and cause hydrocephalus,
which typically presents as headache, nausea, and
vomiting (Sanford and Muhlbauer 1991; Hoffman et
al. 1999). Lateral extension of the tumor can cause dis-
placement of internal carotid arteries and posterior
communicating arteries. Posterior extension of the
tumor can displace the tip of the basilar artery, poste-
rior cerebral arteries, oculomotor nerves, and rostral
brainstem (Miller 1994). Regardless of the exact ori-
gin, large tumors can compress the pituitary stalk
or adenohypophysis leading to a variety of endo-
crine abnormalities such as diabetes insipidus, hyper-
prolactinemia, and/or panhypopituitarism. Subtle en-
docrinopathies often escape clinical detection for
long periods of time and are only apparent in hind-
sight.

Visual and endocrine abnormalities are the most
common symptoms at presentation. In a retrospec-
tive study of 72 patients treated with radiation thera-
py at the University of California at San Francisco
(UCSF) from 1972 to 1999, 56% had visual defects
and 50% had endocrine abnormalities prior to treat-
ment (unpublished results). Other presenting symp-
toms included behavioral abnormalities (28%), in-
creased intracranial pressure or hydrocephalus (19%),
and headaches alone (4%). For 36 patients with re-
current disease, 61 % were asymptomatic at the time
of detection, 28% had deterioration of visual func-
tion, and 22 % had worsening headaches.

Although the classic sellar mass will typically
present with a superior temporal field cut, the eccen-
tric growth of craniopharyngioma can lead to pat-
terns of visual loss that vary in type and severity.
These include decreased acuity, diplopia, blurred vi-
sion, and subjective visual field deficits, and cases
have even been reported of unilateral or bilateral
blindness (Hoffman et al. 1999). Eighty percent of
adults have visual disturbance while only 20 to 63%
of children do (Fisher et al. 1998; Moore and Could-
well 2000). This discrepancy may be due to the lack of
awareness amongst children of a progressive narrow-
ing of the peripheral fields. Toddlers, in particular,
can become virtually blind before the extent of visu-
al loss becomes apparent.

Elevated intracranial pressure (ICP) results from
hydrocephalus or from mass effect. As expected,
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headache is the most common complaint in all age
groups with high ICP. Children are more likely to
present with headache and vomiting than with visual
disturbances, and twenty percent of children have
papilledema at presentation (Moore and Couldwell
2000).

7.4.2 Endocrine Abnormalities

Hormonal abnormalities occur in 43 to 90% of pa-
tients at presentation (Moore and Couldwell 2000).
Pure intrasellar craniopharyngiomas are rare so the
loss of hormone secretion usually results from direct
compression or destruction of the hypothalamus
and/or pituitary stalk. Virtually all of the adenohypo-
physeal hormones can be affected including growth
hormone (75%), luteinizing hormone or follicle
stimulating hormone (40 to 44 %), adrenocorticotro-
pic hormone (25 to 56%), and thyroid stimulating
hormone (25 to 64%). Hyperprolactinemia occurs in
1 to 20% of cases from impingement on the pituitary
stalk (the “stalk effect”) and from reduced amounts
of prolactin inhibitory factor (mainly dopamine)
reaching the prolactin-secreting cells of the anterior
pituitary. Diabetes insipidus is reported to occur in
9 to 17 % of patients prior to surgery, but mainly de-
velops postoperatively after removal of large tumors
involving the third ventricle (Sanford and Muhlbauer
1991; Moore and Couldwell 2000; B. Fisch 2002, per-
sonal communication). Deficiencies in LH and FSH
lead to delayed or arrested puberty in adolescents,
and loss of libido or secondary amenorrhea in adults.

Short stature, hypothyroidism, and diabetes insip-
idus (DI) are the three most common endocrine ab-
normalities at presentation in children (Sanford and
Muhlbauer 1991). These in turn can lead to a constel-
lation of other clinical features. Low growth-hor-
mone levels will result in growth retardation and de-
layed bone age. Hypothyroidism leads to poor
growth, weight gain, cold intolerance, and fatigabili-
ty. Forty percent of children demonstrate decreased
height velocity or short stature at presentation, either
from growth hormone deficiency, central hypothy-
roidism, delayed puberty, or a combination of these
three. Lastly, many of these children are obese at pre-
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sentation, due to damage of the ventromedial hypo-
thalamus (VMH), with resultant dysregulation of en-
ergy balance, termed “hypothalamic obesity” (Hoff-
man et al. 1999; Lustig 2002; Lustig et al. 2003).

Mental status changes are unusual in children but
occur in 25% of adults. Tumor growth involving the
frontal lobe can lead to dementia, apathy, and abulia.
Temporal lobe involvement can lead to seizures and
amnesia (Moore and Couldwell 2000).

7.5 Natural History

Craniopharyngiomas are histologically and cytolog-
ically benign but locally aggressive and tend to recur.
The rate of recurrence with any form of treatment is
81026 % at 5 years and 9 to 100 % at 10 years. If recur-
rence cannot be controlled,local invasion and growth
can result in death. Malignant change, however, is ex-
tremely rare, only a handful of cases having been re-
ported in the literature. One was of an adamantino-
matous craniopharyngioma in a patient who under-
went surgical resections and three courses of radio-
therapy with subsequent transition of the cran-
iopharyngioma to a moderately differentiated squa-
mous cell carcinoma (Kristopaitis et al. 2000). Other
cases reported in the literature were presumably
from transplantation of tumor fragments during sur-
gery or from meningeal seeding (Barloon et al. 1988;
Ragoowansi and Piepgras 1991; Malik et al. 1992; Is-
rael and Pomeranz 1995; Gupta et al. 1999; Lee et al.
1999; Ito et al. 2001).

7.6 Diagnosis and Imaging

7.6.1 Computed Tomography
and Magnetic Resonance Imaging

Modern imaging studies used for diagnosing cran-
iopharyngiomas include CT and MRL Plain radio-
graphs are rarely used for diagnosis, but if performed
will demonstrate sellar changes and associated calci-
fications (Harwood-Nash 1994). Sixty-six percent of
adults and 90% of children will have abnormalities
such as sellar enlargement, erosion of the clinoid pro-
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Figure 7.3

CT scan (coronal view) showing punctate calcifications
within a tumor

cesses or dorsum sella, or calcifications on plain ra-
diographs. Tumor-associated calcification is seen in
40% of adults and 80% of children (Moore and
Couldwell 2000). Sellar enlargement is seen in 65 % of
patients while sellar erosion is seen in 44 % (Donovan
and Nesbit 1996).

Calcifications, particularly in the suprasellar re-
gion, are best demonstrated by CT. The presence of
abundant suprasellar calcification is important infor-
mation for the surgeon as these tumors are extreme-
ly difficult to remove. The calcification can be obvi-
ous with large confluent areas or small punctuate or
curvilinear areas (Fig. 7.3). Sellar enlargement and
erosion are also well seen on CT. The tumor often ap-
pears as a lobulated, heterogeneous, and cystic supra-
sellar mass. The cyst fluid is isodense or hypodense,
and the solid portion and cyst capsule enhance with
contrast (Harwood-Nash 1994; Moore and Couldwell
2000).

Calcification is more difficult to detect on MRI, but
MRI provides far more detail regarding the relation-
ship of the tumor to adjacent anatomical and vascu-
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Figure 7.4 a,b

Multiple MRI sequences of a typical cystic craniophar-
yngioma: a Sagittal T1-weighted image without con-
trast. A multilobulated mass is seen in the suprasellar
region. b Sagittal T1-weighted image following gado-
linium. The suprasellar solid component enhances
while the cystic area above it does not. >
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lar structures. High-resolution sequences of the sell-
ar region, with and without contrast enhancement,
should be obtained in all cases. The signal character-
istics of craniopharyngiomas on MRI scans are typi-
cally heterogeneous and depend upon the amount of
cystic and solid components, as well as the amount of
cholesterol, keratin, hemorrhage, and calcification
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Figure 7.4 c-e

¢ Axial T1-weighted image without contrast.d Axial T1-
weighted image with gadolinium. e Axial T2-weighted
image

(Figs. 7.4, 7.5). On T1-weighted images, the cystic
component is hypointense while the cyst rim en-
hances following contrast administration. The solid
component is isointense but enhances with con-
trast (Moore and Couldwell 2000). The tumor is al-
most always hyperintense on T2-weighted images
(Donovan and Nesbit 1996).
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The differential radiographic diagnosis of cystic
suprasellar masses include Rathke’s cleft cyst (no sol-
id component, not lobulated, nonenhancing, more
homogeneous), pituitary adenomas (enlarges sella,
more homogeneous, less cystic), meningiomas (rare-
ly cystic, isointense on T1- and T2-weighted images),
optic pathway gliomas (usually not calcified), and an-
eurysms (laminated thrombus; Donovan and Nesbit
1996; Fischbein et al. 2000).

7.6.2 Clinical Evaluation

The evaluation and management of patients with
craniopharyngiomas requires a multidisciplinary
team approach with the active participation of
subspecialties such as neurosurgery, radiation
and medical oncology, neuroophthalmology, endo-
crinology, and psychology. All patients with cran-

Table 7.1. Endocrinologic evaluation
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iopharyngiomas should have assessment of visual
acuity and a complete visual field examination prior
to treatment and then at intervals after treatment as
follow-up.

Any hormonal deficiency should be evaluated and
treated prior to definitive treatment (Wilson et al.
1998). A complete endocrinologic assessment is often
necessary prior to surgery and is invaluable if and
when any endocrine dysfunction develops (Ta-
ble 7.1). All patients should get stress-dose steroids
prior to surgery on the assumption that normal
ACTH regulation is blunted (Samii and Tatagiba
1997). Hypothyroidism can take several days to cor-
rect and treatment should begin preoperatively. How-
ever, adrenocorticoid insufficiency can be precipitat-
ed if thyroid replacement is begun before steroid is
given (Moore and Couldwell 2000). Finally, any elec-
trolyte abnormalities should be identified and cor-
rected prior to surgery.

Pituitary function Tests

Adrenal axis

Morning cortisol level

24-hour urine free cortisol level
Cosyntropin stimulation test in questionable cases

Thyroid axis Free T4 level

Thyroid stimulating hormone level
Thyrotropin releasing hormone stimulation test in questionable cases

Gonadal axis

Follicle stimulating hormone level

Luteinizing hormone level

Sex steroids: estradiol

Growth hormone

in women, testosterone in men

Somatomedin-C (IGF-1) level

(growth hormone level is pulsatile so a single random level is not reliable)

IGF binding protein-3
Prolactin Prolactin level
Antidiuretic hormone (ADH) Serum sodium
Serum osmoles
Urine sodium

Urine osmoles

Fluid intake and urine output
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7.7 Treatment

The overall treatment philosophy for craniopharyn-
gioma is controversial and remains the subject of on-
going debate. The individual modalities of treatment
include surgical resection, cyst aspiration, radiation
therapy, stereotactic radiosurgery, intracavitary irra-
diation, and new approaches such as chemotherapy
and use of interferon alpha. Mainly due to strongly
held opinions and a lack of randomized clinical trial
data, one camp views radical resection as offering the
best chance for long-term survival while the opposite
camp feels that radical resection leads to unaccept-
able long-term morbidity. The various treatment mo-
dalities and their associated complications will be de-
scribed in the following sections.

7.7.1 Surgery
7.7.1.1 Surgical Indications

There are three surgical goals in the treatment of
craniopharyngioma: diagnosis, decompression, and
prevention of recurrence (van Effenterre and Boch
2002). Hydrocephalus and endocrine abnormalities
are associated with high perioperative morbidity and
must be treated first. Hydrocephalus can be treated
acutely with either an external ventricular drain or a
ventriculoperitoneal shunt prior to definitive sur-
gery. Patients with craniopharyngiomas who pre-
sent with acute visual deterioration or symptoms
of elevated intracranial pressure from tumor-asso-
ciated mass effect also require urgent surgical
decompression. Since endocrine abnormalities
such as hypothyroidism may take several days to
correct, a patient who is stable should have surgery
performed electively after all endocrine abnormali-
ties are controlled. Those patients with large tumors
and cerebral edema will benefit from dexametha-
sone.

7.7.1.2 Surgical Approaches

The surgical approach is determined by the anatom-
ic location and the consistency of the tumor (cystic
vs. solid). The most common approaches are bifron-
tal/extended frontal, unilateral subfrontal, pterional,
transsphenoidal, transcallosal/transventricular, and
subtemporal. Each of these approaches has its advan-
tages and disadvantages although some are better
suited for tumors in specific locations.

The bifrontal and subfrontal approach are used for
primarily suprasellar tumors such as prechiasmatic
and large retrochiasmatic lesions that extend anteri-
orly and fill the third ventricle (Samii and Tatagiba
1997; Moore and Couldwell 2000). The bifrontal/ex-
tended frontal approach is the preferred approach at
our institution. A bifrontal craniotomy is followed by
an extradural bilateral supraorbital osteotomy from
the frontozygomatic processes laterally, through the
roof of both orbits and the frontonasal suture in the
midline. It is considered excessive by some, but the
extent of frontal lobe retraction following removal of
the supraorbital ridge is minimized and the visual-
ization of the tumor is improved.

The unilateral subfrontal approach also allows
good visualization of the optic nerves, the internal
carotid arteries, and access to the third ventricle via
the lamina terminalis (Moore and Couldwell 2000).
Although it gives good exposure of both optic nerves,
it does not provide access to the contralateral nerve
and tract and lateral exposure of the suprasellar re-
gion behind the supraclinoid carotid is limited (Ein-
haus and Sanford 1999). For retrochiasmatic tumors
the majority of the tumor must be removed via the
lamina terminalis.

The pterional approach allows a more lateral view
than the subfrontal approach and is used for large re-
trochiasmatic tumors with both anterior and posteri-
or extensions (Samii and Tatagiba 1997; Moore and
Couldwell 2000). This approach can be combined
with the unilateral subfrontal approach (Einhaus and
Sanford 1999).

The transsphenoidal approach is used for cystic
infradiaphragmatic lesions, for symmetrical and
well-defined suprasellar and retrosellar lesions with
an enlarged sella, and for tumors without calcifica-
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tion that are not adherent to parasellar structures
(Norris et al. 1998; de Divitiis et al. 2000; Moore and
Couldwell 2000). The transsphenoidal approach re-
sults in lower surgical morbidity and postoperative
visual loss as compared to the various intracranial
routes (Rilliet et al. 1999). In two recent studies in-
volving 45 patients, no patient had a deterioration in
vision after transsphenoidal surgery (Fahlbusch et al.
1999; Rilliet et al. 1999). The disadvantages include
the limited lateral exposure and the possibility of a
cerebrospinal leak. If suprasellar calcifications are
found, complete tumor removal is unlikely via the
transsphenoidal approach and a subfrontal approach
is necessary (Samii and Tatagiba 1997).

For purely intraventricular tumors, an interhemi-
spheric transcallosal approach is used (Samii and Ta-
tagiba 1997; Moore and Couldwell 2000). For this ap-
proach, a major portion of the tumor lies within the
third ventricle, which is expanded, and the foramen
of Munro is usually found to be enlarged. A staged
surgical approach can also be used to combine the in-
traventricular approach with the subfrontal or pte-
rional approach at a later date to resect portions of
the tumor within the sella.

For tumors that are mainly cystic, stereotactic cyst
aspiration followed by tumor resection or radiother-
apy with instillation of radioisotopes into the cyst
cavity may be successful (Samii and Tatagiba 1997;
Hayward 1999; Nakamizo et al. 2001). Cyst aspiration
can also relieve hydrocephalus (Hayward 1999). Re-
gardless of surgical approach, any open procedure
should be followed by a postoperative MRI scan to
document the degree of resection. This study should
be done within 48 hours of surgery before postoper-
ative enhancement appears and confuses interpreta-
tion (Harwood-Nash 1994).

7.7.2 Radiotherapy

7.7.2.1 Conventional Radiotherapy

Radiation therapy is often used as an adjuvant to par-
tial resection of the tumor or in cases of tumor recur-

rence. Different modalities of radiation therapy in-
clude external-beam fractionated radiotherapy, ster-
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eotactic fractionated radiotherapy, stereotactic ra-
diosurgery, and intracavitary irradiation.

Conventional fractionated external-beam radia-
tion results in the delivery of a high dose of radiation
to the target by dividing the treatment into multiple
daily doses. Total doses typically range from 50 to
65 Gy divided into fractionated doses of 180 to
200 cGy/d (Einhaus and Sanford 1999). Doses less
than 54 Gy have been associated with a 50% recur-
rence rate in children and a 33% recurrence rate in
adults while doses greater than 54 Gy have a 15% re-
currence rate in children and a 17% recurrence rate
in adults (Regine et al. 1993). Obvious tissue necrosis
occurs at threshold doses of 45 Gy in 10 fractions and
60 Gy in 35 fractions (Sheline et al. 1980).

7.7.2.2 Fractionated Stereotactic Radiotherapy

Fractionated stereotactic radiotherapy is similar to
conventional external fractionated radiation but also
utilizes stereotactic guidance. It has the advantage of
treating tumors greater than 3 cm in size and those
that are close to important structures (Tarbell et al.
1994; Moore and Couldwell 2000). It spares the fron-
tal and temporal lobes, presumably reducing the risk
of mental retardation and behavioral problems in
children as well as the risk of radiation-induced neo-
plasms (Einhaus and Sanford 1999). Experience with
this modality is limited.

7.7.2.3 Radiosurgery

Radiosurgery employs a single treatment session and
uses multiple intersecting beams to concentrate the
radiation and reduce the dose of radiation to the ad-
jacent vital structures. The radiation source is either
a linear accelerator (LINAC) or multiple cobalt-60
sources (Gamma Knife, Elekta AB, Stockholm). In
stereotactic radiosurgery, the radiation dose can be
tailored to the tumor with minimal radiation expo-
sure to the hypothalamic-pituitary axis and the optic
apparatus (Mokry 1999), and is the favored modality
at our institution. Two features that limit radiosur-
gery are large tumor volume and inability to distin-
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guish a boundary between the tumor and a critical
structure such as the optic nerve. Other treatment
steps can sometimes lead to a more amenable situa-
tion for radiosurgery. For example, when the bulk of
the tumor is cystic, it can be aspirated so as to allow
delineation of those structures and subsequent treat-
ment with stereotactic radiosurgery (Chung et al.
2000). Stereotactic radiosurgery has mainly been
used as an adjunct therapy to surgery, cyst aspiration,
and conventional radiotherapy. It is often used in cas-
es of recurrent craniopharyngiomas.

Historically, the total radiation dose used is deter-
mined by balancing the dose required to control the
tumor against that which will avoid damage to the
optic apparatus. The doses used for the tumor mar-
gins have varied from 9.5 to 16.5 Gy, as reported in a
number of recent series (Regine et al. 1993; Kobayashi
et al. 1994; Mokry 1999; Chung et al. 2000; Chiou et al.
2001). The optic apparatus in these reports received
13 Gy or less, but in more recent studies this has been
further reduced to 8 Gy or less (Kobayashi et al. 1994;
Mokry 1999; Chung et al. 2000; Chiou et al. 2001).
With radiosurgery, tumor control rates range from
70 to 92%, although mean follow-up periods of
6 months to 28 months are too short to state the long-
term effect with confidence (Table 7.2) (Kobayashi et
al. 1994; Mokry 1999; Chung et al. 2000; Yu et al. 2000;
Chiou et al. 2001). Chung et al. (2000) reported on
three patients who developed enlargement of the cys-
tic portion of the tumor 5 to 17 months after Gamma
Knife (Elekta AB, Stockholm) radiosurgery and re-
quired cyst aspiration. The mechanism of the cyst en-
largement remains unclear. Smaller tumors were
found to be more likely to respond (Mokry 1999).
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With respect to outcome, a majority of patients re-
tained good function after treatment with stereotac-
tic radiosurgery. Diabetes insipidus, panhypopitu-
itarism, and visual loss were reported to occur, re-
spectively,in 0 to 4%, 0 to 2%, and 0 to 4 % of patients
who underwent radiosurgery(Mokry 1999; Chung et
al. 2000; Yu et al. 2000). Chung et al. (2000) reported
good to excellent outcomes (independent living) in
all patients with mainly solid or cystic tumors and in
50 % of those with mixed solid and cystic tumors. Vi-
sual deterioration occurred in 10 to 66 % of patients
(Kobayashi et al. 1994; Einhaus and Sanford 1999).
Given its effects on vision, stereotactic radiosurgery
should be applied only to small tumors less than 2 cm
in size and more than 4 to 5 mm away from the optic
apparatus (Lunsford et al. 1994).

7.7.3 Intracavitary Therapy

Intracavitary therapy of cystic craniopharyngiomas,
first reported by Leksell and Liden in 1952, has been
used both as a primary mode of therapy as well as an
adjunctive therapy for recurrent cases. Intracavitary
therapy refers to the instillation of a radioisotope
such as yttrium-90, phosphorus-32, or rhenium-186
through an indwelling catheter into the tumor cyst
cavity so that a high dose of radiation can be deliv-
ered to the surrounding secretory epithelial layer.
From a review by Blackburn et al. (1999), 121 of 149
cysts treated in 127 patients reduced in size or were
obliterated in the follow-up period of 0.2 to 13 years.
However, the distinction between recurrence of a cyst
versus recollection of the initial lesion varied among

Table 7.2. Outcomes for craniopharyngiomas treated with Gamma Knife radiosurgery

Series Number of patients Follow-up time (months) Percent (%) tumor progression
Chung et al. 2000 31 36 (mean) 13
Yuetal. 2000 46 6t024 10 for solid tumors
14 for mixed tumors?
Mokry 1999 23 28 (mean) 26

2 intracavitary irradiation with 32P was used for cystic portion of

tumor
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the different studies (Blackburn et al. 1999). In a
study of 30 patients treated with *P where cyst re-
gression was defined as more than 50% reduction in
volume, 88 % were found to have cyst regression with
response occurring within 3 months of surgery and
continued decrease in cyst size for up to 2 years after
surgery (Pollock et al. 1995). Overall survival rate was
55% at 5 years and 45 % at 10 years with a mean sur-
vival of 9 years (Voges et al. 1997). The impact of int-
racavitary irradiation on vision varied widely among
studies ranging from 100% deterioration to 100%
improvement, with improvement in 53% of patients
over all studies considered (Voges et al. 1997; Black-
burn et al. 1999). The effect on endocrine function
was equally varied. Because of these confusing results
and difficulties handling radioactive compounds,
this technique has not been widely adopted.

7.7.4 Chemotherapy

The use of chemotherapeutic agents in the treatment
of craniopharyngiomas is still under investigation.
The most familiar technique is intracavitary instilla-
tion with bleomycin, an antibiotic with antineoplas-
tic actions based on the inhibition of DNA, RNA, and
protein synthesis. Intracavitary therapy involves ini-
tial placement of an Ommaya type catheter into the
cyst cavity followed by a delayed radionuclide scan to
ensure that there is no leak from the catheter or cyst.
Multiple instillations of drug are also often required.
Takahashi et al. (1985) first reported the administra-
tion of bleomycin in seven children with craniophar-
yngiomas. Of this group, four underwent partial exci-
sion and three biopsy of the tumor. Bleomycin was
administered 2 weeks postoperatively via an Omma-
ya reservoir at a dose of 1 to 5 mg every other day. In-
jection of bleomycin was stopped when the cyst fluid
changed from a machine-oil-like fluid to an almost
colorless fluid. If necessary, hormone therapy was
started in parallel with bleomycin therapy. All pa-
tients with cystic tumors were alive at 2 to
7 years follow up. Those with mixed or solid tumors
did poorly and died within 2 years of treatment. Ca-
valheiro et al. (1996) reported the administration of
bleomycin in a 16-year-old patient with decreased vi-
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sual acuity, irregular menstrual cycle, and low TSH,
thyroxin, cortisol, and FSH. Daily injections of 10 mg
bleomycin were given via an Ommaya reservoir for 8
days. At the 1-year follow-up exam, the patient was
asymptomatic endocrinologically. Her hormone lev-
els had returned to normal and improvement in visu-
al function was reported. More recently, Hoffman et
al. (1999) reported 21 cases of pediatric cystic cran-
iopharyngiomas that were treated with the adminis-
tration of bleomycin into the cyst cavity 7 days after
placement of an Ommaya reservoir. Daily doses from
2 to 10 mg were given. Fifty-seven percent had reduc-
tion in cyst size. One complication occurred from the
action of bleomycin on the hypothalamus leading to
seizures. Similar results were recently reported by
Hader et al. (2000) who found greater than 50%
reduction in cyst size at a mean follow-up period of
3 years in 57% of children treated with bleomycin.

The benefits of intracavitary bleomycin include
prevention of cyst reaccumulation and thickening of
the cyst wall, which may aid subsequent tumor resec-
tion. In addition, it avoids direct injury to the hypo-
thalamus and pituitary gland, which occurs more fre-
quently following surgery and radiation therapy. The
main disadvantage is that while it is useful for tumors
which are entirely cystic, radical surgery for these tu-
mors is less likely to result in hypothalamic or pitu-
itary injury (Hayward 1999). Other complications in-
clude headaches, hypopituitarism, and peritumoral
edema (Hader et al. 2000).

Another experimental agent under investigation is
interferon alpha (IFN-o), which is effective for the
treatment of squamous cell carcinoma. The rationale
for its use with craniopharyngiomas is that the two
neoplasms share a similar epithelial origin. A phase II
trial of IFN-c. for progressive, recurrent, or unresec-
table craniopharyngiomas in children under 21 years
of age has been reported by Jakacki et al. (2000) Treat-
ment consisted of an induction phase of 8,000,000
U/m? daily for 16 weeks. Patients without progressive
disease at 16 weeks then continued at the same dose
three times a week for 32 weeks. Time to progression
after discontinuation of IFN-o was 6 to 23 months.
IFN-a. toxicity occurred in 60% of cases during the
first 8 weeks of treatment but resolved with discon-
tinuation or dose reduction. Toxicities include hypo-
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adrenal crisis with fever, neutropenia, transaminitis,
fatigue, rash, insomnia, and seizures (Jakacki et al.
2000).

7.8 Outcome

On the basis of postoperative imaging, gross total re-
section varies widely in various series ranging from
29 to 77 % of cases (Sanford 1994; Villani et al. 1997;
Einhaus and Sanford 1999; Fahlbusch et al. 1999; Duff
et al. 2000; van Effenterre and Boch 2002). Reflecting
the heterogeneity of patient groups, recurrence has
been reported to occur in 8 to 100 % of patients after
initial gross total resection. The mean duration of fol-
low-up in these studies ranges from 5 to 10 years (Ta-
ble 7.3; Hetelekidis et al. 1993; Villani et al. 1997; Fahl-
busch et al. 1999; Duff et al. 2000; Kalapurakal et al.
2000). Recurrence following gross total resection can
be assumed to occur because of unrecognized depos-
its of tumor capsule. Even high-quality imaging will
miss small rests of epithelium that may eventually
develop into recurrent tumors. Although most
groups would not offer radiation following a gross to-
tal resection, adjunctive therapy following gross total
resection has not been satisfactorily explored.
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In many cases, only a portion of the tumor can be
removed. The main reasons for incomplete tumor re-
moval are adhesions to vessels and vital structures
such as the optic nerve and chiasm, and major calcifi-
cations (Samii and Tatagiba 1997; Fahlbusch et al.
1999). In patients undergoing subtotal resection with-
out radiation therapy, the recurrence rate is 43 to 75%
with mean follow-up of 5 to 7 years (Villani et al. 1997;
Fahlbusch et al. 1999; Khoo et al. 2001). For partial re-
section followed by radiotherapy the recurrence rate
was 43 to 54% during a mean follow-up period of
65 to 84 months, comparable to the rate for gross total
resection (Villani et al. 1997; Fahlbusch et al. 1999).
The management of recurrent tumors is often fraught
with difficulties. If a focal recurrence is present on im-
aging studies, repeat surgical exploration may be war-
ranted. Not surprisingly, recurrent tumors are more
difficult to resect and have a gross total resection rate
of 13 to 50% via the transcranial approach (Villani et
al. 1997; Fahlbusch et al. 1999; Duff et al. 2000) and
53% through the transsphenoidal route (Fahlbusch et
al. 1999). The transsphenoidal group probably in-
cludes more intrasellar tumors which are physically
confined within the bony limits of the sella and are
more amenable for repeat surgery. Overall, 81 % of pa-
tients who underwent surgery (intracranial or trans-
sphenoidal) for recurrent tumor were independent on
follow-up at 65 months (Fahlbusch et al. 1999).

Table 7.3. Outcomes of primary surgery, gross total resection, for craniopharyngiomas

Series Number of patients

survival at indicated time (years)

Percent (%) recurrence-free

Percent (%) survival at
indicated time (years)

Duff et al. 2000 121 77 at5 88at 10
74at15

Kalapurakal etal. 2000 14 92at5 100at5
60at10 86at 10
60at 10 86at10

Fahlbuschetal. 1999 73 87at5 93at10?
81at10

Villani et al. 1997 17 82at7 94at7

Hetelekidisetal. 1993 5 Oat10 100at 10

2 For gross total and subtotal resections
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Table 7.4. Outcomes for subtotal resection combined with radiotherapy for patients treated for primary and recurrent disease

Series Primary disease vs.

recurrence

UCSF 2002 primary 72

recurrence 36
Habrand et al. 1999 primary and recurrent 37
Gurkaynak 1994 primary 23
Hetelekidisetal. 1993 primary 37

N/A = not available

Survival of patients with craniopharyngiomas
treated with radiation therapy for initial or recurrent
disease is comparable to those treated with other mo-
dalities (Table 7.4). Overall survival for two recent se-
ries of patients treated in a variety of ways at 5,10,and
15 years was 1009%, 68 to 86 %, and 59 to 86 %, respec-
tively (Bulow et al. 1998; Kalapurakal et al. 2000). At
UCSE, the overall survival for patients treated for ini-
tial disease with surgery followed by radiation thera-
py at 5, 10, and, 15 years was 88%, 80%, and 77 %,
while disease-specific survival probabilities at 5, 10,
and 15 years were 97 %, 92 %, and 92 %. Overall surviv-
al for patients with recurrent tumors treated with ra-
diation therapy at 5 and 10 years was similar at 87%
and 82%, and disease-specific survival at 5 and 10
years was 97 % and 91 %. These results provide some
ammunition for those who argue that radical resec-
tion should not be the primary goal for all tumors.

Radiation therapy has been shown to be an effec-
tive adjuvant treatment to subtotal surgical resection
for initial disease as well as for recurrent disease
compared with treatment with surgery alone. In pa-
tients treated with primary surgery, recurrence oc-
curred in a median time of 19 months (Duff et al.
2000). In those treated with radiation combined with

Number

Percent (%) Percent (%)
of patients recurrence-free survival at indicated
survival at indicated time (years)
time (years)
89at5 88at5
83at10 80at10
79at15 77 at15
91at5 87 at5
82at10 82at10
78at5 91at5
57at10 65at10
74at5 N/A
62at10
86at 10 86at 10

surgery at UCSFE, recurrences occurred from 3 to 125
months, with a median of 41 months. The recurrence
rate did not differ between those with radiation ther-
apy for initial and recurrent disease. Overall freedom
from progression in patients with initial disease was
89%, 83%, and 79% at 5, 10, and 15 years. Relapse-
free survival at 5, 10, and 15 years was 91 to 100% for
initial disease, 82 to 83 %, and 83 % in recurrent tu-
mors treated with surgery and radiation therapy, and
67 %, 0%, and 0% for recurrent tumors treated with
surgery alone (Kalapurakal et al. 2000). For recurrent
tumors, surgery combined with radiotherapy can
achieve a much better result than surgery alone.
However, Bulow et al. (1998) found that when patients
who died within 6 months of therapy are excluded,
the advantage of radiation therapy no longer be-
comes statistically significant. There was also no dif-
ference in rate of recurrence with respect to age or ex-
tent of surgery (Bulow et al. 1998).

Outcome did not differ between adults and pediat-
ric patients, between papillary and adamantinoma-
tous tumors, or between transsphenoidal and trans-
cranial approaches. Recurrence rate also did not cor-
relate with preoperative radiologic findings (Duff et
al. 2000).
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7.9 Complications
7.9.1 Complications of Surgery

The surgical resection of craniopharyngiomas is as-
sociated with significant risks to endocrine function
and vision (Table 7.5). The most common postopera-
tive complication is diabetes insipidus. Diabetes in-
sipidus occurred in 59 to 93 % following surgery (Ya-
sargil et al. 1990; Hoffman et al. 1992; Tomita and
McLone 1993; Sanford 1994; Fahlbusch et al. 1999;
Hoffman et al. 1999; Rilliet et al. 1999). Fahlbusch et
al. (1999) noted that normal preoperative anterior pi-
tuitary function was maintained in over 50% of pa-
tients after surgery, and the incidence of hypogo-
nadism increased only from 77% to 80% . However,
other series report that panhypopituitarism occurs
in 75 to 100 % patients who underwent surgical resec-
tion (de Vile et al. 1996a,b; Kalapurakal et al. 2000).
Hypothalamic obesity occured in about 40% of pa-
tients postoperatively. Weight gains of 12 to 20 kg/yr
persist without plateau, and often become the most
debilitating aspect of the postoperative course. This
phenomenon has been shown to occur due to ventro-
medial hypothalamus (VMH) damage, which leads to

Table 7.5. Complications for patients treated with surgery

Number IELEER

of patients

insipidus (%)

Craniopharyngioma

disinhibition of the vagus nerve with resultant insu-
lin hypersecretion. Suppression of insulin secretion
has been shown to be effective in preventing or re-
versing this complication (Lustig et al. 1999). Visual
deterioration occurred in 2 to 45% of patients who
underwent surgical resection (Pierre-Kahn et al
1994; Fahlbusch et al. 1999). Minor surgical trauma to
the hypothalamus can also cause sleep disorders,
memory problems, apathy, and appetite changes
(Samii and Tatagiba 1997).

In addition to neurological and endocrinological
complications, psychological and social functions are
important factors to determine whether a particular
therapy is debilitating. Neuropsychological and be-
havioral disturbances were found in 36 to 60% of
children who underwent radical resection (Anderson
et al. 1997; Villani et al. 1997; Riva et al. 1998; Kalapu-
rakal et al. 2000). Many of these children are affected
by their body images as a result of obesity, which oc-
curred in 36% of children (Kalapurakal et al. 2000).
There were no changes in the long-term or short-
term memory (Riva et al. 1998; Kalapurakal et al.
2000). A decrease in school performance and an in-
crease in learning disability occurred in 0 to 36 % of
children (Zuccaro et al. 1996; Villani et al. 1997; Riva
et al. 1998). Merchant et al. (2002) found a drop in IQ

Panhypopi- Visual loss (%)

tuitarism (%)

Merchant et al. 2002 15 73 N/A 33 (decreased visual acuity)
40 (decreased visual field)

Kalapurakaletal. 2000 14 100 100 N/A

Duff et al, 2000 31 21 N/A N/A

Honegger 1999 92 66 (16 at presentation) N/A N/A

Rilliet et al. 1999 31 74 74 22

Fahlbusch et al. 1999 89 N/A N/A 13

Villani et al. 1997 24 81 N/A 19

Hetelekidis et al. 1993 13 79 (14 at presentation) 77 N/A

Yasargil et al. 1990 141 79 (23 at presentation) N/A 13

N/A = not available



Craniopharyngioma

scores by 9.8 points in 15 pediatric patients. While
neuropsychological outcome is most often studied in
children, adults can have neuropsychological se-
quelae as well. Donnet et al. (1999) found in a study of
22 adults that 2 (9%) had severe memory and intel-
lectual defects and 3 (14%) had moderate learning
defects. In a study of 122 patients, van Effenterre and
Boch (2002) found that the rate of normal neuropsy-
chological function was 91% as assessed by patients
and their families. Honegger et al. (1998) found that
cognitive function in adults remained the same or
improved postoperatively.

Complications from the transsphenoidal ap-
proach are similar to other surgical approaches ex-
cept regarding behavioral and visual disturbance. Be-
havioral disturbance occurred in 9% of children,
while only 0 to 1% of adults and children had visual
deterioration (Laws 1994; Norris et al. 1998; Fahl-
busch et al. 1999; Rilliet et al. 1999). This low compli-
cation rate can be attributed to the types of tumors
for which the transsphenoidal approach is best suit-
ed, namely, intrasellar and cystic tumors, which do
not generally affect the hypothalamus.

7.9.2 Complications of Radiotherapy

Radiation therapy results in endocrine dysfunction
and visual defects similar to those observed follow-
ing surgery; however, the severity of these complica-
tions, particularly with respect to diabetes insipidus,
appears to be reduced (Table 7.6). Duff et al. (2000)
found an overall good outcome rate of 60% in a ret-
rospective study of 121 patients with a mean follow-
up of 10 years. In a retrospective study of 72 patients
at UCSF from 1972 to 1999 treated for initial disease,
32% had visual deficits after subtotal resection fol-
lowed by radiation, although 81 % of these had visual
deficits prior to treatment, and 72% retained the
same functional status. For 36 patients treated for re-
current disease, only 53% retained the same func-
tional status with no difference associated with ex-
tent of surgical resection, while 78% had permanent
deficits. A majority of patients had impaired endo-
crine function. Sixty-four percent required thyroid
hormone replacement, 56% required cortisol, 44 %
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required sex hormones, 17 % had diabetes insipidus,
and 1% had elevated prolactin levels. The endocrino-
logic sequelae of radiotherapy compares with other
series which report 6 to 38 % incidence of diabetes in-
sipidus after radiation therapy, much lower than that
of patients who have undergone total resection (Ein-
haus and Sanford 1999). In a series by Regine et al.
(1993), the incidence of endocrinologic sequelae is
correlated with both age and maximum dose of radi-
ation, being 80% in children and 26 % in adults for
doses greater than 61 Gy, and 36% in children and
13% in adults for doses less than 61 Gy .

The consequences of partial- or whole-brain radi-
ation on intellectual function are much greater
inyounger children (Weiss et al. 1989). In children
less than 3 years of age treated with either partial- or
whole-brain radiation for various brain tumors not
including craniopharyngiomas, 60% were mentally
retarded with IQ less than 69. The incidence of men-
tal retardation/dementia and vascular complications
of radiation therapy for craniopharyngioma is high-
ly correlated with the maximum dose, being 40% in
children and 45% in adults for doses greater than
61 Gy versus 0% in children and adults at doses less
than 61 Gy (Regine et al. 1993). In children who had
received radiotherapy, 32 to 33% had poor school
performance or required special schooling due to
moderate to severe learning disability after treatment
(Zuccaro et al. 1996; Habrand et al. 1999). Merchant et
al. found a drop in IQ scores of 1.25 points in 15 chil-
dren treated with limited surgery and radiation com-
pared with 9.8 points in the surgery-only group
(Merchant et al. 2002). Although the results of the
damaging effects of radiation on the intellectual
function of young children less than 3 years of age
was not studied particularly in craniopharyngiomas,
we do not recommend radiation therapy as an adju-
vant therapy in children under 3 years of age who
have undergone a subtotal resection unless they be-
come symptomatic.

Other complications of radiation therapy seen in
our series at UCSF and other series include radiation-
induced neoplasms (glioblastoma, sarcoma, menin-
gioma), radiation necrosis, vascular occlusion, radia-
tion vasculitis, optic neuritis, dementia, calcification
of basal ganglia, hypothalamic-pituitary dysfunc-
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Table 7.6. Complications in patients treated with surgery and radiotherapy

Diabetes
insipidus (%)

Number of
patients

Series

Panhypopi-
tuitarism (%)

Visual loss (%)

UCSF 2002 72 (primary disease) 17 N/A 0
36 (recurrent disease) 72 0
Merchant et al. 2002 14 33 N/A 33 decreased visual
acuity
60 decreased visual
field
Habrand et al. 1999 37 66 (22% at 97 (22 at 0
presentation) presentation)
Hetelekidisetal. 1993 34 38 (25% at 53 N/A 3
presentation) -

N/A = not available, not reported

tion, hypothalamic obesity, and decreased intellect in
children (Einhaus and Sanford 1999; Moore and
Couldwell 2000; B. Fisch 2002, personal communica-
tion; Lustig et al. 2003).

7.10 Conclusion

Despite recent advances in treatment options, cran-
iopharyngiomas remain a challenging disease. The
data and experience reported in the literature do not
allow a definitive recommendation to be made. In
general, for tumors that do not appear to invade the
hypothalamus, an attempt at gross total resection
should be attempted. Attempts at gross total resec-
tion in the face of hypothalamic involvement should
be avoided given the unacceptable long-term func-
tional sequelae. Subtotal resection and treatment
with external beam radiation remains an acceptable
option, the aim of which is tumor control rather than
removal of all neoplastic tissue. Other therapies such
as intracavitary bleomycin and systemic chemother-
apy either remain restricted to specific tumor sub-
types or are still experimental in nature. More data
are needed to understand the long-term psychologi-
cal and social consequences of treatment.
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Chapter 8

Neuronal Tumors

C.S.von Koch « M.H.Schmidt - V.Perry

8.1 Ganglioglioma and Gangliocytoma

Gangliocytoma and ganglioglioma represent a fami-
ly of rare, slow-growing, neuronal tumors. The term
“ganglioglioma” was first introduced by Courville in
1930 to describe the mixed neuronal and glial ele-
ments typically seen in this tumor (Courville 1930).

8.1.1 Epidemiology

Gangliogliomas and gangliocytomas are rare, only
accounting for 0.4% of all CNS tumors and 1.3% of
all brain tumors (Zulch 1986; Kalyan and Olivero
1987). A somewhat higher percentage of 7.6% was
described in one series of pediatric brain tumors (Jo-
hannsson et al. 1981). The male: female ratio varies
among different series from 1.1:1 to 1.9:1, but sup-
ports a slight male predominance (Hirose et al. 1997;
Lang et al. 1993; Prayson et al. 1995; Wolf et al. 1988).
The mean age at diagnosis in a series of 99 children
was 9.5 years and the male: female ratio was 1:1
(Johnson et al. 1997).

8.1.2 Pathology

Gangliogliomas are slow-growing tumors that can
occur throughout the CNS. They occur mostly in the
supratentorial region, primarily the temporal lobe,
but the frontal lobes and the floor of the third ventri-
cle are also common locations. Less frequently, they
have been seen in the cerebellum, brain stem, spinal
cord, pituitary, and pineal regions (Hirose et al. 1997;
Lang et al. 1993; Prayson et al. 1995; Wolf et al. 1988;
Kalyan and Olivero 1987).



8.1.2.1 Gross Appearance

These tumors can be either solid or cystic. Cystic
masses are often associated with a mural nodule (de-
fined as a solid tumor component eccentrically locat-
ed at the margin of the cyst). Some tumors contain
varying degrees of calcification. Mass effect, hemor-
rhage, and necrosis are rare.
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8.1.2.2 Histopathology

Gangliocytomas consist of groups of large, multipo-
lar neurons with dysplastic features. The surround-
ing stroma contains non-neoplastic glial elements
and a network of reticulin fibers (Fig. 8.1b). Ganglio-
cytomas are typically classified as WHO grade I tu-
mors. Gangliogliomas, in contrast to gangliocyt-
omas, contain neoplastic glial cells, usually astro-
cytes, and can be classified as either WHO grade I or
II. Necrosis is absent unless the glial component un-
dergoes malignant transformation. Tumors with evi-
dence of malignant transformation are anaplastic
gangliogliomas. Typically, tumors are well circum-
scribed and mitoses are rare. Perivascular lympho-
cytic infiltration is common, but not specific.

Figure 8.1 a,b
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8.1.2.3 Immunohistochemistry
and Electron Microscopy

Immunohistochemical staining techniques are cru-
cial for identifying neuronal and astrocytic features
within these tumors. Positive staining for synapto-
physin, neuropeptides, and biogenic amines are typi-
cally associated with a neuronal phenotype. Similar-
ly, positive staining for glial fibrillary acid protein
(GFAP) marks the astrocytic component of gangliog-
lioma. Electron microscopy can also be helpful in
identifying additional neuronal features. Frequent
findings include dense core granules and synaptic
junctions (Hirose et al. 1997; Lantos et al. 1996; Mill-
er et al. 1993).

8.1.2.4 Cytogenetics

In a few cases, abnormal karyotypes have been ob-
served. Specific cytogenetic abnormalities include a
ring chromosome 1, trisomy of chromosomes 5 to 7,
and deletion of chromosome 6 (Neumann et al.
1993). Analysis for microsatellite marker instability
in tumor DNA from 6 gangliogliomas found no ab-
normalities (Zhu et al. 1996). One series of gangliog-
lioma patients reported a comparatively high fre-
quency of splice-site-associated single nucleotide
polymorphism in the tuberous sclerosis 2 gene
(TSC2). This may suggest an underlying genetic sus-
ceptibility (Platten et al. 1997) for sporadic gangliog-
lioma, although the underlying biologic mechanism
remains undefined.

8.1.3 Clinical Features

Seizure is the most common presenting symptom of
supratentorial tumors. The seizure history is often
longstanding, with a mean duration prior to diagno-
sis ranging from 6 to 25 years in different series (Lang
etal. 1993; Prayson et al. 1995; Wolf et al. 1988). In one
series of patients examined, temporal lobe ganglio-
gliomas represent 40 % of all tumors causing chronic
temporal-lobe epilepsy (Blumcke et al. 1999). The
mean duration of symptoms prior to diagnosis for
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tumors of the brain stem or spinal cord is approxi-
mately one year (Lang et al. 1993). Patients with
brainstem lesions commonly present with involve-
ment of the motor tracts: weakness, spasticity, and
gait disturbance. Gangliogliomas of the spinal cord
may involve the entire spinal cord and typically pro-
duce scoliosis, gait disturbance, and progressive
weakness (Park et al. 1993; Hamburger et al. 1997).
These symptoms can be very longstanding. Patients
with midline tumors develop symptoms and signs of
hydrocephalus, such as headache, papilledema, alter-
ations in the level of consciousness, and nausea or
vomiting (Haddad et al. 1992).

8.1.4 Natural History

Gangliogliomas are indolent, slow-growing tumors.
Without resection, patients often have prolonged
courses of disease, depending on the location of the
primary mass. Anaplastic glial changes in gangliog-
lioma, as well as high MIB-1 labeling indices, may be
markers for more aggressive tumor behavior (Hirose
et al. 1997; Kalyan and Olivero 1987; Prayson et al.
1995). Malignant transformation is rare, although
one report notes that this occurs in up to 3% of gan-
gliogliomas (Sasaki et al. 1996; Hakim et al. 1997).

8.1.5 Diagnosis and Neuroimaging

Initial diagnostic evaluation begins with detailed
neuroimaging. No specific laboratory tests are avail-
able to allow a diagnosis. CT, performed as a screen-
ing test, usually reveals an iso- to hypodense solid or
cystic mass. Cysts may be associated with a mural
nodule, and both cyst and nodule are well circum-
scribed (Dorne et al. 1986). Calcifications may be
present and contrast enhancement is usually seen,
but occasionally can be minimal or absent. Scalloping
of the overlying calvarium, presumably longstan-
ding, has also been described.

MRI is required to adequately delineate the mass.
Tumors are usually hypointense on T1-weighted im-
ages and hyperintense on T2-weighted images. Mass
effect and edema are minimal. Contrast enhance-
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Figure 8.2

An unusual case of a ganglioglioma of the upper cervi-
cal spinal cord. The patient is a fourteen year old girl
who presented with paresthesias over the left side of
the neck. The sagittal T1-weighted post-contrast MRI
shows a well demarcated mass arising in the dorsal por-
tion of the spinal cord

ment varies in intensity and may be nodular, rim-
like, or entirely solid (Figs. 8.1a, 8.2; Grossman and
Yousem 1994; Osborne 1994). Syringobulbia or syrin-
gomyelia can be seen with spinal cord gangliogli-
omas (Park et al. 1993; Hamburger et al. 1997). MR
spectroscopy is usually of limited value due to the in-
dolent nature of these tumors. Angiography, rarely
necessary, shows an avascular mass.

8.1.6 Treatment

Complete surgical resection is the treatment of
choice, and when achievable is usually curative (Sut-
ton et al. 1983, 1987; Ventureyra et al. 1986). The neo-
plasm itself contains no functioning nervous tissue.
Postoperative MRI is useful for assessing the extent of
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resection, and follow-up surveillance neuroimaging
can be done to evaluate for recurrence. Radiation
therapy should be considered for tumor recurrence
when further resection is not feasible. Tumors with
malignant features (anaplastic features, high MIB la-
beling index) may require radiation as an adjuvant
therapy, regardless of the extent of resection (Selch et
al. 1998; Wolf et al. 1994; Hakim et al. 1997; Lang et al.
1993; Johannsson et al. 1981). The impact of radio-
therapy on progression-free survival for incomplete-
ly resected benign tumors remains uncertain (Lang
etal. 1993; Haddad et al. 1992). As the role of radiation
therapy in the setting of a low-grade, indolent, subto-
tally resected tumor is unclear, it is important to
weigh the risks of radiotherapy in pediatric patients
against the benefits.

8.1.7 Outcome

Patients who undergo gross total resection enjoy an
excellent prognosis (Khajavi et al. 1995; Sutton et al.
1983, 1987; Ventureyra et al. 1986). Tumor location is
a significant predictor of outcome, most likely as a
marker of resectability. Ninety-five percent of pa-
tients with hemispheric gangliogliomas remained
disease free at 5 years, whereas only 53 % of patients
with brainstem gangliogliomas remained disease
free at 3 years (Lang et al. 1993). Patients who under-
go subtotal excisions, most commonly seen in pa-
tients with midline tumors, are at higher risk of tu-
mor progression or recurrence (Haddad et al. 1992).
The importance of anaplasia as a prognostic feature
is unclear, with different series demonstrating con-
flicting results (Kalyan et al. 1987; Lang et al. 1993;
Hall et al. 1986; Ventureyra et al. 1986). Retrospective
analysis of one series of 34 patients, however, did
demonstrate a correlation between improved surviv-
al and degree of resection as well as tumor grade
(Selch et al. 1998). For patients with tumor-associat-
ed epilepsy, seizure control improves significantly af-
ter tumor resection (Haddad et al. 1992; Ventureyra et
al. 1986).
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8.2 Dysembryoplastic Neuroepithelial Tumor
(DNET)

Dysembryoplastic neuroepithelial tumor was first
described by Daumas-Duport and Scheithauer in
1988 (Daumas-Duport et al. 1988). The initial series
described 39 children with a morphologically dis-

tinct brain tumor and intractable partial seizures.
DNET is a benign glial-neuronal neoplasm that most
commonly occurs in the supratentorial compart-
ment.

8.2.1 Epidemiology

DNET mostly affects children and young adults in the
second and third decade of life . The age at onset of
seizures ranged from 2 to 18 years with a mean of
9 years (Daumas-Duport et al. 1988). True population
incidence of DNET is difficult to characterize. In two
different series of patients with epilepsy, the inci-
dence of DNET ranged from 0.8 % (Wolf and Wiestler
1995) to 5% (Morris et al. 1993). In a retrospective re-
view of all neuroepithelial tumors at a single institu-
tion, DNETs were found in 0.6 % of patients including
all ages, in 1.2% of patients under 20 years, and in
0.2% of patients over 20 years of age (Rosemberg and
Vieira 1998). Males are more frequently affected than
females (Daumas-Duport et al. 2000).
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8.2.2 Pathology
8.2.2.1 Gross Appearance

The tumor expands the cortex predominantly, how-
ever, underlying white matter may be involved, espe-
cially in the temporal lobes (Daumas-Duport 1993).
Distended cortical ribbons consisting of gelatinous
glioneuronal elements and smaller, firmer glial nod-
ules are seen.

8.2.2.2 Histopathology

The pathologically distinct feature is the glioneuro-
nal element, which consists of columns of axon bun-
dles lined with small S100 positive and GFAP nega-
tive oligodendroglia-like cells (Fig. 8.3b). Oligoden-
droglia-like cells have minimal cytoplasm and are
rich in mucopolysaccharides. Mature neuronal cells
are found interspersed within the tumor and adjacent
cortical dysplasia can be found. Smaller glial nodules
are found along the tumor borders of the complex
variant of DNETs. In contrast to gangliogliomas,
atypical neurons resembling ganglion cells and
perivascular lymphocytes are not found with DNETs
(Armstrong 1993; Daumas-Duport et al. 1988; Dau-
mas-Duport 1993; Hirose et al. 1994; Raymond et al.
1994). DNETs are usually designated as WHO grade 1.

8.2.2.3 Immunohistochemistry
and Molecular Genetics

Neuronal elements stain positive for synaptophysin
and neuronal nuclear antigen (NeuN; Wolf et al. 1997).
Glial nodules stain positive for GFAP (glial fibrillary
acidic protein). Proliferation potential is very low and
MIB-1 labeling indices vary from 0% to 8 % (Daumas-
Duport 1993; Prayson and Estes 1992; Taratuto et al.
1995). Specific cytogenetic or molecular findings have
not been reported for DNETs. They have been report-
ed in patients with neurofibromatosis type I, although
the overall incidence is unknown. The molecular
changes within the DNETs in these patients have not
been characterized (Lellouch et al. 1995).
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8.2.3 Clinical Features

DNETs are associated with chronic, intractable par-
tial seizures and account for 25% of all lesions resec-
ted for medically refractory epilepsy (Wolf et al. 1993,
1995; Raymond et al. 1995; Pasquier et al. 1996). Most
DNETs are located in the supratentorial region, espe-
cially the temporal lobe; however, various locations
corresponding to the topography of the secondary
germinal layers have been described, including basal
ganglia, thalamus, cerebellum, and pons (Cervera-
Pierot et al. 1997; Kuchelmeister et al. 1995; Leung et
al. 1994). Multifocal locations have been described,
including temporal lobe, third ventricle, and basal
ganglia in one case, and temporal lobe, thalami, cere-
bellum, and pons in a separate case (Leung et al.
1994).

8.2.4 Natural History

Without resection, medically intractable seizures are
likely to persist. Tumor progression is rare with par-
tially resected DNETs (Daumas-Duport et al. 1988;
Daumas-Duport 1993; Raymond et al. 1994; Taratuto
et al. 1995). Subtotally resected lesions can remain
quiescent for extended periods of time.

8.2.5 Diagnosis and Neuroimaging

Appearance on unenhanced CT ranges from iso- to
hypodense, often with calcifications and occasionally
with true cyst formation. One-third of tumors show
contrast enhancement, and the overlying calvarium
may be remodeled, consistent with the chronic na-
ture of the tumor (Daumas-Duport 1993; Kuroiwa et
al. 1995). DNETs are cortically based and may appear
as macrogyri. Usually, the lesion involves the thick-
ness of the normal cortex. With MRI, the tumor is hy-
pointense on T1-weighted and hyperintense on T2-
weighted images (Fig. 8.3a). No peritumoral edema
or mass effect is seen. Enhancement is seen in one-
third of tumors (Daumas-Duport 1993; Kuroiwa et al.
1995; Koeller and Dillon 1992).
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A definitive diagnosis of DNET is difficult to ob-
tain with neuroimaging alone. However, the combi-
nation of partial seizures before age 20 years, lack of
progressive neurologic deficit, cortical involvement
on MRI, and absence of mass effect or edema on CT
or MRI is highly suggestive of DNET (Daumas-Du-
port 1995). Differentiation must be made from low-
grade gliomas, especially oligodendrogliomas, as
management strategies differ significantly.

8.2.6 Treatment

Surgical resection is curative. Recurrence has not
been reported, therefore radiation or chemotherapy
are not indicated (Raymond et al. 1995). Again, it is
important to differentiate DNET from oligodendro-
glioma to avoid unnecessarily aggressive therapy.

8.2.7 Outcome

DNETs are benign lesions. A high MIB-1 labeling in-
dex does not impact prognosis (Daumas-Duport
1993). Neither clinical nor radiographic tumor pro-
gression was seen in patients that underwent gross
total or even subtotal resections (Daumas-Duport et
al. 1988; Daumas-Duport 1993; Raymond et al. 1994;
Taratuto et al. 1995). Resection results in high rate of
seizure control.

8.3 Central Neurocytoma
8.3.1 Epidemiology

Despite their increased recognition, central neurocy-
tomas remain rare neoplasms of the central nervous
system. Central neurocytomas account for only 0.25
to 0.5% of brain tumors and are primarily tumors of
adolescents and young adults (Hassoun et al. 1993).
In an analysis of 207 cases, the mean age of presenta-
tion was 29 years, with a range from 8 days to 67 years
(Hassoun et al. 1993; Figarella-Branger et al. 2000).
Most patients (72%) present between the ages of 20
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to 40 years. The incidence is similar in males and
females with a ratio of 1.02:1 (Hassoun et al. 1993;
Figarella-Branger et al. 2000).

8.3.2 Pathology

In 1993 Hassoun et al. reviewed the literature of 127
published cases and summarized the clinical and his-
tological features.

8.3.2.1 Gross Appearance

These tumors are lobulated, well-circumscribed
masses that are gray in color, similar to normal
cortex. They typically occur in close proximity to
the foramen of Monro and may be attached to
the septum pellucidum. Necrosis and cyst forma-
tion are frequently seen, and some neurocytomas
are very vascular. Intra-tumoral hemorrhage is un-
usual.

8.3.2.2 Histopathology

The histopathologic appearance of a central neurocy-
toma can be similar to that of an oligodendroglioma
(von Deimling et al. 1990). Both neoplasms have
small uniform cells with rounded nuclei and scant
cytoplasm resembling perinuclear halos (the so-
called “fried egg” appearance) and many intraven-
tricular tumors previously diagnosed as oligoden-
drogliomas may actually have been central neurocy-
tomas (von Deimling et al. 1990). The cytoplasm is ill
defined and the nuclei are round to slightly lobulated
(Fig. 8.4b). The tumor cells are dense in some areas
and alternate with anuclear, less dense tumor
parts. The anuclear areas in particular may have
a fine fibrillary matrix. Delicate vasculature forms
a branching network in a pattern similar to that
found in oligodendrogliomas. Focal calcification can
be seen. Mitotic figures are absent or infrequent and
endothelial proliferation and necrosis are uncom-
mon.
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8.3.2.3 Immunohistochemistry
and Electron Microscopy

Immunostaining for neuron-specific enolase (NSE)
and synaptophysin confirm the neuronal nature of
the neoplasm (von Deimling et al. 1991). GFAP stain-
ing may represent neoplastic or reactive astrocytes. It
has been suggested that central neurocytomas origi-
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nate from bipotential (neuronal and astrocytic) pro-
genitor cells in the periventricular region that persist
into adulthood (von Deimling et al. 1991). An ultra-
structural feature that distinguishes central neurocy-
tomas from oligodendroglioma is the high degree of
neuronal maturation. Electron microscopy demon-
strates clear and dense core vesicles, microtubules,
and synapse formation.

8.3.2.4 Cytogenetics and Molecular Genetics

Comparative genomic hybridization (CGH) analysis
was used to identify losses and gains in DNA se-
quences in 10 histologically confirmed central neuro-
cytomas (Yin et al. 2000). Genomic alterations were
found in 6 tumors. Gain in genetic material was
found for chromosomes 2p and 10q in 4 tumors,
chromosome 18q in 3 tumors, and chromosome 13q
in two tumors. Gains in chromosome 7 were reported
in 3 out 7 central neurocytomas using fluorescence in
situ hybridization (FISH; Taruscio et al. 1997). No
specific gene alterations have been described in cen-
tral neurocytoma. The p53 tumor suppressor gene
was screened for mutations in central neurocytoma,
but none were found (Ohgaki et al. 1993).

Figure 8.4 a,b
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8.3.3 Clinical Features

Patients present with symptoms attributable to
raised intracranial pressure. As expected, these con-
sist of headaches and visual changes; the duration of
clinical symptoms and signs is typically less than 6
months. Ninety-three percent of patients complained
of headaches, 37% had visual changes, and 30% ex-
perienced nausea and vomiting at presentation. Less
commonly, patients complained of paresthesias
(19%), lethargy (11 %), balance problems (11%), and
tinnitus (7 %) (Schild et al. 1997). Most of these symp-
toms can be attributed to increased intracranial pres-
sure secondary to obstructive hydrocephalus. The
most common presenting signs were papilledema
and ataxia.

8.3.4 Natural History

While most central neurocytomas have benign his-
tology, they have been observed to recur, and can
even disseminate along the CSF pathways (Eng et al.
1997; Yasargil et al. 1992). Although anaplasia has
been demonstrated in central neurocytomas, the in-
fluence of this feature on prognosis is uncertain
(Chang et al. 1993; von Deimling et al. 1990, 1991; Ya-
sargil et al. 1992). An increase in GFAP positivity and
vascular proliferation might suggest a more malig-
nant course (Elek et al. 1999).

Most reports indicate that central neurocytomas
have limited growth potential (Sharma et al. 1998; So-
ylemezoglu et al. 1997). Markers of proliferation have
been studied in order to clarify the biological behav-
ior of neurocytomas. A study with 36 central neuro-
cytomas suggested that an MIB-1 labeling index (LI)
of 2% might be predictive for recurrence (S6-
ylemezoglu et al. 1997). Patients with an MIB-1 LI un-
der 2% had a 22 % relapse compared to relapse rate of
63 9% when the MIB-1 LI was over 2% for the observa-
tion period of 150 months (Soylemezoglu et al. 1997).
Interestingly, an MIB-1 LI above 2% correlated with
microvascular proliferation (S6ylemezoglu et al.
1997). In another study comparing histological atyp-
ia, proliferation, and clinical outcome, an elevated
MIB-1 LI index was felt to be indicative of biological
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activity (Mackenzie 1999). With longer follow-up it is
possible that some of the tumors with a low MIB -1 LI
might relapse. This is illustrated in a recent case re-
port of a patient with a recurrent central neurocyto-
ma that had a 4-fold increase in MIB -1 LI after a
9-year disease-free interval (Christov et al. 1999).

8.3.5 Diagnosis and Neuroimaging

CT scans demonstrate an iso- or slightly hyperdense
mass within the body of the lateral ventricles near the
foramen of Monro. Areas of hypodensity represent
cystic degeneration. About half of central neurocyto-
mas demonstrate calcification on CT imaging (Has-
soun et al. 1993). These tumors are thought to arise
from septal nuclei, therefore are midline, and have
broad-based attachments to the superior and lateral
walls of the ventricle. Obstruction of the interventric-
ular foramen of Monro by tumor mass usually results
in hydrocephalus. Contrast enhancement is mild to
moderate for most central neurocytomas.

MRI reveals an isointense mass on T1-weighted
images (Chang et al. 1993; Wichmann et al. 1991). Of
13 central neurocytomas, 85% contained cysts, 69 %
contained calcification, and 62 % had flow voids from
tumor vessels resulting in a heterogeneous imaging
appearance (Chang et al. 1993). On T2-weighted im-
ages most central neurocytomas are isointense. Mod-
erate gadolinium enhancement is seen (Fig. 8.4a)
(Wichmann et al. 1991). Angiography is rarely per-
formed for central neurocytomas, but if obtained
shows a homogeneous vascular blush. On occasion,
tumors can be avascular (Ashkan et al. 2000; Goergen
et al. 1992; Hassoun et al. 1993). Arterial supply is
from the posterior and anterior choroidal, pericallo-
sal, and lenticulo striate vessels.

Central neurocytoma in the lateral ventricle of
young adults must be distinguished from oligoden-
droglioma, subependymal giant cell astrocytoma,
ependymoma, and low grade or pilocytic astrocyto-
ma. The typical central neurocytoma is located in the
supratentorial ventricular system, in the anterior half
of the lateral ventricle. Some series report that the left
lateral ventricle is more frequently involved (Has-
soun et al. 1993).
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8.3.6 Treatment
8.3.6.1 Surgery

Complete surgical resection is the treatment of
choice and also re-establishes CSF pathways in pa-
tients with hydrocephalus. Clinical reports indicate
that gross total resection confers long-term control
for most central neurocytomas (Maiuri et al. 1995;
Schild et al. 1997; Yasargil et al. 1992). In a series of 32
patients with central neurocytoma, 5-year local con-
trol and survival rates of 100% and 80 %, respective-
ly, were seen after gross total resection without adju-
vant therapy (Schild et al. 1997). However, tumor re-
currence after gross total resection has been report-
ed in 3/9 patients 3 to 6 years post surgery (Yasargil et
al. 1992).

Preoperative CSF shunting is rarely indicated, but
if the patient continues to have hydrocephalus post-
operatively a permanent shunt is required. A third
ventriculostomy can be useful in patients with non-
communicating hydrocephalus and was successful in
86% of patients with intraventricular tumors (Bux-
ton et al. 2001). After completion of tumor resection,
CSF should be drained via an external ventricular
drain until returns are nearly clear.

8.3.6.2 Radiation Therapy and Radiosurgery

The role of postoperative radiotherapy has been in-
vestigated in several case reports and clinical series
(Kim et al. 1997; Nakagawa et al. 1993; Schild et al.
1997). Radiotherapy after gross total resection does
not seem indicated since such surgery gives most pa-
tients long-term tumor control. The use of radiation
for residual tumor after subtotal resection is contro-
versial. In a retrospective analysis of 15 patients with
central neurocytoma, radiation appeared to have an
effect on tumor control (Kim et al. 1997). Five pa-
tients with subtotal resection received fractionated
radiation. Tumor shrinkage was observed in three
and the residual tumor disappeared in two. One pa-
tient experienced delayed radiation toxicity. The au-
thors cautioned that radiation in subtotal resected tu-
mors can result in delayed radiation toxicity,and not-
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ed that the three patients with residual tumor who
did not receive radiation remained stable (Kim et al.
1997). Schild et al. (1997) demonstrated a 5-year local
control rate for residual central neurocytoma of
100 % with radiation compared to 50 % without radi-
ation. A case report of a child treated with surgical
decompression followed by radiation at age 7 years
showed the patient free of tumor progression
38 years later (Tacconi et al. 2000).

More recently the use of radiosurgery for the treat-
ment of central neurocytomas has been reported in
four cases (Cobery et al. 2001). Three patients had
subtotal resections and one patient had a recurrent
tumor. The patients received 9 to 13 Gy to the 30 to
50% peripheral isodose line. Marked decrease of tu-
mor volume was detected in all patients, measuring
48%,72%, 81 %, and 77 %. In another series, four pa-
tients with recurrent central neurocytomas (9 to 25
months after complete radiographic resection) were
treated with radiosurgery (Anderson et al. 2001). All
patients had reduction of tumor size 12 to 28 months
after radiosurgery. There were no complications.
Even with limited follow-up it appears that for small,
residual, or recurrent tumors, radiosurgery is a rea-
sonable treatment option.

8.3.6.3 Chemotherapy

The experience with chemotherapy for central neu-
rocytoma is more limited. A variety of agents have
been used and responses to chemotherapy have not
been well documented (Brandes et al. 2000; Dodds et
al. 1997; Schild et al. 1997; Sgouros et al. 1998; von
Koch et al. 2001). In the series of Schild et al. (1997)
four patients received chemotherapy after radiation,
and all four experienced no tumor progression. Var-
ious combinations of carmustine, lomustine, pred-
nisone, vincristine,and cisplatin were used. A case re-
port described a 15 year old with a large central neu-
rocytoma underwent a subtotal resection followed by
four cycles of carboplatin, etoposide, and ifosfamide
(Dodds et al. 1997). The tumor had a significant re-
sponse but eventually the patient required reoperati-
on and radiation therapy. A more recent study used
chemotherapy in the treatment of recurrent/progres-
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sive central neurocytoma in three patients (Brandes
et al. 2000). Stabilization was observed in two of them
and the other had a complete remission. Follow-up
was limited to 15, 18, and 36 months but the respons-
es were maintained. At UCSF we recently treated a
20 year old woman with recurrent central neurocyto-
ma after four subtotal resections. She refused radia-
tion and was treated with six cycles of procarbazine,
CCNU, and vincristine chemotherapy. After 2 to 3 cy-
cles of chemotherapy the tumor reduced in size and
remained stable for at least 16 months after comple-
tion of chemotherapy (von Koch et al. 2003).

8.3.7 Outcome

Overall, central neurocytomas have a favorable prog-
nosis, but in some cases the clinical course can be
more aggressive. Histological features of anaplasia do
not predict biologic behavior; proliferation markers
might be more useful in predicting relapse. The most
important therapeutic modality remains surgery. A
safe maximal resection confers the best long-term
outcome. In cases of a subtotal resection standard ex-
ternal beam radiation can be added, or radiation can
be delayed until tumor progression occurs. Smaller
residual tumors or recurrences can be treated with
focused radiosurgery. Reoperation for recurrence
should be considered if the procedure can be per-
formed safely. Chemotherapy may be useful for re-
current central neurocytomas that cannot be resec-
ted and have been radiated, although long-term re-
sponses have not been reported for chemotherapy.
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formation of the glial component of ganglioglioma
has been reported.

Central neurocytomas are seen in early adulthood
and present with hydrocephalus due to ventricular
outflow obstruction. Although rare, tumor recur-
rence and progression is seen and adjuvant therapy
such as chemotherapy, radiation therapy, or gamma
knife radiosurgery may be necessary in addition to
surgical resection.
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8.4 Conclusion

Neuronal tumors are rare and usually carry a good
prognosis. Gangliocytomas, gangliogliomas, and
DNETs present in late childhood or early adulthood
and are commonly accompanied by intractable epi-
lepsy. This is not unexpected, given their predomi-
nance in the temporal lobe. Complete surgical resec-
tion is curative and results in improved seizure con-
trol. It is important to distinguish these tumors from
low-grade astrocytomas. However, malignant trans-
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Choroid Plexus Tumors

N.Gupta

9.1

Introduction
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plexus tumor in 1833. The first surgical resection was
reported by Bielschowsky and Unger in 1906. There-
after both Cushing and Dandy reported their experi-
ences with this unusual tumor (Davis and Cushing
1925; Dandy 1922).

9.2 Epidemiology

Choroid plexus papilloma (CPP) and carcinoma
(CPC), are uncommon, accounting for only 0.5% to
0.6% of all brain tumors. Although found in all age
groups, choroid plexus neoplasms are primarily a tu-
mor of childhood. Laurence in his review of all pub-
lished cases prior to 1974 reported that 45 % present-
ed in the first year of life while 74% presented in the
first decade (Lawrence 1974). As expected, reviews
from pediatric centers report that a higher percent-
age (1.8% to 2.9%) of their cases are choroid plexus
tumors (Sarkar et al. 1999; Asai et al. 1989; Ellenbogen
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et al. 1989). Two reviews of tumors in the first year of
life, by Haddad and Galassi, found that choroid plex-
us tumors accounted for 14% and 12.8% of all cases
(Galassi et al. 1989; Haddad et al. 1991). The majority
of series noted above have not reported any predilec-
tion for right or left ventricle or sex. Laurence did
note that 50 % of cases reviewed were situated in the
lateral ventricles, 37 % in the fourth ventricle, 9% in
the third ventricle, and the remainder in other loca-
tions. Other series have confirmed this geographic
distribution. CPCs, while rare, account for 29% to
39% of all choroid neoplasms (Ellenbogen et al. 1989;
Johnson 1989; St. Clair et al. 1991).

9.3 Pathology

9.3.1 Gross Appearance

CPP is frequently described as “cauliflower-like.” In-
deed, they are similar to the soft fronds of normal
choroid as found in the ventricles. The shape is
roughly globular with an irregular surface and inter-
vening encapsulated areas. Old hemorrhage is some-
times apparent. Since papillomas are benign they
tend to expand the ventricle rather than invade adja-
cent brain. Nevertheless, the proximity of these tu-
mors to deep-seated structures such as the internal
cerebral veins and limbic structures can make their
removal difficult.

9.3.2 Histopathology

The microscopic appearance of papilloma recapitu-
lates the normal choroid plexus. There are many pa-
pillae covered with a simple cuboidal or columnar
epithelia. The stroma of these fibrovascular struc-
tures is composed of connective tissue and small
blood vessels. The presence of the connective tissue
stroma is notable mainly since it allows one to distin-
guish between CPP and papillary forms of ependy-
moma (whose stroma is composed of fibrillary neu-
roglia). In addition, choroid epithelial cells do not
contain cilia or blepharoplasts as do ependymal cells.
Mitotic figures are rare.

Choroid Plexus Tumors

Villous hypertrophy of the choroid plexus is a
poorly defined entity. Characteristically the choroid
plexus of both lateral ventricles is enlarged and is as-
sociated with hydrocephalus from birth. Russell and
Rubinstein comment that the hydrocephalus is relat-
ed to hyperactivity of the choroid although the cyto-
logical appearance of the tissue is normal. Other au-
thors have used villous hypertrophy synonymously
with bilateral CPP, but this is not accurate in the
strictest sense if histological evidence of neoplastic
growth is not present and expansion of the choroid
plexus occurs diffusely (Hirano 1994).

CPCs are diagnosed on the basis of their micro-
scopic appearance. Two major features accompany
malignancy. First is the presence of brain invasion by
the tumor. This usually involves transgression of the
ependymal lining and extension into the paraventri-
cular parenchyma. Second, cytological criteria of ma-
lignancy — nuclear atypia, increased nuclear to cyto-
plasmic ratio, and prominent mitotic figures — are
present in association with a loss of normal papillary
architecture. Rarely, if a tumor demonstrates some
atypical features without evidence of invasion, it
can be designated as an atypical papilloma. The
epithelial nature of the frank malignancy can create
confusion since other tumors such as metastatic ade-
nocarcinoma and medulloepithelioma are histologi-
cally similar. If the tumor arises in a young patient
then chances of the tumor being metastatic are ex-
tremely low. Electron microscopy can reveal details
such as cilia, which are not normally present in chor-
oid plexus tumors. Grossly these tumors tend to be
softer and more friable than papillomas. While carci-
nomas rarely metastasize from the intracranial or in-
traspinal compartment, they can disseminate
throughout the CSF pathways (McComb and Burger
1983).

9.3.3 Immunohistochemistry

Only a few immunohistochemical stains have been
found to be helpful. The calcium binding protein
S-100 is positive in the vast majority of choroid tu-
mors (Ho et al. 1991; Paulus and Janisch 1990). This is
of limited value since glial tissues and normal chor-
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oid express S-100 in a parallel fashion with glial
fibrillary acid protein (GFAP). Other markers such as
vimentin, GFAP, and cytokeratins can be positive but
also lack specificity (Cruz-Sanchez et al. 1989; Mann-
oji and Becker 1988). Pre-albumin or transthyretin
(TTR) was initially believed to be a specific marker,
but another report noted that 20 % of choroid tumors
were TTR negative (Herbert et al. 1990; Paulus and Ja-
nisch 1990). These investigators did find that prog-
nostic information could be gleaned from immuno-
histochemical data. A poor prognosis was found in
those tumors with less than 50% of the cells in a
given tumor heavily stained for S-100. In addi-
tion, absence of TTR-positive cells correlated with a
poor prognosis. Cellular proliferation, as measured
by Ki67/MIB1 labeling, is low with papillomas and
significantly higher for carcinomas (Vajtai et al.
1996).

9.3.4 Genetics

The cause of choroid plexus tumors is unknown. One
report has mentioned two cases occurring in one
family, but a hereditary basis has not been observed
for most cases (Zwetsloot et al. 1991). There is some
evidence linking SV40, a primate DNA virus, with
choroid plexus tumor etiology. Large T antigen, the
major regulator of late viral gene products of the
SV40 virus, when expressed in mice induces the for-
mation of choroid plexus neoplasms (Brinster et al.
1984). The large T antigen is expressed only in the
choroid plexus and appears to interact with the prod-
uct of the p53 gene (Marks et al. 1989). T antigen in-
terferes with the function of both p53 and RB tumor
suppressors. This function is likely required for viral
replication and growth, but may also have the effect
of increasing tumor formation. Using PCR, SV40
DNA sequences were demonstrated in 50% of chor-
oid plexus tumors and the majority of ependymomas
(Bergsagel et al. 1992). Active T antigen and p53 com-
plexes have also been demonstrated in brain tumors
(Zhen et al. 1999). More recently the expression of
transgenes of the viral oncoproteins E6 and E7 from
human papilloma virus have also been shown to pro-
duce tumors in 71 % of offspring of which 26 % of the
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tumors were choroid plexus tumors (Arbeit et al.
1993).

A subset of central primitive neuroectodermal tu-
mors (PNETs), CPCs,and medulloblastomas were re-
cently shown to have frequent mutations in the
hSNF2/INII gene, which encodes for a component of
the ATP-dependent chromatin-remodeling complex
(Sevenet et al. 1999a). The same authors have pro-
posed that constitutional mutations in this gene lead
to a greater incidence of renal and extrarenal malig-
nant rhabdoid tumors, CPCs, central PNETs, and
medulloblastomas: a complex they have coined as the
“rhabdoid predisposition syndrome” (Sevenet et al.
1999b). The penetrance of the disease is high, with
many probands developing malignant tumors before
3 years of age. Some pathologic data also suggests a
connection between malignant rhabdoid tumors and
choroid plexus carcinomas (Wyatt-Ashmead et al.
2001).

A number of chromosomal abnormalities have
been identified in both CPP and CPC (Rickert et al.
2002). Surprisingly, even benign CPP (32 of 34 cases)
demonstrated chromosomal aberration. The pat-
terns of aberrations in CPP differ from those ob-
served in CPC.

9.4 Clinical Features: Signs and Symptoms

Hydrocephalus is the presenting symptom in the vast
majority of choroid plexus tumors. It is caused by
both overproduction of CSF and, in certain cases, the
obstruction of CSF pathways, although it appears that
overproduction is the major factor (Eisenberg et al.
1974). Resolution of hydrocephalus has been report-
ed after complete tumor removal, suggesting that CSF
hypersecretion was responsible for ventriculomegaly
(Wilkins and Rutledge 1961; Matson and Crofton
1960; Gudeman et al. 1979). Variations are likely to ex-
ist, since a normal rate of CSF production has been
reported in a patient harboring a papilloma (Sahar et
al. 1980).

The most common presentation of choroid plexus
neoplasms is related to increased intracranial pres-
sure secondary to obstructive hydrocephalus and/or
CSF overproduction (Laurence 1974; Ellenbogen et
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al. 1989; Humphreys et al. 1987). Since the majority of
cases occur in infants and young children there are
characteristic features of raised ICP; Ellenbogen de-
scribed the usual presenting signs and symptoms
(Ellenbogen et al. 1989). The most common symp-
toms described were nausea/vomiting, irritability,
headache, visual difficulty, and seizure. As expected,
the most common signs were craniomegaly, papille-
dema, and decreased level of consciousness. The du-
ration of symptoms reported in this series varied
from two months in those patients younger than two
years of age to six months on average in those pa-
tients older than two years. Although choroid neo-
plasms are viewed as slow-growing tumors, the pres-
ence of stupor or coma as the presenting sign in 25%
of children suggests a more acute clinical course in
some patients. Rapid decompensation can occur ei-
ther from massive hydrocephalus or from tumoral
hemorrhage. Of 21 patients who had CSF examined,
2 were found to have grossly bloody fluid. Lateraliz-
ing signs are found in a minority of patients and are
usually related to asymmetrical ventricular dilata-
tion. Hydrocephalus was present in 78% of cases at
the Hospital for Sick Children and 95 % of cases at the
Children’s Hospital in Boston (Ellenbogen et al. 1989;
Humphreys et al. 1987).

9.5 Diagnosis and Neuroimaging

Since most patients present with hydrocephalus
and increased intracranial pressure, there is no role
for sampling CSF at diagnosis. There is little informa-
tion that can be gained from CSF sampling and histo-
ry documents disastrous outcomes in some patients
after lumbar puncture (Laurence 1974). No specific
laboratory tests are available to diagnose these tu-
mors.

9.5.1 Computed Tomography

The CT-scan appearance of CPP is often characteris-
tic for this tumor. The mass is well demarcated from
the brain, lobulated, and often has punctate calcifica-
tion. These tumors enhance homogeneously after
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contrast, reflecting a luxuriant blood supply (Hopper
et al. 1987). Since they arise from the choroid plexus,
their location is almost always intraventricular. An
enlarged choroidal artery leading into the tumor
mass can sometimes be seen in post-contrast images.
At times, the massive size of these lesions may ob-
scure the site of origin. Some carcinomas display a
diffuse border between tumor and normal brain that
may reflect areas of brain invasion. On the basis of
CT, certain features distinguish a suspected choroid
tumor from other possibilities. Cerebellar astrocyto-
mas tend to stain less homogeneously and often have
cystic areas. Medulloblastomas are characterized by a
more heterogeneous appearance, although they also
stain vividly with contrast and may cause confusion
with a fourth ventricle choroid papilloma. Finally,
ependymomas arise physically in similar locations
but tend to enhance inhomogeneously.

9.5.2 Magnetic Resonance Imaging

Papillomas are isodense to brain on T1-weighted im-
ages (Fig. 9.1a). Areas of high signal indicate hemor-
rhage necrosis. Following gadolinium adminis-
tration, the tumor enhances brightly (Fig. 9.1b, ¢),
although this can be patchy in nature, reflecting
areas of high flow. T2-weighted images demonstrate
an intermediate to high signal intensity with areas
of heterogeneous internal signal (Coates et al. 1989).
MR spectroscopy of CPP and CPC is characterized
by a prominent choline peak and absence of N-acetyl
aspartate (Horska et al. 2001). As with CT, an enlar-
ged choroidal artery is often noted, especially
with larger tumors. The vascularity of these tumors
is easily demonstrated with specific perfusion
sequences (Fig. 9.2). With CPC, the boundary bet-
ween the tumor and surrounding brain can be
indistinct in areas, but this is not a universal fin-
ding.
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Figure 9.1 a-c
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Figure9.2a,b

a An axial T1-weighted post-contrast image shows a
large choroid plexus papilloma within the temporal
horn of the lateral ventricle. b The perfusion sequence
results in a “negative” image with increased vascularity
depicted as a dark area. The mass is considerably dark-
er than the adjacent brain tissue
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9.6 Treatment
9.6.1 Pre-operative Planning

Since most patients present with symptoms of intrac-
ranial hypertension, the order and type of treatment
is directed at relieving hydrocephalus, determining
the diagnosis, and removing the tumor. Unless the
patient is rapidly deteriorating urgent CSF drainage
is not necessary. At the time of surgery a ventricular
drain is placed in order to reduce brain tension and
allow sufficient retraction. An external ventricular
drain may be left in place after surgery in order to
monitor ICP and to determine if shunting is required
in the early postoperative period. Matson (1960) and
others have reported that the successful removal of a
tumor obviates the need for shunting. However, it is
likely that other factors such as ventricular bleeding,
postoperative changes, or meningitis can also render
the patient shunt dependent. Ellenbogen’s series not-
ed that 37% of surviving patients required shunting
(Ellenbogen et al. 1989). Two other series reported
much higher rates of shunt dependency, ranging from
57 % to 78 % of cases reported (Humphrey et al. 1987;
Lena et al. 1990). Raimondi and Gutierrez have recom-
mended that third and fourth ventricle tumors re-
quire immediate shunt placement followed by a delay
of 7 to 14 days prior to surgery (Raimondi and Guti-
errez 1975). This method, while acceptable, can be
substituted by performance of both procedures at the
same time if permitted by the condition of the patient.

Angiography demonstrates that papillomas are
supplied by normal choroidal vessels, which often en-
large as the tumor grows. Tumors of the lateral ven-
tricle or third ventricle are generally supplied by
branches of the anterior or posterior choroidal arter-
ies. Mass effect tends to displace the internal occipital
artery and the basal vein of Rosenthal in an inferior
direction. A fourth-ventricle tumor receives its blood
supply from medullary or vermian branches of the
posterior inferior cerebellar artery. Conventional
catheter angiography is not required for diagnosis.
Rather, in combination with selective embolization it
can be used as a preoperative adjunct to reduce tu-
mor vascularity.
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9.6.2 Operative Treatment

The goal of surgery is gross total resection (GTR) as
measured by post-operative MR imaging. As with
most intracranial tumors, the exact approach is de-
termined by avoiding eloquent tissue (e.g. primary
motor or sensory cortex, speech centers, and visual
cortex). The two features of choroid plexus tumors
that can make resection exceedingly difficult are: (1)
profuse vascularity,and (2) large size. The tumor’s ar-
terial vessels arborize rapidly, and so control of hem-
orrhage within the tumor requires slow and
tedious dissection. The most effective strategy focus-
es on initial exposure of the feeding artery and its
ligation. In general, en bloc excision is recommended
(Raimondi and Gutierrez 1975). For lateral ven-
tricle papillomas, a direct cerebrotomy posterior to
the angular gyrus will allow access to the entire
trigone and permit the pedicle of the tumor to be
identified and coagulated (Fig. 9.3). For more anteri-
orly located tumors, an incision can be made in the
frontal convolutions and the lateral ventricle ap-
proached from an anterolateral direction. Lateral
ventricle tumors can also be approached through a
cerebrotomy through the superior or middle tempo-
ral gyrus.

Third ventricle tumors are rare and are approached
via a midline transcallosal route. The anterior aspect
of the ventricle is entered through a generous opening
in the corpus callosum extending from the rostrum to
the supraoptic recess. In this way the tumor can be sep-
arated from the choroid of the tela choroidea where it
is usually attached and the accompanying bridging
vessels can be identified and divided.

Fourth ventricle tumors almost always produce
triventricular obstructive hydrocephalus and may re-
quire preoperative shunting and stabilization as not-
ed above. Tumors in this location arise from the cau-
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dal part of the roof of the fourth ventricle and may

extend into the lateral recesses or through the fora-
men of Magendie. The approach is via a standard
midline posterior fossa craniectomy or craniotomy
exposing the vermis and tonsils. The blood supply
from branches of the PICA are visualized from a me-
dial vantage.

The same case as shown in Fig. 9.1. a The axial T1-
weighted image clearly shows an enlarged choroidal
artery leading into the tumor.b The postoperative coro-
nal MRI image shows the route through the temporal
lobe used to access initially the feeding artery and then
the tumor itself. Once the blood supply was interrupt-
ed, the tumor removal proceeded uneventfully
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9.6.3 Choroid Plexus Carcinomas

Overall, reported results in the literature appear to
confirm that GTR has a favorable impact upon sur-
vival for carcinomas (see Outcome below). For this
reason, aggressive surgical treatment with GTR
should be the primary objective. Nevertheless, GTR
with carcinoma is achieved in less than 50 % of cases.
Combined with adjunctive therapy, either radiation
or chemotherapy, survival following GTR ranges
from 67 to 91% (Fitzpatrick et al. 2002). Technical
considerations with choroid plexus carcinoma in-
clude the expected increased tumor vascularity as
well as additional difficulties relating to the lack of a
well developed plane between the brain and tumor
and excessive friability of the tumor tissue. The rate
of recurrence associated with GTR alone suggests
that adjunctive therapy is useful, although definitive
guidelines are not available (Fitzpatrick et al. 2002).

Most chemotherapy regimens rely upon cyclo-
phosphamide, etoposide, vincristine, and a platinum
agent (St. Clair et al. 1991; Packer et al. 1992; Berger et
al. 1998). Wolff et al. (2002) noted that only 8 of 22
carcinomas responded to chemotherapy, a disap-
pointing observation. Use of combination chemo-
therapy (ifosfamide, carboplatinum, and etoposide)
after an initial surgical procedure was found to re-
duce tumor volume and allow a more complete resec-
tion during a second-stage operation (St. Clair et al.
1991; Razzaq and Cohen 1997). Importantly, the vas-
cularity of the tumor appeared to be greatly reduced,
as measured blood loss during the second procedure
was on average 15% of blood volume compared to an
average of 64% of blood volume during the first pro-
cedure.

Postoperative radiation is usually recommended if
the child is over three years of age, although this ther-
apy has not been subjected to a clinical trial. Radia-
tion is also used in the presence of leptomeningeal
dissemination, subtotal resection (STR), and drop
metastases. In one series, ten patients with choroid
plexus carcinoma were treated with either chemo-
therapy and/or craniospinal radiation (Chow et al.
1999a). Some of these patients demonstrated no evi-
dence of disease following chemotherapy alone, but
others required radiation to achieve disease control.
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The authors do suggest that radiation can be used as
salvage therapy but whether radiation for all patients
with carcinoma would reduce the relapse rate re-
mains unclear. Fitzpatrick et al. (2002) noted that fol-
lowing STR, radiation therapy, either alone or in
combination with chemotherapy, offered a survival
advantage. The question of whether to use adjunctive
therapy following GTR remains unclear, although the
presence of relapse despite chemotherapy and radia-
tion in a small group of patients suggests that surgery
alone is not sufficient for CPC. Wolff et al. (1999) sup-
port this view and state that GTR alone is insufficient
for carcinoma and should be supplemented with ra-
diation. The role of conformal radiation and radio-
surgery is unknown, as is the role of intrathecal che-
motherapy. The experience reported by Packer sug-
gests that disease relapse confers a poor prognosis
(Packer et al. 1992).

9.7 Outcome

The vast majority of patients with CPP can expect ex-
cellent long-term survival. The survival for CPC,
however, is much worse. In a recent meta-analysis,
the one, five, and ten year survival for papilloma was
90, 81,and 77 %, compared to only 71,41,and 35 % for
carcinoma (Wolff et al. 2002). The extent of surgery is
the most important treatment variable impacting
long-term survival for both papilloma and carcino-
ma (Ellenbogen et al. 1989; Packer et al. 1992; Wolff et
al. 2002). The overall crude survival rate in Ellenbo-
gen’s series was 88 % for patients with papillomas and
509% for carcinomas (Ellenbogen et al. 1989).

Packer et al. (1992) reported that GTR for carcino-
ma without adjunctive therapy offers the highest
likelihood of success. Four of five patients with GTR
remained disease free at a median of 45 months after
diagnosis. Five of six patients who had a STR relapsed
(Packer et al. 1992). While the authors of this study
were pessimistic regarding the value of adjunctive
therapy, the timing of this therapy may prove to be
important with regard to survival after multi-modal-
ity treatment. Two other reports noted that 5-year
survival following GTR of carcinomas ranged from
26 to 40% (Berger et al. 1998; Pencalet et al. 1998).
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Berger et al. (1998) also noted that surgery was the
most important prognostic factor for choroid plexus
carcinoma. The role of radiation also remains un-
clear. A brief report recently noted that the five-year
survival for patients with carcinoma and GTR fol-
lowed by radiation was 68% compared to 16% for
those not irradiated (Wolff et al. 1999). The two
groups were not exactly comparable but the clear
suggestion is that surgery alone is insufficient to pre-
vent recurrence for carcinomas.

Although papillomas are histologically benign
and potentially curable, morbidity and mortality are
significant concerns. With respect to operative mor-
tality, modern series provide figures of 8% to 9.5%
(Humpbhrey et al. 1987; Lena et al. 1990). In the series
from the Hospital for Sick Children the cumulative
mortality was 36 %, the majority of which (6 of 8) oc-
curred in patients below 12 months of age. Morbidity
remains an important problem. In one series 33% of
patients with papillomas have persisting motor se-
quelae and psychomotor retardation (Lena et al.
1990). In another series 26 % of patients were classi-
fied as having a fair or poor recovery (Ellenbogen et
al. 1989).

As noted above, the treatment of hydrocephalus
goes hand-in-hand with the treatment of choroid
neoplasms. Associated complications also occur. One
of note is the presence of large subdural collections
that may develop following tumor resection through
a transcortical approach. The cause is believed to be
a persistent ventriculosubdural fistula. Boyd and
Steinbok (1987) appear to have dealt with this prob-
lem by applying pial sutures at the conclusion of the
procedure. The role of preoperative shunting in the
causation of this entity is unclear.
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9.8 Conclusion

Choroid plexus tumors represent a well-defined sub-
set of brain tumors that occur mainly in young chil-
dren. Surgical resection for papilloma is usually cur-
ative while adjunctive therapy for carcinoma should
include chemotherapy and/or radiation. The long-
term survival for carcinoma remains poor.
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Chapter 10

Intramedullary

Spinal Cord Tumors

A.Quinones-Hinojosa - M.Gulati
M. H.Schmidt

10.1 Introduction

Intramedullary spinal cord tumors (IMSCTs) are rare
and account for only 4 to 6% of all pediatric central
nervous system tumors (DeSousa et al. 1979). Ap-
proximately 100 to 200 cases are diagnosed each year
in the US (Constantini and Epstein 1995), represent-
ing an incidence of less than 1 in 100,000. Pediatric
IMSCTs are usually located in the cervical or thorac-
ic spine (90 to 95%) and occur infrequently in the
lumbar spine (Epstein and Ragheb 1994; Goh et al.
2000). There is an equal male and female distribution
in the reported pediatric series (Brotchi et al. 1992;
Goh et al. 1997; Zileli et al. 1996).

Initially, the presenting symptoms are minimal, of-
ten leading to delay in recognition. The parents usu-
ally report that mild symptoms have been present for
months to years prior to diagnosis. Signs and symp-
toms include pain, weakness, paresthesias, spinal de-
formity, sphincter disturbance, and cervicomedull-
ary symptoms (Goh et al. 2000). Slow deterioration of
neurological function can also occur (Constantini et
al. 1996). The primary treatment for primary IMSCTs
is surgical resection; however, resection may leave a
patient with severe neurological deficits. Effective
treatment requires an interdisciplinary approach in-
corporating specialists in pediatric neurosurgery,
neurooncology, child neurology, pediatrics, and nurs-

ing.
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10.2 Ependymoma

10.2.1 Epidemiology and Etiology

Ependymomas can either arise from the cranial ven-
tricular system or within the spinal cord. Those orig-
inating in the spinal cord presumably arise from the
remnants of the central canal and can be seen both in
children and in young adults. Ependymomas are
found most commonly in the cervical region in chil-
dren, and have a lower incidence than astrocytomas
(Brotchi et al. 1991; Fine et al. 1995). In a study by
Miller (2000) ependymomas were found in 16 out of
117 pediatric patients (16%) with intramedullary
spinal cord tumors . Ependymomas tend to increase
in incidence with age. A recent study by Constantini
and colleagues reported no ependymomas in a series
of intramedullary spinal cord tumors in patients un-
der three years of age (Constantini et al. 1996).

Ependymomas (WHO grade II) have been found
to contain SV40 virus large-T-antigen-related DNA
sequences. This finding has received a great deal of
attention since widespread use of SV40-contaminat-
ed polio vaccines may have occurred between 1955 to
1962 (Huang et al. 1999). However, these findings
have not been corroborated by other investigators
and the role of SV40 in the pathogenesis of ependy-
momas still remains to be established (Salewski et al.
1999). Intramedullary spinal cord ependymomas are
associated with neurofibromatosis type 2 (NF2)
(Egelhoff et al. 1992), a genetic syndrome inherited in
an autosomal dominant pattern (see Chap.II).In fact,
one recent study showed mutations of the NF2 tran-
script occur in a majority of sporadic intramedullary
spinal cord ependymomas (Birch et al. 1996). In this
study, five of seven intramedullary spinal cord
ependymomas had mutations that resulted in trun-
cation of the predicted protein product, probably
rendering the protein product inactive (Birch et al.
1996).

Intramedullary Spinal Cord Tumors

10.2.2 Pathology
10.2.2.1 Grading

Eighty-nine percent of IMSCTs in children are low-
grade tumors (Constantini et al. 1996). Four different
entities are delineated according to the most recent
WHO classification of tumors (Kleihues et al. 2000).
The subependymoma (WHO grade I) is a benign,
slowly growing intraventricular tumor that is often
detected incidentally and carries a very good progno-
sis. These tumors have histological features of both
subependymomas and ependymomas. The myxopa-
pillary type (WHO grade I) arises in the filum termi-
nale or conus medullaris almost exclusively and car-
ries a good long-term prognosis. Classic ependymo-
ma (WHO grade II) is a common intramedullary
neoplasm found in the spinal cord in children. Ana-
plastic ependymoma (WHO grade III) is thought to
arise from a malignant transformation of low-grade
ependymoma (Kleihues et al. 2000).

10.2.2.2 Histopathology

The myxopapillary ependymoma has a pseudopa-
pillary architecture and abundant mucin production.
This variety of ependymoma is characterized by
GFAP-expressing tumor cells with a cuboidal or elon-
gated morphology arranged radially in a papillary
manner around vascularized stromal cores. Mitotic
activity is almost absent and a mucoid matrix mate-
rial accumulates between tumor cells and blood ves-
sels. Subependymomas are rarely mitotically active,
and are characterized by clusters of isomorphic nu-
clei embedded in a dense fibrillary matrix of glial cell
processes, often with small cysts.

Ependymomas are highly cellular tumors regard-
less of their grade. Their characteristic features in-
clude pseudorosettes and perivascular grouping.
Since ependymomas are highly cellular, neuropatho-
logists may on occasion disagree on the grade of a
given specimen (McLaughlin et al. 1998). In particu-
lar, there is a tendency to attribute a higher grade to
low-grade tumors.
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Figure 10.1

Histological features of ependy-
moma.This image illustrates the
ependymal rosettes that are
formed from columnar cells ar-
ranged around a central lumen.
Nsolnthetopﬂghthandcor—-.

Classic ependymomas contain perivascular pseu-
dorosettes which are immunoreactive for glial fibril-
lary acidic protein (GFAP) and, uncommonly, true
epithelial-lined ependymal rosettes (Fig. 10.1). The
perivascular pseudorosettes originate from tumor
cells arranged radially around blood vessels and oc-
cur in the great majority of these tumors. True ro-
settes appear as a number of nuclei forming a ring
from which neurofibrils, which can be demonstrated
by silver staining, extend to interlace in the center.
These tumors are well delineated and mitotic figures
are rare. An occasional non-palisading focus of ne-
crosis is sometimes observed and is compatible with
lower-grade histology. Unusual variants such as the
clear-cell ependymoma and the tanycytic ependymo-
ma can mimic oligodendroglioma and astrocytoma,
respectively (Goh et al. 2000). Other histopathological
variants include cellular and papillary ependymoma.
The differential diagnosis can be aided by the pres-
ence of epithelial differentiation demonstrated using
immunohistochemistry or electron microscopy.

The anaplastic ependymoma differs from the clas-
sic ependymoma. While the cells of the classic
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ependymoma are morphologically similar to normal
ependymal cells, those of the anaplastic ependymo-
ma have clear histologic features of malignancy.
More specifically, the anaplastic ependymoma is
characterized by aggressive mitotic activity and in-
creased cellularity often associated with microvascu-
lar proliferation and pseudopalisading necrosis. Ana-
plastic ependymomas can be very invasive and are
often poorly differentiated.

10.2.2.3 Molecular Biology and Cytogenetics

A study by von Haken et al. (1996) reported a 50% in-
cidence of allelic losses on the short arm of chromo-
some 17 in 18 pediatric ependymomas. The tumor-
suppressor gene p53 was excluded, and therefore a
candidate gene has yet to be identified. Recognizing
the increased incidence of ependymomas in patients
with NF2, some investigators have reported evidence
for mutations of the NF2 gene located on chromo-
some 22q12. One group analyzed 62 ependymal tu-
mors for loss of heterozygosity (LOH) 22q, LOH 10q,
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and for mutations of the NF2 tumor-suppressor gene.
Six of the tumors revealed mutations of NF2, all of
which came from patients with IMSCTs (Ebert et al.
1999). This may suggest that spinal intramedullary
ependymomas constitute a distinct phenotypic vari-
ant of an altered NF2 gene. Additional cytogenetic
changes have been found in a significant number of
ependymomas. In a series of 22 childhood ependy-
momas, loss of chromosome 22 was found in 2 cases,
deletion of chromosome 17 in 2 cases and rearrange-
ments or deletions of chromosome 6 in 5 cases
(Kramer et al. 1998). In anaplastic ependymoma, the

Table 10.1. Presenting symptoms of intramedullary spinal
cord tumors in children

Pain

Motor regression

Weakness

Gait abnormality/deterioration
Torticollis

Progressive kyphoscoliosis
Hydrocephalus

Sphincter disturbance

Reflex changes

Sensory impairment

Intramedullary Spinal Cord Tumors

genetic alterations remain largely undefined. A recent
study of 23 anaplastic ependymomas revealed LOH
10q in 4 cases, but the significance of this finding is
unknown (Ebert et al. 1999).

10.2.3 Clinical Features

Intramedullary spinal cord tumors occur commonly
in the cervical region. Children most often present
with pain, reported in 42 % of cases. Motor regression
with weakness is present in 36 %, gait abnormality or
deterioration in 27 %, torticollis in 27 %, and progres-
sive kyphoscoliosis in 24 % of cases (Constantini et al.
1996). Hydrocephalus occurs with greater frequency
than in adult patients and may require treatment with
a CSF shunt (Houten and Weiner 2000) (Table 10.1).

10.2.4 Diagnostic Imaging

Magnetic resonance imaging (MRI) has greatly im-
proved the preoperative evaluation of spinal cord tu-
mors. The exact histologic diagnosis of these tumors,
however, cannot be made by MRI features and pat-
terns of enhancement (Table 10.2). Tumor tissue is
still required in virtually all cases to establish a defin-
itive diagnosis. Since ependymomas originate from
the ependymal walls, they tend to be more central in
location as compared with astrocytomas. On average,

Table 10.2. Magnetic resonance imaging features of intramedullary spinal cord tumors

Ependymomas Astrocytomas

Location centrally located; mostly in the cervical
spine but in children also present in
the conus
T1-weighted  Isointense/hypointense
image
T1-weighted axial view; cord symmetrically expanded;
image with enhances with contrast but less than
contrast astrocytomas

Eccentrically located; usually widens the spinal
cord; 75% of astrocytomas in the cervical-thoracic
regions; 20% in the distal cord; 5% in the filum terminale

Isointense/hypointense

lll-defined borders

Axial view; cord asymmetrical, "lumpy";
heterogeneous, moderate, partial contrast
enhancement
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A 17-year-old male presented with left-arm numbness and tingling. a The preoperative MRI scan reveals an intramedul-
lary cervical cord mass in the sagittal T1-weighted image with contrast. Gross total resection was achieved, and patholo-
gy was consistent with a grade Il ependymoma. b A postoperative MRI showed resection of the mass with no evidence
of residual tumor as demonstrated in the sagittal T1-weighted image with contrast

ependymomas span three to four vertebral bodies
(Baleriaux 1999). The pattern of enhancement is ho-
mogeneous, usually with well-defined borders
(Fig. 10.2). A “cap sign” is often seen, which corre-
sponds to a low-signal-intensity area on either side of
the tumor mass itself. The caps represent hemosid-
erin deposits secondary to chronic hemorrhage (Ba-
leriaux 1999). These tumors can on occasion present
with subarachnoid hemorrhage. Ependymomas are
also often associated with large intramedullary satel-
lite cysts. These can extend many segments above or
below the solid component of the tumor.

Miyasawa and colleagues reported that the typical
MRI characteristics of ependymoma include an en-
hancing border, sharply defined margins, and a cen-
tral location in the spinal cord (Miyazawa et al. 2000).
Axial post-contrast sequences demonstrate symmet-
ric expansion of the spinal cord, unlike astrocytoma,
in which the pattern of expansion is often asymmet-
ric or nodular. The study also concluded that hemor-
rhage within the tumor, hemosiderin deposits, or cal-
cifications are more frequent in ependymomas,
which may be attributed the presence of a highly vas-
cular connective tissue stroma.
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A three-year-old girl presented with six months of intermittent, worsening back pain.a The sagittal T2-weighted MRI re-
vealed a large intramedullary mass extending from T3-T7.Histology was consistent with a juvenile pilocytic astrocytoma.
b The postoperative MRI scan demonstrates removal of the centrally located tumor, nodular enhancement in the area of
the surgery, shown in a sagittal T2-weighted image (bB). Although nodular enhancement was present in the first post-
operative imaging study, subsequent MRIs showed complete resolution of the abnormality

10.3 Astrocytoma

Astrocytomas are the largest group (about 60%) of
pediatric IMSCTs (Epstein and Ragheb 1994; Reimer
and Onofrio 1985; Rossitch et al. 1990). They are typ-
ically large and mostly located in the thoracic region.
A cystic component may be present,commonly intra-
tumoral. Satellite cysts and secondary hydromyelia
may also be observed (Baleriaux 1999). The histology
in all age groups is usually low grade; high-grade tu-
mors occur in only 10 to 15% of cases (Allen et al.

1998; DeSousa et al. 1979). In children, the most com-
mon IMSCT is the pilocytic astrocytoma (Figs. 10.3,
10.4). Pilocytic astrocytomas are well circumscribed,
slowly growing, often cystic tumors that are charac-
terized histologically by a biphasic pattern with vary-
ing proportions of compacted bipolar cells with
Rosenthal fibers.
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Figure 10.4 a,b
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A twelve-year-old girl presented with a three-month history of progressive right arm weakness and clumsiness. a The
preoperative MRI scan revealed an intramedullary spinal cord tumor extending from the cervicomedullary junction to
C4,as shown in a sagittal T2-weighted image. Histology was consistent with a juvenile pilocytic astrocytoma. b The post-
operative MRl demonstrates that the enhancing mass has been resected, as shown in the sagittal T1-weighted image

10.3.1 Epidemiology and Etiology

Low-grade astrocytomas such as pilocytic astrocyto-
ma most often present in the first two decades of life
with no clear gender predilection. In adults, they are
mostly encountered in younger patients (mean age
29 years) with a predominance in males (63 %) (Ba-
leriaux 1999). Previous irradiation is known to play a
causative role in the formation of CNS gliomas. Nev-
ertheless, very few case reports of radiation-induced
intramedullary astrocytomas exist in the literature.
Grabb and colleagues (1996) reported a case of a ra-

diation-induced spinal cord glioma in a 20-year-old
woman who presented with neck pain and new sig-
nificant neurological deficits 17 years after resection
of a posterior fossa medullomyoblastoma and cran-
iospinal irradiation. She was found to have a cervical
intramedullary tumor consistent with anaplastic as-
trocytoma.

Familial clustering of astrocytomas is frequently
described. These tumors are associated with inherit-
ed syndromes such as Li-Fraumeni syndrome, Tur-
cot’s syndrome, tuberous sclerosis, multiple enchon-
dromatosis (Maffucci/Ollier disease), and neurofi-
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bromatosis (NF) (Frappaz et al. 1999; Mellon et al.
1988; van Nielen and de Jong 1999). The typical pic-
ture of spinal involvement with NF is the presence of
multiple, extramedullary, spinal nerve root neurofi-
bromas. These tumors can cause spinal cord compres-
sion but are anatomically outside the spinal cord it-
self. Lee and colleagues (1996) have reported a series
of nine patients with NF that had developed IMSCTs
(ages ranged from 4 to 31 years). Three patients had
neurofibromatosis typel (NF1), five patients had NF2,
and one patient had an undefined variety. The pathol-
ogy of the tumors was also variable, with five ependy-
momas, three astrocytomas, and one intramedullary
schwannoma reported (Lee et al. 1996). Based on lim-
ited data it is unclear whether IMSCTs are a subgroup
of NF-associated neoplasms, or simply represent the
higher tumor predisposition in these patients.

10.3.2 Pathology
10.3.2.1 Grading

Grading is based on areas with the highest degree of
anaplasia. The WHO classification of astrocytomas
consists of four grades: grade I (pilocytic astrocyto-
ma), grade II (diffuse astrocytoma), grade III (ana-
plastic astrocytoma) (Fig. 10.5), and grade IV (glio-
blastoma multiforme).

10.3.2.2 Histopathology

The pilocytic astrocytoma is characterized by elon-
gated “hair” cells with coarse cytoplasmic process. In-
tracytoplasmic Rosenthal fibers and eosinophilic
granular bodies are characteristic but not specific
features. Cellular pleomorphism, vascular prolifera-
tion, infiltration of the meninges, and occasional mi-
toses can also be present but have no prognostic val-
ue and do not represent malignant features.

The diffuse fibrillary astrocytoma is an infiltrative
tumor that produces fusiform enlargement of the
cord. The typical features include hypercellularity,
nuclear atypia and an infiltrative growth pattern. The
dominant cell types are well differentiated fibrillary
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Figure 10.5

A two-year-old boy presented with several weeks of
slowly progressive disuse of his lower extremities. The
preoperative MRI demonstrated a six centimeter in-
tramedullary thoracic cord mass from T3 to T7 with
marked edema spanning the entire length of the spinal
cord. Histopathology showed the tumor to be a grade
lll oligoastrocytoma. The patient’s tumor progressed
despite treatment

or gemistocytic neoplastic astrocytes in a back-
ground of a loosely structured, often microcystic ma-
trix. Mitotic activity is mostly absent. Three major
variants can be distinguished based upon the appear-
ance of the astrocytes: fibrillary (fibrillary neoplastic
astrocytes), gemistocytic (a conspicuous though
variable fraction of gemistocytic astrocytes), and
protoplasmic (small cell body with few, flaccid pro-
cesses with a low content of glial filaments and scant
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GFAP expression). Higher-grade tumors, anaplastic
astrocytoma and glioblastoma multiforme, have in-
creased cellularity, anaplasia, and marked mitotic ac-
tivity. A tumor is classified as a glioblastoma multi-
forme when endothelial proliferation and necrosis
are also present.

10.3.2.3 Molecular Biology and Cytogenetics

Some astrocytomas are known to lose chromosome
17q, which includes the region encoding the NFI
gene (van Deimling et al. 1993). Screening of NFI-
coding sequences such as the GRD (GAP related do-
main) region, the only functional region of the NFI
mRNA transcript identified to date, has failed to de-
tect any mutations. Current evidence has failed to
support a role for the tumor-suppressor gene NFI in
the oncogenesis of pilocytic astrocytomas (Kleihues
and Cavenee 2000).

Cytogenetic studies of pilocytic astrocytomas
have revealed a variety of aberrations but no specific
pattern suggestive of a specific tumor-suppressor
gene has been reported (Ransom et al. 1992). Ransom
and colleagues attempted to locate tumor-suppressor
genes on chromosome 10 by correlating cytogenetic
studies and LOH analysis in human astrocytomas
and mixed oligoastrocytomas. Of 53 specimens,
45 were diffuse astrocytomas, 1 was an astroblasto-
ma, and 7 were mixed oligoastrocytomas. By cytoge-
netic analyses the most common numeric chro-
mosome abnormalities were +7, -10, -13, -14, -17,
+19,-22,and -Y. The most common structural abnor-
malities involved chromosome arms 1lp, 1q, 5p,
and 9p. By LOH and dosage analysis the most com-
mon molecular genetic abnormalities were of chro-
mosome arms 5p, 6p, 7q, 9p, 10p, 10q, 13q, 14q, 17p,
and 19p. When the results of all methods were com-
bined, the most commonly abnormal chromosomes
were, in descending frequency, 10,Y,17,7,13,and 9.1In
80 percent of cases the cytogenetic and molecular ge-
netic studies were concordant. The authors conclud-
ed that, based on the genetic analyses of these tu-
mors, there may be 2 regions on chromosome 10 that
contain tumor-suppressor genes (Ransom et al.
1992).
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10.3.3 Clinical Features

The clinical features of intramedullary astrocytomas
are similar to the symptoms of intramedullary
ependymomas (Table 10.1). Gait disturbance, pain,
and sphincter disturbance are the most common pre-
senting symptoms, while reflex changes, paralysis,
and sensory impairment are the most frequent physi-
cal findings (DeSousa et al. 1979). Spinal deformity
can be present in up to 30% of patients (Steinbok et al.
1992). Epstein and colleagues, in a series of 152 spinal
cord astrocytomas, reported that scoliosis was the
most common early sign in 34 cases of thoracic tu-
mors while torticollis was present in 21 cases of cervi-
cal spine astrocytomas (Epstein 1986). Tumors in-
volving the cervicomedullary junction can present
with unusual symptoms. If the medulla is involved,
children can develop: (1) failure to thrive due to nau-
sea, vomiting, choking, and dysphagia; (2) frequent
respiratory tract infections from chronic aspiration;
(3) dysphonia and dysarthria; and (4) sleep apnea
from respiratory center involvement. If the tumor
mainly arises from the cervical cord then children can
present with long-standing neck pain and torticollis,
slowly evolving motor deficits in the limbs, sometimes
with associated muscle atrophy, sensory dyesthesias,
hyperreflexia, and occasionally hydrocephalus (Ab-
bott 1993; Robertson et al. 1994) (Fig. 10.4).

10.3.4 Diagnostic Imaging

As with all spinal cord tumors, MRI is the diagnostic
tool of choice. Astrocytomas are commonly located
eccentrically within the spinal cord (Table 10.2). On
MR, there is heterogeneous, moderate, and partial
contrast enhancement following gadolinium admin-
istration, with ill-defined borders (Baleriaux 1999)
(Figs. 10.3 to 10.5). Approximately 75% of astrocyto-
mas occur in the cervico-thoracic region, 20% in the
distal spinal cord, and 5% in the filum terminale (Os-
born 1994). Whereas the mean extent of an ependy-
moma corresponds to three to four vertebral bodies,
astrocytomas are in general much more extensive,
with one series reporting a mean span of 5.6 vertebral
bodies (minimum 2, maximum 19) (Baleriaux 1999).
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10.4 Treatment

The treatment of choice for intramedullary tumors,
both ependymomas and astrocytomas, is surgical re-
section. The resection is aided by motor and sensory
evoked-potential monitoring. Gross total resection
can be achieved in the majority of ependymomas and
will very likely result in cure (Houten and Weiner
2000). Astrocytomas, on the other hand, are infiltrat-
ing neoplasms and gross total resection is occasion-
ally possible only in the pediatric population. Out-
come for low-grade astrocytomas is better in chil-
dren than adults, but not as favorable as that for
ependymomas. The role of radical resection of low-
grade fibrillary astrocytomas of the spinal cord in
children has not been definitively demonstrated in
the literature (Houten and Weiner 2000).

10.4.1 Surgery
10.4.1.1 Surgical Approach

Bone exposure by laminectomy (removal of the ver-
tebral lamina to unroof the spinal canal) is centered
on the solid part of the tumor, as identified by preop-
erative MRI. Osteoplastic laminotomy (removal of
the laminar roof in one piece and replacement at the
end of the case) is the preferred technique in children
(Houten and Weiner 2000). This preserves the poste-
rior tension band, restores normal anatomy, and may
result in bony fusion of the reapproximated lamina
(Raimondi et al. 1976). There is evidence that this
technique results in a reduced incidence of postoper-
ative spinal deformity (Constantini and Epstein
1995). Intraoperative ultrasound is crucial to verify
that the rostral-caudal bony exposure is sufficient to
expose the entire solid component of the tumor
(Brunberg et al. 1991; Raghavendra et al. 1984). More
importantly, intraoperative ultrasound has been
shown to reduce the extent of the laminectomy, dural
opening and myelotomy needed for resection (Mai-
uri et al. 2000).

Intramedullary Spinal Cord Tumors

10.4.1.2 Technical Considerations
During Tumor Removal

Conventional orthodromic somatosensory evoked
potentials (SSEPs) are used to measure dorsal-col-
umn function during surgery (Goh et al. 2000). This
is done by electrically stimulating the extremities
and recording at higher points, including the head.
Excessive traction or injury to the spinal cord will re-
sult in a reduction of these potentials. At our center,
we have reported the use of antidromic-elicited
SSEPs to assist placement of the myelotomy (Quino-
nes-Hinojosa et al. 2002). This antidromic recording
is performed by stimulating along the posterior sur-
face of the spinal cord, while recording evoked re-
sponses in the extremities. In a patient whose SSEP
recordings are shown (Fig. 10.6), a stimulating elec-
trode was applied to the area of the dorsal columns
and recordings of elicited antidromic SSEPs were
made at the medial malleoli bilaterally. Beginning left
of midline, stimulation evoked the SSEPs seen at the
top of the figure. Moving towards the midline, stimu-
lation evoked no SSEP at the area marked “septum,”
indicating the optimal electrical site of myelotomy.
A number of other techniques are used to reduce
postoperative neurologic deficits. These include
transcranial epidural and/ or transcranial muscle
motor-evoked potentials (referred to as epidural and
muscle Tc-MEPs). Tc-MEPs are obtained by stimulat-
ing electrodes over the patient’s motor cortical re-
gions, and recording EMG activity either epidurally
or at the extremities (Kothbauer et al. 1997). Direct
stimulation of the spinal cord is also possible with si-
multaneous recordings of extremity EMG record-
ings. In the patient whose EMG recording is shown
(Fig. 10.7) tonic contractions of the right hand were
noted during dissection of the ventral aspect of the
tumor, amplitude of Tc-MEPs from the right hand
dropped significantly, and direct intramedullary
stimulation evoked EMG activity in the right upper
extremity. This technique helped differentiate tumor
from spinal cord, and prevented damage to the corti-
cospinal tracts (Quinones-Hinojosa et al. 2002).
Ependymomas are usually encapsulated, and a
dissection plane can be established, allowing for re-
moval of the entire tumor. With astrocytomas or very
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large tumors, the interface between tumor and cord
tissue often cannot be identified. At the completion of
surgery, the extent of resection should be reassessed
by ultrasound before closing, and by postoperative
MRI in the immediate postoperative period. Gross
total resection is defined as more than 90 % tumor re-
moval, subtotal resection as 50 to 90%, and partial as
less than 50 %.

10.4.2 Radiation Therapy

Radiation therapy has played a limited role in the pri-
mary management of IMSCTs in children. The side
effects associated with CNS irradiation include
growth retardation, endocrine dysfunction, de-
creased IQ, radionecrosis, vasculopathy, and alopecia
(Avizonis et al. 1992). Some investigators advocate ra-
diotherapy only for incompletely resected tumors
and high-grade astrocytomas.

In a recent review of the literature regarding radi-
ation therapy and the management of intramedullary
spinal-cord tumors, Isaacson (2000) concluded that
low-grade, completely resected astrocytomas should
be followed by serial imaging studies. Low-grade as-
trocytomas with incomplete resection appear to ben-
efit from postoperative radiation. For high-grade as-
trocytomas in the spine some authors recommend
aggressive surgical resection followed by radiothera-
py but these tumors can relapse early. Isaacson rec-
ommended that all high-grade astrocytomas be
treated with radiation (Isaacson 2000).

Literature supporting the use of radiotherapy for
intramedullary spinal cord ependymoma in children
is scarce and inconclusive (Isaacson 2000). Nagib and
colleagues treated three children, ages 7, 8, and 13
years, for conus medullaris myxopapillary ependy-
moma over a 2-year period with a 24-month follow-
up. One child received radiation therapy following a
recurrence. Based on this patient and a literature re-
view including 11 other cases, the authors concluded
that the gross feature of myxopapillary ependymoma
that allows for complete resectability appears to be
the key prognostic factor, and that radiothera-
py appeared to have no proven value in comp-
letely resected conus medullaris myxopapillary
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ependymoma tumors in children (Nagib and O’Fal-
lon 1997).

Isaacson in his review of the literature concluded
that patients with gross total resection of low-grade
ependymomas with no evidence of disease should be
observed with serial imaging studies (Isaacson 2000).
High-grade and multifocal benign ependymomas
should be given adjuvant radiation therapy. Complete
imaging of the neuraxis and cerebrospinal fluid anal-
ysis should be obtained to assist in the decision-mak-
ing process. Isaacson’s specific radiation therapy
guidelines are: (1) low-grade astrocytomas and low-
grade ependymomas with residual disease after sur-
gery should be prescribed a total dose of 5040 cGy in
180 cGy fractions over 28 treatment days using exter-
nal beam radiation therapy (EXBRT); (2) for high-
grade astrocytomas despite complete resection, the
treatment recommended is the same (5040 cGy with
180 cGy fractions with EXBRT); (3) malignant
ependymomas and benign multifocal ependymomas
are treated with a locally delivered dose of 5040 to
5400 cGy in 28 to 30 fractions with occasional consid-
eration of radiation to the neuraxis (Isaacson 2000).

10.4.3 Chemotherapy

Chemotherapy for the treatment of IMSCTs as an ad-
junct to surgery, radiotherapy, or both is not stan-
dardized. Adjuvant chemotherapy may play an im-
portant role in children younger than 3 years old,
mainly in an effort to delay radiotherapy (Prados et
al. 1997). Chemotherapy guidelines for IMSCTs are
mainly based upon the clinical experience with in-
tracranial low-grade gliomas. As with radiotherapy,
no randomized trials have been performed, and only
anecdotal reports and small series have been report-
ed (Doireau et al. 1999; Hassall et al. 2001; Lowis et al.
1998; Merchant et al. 2000).

Lowis and colleagues described two children with
astrocytomas (Lowis et al. 1998). The first child, a 19-
month-old, had an anaplastic astrocytoma of the cer-
vical spinal cord that progressed rapidly after initial
partial resection. Chemotherapy was given according
to the United Kingdom Children’s Cancer Study
Group Baby Brain Protocol (Lashford et al. 1996) with
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marked clinical improvement. This regimen com-
prised cycles of chemotherapy (carboplatin, vincris-
tine, cyclophosphamide, methotrexate, and cisplatin)
given every two weeks, regardless of count, for a peri-
od of 1 year.No evaluable disease remained at the end
of treatment (Lowis et al. 1998). The second child was
a 4-year-old with a recurrent low-grade astrocytoma.
Chemotherapy was given for 3 months according to
an International Society of Paediatric Oncology pro-
tocol for low-grade gliomas. This regimen consisted
of cycles of carboplatin and vincristine administered
every 3 weeks and vincristine administered weekly
for the first 10 weeks, then carboplatin and vincris-
tine administered every 4 weeks up to 1 year. Marked
tumor regression was observed, accompanied by
neurological recovery. The authors concluded that
these patients demonstrate the potential value and
low morbidity of chemotherapy in spinal cord astro-
cytoma (Lowis et al. 1998).

A study by Hassall and colleagues reported re-
sponses to carboplatin in three patients with progres-
sive low-grade spinal cord gliomas (Hassall et al.
2001). The diagnoses of the tumors were juvenile pi-
locytic astrocytoma (Allen et al. 1998) and gangliog-
lioma (Abbott 1993). With a mean follow-up of 27
months, one patient had a complete response, one pa-
tient had partial response, and one patient had stable
disease (Hassall et al. 2001). The potential role of che-
motherapy in the management of spinal cord astro-
cytoma remains to be defined.

10.5 Outcome

Different studies have consistently demonstrated that
there are only two significant predictors of outcome
in patients with intramedullary spinal cord tumors:
the histologic grade of the tumor and the preopera-
tive neurologic status at the time of surgery (Cri-
stante and Herrmann 1994). In general, patients with
ependymoma have a more favorable outcome than
those with low-grade astrocytoma (WHO grade 1I).
In a series of 21 patients, Sandler reported a five-year
survival of 57% in patients with grade I or II spinal
cord astrocytoma (Sandler et al. 1992). Patients with
pilocytic astrocytoma, the most common spinal cord
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tumor found in children, have an even more favorable
prognosis (Houten and Weiner 2000). Patients with
malignant astrocytomas do very poorly, with no cor-
relation between the extent of resection and survival.
In one study of 19 patients with malignant astrocyto-
mas of the spinal cord, median survival was only six
months. At the time of publication, 15 (79 %) of the 19
patients in the series had died. Although all under-
went radical excision, none of the patients improved
following their operations. Hydrocephalus and dis-
semination of disease occurred in a majority of pa-
tients (Cohen et al. 1989). Some data, however, sug-
gest that surgery for malignant spinal astrocytomas
is not always futile. In one study of 18 children with
spinal astrocytomas, gross total resection was
achieved in 5, including 3 with anaplastic tumors. All
5 of the patients in whom gross total resection was
achieved were alive and disease free between 12 and
18 years after treatment (Przybylski et al. 1997).

The prognosis and outcome of patients with in-
tramedullary ependymomas mainly depends on the
extent of the original resection. Ependymomas are
slow-growing tumors and late recurrence has been
seen up to 12 years after surgery as reported at our in-
stitution (Linstadt et al. 1989). Gross total resection of
benign intramedullary ependymomas more com-
monly results in long-term tumor control or cure
than do subtotal resection and radiation therapy to-
gether (Cristante and Herrmann 1994; Epstein et al.
1993; Hoshimara et al. 1999; McCormick et al. 1990).
Some authors have reported up to 100% recurrence-
free survival following gross total resection (McCor-
mick et al. 1990), whereas others have reported recur-
rence rates of 5 to 10% (Cooper 1989; Guidetti et al.
1981). The current consensus is that gross total resec-
tion is the most efficacious treatment and that radia-
tion therapy is unnecessary if complete removal has
been accomplished (Cooper 1989; McCormick et al.
1990; McLaughlin et al. 1998a,b; Wen et al. 1991)
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10.6 Conclusion

Although spinal cord tumors are rare, early diagnosis
plays an important role in the management of the le-
sion and it is an important factor in prognosis and
outcome. In the pediatric population, low-grade as-
trocytomas predominate; ependymomas increase in
frequency with age and are the most common IMSCT
in adults. Unexplained and intractable lumbar pain in
childhood should be investigated with a high-quality
MRI scan. Postoperative baseline MRI and regular se-
quential imaging studies are essential for long-term
follow-up in patients that have undergone resection
of an intramedullary spinal cord tumor. The main-
stay of treatment to date for IMSCTs is surgery. Elec-
trophysiological monitoring has proven to be a useful
adjunct in aiding the resection of these lesions. In the
future, appropriate management of these lesions will
require a more complete understanding of their mo-
lecular genetics.
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11.1 Introduction

In the Greek language, phakos means spot, mole, or
lentil, and “phakomatosis” suggests the presence of a
congenital lesion or birthmark (Berg 1991). This
term was applied historically to a group of genetic
disorders that are defined by involvement of the cen-
tral nervous system and skin. Over time, these disor-
ders expanded to include over 40 entities, each with
its own specific features (Chalhub 1976). This chapter
will review six of the more common neurocutaneous
syndromes and the current designations for these
disorders, with a particular emphasis on the CNS tu-
mors occurring in each disease: neurofibromatosis
types 1 (NF1) and 2 (NF2), Tuberous sclerosis
(TS), ataxia-telangiectasia (AT), von Hippel-Lin-
dau disease (VHL), and Sturge-Weber syndrome
(SWS). Other comprehensive reviews discuss each
entity in detail (Chalhub 1976; Berg 1991; Roach
1992; Korf 1997; Roach et al. 1998). More up-to-
date information on current molecular genetics is
available through the Online Mendelian Inheritance
in Man website (http://www.ncbi.nlm. nih.gov/
omim/).

Dysplasia caused by specific genetic alterations
within ectodermal tissue is thought to give rise to the
abnormalities seen in neurocutaneous syndromes
(skin and neural tissues). The same underlying mo-
lecular defects predispose affected individuals to fur-
ther genetic alterations with increasing risks of de-
veloping a neoplasm. Although the responsible genes
for many of these syndromes are known, the molecu-
lar mechanisms leading to variations in disease phe-
notype remain poorly understood. Clinical charac-
terization of these syndromes has improved, acceler-
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ated by advances in both computed tomography (CT)
and magnetic resonance imaging (MRI) (Braffman et
al. 1988; Fischbein et al. 2000; Herron et al. 2000). Im-
aging is now essential to define major and minor cri-
teria for diagnosis of neurocutaneous syndromes. In
many patients, the neuroradiographic features often
precede clinically significant findings or patient
symptoms.

Most oncologists should be familiar with the neu-
rocutaneous syndromes for several reasons. First,
these patients are at increased risk for the develop-
ment of CNS tumors. Second, the natural history of
these tumors differ from sporadically occurring
versions of the same tumors (Rosser and Packer
2002). Finally, the incidence of these inherited syn-
dromes is relatively high. Similar to other genetic
syndromes and heritable diseases, great variabili-
ty exists among patients with phakomatoses due in
part to mosaicism, expressivity, and genetic pene-
trance. Such variability exists among patients afflict-
ed with the same neurocutaneous syndrome, even
within a single family. Not surprisingly, lag times of
over 8 years have been reported between symptoms
or signs of neurocutaneous syndromes and clinical
diagnoses (Parry et al. 1994). Further complexity
is added by spontaneous mutations that result in
neurocutaneous syndromes that lack a family history
but incur subsequent risk for patients and their prog-
eny.

11.2 Neurofibromatosis Type 1
11.2.1 Epidemiology

Also known as von Recklinghausen’s disease, NF1 is
an autosomal dominant disease with an estimated in-
cidence of 1:3,000 to 4,000, equal sex distribution, and
no apparent ethnic predisposition (Szudek et al.
2000; Korf 2002). It is one of the most common sin-
gle-gene disorders, with as many as 50% of cases
arising sporadically as new mutations. Most cases of
NF1 can be detected in infancy based on skin abnor-
malities, which although subtle usually intensify with
age, especially after puberty. The clinical diagnosis of
NF1 is frequently delayed until the teen years. NF1

Neurocutaneous Syndromes

exhibits nearly 100% penetrance by adulthood
(Riccardi 1987; Friedman 1999).

11.2.2 Genetics and Molecular Biology

The NFI gene maps to chromosome 17q11.2 and con-
sists of 59 exons spread over 350 kb of genomic DNA.
More than 100 different mutations have been ob-
served in patients with NF1 (Rosser and Packer 2002;
Viskochil 2002). The NFI gene product, neurofibro-
min, has been cloned and is believed to interact with
key signaling pathways regulating cell growth and di-
vision. Neurofibromin is a 2,818 amino acid cytoplas-
mic protein that contains a large amino acid segment
exhibiting homology to the functional domain of the
p21ras-GTPase-activating protein. This protein inac-
tivates the oncogene p21ras by stimulating its GTPa-
se activity, thus converting the active form of p21ras
into its inactive form. Mutations of neurofibromin al-
low constitutive activation of p2lras and probably
account for the many phenotypic abnormalities seen
in NF1, including benign and malignant neoplasms.
Although speculative, such molecular signaling ab-
normalities might underlie the learning disabilities
described in approximately half of all patients with
NF1 (Szudek et al. 2000).

11.2.3 Diagnostic Criteria and Clinical Features

The clinical features of NF1 are divided into major
and minor subgroups (Table 11.1). The most recog-
nizable clinical feature of NF1 is the café au lait spot,
a smooth, non-raised, brown discoloration of the
skin, which appears before adulthood in 95% of pa-
tients with NF1. Dermal neurofibromas, which arise
from Schwann cells, occur in >99 % of patients. These
tumors appear during adolescence and increase in
number and size with age. Other manifestations seen
in patients with NF1 include axillary freckling, Lisch
nodules (pigmented hamartomas of the iris), optic
gliomas, and bone dysplasias (Szudek et al. 2000; Korf
2002). As outlined in an earlier NIH meeting (NIH
Consensus Development Conference, Neurofibroma-
tosis: Conference Statement 1988), the diagnosis of
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Table 11.1. Major and minor features of NF1.NIH Consensus Development Conference, Neurofibromatosis: Conference State-

ment (1988)

Major features Minor features

Café au lait spots and skin freckling
Peripheral neurofibromas

Lisch nodules (iris hamartomas)
Plexiform neurofibromas
CNS tumors (optic gliomas, spinal neurofibromas)

Distinctive osseous lesions (ribbon ribs, sphenoid wing
dysplasia, pseudoarthroses, or thinning of long bone cortex)

NFI is made if a patient has met two or more of the
following criteria:

1. Six or more café au lait spots (>5 mm if prepuber-
tal, >15 mm if postpubertal)

2. Two or more neurofibromas of any type, or one or
more plexiform neurofibromas

3. Freckling in the axilla or inguinal regions (Crowe’s
sign)

4. Two or more Lisch nodules (iris hamartomas)

5. An optic pathway tumor

6. A distinctive osseous lesion such as sphenoid wing
dysplasia, or thinning of the cortex of the long
bones with or without pseudoarthroses

7. First degree relative (parent, sibling, or offspring)
with NF1 by the above criteria

There is an increased incidence of specific CNS neo-
plasms in patients with NF1 (Korf 2000; Rosser and
Packer 2002). The most common NF1-associated tu-
mors are optic gliomas, especially chiasmatic gliom-
as, the majority of which are diagnosed in childhood
(Turgut et al. 1991; Balestri et al. 1993). Although op-
tic gliomas are symptomatic in only 2 to 4% of pa-
tients with NF1, MRI findings of optic gliomas exist
in 12 to 20% of patients. Optic gliomas rarely give
rise to clinical manifestations and the typical pro-
gression is often slow. If symptomatic, these tumors
may present with decreased visual acuity, visual field
defects, proptosis and precocious puberty due to hy-

Macrocephaly

Short stature as growth hormone deficiency is found
even in NF1 patients that do not have hypothalamic
lesions

Hypsarrhythmia
Intellectual difficulties (e.g.learning difficulties)

Epilepsy

Hypertension — may be due to aortic coarctation,
renal artery stenosis, or pheochromocytoma

pothalamic compression. Although serial MRI scans
are recommended every 6 to 12 months, visual field
and acuity testing is a more sensitive indicator for tu-
mor progression. One prospective study of the utility
of MRI scans (Listernick et al. 1994) noted that there
was no instance of tumor progression that would not
have been identified clinically and concluded that
screening MRI alone does not alter management for
optic gliomas in NF1 patients.

In addition to optic gliomas, NF1 is associated
with an increased incidence of parenchymal gliomas,
particularly in the brainstem, cerebellar peduncles,
globus pallidus, and midbrain. The biological behav-
ior of brainstem gliomas in patients with NF1 differs
significantly from that of lesions with similar appear-
ance in patients without NF1 (Pollack et al. 1996; Li-
sternick et al. 1999). With NF1, there is a higher pre-
dilection for development in girls (female:male ratio
of 2:1) and location in the third ventricle, hypothala-
mus, cerebellum, and spinal cord. Other CNS neo-
plasms that occur in NFI patients with increased in-
cidence are ependymomas, meningiomas, and
medulloblastomas. Also noted is a preponderance of
paraspinal neurofibromas with an incidence of 4% of
symptomatic neurofibromas and >25% of asymp-
tomatic but radiographically evident tumors.

NF1 patients develop not only central nervous sys-
tem lesions but also peripheral nervous system tu-
mors. Neurofibromas and schwannomas arise most
commonly from major peripheral nerves, particularly
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Figure11.1a,b
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Optic pathway gliomas associated with NF1. a The T1-weighted axial images shows asymmetry of the optic chiasm with
the left optic nerve being larger than the right. The mass did not enhance following gadolinium. b A sagittal T1-weight-
ed image clearly shows the thick chiasm directly above the pituitary gland

the radial and ulnar nerves. Malignant transformation
of neurofibromas into neurofibrosarcomas occurs in
less than 5% of children with NF1 but more frequent-
ly in adults with NF1. The clinical signs associated with
malignant transformation are rapid growth and/or
pain. In this situation, the mass should be surgically re-
sected. The other general indication for surgical resec-
tion is for removal of very large tumors that create a
cosmetic problem. Patients with NF1 are also at risk
for non-CNS tumors, including Wilms tumor, rhab-
domyosarcoma, leukemia, melanoma, medullary thy-
roid carcinoma, and pheochromocytoma.

11.2.4 Natural History and Prognosis

NF1 is a progressive disease that can affect almost ev-
ery organ (Rasmussen et al. 2001; Korf 2002). Sorensen
noted that overall survival was reduced in patients with
NF1 (Sorensen et al. 1986). The causes of death in NF1
patients include neurofibrosarcoma, CNS tumors, and

systemic conditions such as hypertension (Friedman
and Ricardi 1999, Zoller et al. 1995). Patients with NF1
have a 34-fold greater likelihood of having malignant
connective tissue or soft tissue neoplasms compared
with non-NF1 individuals (Rasmussen et al. 2001).

11.2.5 Laboratory Studies

DNA testing is limited because present techniques
only detect approximately 70% of NF1 mutations
(Menkes and Maria 2000). Although performed in
some research laboratories, widespread genetic test-
ing for NF1 is currently not available.

11.2.6 Imaging Studies
On CT head scans, the characteristic features of an

optic glioma are fusiform enlargement of the optic
nerve(s), optic tract and/or optic chiasm. Remodel-
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White matter lesions associated with NF1.These lesions are best seen on T2-weighted images.a In this axial image, there
are bilateral (larger on the patient’s left side) lesions within the basal ganglia that do not produce much mass effect. These
lesions do not enhance following gadolinium. b Similar lesions can be seen in the posterior fossa. Here, the area of T2 pro-
longation extends from the cerebellar peduncle toward the pons

ing of the optic canal and medial sphenoid wing may
also be present. Sphenoid wing dysplasia is usually
associated with plexiform neurofibroma and bup-
thalmos (Balestri et al. 1993; Mukonoweshuro et al.
1999; Fischbein et al. 2000; Kornreich et al. 2001).
With MR brain imaging, optic nerve gliomas are eas-
ily visible with enlargement of the optic nerve(s), ch-
iasm, and/or optic tract (Fig. 11.1). Asymptomatic
optic gliomas are present in up to 20% of NF1 pa-
tients. The extent of involvement is often underesti-
mated with T1-weighted images while T2-weighted
images provide better representation of the involved
areas. Contrast enhancement can occur and may ei-
ther be heterogeneous or homogeneous. Brainstem
gliomas are relatively common (Aoki et al. 1989; Ba-
lestri et al. 1993; Mukonoweshuro et al. 1999; Fisch-
bein et al. 2000; Kornreich et al. 2001).
Non-enhancing foci of T2 prolongation within
deep gray nuclei and the white matter may represent
myelin vacuolization. These are most common in the

globus pallidus, followed by the cerebellum and
brainstem, internal capsules, centrum semiovale,
and corpus callosum and occur in up to 60% of NFI
patients (Fig. 11.2). Parenchymal tumors (usually
astrocytomas) have a predilection for the thalami
and basal ganglia and appear as T2-prolonging
mass lesions with variable post-gadolinium enhance-
ment.

11.2.7 Treatment

Patients with NF1 should have a thorough annual
physical examination. Although the value of screen-
ing imaging studies is not proven, most patients will
at some point undergo a screening MRI of the brain
and spine. Even if a mass is identified, treatment fo-
cuses on symptomatic lesions (Turgut et al. 1991; Pol-
lack et al. 1996). Most optic pathway gliomas associ-
ated with NF1 are asymptomatic and some have been
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Figure 11.3a,b

Neurocutaneous Syndromes

Large optic pathway glioma in a patient with NF1.This 3 year old girl presented with visual loss and was noted to have
an extremely large optic glioma as seen on axial a and coronal b T1-weighted images following contrast. The optic chi-
asm and nerves cannot be differentiated from the tumor. Because of the degree of visual loss, the patient underwent bi-
opsy to confirm the diagnosis and then was started on chemotherapy

noted to regress spontaneously (Parsa et al. 2001).
Pathologically, these tumors are classified as pilocy-
tic astrocytomas (WHO grade I), although their clin-
ical course is more indolent than in non-NF1 pa-
tients. Gradual enlargement of the mass can cause
compression of nearby structures and may require
surgical debulking. Hydrocephalus from obstruction
of the anterior third ventricle is treated by placement
of a ventriculoperitoneal shunt.

Slow enlargement of optic pathway gliomas clear-
ly demonstrated on serial imaging studies and
accompanied by symptoms can be managed by sys-
temic chemotherapy. Gururangan et al., treated
22 NF1 patients with low-grade gliomas as part of
a large phase II study and found that they had better
overall survival than non-NF1 patients (Gururangan
et al. 2002). Patients were treated if they met one or
more of the following criteria: (a) >25% increase in
the size of the tumor (Fig. 11.3A, B), (b) papilledema,
(c) loss of vision, (d) increase in proptosis, or (e) in-

crease in the diameter of the optic nerve >2 mm. Usu-
ally, protocols tailored for low-grade astrocytic tu-
mors are used (see Chapter 1). Surgery is often re-
quired for plexiform neurofibromas that have be-
come disfiguring or painful, but new biologic-based
approaches are being advocated (Packer et al. 2002).

11.3 Neurofibromatosis Type 2

11.3.1 Epidemiology

Neurofibromatosis type 2 (NF2) is inherited in an au-
tosomal dominant manner with an incidence of
1:37,000 and has no gender predilection (Mautner et
al. 1993; Parry et al. 1994). Generally NF2 patients be-
come symptomatic at puberty or thereafter. The
mean age of onset of symptoms is approximately 17
years of age, usually with acute hearing loss.
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11.3.2 Molecular Biology and Cytogenetics

The NF2 gene is located on chromosome 22 between
markers D22S212 and D22528. The protein product is
a 595 amino acid protein called merlin, or schwanno-
min, and demonstrates a high degree of homology
with a family of F-actin binding proteins including
talin, ezrin, radixin, and moesin (De Vitis et al.
1996a,b). Merlin localizes at the cell membrane and
acts as a membrane-cytoskeletal linker. It can revert
Ras-induced malignant phenotypes, indicating that
the NF2 gene product is a tumor suppressor protein.
The full biochemical consequences of merlin muta-
tions and the mechanism underlying NF2 phenotyp-
ic features remain unclear. Mutations of the NF2 gene
occur not only in neoplasms associated with NF2 but
also in 30% of melanomas and 41 % of mesotheliom-
as (De Vitis et al. 1996a,b). The reason why NF2 mu-
tations predispose to the formation of bilateral vesti-
bular schwannomas remains unclear.

11.3.3 Diagnostic Criteria
and Clinical Features

Clinical criteria are used to determine the diagnosis
of NF2 (Table 11.2). Bilateral vestibular schwann-
omas, which are characteristic lesions in patients
with NF2, usually present with hearing loss (Mautner
et al. 1993; Parry et al. 1994; Mautner et al. 1996).
These tumors are found in 96% of NF2 patients; bi-
lateral in 90% and unilateral in 6%. Vestibular
schwannomas were formerly called “acoustic neuro-
mas,” an inaccurate term because they arise from
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Schwann cells and typically involve the vestibular
rather than the acoustic (cochlear) branch of the 8th
cranial nerve. NF2 patients exhibit an overall predi-
lection for tumors of meninges and Schwann cells
and may also present with facial nerve, trigeminal
nerve, and multiple spinal nerve schwannomas, as
well as meningiomas. Symptoms at time of presenta-
tion include hearing loss, tinnitus, and disequilibri-
um from vestibular schwannomas. The onset of
symptoms ranges from 15 to 74 years of age. It is wide-
ly believed that hemorrhage into vestibular schwann-
omas may trigger sudden hearing loss and acute hy-
drocephalus although this event is quite rare. NF2 pa-
tients under 10 years of age present most commonly
with visual deficits or rapidly growing skin tumors.

NF2 patients develop other central neurofibromas
including paraspinal tumors that may compress the
spinal cord and present with myelopathy. These le-
sions, the source of major morbidity and mortality,
are surprisingly common (90%) in patients with
NF2. Additional lesions associated with NF2 include
posterior subcapsular cataracts (63 %), retinal hama-
rtomas, optic nerve sheath meningiomas, meningio-
mas (meningeal), ependymomas (usually spinal
cord), gliomas, and trigeminal schwannomas (Maut-
ner et al. 1996).

11.3.4 Natural History and Prognosis

The mean age of onset of symptoms is 17 years of age
while the mean age of NF2 diagnosis is 22 years. Re-
lentless progression of vestibular schwannomas and
other tumors may lead to loss of vision, paresis, and

Table 11.2. NF2 Diagnostic criteria. NIH Consensus Development Conference, Neurofibromatosis: Conference Statement (1988)

Clinical features — one of the following Or, two of the following

Bilateral eighth cranial nerve masses (vestibular schwannomas)

seen with imaging techniques
A first-degree relative with NF2 and unilateral vestibular

Multiple meningiomas

Unilateral vestibular schwannoma

schwannoma or any two of: neurofibroma, glioma, meningioma,
schwannoma, juvenile posterior subcapsular lenticular opacity

Neurofibroma, glioma, schwannoma, glioma,
cerebral calcification or subcapsular lens opacity
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eventual death from brainstem compression (Parry
et al. 1994). The prognosis for NF2 patients is vari-
able, as a spectrum of phenotypes exists. Early detec-
tion offers distinct advantages to the patients as hear-
ing preservation remains a challenge. The diagnosis
of NF2 raises great concern for potential CNS tumors
(schwannomas, meningiomas, gliomas, and neuro-
mas) that may involved the brain, cranial nerves, or
spinal cord.

11.3.5 Laboratory Studies

Laboratory diagnosis relies on the presence of DNA
mutation in merlin and requires linkage studies from
DNA derived from at least two affected family mem-
bers.

Figure 11.4a,b
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11.3.6 Imaging Studies

Schwannomas on CT head scanning are round or
ovoid extra-axial masses. They are iso to mildly hy-
podense on non-contrast CT scan unless cystic or
hemorrhagic. Meningiomas are dural-based extra-
axial masses, often with an associated dural tail. They
are typically isodense to brain on non-contrast CT
scans (Aoki et al. 1989; Mautner et al. 1996; Fischbein
et al. 2000).

On MR imaging, schwannomas are iso to mildly
hypointense compared to brain parenchyma on T1-
weighted-images. They are iso to hyperintense to
brain parenchyma on T2-weighted images. Intense
homogeneous enhancement after contrast adminis-
tration is typically seen (Fig. 11.4a),although areas of
cystic change or hemorrhage may lead to heteroge-
neous enhancement. Large lesions may cause brain-
stem compression and/or hydrocephalus. Similar to
schwannomas, meningiomas are isointense to gray

NF2 tumors.a Typical apperance of bilateral vestibular schwannomas in a teenage girl. On this fat-suppressed T1-weight-
ed axial image, the tumors are clearly seen arising from the internal acoustic meati on either siede. b Although convexi-
ty and falcine meningiomas are visualized, the bilateral schwannomas are much larger.
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matter on T1- and T2-weighted images. They usually
enhance intensely and homogeneously following ga-
dolinium administration and calcifications are com-
mon (Fig. 11.4B; Mautner et al. 1996; Fischbein et al.
2000).

11.3.7 Treatment

Schwannomas generally progress slowly, and if small
and asymptomatic, patients can be followed by serial
imaging studies. Surgical resection, and/or stereotac-
tic radiosurgery may be required for symptomatic le-
sions (Parry et al. 1994). A recent retrospective study
(Moffat et al. 2003) spanning 17 years concluded that
surgery unequivocally offered superior tumor control
over stereotactic radiosurgery (Gamma Knife, Elekta
AB) when hearing preservation and facial nerve func-
tion were the endpoints studied. Half of the tumors in
this study were treated conservatively with annual
surveillance alone and did not require intervention. In
another study (Samii 1995), 74 NF2 patients with bi-
lateral tumors following surgical resections had a to-
tal rate of hearing preservation of 36 %, while another
group (Brackmann et al. 2001) reported 42.5% hear-
ing preservation with early proactive surgical inter-
vention. Others report that stereotactic radiosurgery
is a safe and effective treatment for NF2 tumors and
may in fact have better rates of hearing preservation,
approximately 43 % (Subach et al. 1999). Patients with
small vestibular schwannomas can suffer deafness
without imaging changes in tumor size (Walsh et al.
2000). At this time, more clinical experience is war-
ranted to better define the most effective treatment(s)
and key criteria for initiating therapy.

11.4 Tuberous Sclerosis Complex

11.4.1 Epidemiology

Tuberous sclerosis complex (TSC), previously known
as Bourneville’s disease, is an autosomal dominant
disorder with an incidence of 1:10,000 to 1:30,000. It is
the second most common neurocutaneous syndrome
after NF1. There is no race or gender predilection and
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onset of symptoms varies from infancy to late child-
hood (Roach et al. 1998; Sparagana and Roach 2000).

11.4.2 Molecular Biology and Genetics

TSC is genetically heterogeneous with two implicated
genes: TSC1 on chromosome 9q34 encodes hamar-
tin, a 130 kDa protein with no significant homology
to any other known vertebrate protein; and TSC2 on
chromosome 16p13 encodes tuberin, a 200 kDa tu-
mor-suppressor protein. Tuberin protein is most
abundant in cerebral gray matter and increases dur-
ing prenatal and postnatal development. Interesting-
ly, hamartin and tuberin associate physically in vitro
and inactivation of either is believed to prevent
the formation of a functional protein complex.
The details of how these two gene products manifest
the phenotype of TSC remain unknown but are the
topic of active investigation (Sparagana and Roach
2000).

In TSC, it is widely held that the disease phenotype
results from deficits in cell migration, proliferation
and differentiation. In the CNS, primitive cells in the
germinal matrix fail to differentiate into neuronal
and glial populations while other cells fail to migrate
at all. Features of this aberrant CNS development in
TSC include cortical tubers, also known as hamar-
tias, constituting defects in tissue combination dur-
ing development. Other examples of aberrant CNS
development in TSC include subependymal nodules
also known as hamartomas, which are defined as be-
nign tumor-like nodules composed of a disorganized
overgrowth of mature cells.

11.4.3 Diagnostic Criteria and Clinical Features

The classic TSC triad consists of seizures, mental re-
tardation, and adenoma sebaceum (Hanno and Beck
1987; Curatolo 1996; Roach et al. 1998). Adenoma se-
baceum growths are pathologically better character-
ized as facial angiofibromas. In infants, the combina-
tion of depigmented areas of skin, infantile spasms
and delayed development is diagnostic of TSC. A va-
riety of clinical criteria are used to establish the diag-
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nosis of TSC (Table 11.3). For a definitive diagnosis of
TSC, either two major features or one major feature
and two minor features must be present. For a prob-
able diagnosis of TSC, one major feature or two or
more minor features must be present.

In 70% of TSC patients, seizures begin before
1 year of age (Webb et al. 1996), are often refractory to
treatment, and thus present a major therapeutic chal-
lenge (Hanno and Beck 1987; Curatolo 1996; Roach et
al. 1998). Signs of intellectual deterioration can be a
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consequence of either frequent uncontrolled seizures
or increased intracranial pressure caused by obstruc-
tion of the foramen of Monro. The degree of mental
retardation varies widely and many patients develop
autism or pervasive developmental delay. Only one-
third of TSC patients maintain normal intelligence.
Hypomelanotic lesions, ash-leaf macular depig-
mented nevi resembling vitiligo, may be noted at birth
and can be seen in more than half of TSC patients be-
fore 2 years of age. These are best visualized with ul-

Table 11.3. Diagnostic criteria for tuberous sclerosis (Roach et al. 1998)

Major features

Minor features
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traviolet light (Wood lamp), and are seen in up to
90% of patients with TSC. Facial angiofibromas (ad-
enoma sebaceum) are skin lesions consisting of vas-
cular and connective tissue elements. They form a
red papular rash that typically extends over the nose
and down the nasolabial folds toward the chin,
cheeks, and malar regions. Skin lesions gradually en-
large, manifesting in 12% of affected children by
1 year of age, 40% by 3 years of age and ultimately in
as many as 80% of TSC patients (Hanno and Beck
1987; Curatolo 1996; Roach et al. 1998).

11.4.4 Natural History and Prognosis

Major CNS manifestations of TSC include subependy-
mal nodules (hamartias) and cortical tubers (hamar-
tomas), white matter lesions, and giant cell astrocyto-
mas of the foramen of Monro (Curatolo 1996; Roach et
al. 1998; Sparagana and Roach 2000). Not surprisingly,
involvement of the cortex can lead to neurologic defi-
cits marked by infantile spasms and medically refrac-
tory seizures. It remains unclear if the number of cor-
tical tubers dictates the extent of mental retardation or
the severity of the seizure disorder. Additional abnor-
malities occur in the brain, eyes, skin, kidneys, bones,
heart, and lungs. Prognosis varies with the individual
manifestations of the disease. In severe cases, death oc-
curs in the second decade of life (Curatolo 1996; Webb
et al. 1996; Sparagana and Roach 2000). Major causes
of death in a large TSC Scottish cohort were renal dis-
ease, followed by brain tumors, pulmonary lymphan-
giomyomatosis, status epilepticus, and bronchopneu-
monia (Shepherd and Stephenson 1992).

11.4.5 Laboratory Studies

Genetic testing of TSC has limited utility as two-
thirds of all cases are considered sporadic. Thus such
assays are not typically employed for prenatal diag-
nosis nor confirmation of a clinical diagnosis of TSC.
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11.4.6 Imaging Studies

Clinical criteria are commonly used to establish the
diagnosis of TSC with a head CT scan performed asa
confirmatory test. Approximately 95% of patients
with clinical features of TSC have abnormalities on
CT scans (Menkes and Maria 2000). Typically, there
are hypodense subependymal nodules lining the ven-
tricles (Fig. 11.5q), usually calcified after the first year
of life and 50% of affected individuals demonstrate
calcified cortical hamartomas. Giant cell astrocyto-
mas located at or near the foramen of Monro enhance
brightly following contrast administration. Calcified
subependymal and cortical nodules are seen in 95%
of individuals with TSC, and thus can be diagnosed
by CT, obviating the need for MRI and its attendant
requirement for general anesthesia in children
(Braffman et al. 1990; Menor et al. 1992; Fischbein et
al. 2000; Mukonoweshuro et al. 2001).

MRI brain imaging is preferable for defining the
exact number and location of cerebral cortical and
subcortical tubers, white matter lesions, and areas of
heterotopias (Braffman et al. 1990; Menor et al. 1992;
Fischbein et al. 2000; Mukonoweshuro et al. 2001).
Gadolinium-enhanced MRI imaging helps distin-
guish subependymal giant cell astrocytomas from
benign subependymal nodules. Tubers or sclerotic
white patches involving the gyri or white matter oc-
cur mostly in the cerebrum, while cerebellar, brain-
stem, and spinal cord lesions occur less commonly.
Cortical tubers/hamartomas change in appearance
as the brain myelinates. They are initially hyperinten-
se on T1-weighted-images and hypointense on T2-
weighted-images, but as brain myelination progress-
es, this imaging pattern reverses. White matter le-
sions appear as hyperintense linear bands in cere-
brum and cerebellum. In infants, bands are hypoin-
tense to unmyelinated white matter on T2-weighted-
images becoming hyperintense to white matter in
older children and adults (Fig. 11.5b). Giant cell as-
trocytomas at or near foramen of Monro display in-
tense post-contrast enhancement, although the pat-
tern can be heterogeneous (Fig. 11.5¢). MR spectros-
copy can be useful to distinguish them from cortical
tubers.
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11.4.7 Treatment

To prevent possible degeneration into higher grade
tumors, complete tumor excision of giant cell astro-
cytomas is prudent when lesions are symptomatic
and accessible. Resection of intraventricular tumors

Figure 11.5 a-c

is necessary for children who develop obstructive hy-
drocephalus. Medical management of TSC can prove
challenging, with 75 to 90 % of patients displaying fo-
cal or generalized seizures, many refractory to treat-
ment. In addition to antiepileptic agents, a surgical
option for control of intractable seizures is gaining
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attention. In selected cases, surgical resection of
dominant seizure foci that have an established con-
cordance of neuroimaging, electrophysiologic, and
clinical findings can be effective in achieving seizure
control. Regular clinical surveillance every 6 to 12
months for clinical signs and symptoms such as visu-
al field deficits or visual impairment is advisable,
rather than frequent neuroimaging in the absence of
clinical manifestations (Curatolo 1996; Webb et al.
1996; Miller et al. 1998; Roach et al. 1998). Potential
involvement of additional tissues warrants regular
screening for lesions such as cardiac myxomas and
renal angiolipoma tumors.

11.5 Ataxia-Telangiectasia (AT)
11.5.1 Epidemiology

Ataxia-telangiectasia (AT) is an autosomal recessive
disorder with an incidence of 1:40,000 to 80,000 and
equal sex predilection. Patients with AT may present
during infancy with ataxia without any cutaneous
manifestations, which may become apparent after
2 years of age (Gosink et al. 1999; Lavin 1999; Lavin
and Khanna 1999).

11.5.2 Molecular Biology and Genetics

The gene for AT has been mapped to the long arm of
chromosome 11 (11q23.3). The Ataxia Telangiectasia
Mutated (ATM) gene product is a member of the
phosphatidylinositol 3-kinase (PI3-kinase) family.
The ATM protein detects DNA double-strand breaks
and activates a number of cell-cycle checkpoints
(Lavin and Khanna 1999). ATM plays an important
role in cellular responses to DNA damage, cell-cycle
control and maintenance of telomere length. ATM
is a 370 kDa phosphoprotein that contains a PI3-ki-
nase domain, a putative leucine zipper, and a proline-
rich region that has been shown to bind the non-re-
ceptor tyrosine kinase c-Abl. The ATM kinase is
thought to have specificity for serine and threonine
residue and can act as a tumor suppressor (Gosink et
al. 1999).
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Over 300 different mutations have been identified
in AT patients. Database screening has revealed that
most mutations are unique to a given family. Muta-
tions are distributed anywhere within 66 exons
across the full 150 kilobases (kb) of the ATM gene.
Immunoblotting for ATM protein expression reveals
absence in 85% of patients. In the remaining 15% of
patients that express ATM protein, ATM kinase assays
for enzymatic activity assess the function of the pro-
tein.

11.5.3 Diagnostic Criteria and Clinical Features

The hallmark findings are oculocutaneous lesions
and oculomotor apraxia (Table 11.4). Progressive
oculocutaneous telangiectasias represent a key fea-
ture of AT (Paller 1987; Gosink et al. 1999; Lavin et al.
1999; Kamiya et al. 2001). Bulbar conjunctivae telang-
iectasias first appear between 2 and 6 years of age and
subsequently involve ears, eyelids, malar prominenc-
es, neck, antecubital and popliteal fossae, as well as
dorsum of hands and palate. Initially they appear as
bright-red, thick, symmetrical streaks that resemble
atypical conjunctivitis and only later become frank
telangiectasias. The AT skin lesions become more
prominent with sunlight exposure and older age.

AT is the most common ataxia in infancy (Kamiya
et al. 2001), although the initial manifestations of cer-
ebellar ataxia may not be noted until early walking.
AT is a common cause of progressive ataxia in chil-
dren younger than 10 years of age, second only to tu-
mors of the posterior fossa.

Table 11.4. Clinical features of ataxia telangiectasia (Menkes
and Maria 2000)

Clinical features

Slowly progressive cerebellar ataxia
Choreoathetosis
Telangiectasia of skin and conjunctiva

Susceptibility to sinobronchopulmonary infections,
lymphoreticular neoplasia, and other malignancies
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11.5.4 Natural History and Prognosis

Neurologic deterioration is progressive and older
children are eventually confined to wheelchairs with
myoclonic jerks, drooling, choreoathetosis, oculomo-
tor abnormalities, and dysarthric speech (Paller
1987). Eighty-five percent of AT patients develop
choreoathetosis, apraxia of eye movements, and nys-
tagmus. Intelligence is usually normal in young chil-
dren but deteriorates with progressive disease (Men-
kes and Maria 2000). Facial expression is typically
alert when smiling but dull and hypotonic when re-
laxed. Older children may have a stooped posture with
mask-like facies and dystonic posturing of fingers.

Growth retardation occurs in 72 % of patients with
AT. Progeric changes have been noted in almost 90 %
of AT patients with early loss of subcutaneous fat,loss
of skin elasticity, and premature graying of hair by
adolescence (Paller 1987). AT patients are immuno-
deficient with compromised humoral immune sur-
veillance. Specifically, AT patients have IgA deficien-
cies that predispose them to infectious agents that
enter through exposed sites. Consequently, they tend
to suffer from recurrent bacterial and viral sinopul-
monary infections that can be life threatening (Paller
1987).

Children with AT have an increased incidence of
cancer, primarily lymphoid tumors, due to acute sen-
sitivity to ionizing radiation and defective cell-cycle
checkpoints. AT patients are 40 to 100 times more
likely to develop leukemias, lymphomas, lymphosar-
comas, and Hodgkin’s disease. Lymphoreticular ma-
lignancies predominate in younger patients whereas
epithelial malignancies occur most frequently in
adult patients (Paller 1987). Not surprisingly, death
frequently occurs in late childhood or early teenage
years. Mean age of death is 14 years (Kamiya et al.
2001) due to pulmonary infections and malignancy.

Some penetrance appears in AT heterozygotes
leading to intermediate radiosensitivity and in-
creased risk of cancer, particularly breast cancer.
ATM heterozygotes have a 9-fold increased risk of de-
veloping breast cancer, characterized by bilateral dis-
ease and early age of onset (Lavin et al. 1999).
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11.5.5 Laboratory Studies

Highly elevated serum alpha-fetoprotein is detected
in nearly 95 % cases, and this laboratory marker often
precedes the appearance of telangiectasias by several
years (Menkes and Maria 2000). Patients may display
elevated levels of carcinoembryonic antigen (CEA)
and low or absent total IgA or IgE. Markedly de-
creased serum IgA (<80 mg/L) is noted in 70 to 80 %,
and low IgE (<3 mg/L) in 80 to 90% of AT patients.
Conversely, IgM, IgG1 and IgG3 levels tend to be high
(Menkes and Maria 2000). Elevated hepatic transam-
inases are seen in 40 to 50% of patients and glucose
intolerance is seen in 50% of patients. An unusual
form of adolescent diabetes is observed in which hy-
perglycemia occurs with rare glycosuria, absent keto-
sis, insulin hypersecretion, and peripheral insulin re-
sistance.

Chromosomal abnormalities occur 2 to 18 times
more frequently in AT patients than in normal indi-
viduals, with chromosomal abnormalities observed
in 80% of AT patients. Rearrangements of chromo-
somes 7 and 14 and especially 14:14 translocations
may anticipate the development of lymphoreticular
malignancies (Lavin et al. 1999). Analysis of amniot-
ic fluid allows prenatal diagnosis using measure-
ments of alpha-fetoprotein and high-resolution chro-
mosomal analysis. New ATM protein and enzyme as-
says are in development but not yet commercially
available.

11.5.6 Imaging Studies

Brain MR imaging (Fischbein et al. 2000) best visual-
izes posterior fossa abnormalities that include cere-
bellar atrophy, particularly of the anterior vermis, at-
rophy of the dentate and olivary nuclei, while spine
MR imaging demonstrates degeneration of the poste-
rior columns. These imaging findings correlate with
well-described neuropathologic features of AT. In the
cerebellum, there is a reduction in Purkinje cell num-
ber and atrophy of dentate nuclei. In addition, there is
atrophy of anterior horn cells, and demyelination of
gracile fasciculi in the spinal cord and nucleocytome-
galic cells in the anterior pituitary.
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11.5.7 Treatment

Supportive efforts include prophylactic therapy for in-
fections. Antibiotics and plasma gamma globulin infu-
sions have been utilized for IgA deficiencies and inter-
current sinopulmonary infections. Thymus gland and
bone marrow transplantations have been reported as
well. Judicious use of sunscreen is warranted to retard
actinic-like skin progeric changes. Radiation therapy
and radiomimetic chemotherapeutic agents should be
avoided in treating lymphoreticular malignancies.
Early pulmonary physiotherapy and physical therapy
appropriate for neurologic dysfunction should be in-
stituted. Many treatments employed for ataxia, includ-
ing acetylcholine, gamma-aminobutyric acid, dopam-
ine, diazepam, chlordiazepoxide, trihexyphenidyl,
diphenhydramine, and haloperidol have been ineffec-
tive. A patient disabled with an extremely severe invol-
untary movement disorder responded well to dantro-
lene, a hydantoin compound. Unfortunately to date, no
specific treatment prevents the neurologic progression
of AT (Paller 1987; Lavin et al. 1999). Neoplastic pro-
cesses that require aggressive treatment with chemo-
therapy or radiation present a formidable challenge
given the high vulnerability to further oncologic in-
sults in AT patients.

11.6 Von Hippel-Lindau Disease

11.6.1 Epidemiology

Von Hippel-Lindau (VHL) disease is an autosomal
dominant disorder with an incidence of 1 per 40,000
(Maher and Kaelin 1997). It exhibits 90% penetrance
and equal incidence in males and females. Generally,
VHL does not present during childhood, but more of-
ten during the second or third decades of life (Singh
et al. 2001).

11.6.2 Molecular Biology and Cytogenetics
The VHL gene has been mapped to chromosome

3p25-p26 and is a putative tumor-suppressor gene.
The VHL gene product is a component of an E3 ubi-
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quitin ligase that regulates the stability of the HIF
(hypoxia-inducible factor) transcription factor,
which in turn influences the angiogenic nature of
VHL-associated neoplasms (Kondo and Kaelin
2001).

11.6.3 Diagnostic Criteria and Clinical Features

Although it is classified as a neurocutaneous syn-
drome, VHL is not associated with any specific cuta-
neous lesion (Richard et al. 2000; Sims 2001), but
rather appears to be a multisystem disorder with
marked phenotypic variability (Table 11.5). Cardinal
features are retinal angiomas and hemangioblasto-
mas of the cerebellum (Friedrich 2001). Diagnostic
features include a positive family history of VHL with
identification of a CNS hemangioblastoma or a vis-
ceral lesion (Richard et al. 2000; Sims 2001). For ex-
ample, a retinal or cerebellar hemangioblastoma, re-
nal cell carcinoma, or pheochromocytoma in an at-
risk individual would be adequate for diagnosing
VHL. In isolated cases with absent family histories,
two or more retinal or cerebellar hemangioblastomas
or a single hemangioblastoma and a visceral tumor
are required for diagnosis. Multiple, frequent retinal
angiomas may lead to retinal detachment, hemor-
rhage, and blindness if left untreated.

CNS hemangioblastomas occur most often in the
superficial posterior-lateral cerebellum (75%) fol-
lowed by the spinal cord (13%), medulla (5%), and
rarely supratentorial brain (1.5%). Wanebo et al. re-

Table 11.5. Clinical features of von Hippel-Lindau disease
(Maher and Kaelin 1997;Richard et al. 2000; Sims 2001)

Clinical Features

Cerebellar hemangioblastoma with angiomas
of the spinal cord

Multiple congenital cysts of the pancreas
Kidney and renal carcinoma

Retinal hemangioma

Polycythemia

197
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port a higher incidence of spinal cord hemangioblas-
tomas (53%) than in other studies (Wanebo et al.
2003). These lesions are often multiple, and generally
benign without metastases. Surgical excision results
in excellent clinical outcome. Mean age at onset of
cerebellar hemangioblastomas in VHL is consider-
ably younger than in sporadic cases (Richard et al.
2000; Sims 2001). Cerebellar hemangioblastomas are
found in approximately 75% of patients with VHL.
However, only 5 to 30% of all patients with cerebellar
hemangioblastomas are found to have VHL. Many
patients with VHL ultimately develop multiple CNS
hemangioblastomas and management of brainstem
and spinal tumors can be difficult. Thus, CNS involve-
ment remains an important cause of morbidity and
mortality in VHL.

Fifty to seventy percent of VHL patients develop
renal cysts, although renal impairment from them is
rare. However, the lifetime risk of clear cell renal cell
carcinoma (RCC) is greater than 70% and RCC is a
major cause of death in VHL. Pheochromocytomas,
angiomas of the liver and kidneys, papillary cystade-
nomas, and endolymphatic sac tumors all develop at
increased rates in patients with VHL. Frequency of
pheochromocytomas in patients with VHL disease
varies between 7% and 20 %.

11.6.4 Natural History and Prognosis

Patients with VHL usually present in adulthood. Ini-
tial symptoms are often visual and related to retinal
angiomas with a mean age of onset of 25 years. Symp-
toms from cerebellar hemangioblastomas present
later and include headache, disequilibrium, nausea,
and vomiting. In a large 10-year retrospective NIH
study of 160 consecutive VHL patients, many patients
presented with mass effect attributable to a cyst that
was far greater in size than the causative tumor (Wa-
nebo et al. 2003). Neither tumors nor cysts spontane-
ously diminished in size although many untreated tu-
mors remained the same size for several years. The
tumors demonstrated a step-wise pattern of growth
with enlargement followed by a plateau. Usually the
mass effect caused by the cyst was responsible for
symptoms.
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The median age of death for patients with VHL is
49 years. Fifty-three percent of deaths are due to com-
plications of cerebellar hemangioblastomas while
32% are due to RCCs (Singh et al. 2001). Pure solid
lesions have worse prognoses than mixed (cystic and
solid) hemangioblastomas.

11.6.5 Laboratory Studies

Laboratory studies are very non-specific. Urinary
catecholamines, VMA and HVA, may be elevated. He-
mangioblastomas may produce excess erythropoi-
etin resulting in elevated hematocrit values. No DNA
genetic testing is available to date.

11.6.6 Imaging Studies

With CT head scanning, a low density cystic mass is
often present in the posterior fossa. Isodense mural
nodules may enhance intensely with contrast (Fisch-
bein et al. 2000). On MR imaging, brain cysts may be
isointense to CSF or proteinaceous (hyperintense on
T1-weighted sequences) with variable hyper- or hy-
pointensity on T2 (Fig. 11.6). Prominent flow voids
are seen in and adjacent to solid portions of the he-
mangioblastoma. Conventional catheter angiography
demonstrates intense tumor blush localized to the
posterior fossa. The typical blood supply is from su-
perior cerebellar, anterior inferior cerebellar, or pos-
terior inferior cerebellar arteries, but may also arise
from branches of the internal and external carotid ar-
teries. Angiography may assist with operative plan-
ning and, if possible, embolization may reduce the tu-
mor vascularity allowing resection with reduced
blood loss.
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VHL syndrome.T1-weighted images, pre- and post-contrast, demonstrating a small enhancing tumor nodule adjacent to
a cyst located within the cerebellar vermis. The cyst contents are slightly hyperintense to CSF

11.6.7 Treatment

To identify retinal angiomas, ophthalmologic exami-
nations are required and, when indicated, laser ther-
apy and cryotherapy are effective (Hes et al. 2001).
Surgical removal of symptomatic lesions may also be
considered. The NIH group emphasize that the pat-
tern of growth may be variable (Wanebo et al. 2003).
Some tumors remain quiescent for many years while
others grow quickly over several months. As men-
tioned above, the growth of the cyst is often greater
than the tumor itself and is responsible for the devel-
opment of symptoms related to mass effect. In their
series, asymptomatic patients rarely underwent sur-
gery. Overall, surgical resection of cerebellar, and
even brainstem and spinal cord tumors was associat-
ed with acceptable morbidity. External beam radia-
tion or stereotactic radiosurgery may be helpful for
multiple or inaccessible lesions.

11.7 Sturge-Weber Syndrome

11.7.1 Epidemiology

Sturge-Weber syndrome (SWS), or encephalofacial
angiomatosis, occurs sporadically. It is a readily rec-
ognizable congenital disorder with no definable ge-
netic pattern of sexual or ethnic predilection (Oakes
1992; Maria et al. 1998a; Bodensteiner and Roach
1999). Although there are rare familial cases of SWS,
there is no convincing data to suggest that it is a her-
itable condition. Skin findings are generally noticed
at birth and seizures may present in infancy. Classic
manifestations include an ipsilateral facial “port-
wine” stain, mental retardation, contralateral hemi-
paresis, contralateral hemiatrophy, and contralateral
homonymous hemianopsia. Other features of the
syndrome include glaucoma, dental abnormalities,
and skeletal lesions.
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11.7.2 Genetic and Molecular Biology

There are no known molecular biology factors or cy-
togenetic features (Oakes 1992; Maria et al. 1998a), but
from a pathologic perspective, malformations of em-
bryonic vascular plexus give rise to abnormalities of
the skin, leptomeninges, choroids, and cortex. Inter-
ference with vascular drainage at 5 to 8 weeks of ges-
tation affects the face, eye, leptomeninges, and brain.
Resultant angiomatosis is accompanied by poor su-
perficial cortical venous drainage with enlarged re-
gional transmedullary veins developing as alternate
pathways. It is postulated that inefficient outflow of
venous blood causes chronic hypoxia that results in
brain tissue loss and dystrophic calcifications.

11.7.3 Diagnostic Criteria and Clinical Features

Two essential features of SWS are facial cutaneous
nevi (commonly known as “port-wine” stains) and
leptomeningeal angiomas (Table 11.6; Menkes and
Maria 2000). The other accepted name for “port-
wine” stain is capillary vascular malformation. Al-
though the diagnosis of SWS is seldom difficult, chal-
lenges remain in predicting functional outcome (Oa-
kes 1992; Maria et al. 1998a). While facial nevi are the
most obvious of the SWS manifestations, the ipsilat-
eral leptomeningeal angioma is regarded as the most
important component in determining prognosis.
Children with widespread vascular lesions often have
more seizures and greater intellectual impairment.
The SWS clinical triad consists of (1) seizure disor-
der, (2) mental retardation, and (3) facial angiomas.
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Facial nevi are relatively common malformations,
occurring in approximately 3 in 1,000 births, and
only 15% of infants with typical “port-wine” cutane-
ous lesions have SWS. In fact, up to 85% of patients
with typical upper face hemifacial nevi are not asso-
ciated with leptomeningeal angiomatosis found clas-
sically in SWS. Conversely, 13 % of patients with cere-
bral manifestation of SWS do not display facial nevi.
Involvement of the eyelid is associated with ipsilater-
al brain involvement and usually conforms to the dis-
tribution of the first division of the trigeminal nerve.
The second and third divisions of the trigeminal
nerve can also be involved. There is no correlation
between size of facial involvement and CNS malfor-
mations (Bodensteiner and Roach 1999). Cutaneous
facial nevi are usually present at birth but may be-
come more prominent, thicker, and darker with age.

Seizures often begin in the first year of life as the
initial presenting feature in 80% of patients with
SWS, and are often medically refractory (Oakes 1992;
Maria et al. 1998a). Seizures usually arise focally at
first but may become secondarily generalized into
tonic-clonic seizures. In addition, patients experience
focal neurologic deficits that develop acutely in con-
junction with flurries of seizures, and also experience
the more readily recovering post-seizure episodes
known as Todd’s paralysis. Hemiparesis occurs with
or without seizures and affected extremities often
grow poorly, eventually resulting in hemiatrophy. Vi-
sual field defects result from involvement of one or
both occipital lobes or optic tracts with leptom-
eningeal angiomatosis. Hydrocephalus may occur as
aresult of increased venous pressure from thrombos-
es of deep venous channels or extensive arterio-
venous anastomoses.

Table 11.6. Clinical features of Sturge-Weber syndrome (Bodensteiner and Roach 1999; Menkes and Maria 2000)

Major clinical features Additional features

Congenital facial vascular nevus
Focal or generalized seizures

Brain MRI leptomeningeal enhancement after gadolinium
administration plus enlarged transmedullary veins and
unilateral hypertrophy of the choroid plexus

Glaucoma/bupthalmos
Neurologic deterioration

CT head parieto-occipital calcifications arranged in
parallel lines ("tram tracks")



Neurocutaneous Syndromes

Mental retardation is common in SWS, with 1Qs
lower than 90 in 70% of patients (Menkes and Maria
2000). Early developmental milestones may reveal de-
lays. There is some controversy in the SWS literature
regarding intellectual status. One study reports that
most SWS patients without seizures are mentally
normal (Sujansky and Conradi 1995). A conflicting
study reports that although most infants with SWS
have normal neurologic function, nearly all adults
with SWS are impaired, suggesting a pervasive dete-
rioration of function regardless of seizures (Maria et
al. 1998).

Other signs and symptoms of SWS include head-
aches, stroke-like episodes, contralateral hemiplegia,
hemisensory deficits, and contralateral homonymous
hemianopsia. Ocular involvement is common (up
to 40% of patients) and includes glaucoma and
buphthalmos (enlarged globes). The vascular malfor-
mations of the conjunctiva, episclera, choroid, and
retina predispose to abnormal intra-globe fluid
dynamics.

11.7.4 Natural History and Prognosis

SWS is associated with progressive CNS disease that
results in seizures as well as decreased motor, senso-
ry, visual, and cognitive abilities. Early development
of intractable seizures associated with hemiparesis
and bilateral involvement are poor prognostic signs
for cognitive development and general health.

11.7.5 Laboratory Studies

Neither laboratory nor genetic tests are available for
the diagnosis of SWS.

11.7.6 Imaging Studies

Although facial nevi are the most obvious manifesta-
tions of SWS, leptomeningeal angiomas are clearly
the most important determinants of ultimate patient
prognosis. Leptomeningeal malformations typically
involve posterior cerebral hemispheres, especially
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occipital lobes. Such malformations cause ischemia
in adjacent brain resulting in gliosis, demyelination,
parallel cortical calcifications, focal cerebral atrophy,
and hemiatrophy. Other findings include absent su-
perficial cortical veins adjacent to the malformation
and enlarged choroid plexus of the ipsilateral deep
venous system.

Head CT scans reveal gyral or “tram-track” corti-
cal calcifications (absent in very young patients),
most commonly over posterior hemispheres. There is
often underlying cortical atrophy. Enlargement of the
skull, diploic space, subarachnoid space, sinuses, and
mastoid air cells all occur ipsilateral to port-wine
stains. Contrast-enhanced scans may reveal diffuse
staining of involved cerebral cortex and intense lep-
tomeningeal enhancement if performed prior to the
development of cortical calcifications (Fischbein et
al. 2000).

Brain MRI scans (Fischbein et al. 2000) demon-
strate ipsilateral parenchymal atrophy, compensatory
skull thickening, and sinus enlargement. There is
marked gadolinium enhancement in areas of leptom-
eningeal angiomatosis. Enlargement of the ipsilater-
al choroid plexus occurs secondary to angiomatosis.
T2 shortening in the white matter underlies angiom-
atous malformations, usually seen in infants and may
be due to ischemia. In later life, areas of T2 shorten-
ing are usually secondary to calcifications. Enlarge-
ment of deep venous structures occurs ipsilateral to
meningeal angiomas.

11.7.7 Treatment

Unlike other neurocutaneous syndromes, SWS is not
associated with heightened predisposition to CNS tu-
mors. Treatment of facial nevi has been revolution-
ized by vascular-specific pulsed dye laser therapy.
Ophthalmologic consultation is often required for
aggressive medical and surgical management of
glaucoma. If intractable seizures affect neurologic
development and quality of life in young patients,
there is general agreement that surgical resection
(lobectomy, hemispherectomy) can significantly re-
duce seizure frequency and improve quality of life
(Kossoff et al. 2002). This usually requires removal of
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the involved cortex and leptomeningeal abnormality.
One author provided limited evidence that aspirin
therapy at 2 to 5 mg/kg per day may be associated
with two-thirds fewer stroke-like episodes but confir-
matory data is lacking (Maria et al. 1998b).

11.8 Conclusion

The neurocutaneous syndromes are among the most
common genetic disorders observed in humans. Fur-
thermore, patients suffering from one or another in
this unique group are at higher risk for the develop-
ment of CNS neoplasms. The responsible genes have
already been identified although the molecular
pathophysiology remains unclear in many cases. For
the clinical oncologist, the challenge is the decision to
treat or observe. Generally, this decision is driven by
the tempo and severity of the patient’s clinical pic-
ture, although a clear understanding of the natural
history of the disease is essential. Fortunately, most
patients do not develop malignant tumors, but this
information is tempered by the need for life-long ob-
servation and follow-up.

Internet sites regarding the phakomatoses are list-
ed in Table 11.7.

Table 11.7. Internet sites with additional information for the
phakomatoses

Neurofibromatosis www.nf.org

Tuberous sclerosis www.tsalliance.org

Ataxia telangiectasia www.atsociety.org.uk
www.atcp.org

Von Hippel-Lindau www.vhl.org

Sturge-Weber www.sturge-weber.com
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Chapter 12

Modern Neuroimaging

of Pediatric CNS Tumors

S.0.Bryant - S.Cha - AJ.Barkovich

Neuroimaging has been an important tool in the diag-
nosis of brain tumors and the assessment of their re-
sponse to therapy for more than 20 years. Pre- and
post-contrast magnetic resonance (MR) imaging re-
mains the most important tool in the assessment of
CNS neoplasms. Recently, however, technical advanc-
es have allowed the development of new techniques
that enable the noninvasive evaluation of physiologic
aspects of brain tumors and the surrounding brain. In
this chapter, the new techniques and their applica-
tions to the assessment of brain tumors are discussed.

12.1 MR Spectroscopy
12.1.1 Principles

Proton MR spectroscopy (MRS) is a powerful, sensi-
tive technique that can be added to a standard MR
scan with only a small time penalty (Hunter and
Wang 2001). MRS gives information about specific
metabolites that can supplement the morphologic in-
formation obtained by current MR imaging (Kim et
al. 1997; Kimura et al. 2001). Data suggest that MRS
may be useful to differentiate tumor from normal tis-
sue, determine relative tumor grade, plan biopsies,
distinguish treatment injury from recurrent neo-
plasm, and distinguish cystic infection from cystic
neoplasm (Dowling et al. 2001; Horska et al. 2001; La-
zareff et al. 1999; Martin et al. 2001; Nelson et al. 1997;
Nelson et al. 1999; Norfray et al. 1999; Ott et al. 1993;
Poptani et al. 1995; Shimizu et al. 1996; Vigneron et al.
2001; Wang et al. 1996; Yousem et al. 1992). Currently,
MR imaging alone may misrepresent tumor extent in
up to 40% of cases (Ott et al. 1993).
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MRS can detect peaks from functional groups of
numerous neurochemicals (Salibi and Brown 1998).
Several of these are important in the analysis of pa-
tients with brain tumors, including N-acetylasparta-
te (NAA), trimethylamines [choline (Cho) and relat-
ed compounds], creatine constituents (Cr), lactate
(Lac), myo-inositol (Myo), and amino acids (AA)
(Birken and Oldendorf 1989; Dezortova et al. 1999;
Hunter and Wang 2001; Norfray et al. 1999; Poptani et
al. 1995; Tomoi et al. 1997; Urenjak et al. 1993). The
first four merit a more in-depth discussion to under-
stand how spectroscopic information is beneficial in
the setting of pediatric brain tumors.

A normal NAA peak is thought to indicate a nor-
mal number of mature, normally functioning neu-
rons (Birken and Oldendorf 1989; Hunter and Wang
2001). NAA is believed to be a key component in an
acetyl-group carrier between neuronal mitochondria
and cytoplasm. It is vital in the regulation of neuronal
protein synthesis, myelin production, and the metab-
olism of several neurotransmitters (Birken and Old-
endorf 1989). NAA is also present in oligodendrocyte
precursors,and thus may, theoretically, be elevated or
reduced in processes involving oligodendrocytes and
myelin, as well as those involving neurons and axons
(Tzika et al. 1997; Urenjak et al. 1993). The NAA level
is dependent on location (it is 10% lower in the nor-
mal cerebellum compared to cerebrum), maturity
(increases as the brain develops and neurons ma-
ture), and neuronal health (decreased after injury or
infiltration by neoplasm (Urenjak et al. 1995; Wang et
al. 1996).

The Cho resonance is mainly composed of com-
pounds in cell membranes, such as choline, phospho-
choline, and glycerolphosphorylcholine (Waldrop et
al. 1998). Choline protons within intact membranes
(e.g., phosphatidylcholine), however, are immobile
and do not contribute to MR signal (Dowling et al.
2001; Norfray et al. 1999; Waldrop et al. 1998). The
Cho peak in the MR spectrum is composed of signal
from these compounds during the processes of mem-
brane synthesis and degradation (Dowling et al. 2001;
Norfray et al. 1999; Waldrop et al. 1998); thus, elevat-
ed Cho is found in neoplasms, active infection, and
regions containing inflammatory cells.
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The Cr peak comes from methylamine peaks of
creatine and phosphocreatine, compounds that pro-
vide a high-energy phosphate buffer for adenosine
triphosphate synthesis (Norfray et al. 1999). In most
disorders, it is not clear what processes produce
changes in creatine concentrations. Cr can be de-
pressed in high-grade or metabolically active neo-
plasm, due to the overwhelming requirements of the
proliferating tumor cells (Tzika et al. 1996, 2001). It
can also be depleted in regions of necrosis secondary
to lack of metabolic needs and cell death (Taylor et al.
1996; Tzika et al. 1997, 2001; Yousem et al. 1992).

Lactate is an end product of anaerobic glycolysis
that accumulates when the glycolytic rate exceeds
lactate catabolism or overwhelms export by the
blood stream (Norfray et al. 1999; Tomoi et al. 1997;
Wang et al. 1995). It is a nonspecific marker seen in
tumors, necrosis, ischemia, cysts, and treatment inju-
ry (Wang et al. 1995).

12.1.2 Technique

Currently at the University of California, San Francis-
co (UCSF) we obtain spectra from a large area of the
brain (8x8x8 cm), and can resolve spectra from vol-
umes of less than 1 cubic centimeter within that area
in about 17 minutes (McKnight et al. 2001; Nelson et
al. 1997, 1999). Using this technique, small foci of tu-
mor can be identified in a large region of heteroge-
neous tissue. Moreover, post-processing allows the
voxel to be placed in precisely the same region of in-
terest as in prior studies, allowing increased confi-
dence that the tumor has been sampled in precisely
the same location (Nelson et al. 1994). On MR scan-
ners without three-dimensional spectroscopic imag-
ing (3D MRSI), 2D MRSI, commercially available
from all major manufacturers, can be extremely use-
ful. Coverage is permitted by 2D MRSI of a large area
of tissue with small voxel size and an excellent signal
to noise ratio (Dowling et al. 2001; Taylor et al. 1996).
The only disadvantage is the necessity of acquiring
separate spectra for each plane sampled.
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12.1.3 Application

MRS is useful in the diagnosis and assessment of
brain tumors because these tumors, as a rule, have el-
evated Cho levels and subnormal NAA levels com-
pared to normal brain tissue. These features, howev-
er, are also found in other conditions in which mem-
brane turnover is increased and the number of
healthy mature neurons is decreased, such as imma-
ture brain, dysplastic brain, and inflammation. The
concentration of NAA is normally 10% lower in the
cerebellum than in cerebral white matter (Usenius et
al. 1995; Wang et al. 1995). Cho concentrations in the
cerebellum and pons are 70 % higher than other areas
(Usenius et al. 1995). Increased Cho in relation to
NAA is even more dramatic in neonates (Tzika et al.
1996). Moreover, ratios of metabolites differ in differ-
ent regions of the brain, even within different por-
tions of the cerebral cortex (Wang et al. 1995). Thus,
itis critical to correlate MRS with MRI and other tests
in order to avoid false-positive diagnoses of tumor
(Sutton et al. 1992). Indeed, one should never attempt
to interpret MRS without MRI, as the MRS findings
are entirely nonspecific by themselves.

Once the diagnosis of tumor is established, MRS
can be of some use in grading astrocytic neoplasms.
In general, the farther the metabolite peaks vary from
normal, the more likely that the tumor is aggressive
(Hunter and Wang 2001). In addition, the Lac peak
magnitude tends to be more elevated in more aggres-
sive neoplasms (Girard et al. 1998). It should be kept
in mind, however, that juvenile pilocytic astrocyto-
mas, among the most benign of brain tumors, have
elevated choline and lactate, along with reduced NAA
(Lazareff et al. 1999). In addition, similar grades of
tumors of different histologic type may have very dif-
ferent spectra (e.g., a low-grade oligodendroglioma
may have a spectrum very different from a low-grade
astrocytoma). Thus, grading of neoplasms based on
MRS has concentrated on determining peak magni-
tudes and ratios in tumors of the same histologic
type (Cheng et al. 1998; Horska et al. 2001; Poptani et
al. 1995; Shimizu et al. 1996; Tzika et al. 1996), and
even in these cases it is not entirely reliable (Barker et
al. 1993; Chang et al. 1998; Kimura et al. 2001; Lazareff
et al. 1999; Shino et al. 1999; Tzika et al. 1996, 1997).
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Rarely, tumors have unique spectra that can help nar-
row the differential diagnosis from that derived from
routine MR imaging alone. For example, meningiom-
as often have an alanine peak not found in other neo-
plasms (Kinoshita and Yokota 1997; Kugel et al. 1992;
Lehnhardt et al. 2001).

MRS can be helpful in selecting the best biopsy site
in heterogeneous neoplasms (Dowling et al. 2001;
Martin et al. 2001). However, for MRS to be useful in
this regard, the voxel size must be small compared to
the size of the neoplasm. Spectroscopic data obtained
from a given volume of brain represents the average
of the metabolic components of the volume. If the vo-
xel is large or the tumor is small, the voxel might con-
tain regions of both high and low grade or of neo-
plasm, normal brain, and necrosis (Tzika et al. 1996).
The resultant spectrum reflects the percentage of
each component and does not reflect the nature of
the tumor. For example, the MRS of a highly aggres-
sive neoplasm with a large component of necrosis or
normal brain or low-grade tumor could mimic that of
alow-grade neoplasm (Sijens et al. 1995; Venkatesh et
al. 2001). Spectra can also be contaminated by adja-
cent CSF or by fat from the calvarium or scalp (Hunt-
er and Wang 2001; Norfray et al. 1999; Sijens et al.
1995; Wang et al. 1996). Thus, it is imperative to use as
small a voxel as possible. However, sampling many
different voxels during a single exam necessitates ex-
cessively long scan times if each voxel is acquired
separately. Thus, techniques have been developed to
perform 3D MRSI, which allows a large volume of
brain to be sampled during a single acquisition, with
subsequent analysis of small areas within the volume
during post-processing.

Although MRS can clearly distinguish abnormal
from normal brain, it does not always correctly dif-
ferentiate neoplasm from other processes (Kim et al.
1997; Sutton et al. 1992; Wilken et al. 2000), particu-
larly those with a high concentration of inflammato-
ry cells (Krouwer et al. 1998; Venkatesh et al. 2001).
The literature contains many examples of inflamma-
tory processes, such as demyelinating plaques, tuber-
culomas, xanthogranulomas, HIV encephalitis, and
HSV encephalitis, that have MRS features nearly
identical to neoplasia (Butzen et al. 2000; Krouwen et
al. 1998; Shukla-Dave et al. 2001; Venkatesh et al.
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Figure 12.1a

2001). These other processes should always be con-
sidered, particularly when the history or imaging
characteristics are not classic for tumor or the patient
has a history of a chronic illness.

However, MRS can be useful in differentiating ab-
scess from tumor. Upregulated glycolysis and fer-

mentation by bacteria produce elevated levels of lac-
tate, acetate, and succinate, while proteolysis by en-
zymes produces valine, isoleucine, and leucine
(Chang et al. 1998; Gupta et al. 2001; Kim et al. 1997).
These compounds have protons that precess in the
aliphatic region, upfield from NAA. Although ele-
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Figure 12.1b

Chapter 12

A

b Follow-up 3D CSl in the same location as image a.Choline peak (*) has decreased since the prior study, resulting in an
improved Z-score, yet still has evidence of residual neoplasm; Spectrum voxel labeled C shows necrosis; all metabolites

are decreased

vated lactate and succinate associated with radia-
tion necrosis renders MRS nonspecific in the post-
therapy patient (Kim et al. 1997; Yeung et al. 2001), the
presence of these peaks is quite sensitive (92 to 100
%) and specific when MRS is performed at presenta-
tion (Grand et al. 1999; Gupta et al. 2001; Kim et al.
1997; Kimura et al. 2001; Shukla-Dave et al. 2001).

Distinguishing posttherapy injury from recurrent
or residual neoplasm has been difficult for anatomic
imaging techniques, as the enhancement and edema
in both conditions can be nearly identical. This dis-
tinction is pivotal, since early recognition of recur-
rence can prolong survival or guide future treatment
(Shtern 1992). MRS can be a useful technique in mak-
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ing this distinction, as injured brain produces a spec-
trum different from normal brain or tumor (Kamada
et al. 1997). Early radiation injury produces elevated
Cho from plasma and intracellular membrane dis-
ruption, but this usually clears quickly and a normal
NAA peak remains (Szigety et al. 1993). A global de-
crease in peak amplitudes (NAA, Cho, and Cr peaks)
is consistent with treatment injury without active
neoplasm (Kimura et al. 2001; Ott et al. 1993; Taylor et
al. 1996; Tzika et al. 1997; Yousem et al. 1992). Recur-
rence is suggested by new or persistent elevation of
Cho and reduction of NAA (Fig. 12.1) (Lazareff et al.
1999; Sijens et al. 1995; Tzika et al. 1997).

There is no consensus as to how often patients
should be evaluated. We believe that the most sensi-
tive method to evaluate treatment efficacy and to
screen for early recurrence or residual neoplasm is to
perform serial exams, comparing them with a known
baseline prior to treatment (Lazareff et al. 1999; Nel-
son et al. 1997, 1999; Norfray et al. 1999; Vigneron et
al. 2001). It is important to remember that, although
MRI/MRS is more sensitive than MRI alone, sensitiv-
ity is not 100%. Necrotic neoplasm with a paucity of
viable tumor cells can have identical spectra to post-
treatment necrosis (Taylor et al. 1996); differentiation
can only be made when the Cho increases on subse-
quent exams. Serial follow-up studies are, therefore,
essential to detect early growth of residual neoplasm.

MRS is a promising tool for assessing pediatric pa-
tients with brain tumors. In the appropriate setting,
spectroscopy can improve the delineation of neoplas-
tic brain involvement, increase the specificity of diag-
nosis, and help discriminate posttreatment injury
from residual neoplasm. Research continues to define
the role of MRS in grading neoplasms and possibly
predicting treatment response (Girard et al. 1998; La-
zareff et al. 1999; Lin et al. 1999; Negendank et al.
1996; Tzika et al. 2001; Waldrop et al. 1998).
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12.2 MR Perfusion
12.2.1 Principles

Cerebral perfusion is defined as the delivery of nutri-
ents and oxygen, via the blood, to brain tissue per
unit volume. This is typically expressed in units of
milliliters per 100 g of parenchyma per minute (Cha
et al. 2002). With recent advances in fast imaging
techniques and computer technology it is now possi-
ble to capture the dynamic changes in cerebral perfu-
sion using MRI. MR perfusion imaging provides in-
formation on cerebral hemodynamic parameters
that are reflective of tissue perfusion, including rela-
tive cerebral blood volume (rCBV), cerebral blood
flow (CBF), and mean transit time (MTT).

Perfusion MR imaging (pMRI) has evolved from a
research tool into a clinically useful technique due to
wider availability of high performance MR gradients
that allow faster imaging sequences (e.g., echo planar
imaging) and improvement in computer image-pro-
cessing algorithms. Quantitative analysis of perfu-
sion parameters can now be derived from a clinically
useful volume of brain using MR perfusion. In addi-
tion to the gathering of anatomical information as
from conventional MR, this technique takes us one
step closer to evaluating intracranial pathophysiolo-
gy. A brief review of pMRI is presented for better un-
derstanding of the methodology and the basis for its
clinical application.

12.2.2 Technique

There are several methods to derive perfusion pa-
rameters using MR imaging. Either endogenous (ar-
terial water) or exogenous (gadolinium, deuterium
oxide) contrast agents can be used in pMRI (Cha et al.
2002). Endogenous perfusion imaging (e.g., arterial
spin labeling) provides absolute quantification of ce-
rebral blood flow, but suffers from several pitfalls.
These include long imaging time, extreme sensitivity
to motion and low signal-to-noise ratio (SNR) (Cha
et al.2000a). This section will be limited to the discus-
sion of pMRI using exogenous contrast (e.g., gadolin-
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ium-DTPA) due to its readily available clinical bene-
fits and ease of use.

MR perfusion (e.g., dynamic susceptibility,
weighted-contrast-enhanced perfusion MR imaging,
DSC-pMRI) exploits the signal changes (T,* signal
loss) during bolus passage of a contrast agent
through the cerebral vessels (Aronen et al. 1994; Ball
and Holland 2001; Cha et al. 2000a; Ludemann et al.
2000; Siegal et al. 1997; Strong et al. 1993). Using trac-
er kinetic principles, the signal change is converted to
an integral of tissue contrast agent concentration
(Peters 1998; Rosen et al. 1990; Weisskoff et al. 1994).
These values are then used to generate perfusion
maps of various hemodynamic parameters.

To successfully image a large volume of brain dur-
ing the finite time that contrast is within the cerebral
vessels, faster imaging methods are necessary. Echo
planar imaging (EPI) fulfills this requirement, with
temporal resolution of 100 ms/slice. Several different
pulse sequences can be used with EPI (e.g., spin echo,
gradient echo). Spin echo images are thought to be
more sensitive to signal changes from contrast agent
within the capillaries (Weisskoff et al. 1994). Gradient
echo images are more sensitive to medium to large
vessels, and therefore greater signal drop is seen dur-
ing the first-pass of a contrast agent. Although more
prone to susceptibility artifact, gradient echo tech-
niques are more sensitive to small changes in blood
volume. Therefore, the gradient echo technique does
not require higher doses of contrast agent as does
spin echo to produce diagnostic images (Cha et al.
2002; Hunter and Wang 2001; Weisskoff et al. 1994).

12.2.3 Applications

DSC-pMRI, as adjunct imaging to conventional MR,
has several potential applications. With the wide
availability and application of faster imaging hard-
ware and software, DSC-pMRI can be incorporated
into the routine evaluation of intracranial lesions.
Clinical roles for DSC-pMRI include grading neo-
plasms, directing stereotactic biopsies, and distin-
guishing therapy-related brain injury from residu-
al/recurrent tumor (Cha et al. 2002; Knopp et al. 1999;
Law et al. 2002; Maeda et al. 1993; Tzika et al. 2002).
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Some advocate that DSC-pMRI may be helpful in ad-
justing chemotherapy dosing (Cha et al. 2000b).

Preliminary results on grading of gliomas with
DSC-pMRI are promising. Although some authors
using spin echo sequences have shown no statistical
correlation between tumor grade and perfusion im-
aging, gradient echo-derived blood volumes have
been more robust in distinguishing grades of glioma
(Aronen et al. 1994; Ball and Holland 2001; Lude-
mann et al. 2000; Roberts et al. 2000; Rosen et al. 1991;
Sugahara et al. 1998, 1999).

Separating high- from low-grade gliomas by his-
tology relies on the presence of neovascularity and
necrosis (Giannini and Scheithauer 1997; Plate and
Mennel 1995). DSC-pMRI is a method that can non-
invasively assess tumor vascularity and is comple-
mentary to histopathology in determining the grade
and malignancy potential of a neoplasm (Fig. 12.2)
(Gerlowski and Jain 1986).

Histology alone may not accurately predict tumor
biology or patient prognosis. DSC-pMRI correlates
with the degree of tumor angiogenesis and therefore
may be able to predict aggressive biology (Aronen et
al. 1994). Hence, the more aggressive the tumor, the
larger the rCBV (Knopp et al. 1999; Sugahara et al.
1999). This technique offers a potentially powerful
and noninvasive means of assessing tumor biology
and serially monitoring changes in the tumor during
therapy.

Most published reports in the literature for tumor
grading using DSC-pMRI have been based on the
adult population. Sensitivity for this technique may
be reduced in children since certain benign tumors,
such as pilocytic astrocytoma and choroid plexus
papilloma, may have increased vascularity, i.e., high
rCBV (Ball and Holland 2001; Giannini and Scheit-
hauer 1997; Keene et al. 1999; Plate and Mennel 1995;
Stronget al. 1993). Caution is also raised in interpre-
tation of DSC-pMRI in heterogeneous tumors. Deter-
mining the rCBV can vary in these lesions depending
on the location chosen to place the region of interest
(ROI). An ROI placed in an area of necrosis or non-
aggressive portion of the neoplasm could erroneous-
ly underestimate rCBV and result in under-grading
of tumor. Alternatively, cortically based neoplasms
that are contiguous with the brain surface vessels

211



212

Chapter 12 Modern Neuroimaging of Pediatric CNS Tumors

Figure 12.2 a-d

Right medial temporal lobe and chiasmatic glioma with pMRI characteristics of a vascular, intra-axial neoplasm.a Axial T,-
weighted gadolinium-enhanced image of the infiltrating, enhancing neoplasm. b Axial color map of the rCBV showing
increased CBV within the neoplasm (white arrowheads) relative to normal vascularity on the contralateral side.c Axial T,-
weighted image shows the regions (ovals) that were sampled to calculate the time/signal curves (2 = normal left basal
ganglia, 3 = neoplasm).d Time signal curve shows an intact BBB in region 2 (normal recovery of signal after the passage
of the contrast bolus), but a partially disrupted BBB in region 3 (slower, incomplete recovery after the bolus due to con-
trast leaking through the BBB)
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may be falsely given a higher grade due to a high
rCBV from an ROI placed over vessels (Sugahara et
al. 2001). Larger studies are needed prior to DSC-
PMRTI’s inclusion as a routine clinical practice for
grading tumors in children.

A promising application for perfusion imaging is
distinguishing treatment-induced brain injury from
residual or recurrent neoplasm (Cha et al. 2000b,
2002; Roberts et al. 2000; Rosen et al. 1991; Siegal et al.
1997; Sugahara et al. 1999, 2000). With routine MRI,
all of these can enhance and are indistinguishable
until serial studies show growth, in the case of neo-
plasm. DSC-pMRI takes advantage of the pathophys-
iologic differences in vascularity to separate the enti-
ties. Posttreatment brain injury, in part, is believed to
be the result of endothelial damage followed by vas-
cular thrombosis and blood-brain barrier (BBB)
breakdown. This ultimately leads to hypoperfusion of
the affected tissue (Chan et al. 1999). The result of de-
layed radiation injury is vascular thrombosis and fi-
brinoid necrosis, which on DSC-pMRI manifests as a
decrease in rCBV when compared to normal tissue
(Cha et al. 2000b, 2002). On the other hand, tumor
cells require a viable blood supply for growth and
spread and, therefore, increased rCBV is seen in re-
current/residual neoplasm (Ball and Holland 2001;
Cha et al. 2000b; Plate and Mennel 1995). Preliminary
results show that decreased signal on DSC-pMRI cor-
relates well with treatment-induced brain injury
(Cha et al. 2000b, 2002; Siegal et al. 1997).

Exceptions still exist in making this important dis-
tinction between tumor and therapy-induced brain
injury. Normal or even decreased rCBV in the area of
residual tumor can occur if neoplastic tissue is mixed
with hypovascular necrotic tissue. Treatment-in-
duced injury can lead to aneurysmal dilation of ves-
sels and formation of telangiectasias that can artifi-
cially elevate the rCBV, leading to false positives. Pete-
chial hemorrhage or calcification in an area of resid-
ual tumor can produce susceptibility artifact that
spuriously reduces the rCBV, resulting in a false neg-
ative (Sugahara et al. 2000). Further research is need-
ed prior to standardized clinical use throughout mul-
tiple institutions.

DSC-pMRI continues to be investigated for use in
guiding stereotactic biopsy of intracranial neo-
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plasms. Traditionally, biopsies of brain neoplasm,
guided by MR and CT, are directed to areas of con-
ventional contrast enhancement. This approach,
however, is prone to sampling error due to the intrin-
sic limitations of imaging enhancement to detect the
most aggressive portion of a tumor (Cha et al. 2002;
Joyce et al. 1978). In addition, limited tissue sample
size can lead to erroneous grading and inadequate
evaluation (Cappabianca et al. 1991; Chandrasoma et
al. 1989).

Contrast enhancement on MR reflects the areas of
breakdown within the BBB (Greenwood 1991). This is
often in the rim adjacent to a necrotic portion of the
neoplasm. Elevated rCBV is felt to represent the areas
of vascular hyperplasia in the aggressive, viable neo-
plasm and may not always correspond to a contrast-
enhancing portion (Cha et al. 2002). Using DSC-
pMRI in addition to conventional anatomical images
could result in reduced false negatives and errors in
assessing tumor grade. Although still investigational,
DSC-pMRI may be helpful in localizing the most ag-
gressive portion of neoplasms and serve as a comple-
mentary tool to anatomic imaging (Aronen et al.
1994; Knopp et al. 1999; Rosen et al. 1991).

Future applications for DSC-pMRI under develop-
ment include mapping dose distributions in neo-
plasms and following perfusion maps for therapy-
outcomes research for new therapeutic agents (Cha et
al. 2000b, 2002; Ludemann et al. 2000; Roberts et al.
2000).

In summary, DSC-pMRI is no longer primarily a
research tool and promises to become an important
diagnostic tool complementing conventional ana-
tomical imaging. Clinical use for tumor grading, dif-
ferentiating between residual neoplasm and treat-
ment-associated injury, and assisting in therapy dos-
ing and treatment follow-up are on the horizon.
Guiding biopsies within heterogeneous tumors by
perfusion imaging may reduce sampling errors and
improve diagnostic accuracy.
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12.2.4 Limitations

DSC-pMRI has several important constraints. Sensi-
tivity to susceptibility artifact prevents its use in
brain adjacent to the paranasal sinuses or the skull
base (Ball and Holland 2001; Cha et al. 2002; Pous-
saint et al. 1995). The sequence is very sensitive to pa-
tient motion, and SNR is low in comparison to ana-
tomic MR images (Aronen et al. 1994; Cha et al. 2002;
Siegal et al. 1997). Only a limited volume of brain can
be covered during the time it takes the contrast bolus
to pass through the intracranial vasculature. Also, a
compact delivery of the bolus may be difficult to at-
tain in a patient who has limited intravenous access
(Siegal et al. 1997). Furthermore, care must be taken
to recognize false positives that are created by normal
structures (e.g., choroid plexus and cortical veins)
(Aronen et al. 1994; Sugahara et al. 1998).

Additional costs may be substantial, due to the
stringent hardware and software requirements to ac-
quire and process the MR data. An on-site physicist
familiar with the MR technique is also beneficial, if
not essential, to bring the system on line at a new fa-
cility and for continued support (Cha et al. 2002).

12.3 Nuclear Medicine
12.3.1 Principles

The role of radionuclide CNS imaging continues to
evolve. The most commonly used techniques are sin-
gle photon emission computed tomography (SPE-
CT), which is readily available in most hospitals, and
positron emission tomography (PET), which is more
expensive and less readily available. Areas of current
study include: differentiating lesions with similar im-
aging appearances (e.g., lymphoma from toxoplas-
mosis by thallium uptake), differentiating treatment
injury from residual neoplasm, grading neoplasms,
predicting response to therapy, and localizing elo-
quent cortices prior to surgery (Maria et al. 1998; Ri-
cci et al. 1998).

The most widely practiced application is that of
differentiating residual neoplasm from treatment in-
jury. Without special techniques (such as MRSI; see
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previous section), this differentiation can be ex-
tremely difficult by conventional CT and MRI (Bru-
nelle 2000; di Chiro et al. 1988; Valk and Dillon 1991).
Both entities produce altered vasculature that can re-
sult in identical-appearing edema and enhancement.
Even biopsy can lead to a false diagnosis. It is difficult
to know if an area of enhancement represents an ag-
gressive margin of neoplasm or just an area of active
necrosis and BBB breakdown (Poussaint et al. 1995).
If cognizant of the limitations, radionuclide imaging
may be very helpful in select clinical scenarios.

Both SPECT and PET, utilizing several radionu-
clide imaging agents, have been studied in attempts
to distinguish treatment injury from neoplasm. The
most cited agents are Technetium-99m, thallium-201,
fluorine-18, and carbon-11(Dadparvar et al. 2000; di
Chiro et al. 1988; Go et al. 1994; Kim et al. 1992; Mar-
ia et al. 1994; Ogawa et al. 1991; Shinoura et al. 1997).
Thallium-201 SPECT and '®F-deoxyglucose (FDG)
PET are currently the most promising methods (Lo-
berboym et al. 1997; Maria et al. 1997); the remaining
discussion is limited to these two.

12.3.2 Mechanism and Technique

The mechanism of thallium sequestration within tu-
mor cells is unknown. The most accepted theories
propose either passive uptake over a potential mem-
brane gradient or high affinity for potassium-activat-
ed adenosine triphosphatase (Kaplan et al. 1987; Kim
etal. 1992). Alteration of the BBB may also play a role
(Kim et al. 1992). Whatever the mechanism, thallium
seems to be incorporated into neoplastic glial cells
considerably more than into non-neoplastic cells.
A typical dose for a *'Tl brain scan is 0.03 to
0.05 mCi/kg and images are obtained 5 to 10 minutes
after administering the dose intravenously (O’Tuama
1998).

PET imaging for brain tumors is primarily with
FDG, a compound that has chemical properties
similar to glucose and is therefore incorporated into
astrocytes as an energy source. However, ""FDG can-
not be normally metabolized and, therefore, becomes
entrapped within cells (Wang et al. 1996). Increased
BEDG within tumor cells is attributed to the in-
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creased rate of glycolysis in rapidly growing neo-
plasms (de Witte et al. 2000; Shinoura et al. 1997). For
pediatric brain scans, 0.14 mCi/kg of '*FDG is given
intravenously and images are usually obtained 30
minutes later (Kaplan et al. 1999; Kincaid et al. 1998).

12.3.3 Applications and Limitations

The usage of PET and SPECT to distinguish tumor
from posttreatment injury has been studied exten-
sively (Fig. 12.3). Both sensitivity and specificity of
8FDG PET are in the range of 80 to 90% (di Chiro et
al. 1988; Kim et al. 1992; Ricci et al. 1998; Valk and Dil-
lon 1991). At least 80% of pediatric tumors have a
high affinity for thallium. It may, therefore, be useful
to distinguish neoplasm from posttreatment granu-
lation tissue (Brunelle 2000; Maria et al. 1998). How-
ever, the grade of the neoplasm and histologic type
do not always correlate with the amount of thallium
uptake (Maria et al. 1994). Pilocytic astrocytoma has
a very high metabolic rate and therefore often a high
radiotracer uptake, even though it is a relatively be-
nign neoplasm.

The data for PET is calculated from lesions that are
at least 5 to 7 mm in dimension, the lower limits of
resolution for this modality. This imposes a limita-
tion on early detection of subtle neoplastic recur-
rence. Furthermore, the percentage of false negatives
is rather high and, as a result, many authors do not
consider this method acceptable for making thera-
peutic decisions (Barker et al. 1997; Kim et al. 1992;
Ogawa et al. 1991; Valk et al. 1988). Other PET agents,
such as ''C choline and '"'C tyrosine, have had mixed
success in detecting neoplastic recurrence and are
still under investigation (Go et al. 1994; Shinoura et
al. 1997).

Biopsy guidance by PET has been successful in the
limited number of patients studied (Go et al. 1994;
Massager et al. 2000). In theory, the most aggressive
portion of a tumor has the highest glucose uptake
and, thus, the highest ®FDG uptake; PET can there-
fore assist in localizing the most aggressive portion of
a heterogeneous neoplasm for proper staging. How-
ever, identification of the most aggressive portion of
the tumor has not been reproducible at every institu-
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tion. This may be due to difficulties in coregistering
the PET images to anatomic imaging (e.g., MR imag-
ing) and, perhaps, to the difficulty in identifying very
small regions of high-grade tumor (Maria et al. 1994,
1998). Furthermore, it can be difficult to differentiate
regions of cortex (which has higher '*FDG uptake
than normal white matter) from regions of tumor re-
currence without additional MR imaging.

Accurately predicting tumor grade by imaging is
imprecise and remains an elusive goal in practice.
Some authors claim that radionuclide imaging is an
equivalent, or occasionally better, predictor of surviv-
al in patients with a malignant glioma compared with
a prediction based on histologic grade (Valk et al.
1988). Others believe that PET is at least adequate to
distinguish high- from low-grade brain neoplasms
(Black et al. 1994; Kincaid et al. 1998; Provenzale et al.
1999; Valk and Dillon 1991). However, most results in-
dicate that nuclear imaging does not grade brain neo-
plasms with adequate accuracy to make it useful in
clinical practice (Choi et al. 2000; de Witte et al. 2000;
O’Tuama 1998). For example, high-grade neoplasms,
often necrotic in part, will have low uptake in the ne-
crotic regions so that when averaged with high-up-
take regions may appear as low-grade neoplasms
when calculating overall uptake. In addition, some
low-grade pediatric neoplasms, such as pilocytic as-
trocytomas, have an increased uptake to make them
appear as high-grade neoplasms.

Another potential application of radionuclides is
as a means of segregating tumors amenable to anti-
angiogenesis agents from those that would be resis-
tant (O’Tuama 1998; Valk et al. 1988). Some authors
suggest using PET to localize eloquent cortices pre-
operatively for patients unable to tolerate MR (Ka-
plan et al. 1999).

In general, radionuclide imaging is infrequently
used for pediatric brain neoplasms at our institution,
with conventional MRI, MRSI, perfusion imaging,
and magnetic source imaging (MSI) being the imag-
ing tools of choice. Each institution should determine
the optimal tools for their patients depending upon
their equipment and individual strengths.
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12.4 BOLD/MSI

12.4.1 Principles

Two techniques used for locating brain activity dur-
ing specific tasks are blood oxygenation level depen-
dent (BOLD) imaging and magnetic source imaging
(MSI). Many clinical applications of these techniques
are under investigation, including evaluating reorga-
nization after injury and deterioration during pro-
gressive disease, evaluation of therapies, and cortical
mapping prior to neurosurgery (Roberts et al. 2000;
Vezina 1997). These techniques are well developed in
adults, but are less useful in children, as they require
a great deal of cooperation by the patient. Some au-
thors have had success in children through the use of
multiple training sessions. However, such training re-
quires considerable time, personnel, and space,
which are rarely available in most hospitals and out-
patient centers. Task-related activations, which re-
quire that the patient perform specific tasks may be
difficult or impossible in individuals with deficits
such as reading disorders, mental retardation, hear-
ing loss, and paralysis (Breier et al. 1999; Otsubo and
Snead 2001; Simons et al. 1999). It is possible to per-
form some studies on sedated children, but it is not
yet clear how much effect the sedation has on the re-
sults. Therefore, this section is composed based
mainly on results in adults, in the hope that the diffi-
culties in performing these studies in children will
soon be overcome.

12.4.2 Mechanism of BOLD Imaging

In BOLD images, contrast is created by a local in-
crease of oxygenated blood in activated tissue (Mar-
tin and Marcar 2001; Stippich et al. 1998). In theory,
an activated group of neurons requires increased ox-
ygenation. This increased need is fulfilled by local va-
sodilation, allowing more oxygenated blood to be
transported to the activated cerebral cortex. The in-
crease in blood flow more than compensates for the
increased oxygen consumption, resulting in local in-
crease in oxyhemoglobin and decrease in deoxyhe-
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moglobin. As oxyhemoglobin is diamagnetic (does
not alter the local magnetic field) and deoxyhemo-
globin is paramagnetic (alters the local magnetic
field and results in local signal loss); the reduced lo-
cal concentration of deoxyhemoglobin results in less
signal loss and increased local signal intensity (Bei-
steiner et al. 1995; Boxerman et al. 1995). This local
signal alteration can be detected by susceptibility-
weighted MR imaging sequences if multiple acquisi-
tions are performed.

12.4.3 Mechanism of MSI

Neuronal activation results in electrical current,
which can be measured with electroencephalogr-
aphy. The electrical current generates magnetic flux,
the magnitude of which is in the order of a few pi-
coteslas, a quantity that is eight orders of magnitude
smaller than that produced from the earth’s magnet-
ic field and 12 orders smaller than that produced
from MRI (Alberstone et al. 2000; Lev and Grant
2000). When performed in a room shielded from ex-
ternal magnetic fields, superconducting quantum in-
terference devices (SQUIDs) (Ganslandt et al. 1999;
Stippich et al. 1998) can be used to measure and local-
ize these minute neuromagnetic signals using small
receivers placed on the scalp (Alberstone et al. 2000;
Papanicolaou et al. 2001). This technique is known as
magnetoencephalography (MEG). MEG signal is gen-
erated from intracellular electron flux, not local vas-
cular changes (as seen with functional MRI) (Roberts
and Rowley 1997), and is distinguished from EEG,
which detects extracellular currents and is therefore
less precise than MEG (Alberstone et al. 2000). Super-
imposition of MEG data on co-localized MR images
is referred to as magnetic source imaging (MSI)
(Stippich et al. 1998).
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Figure 12.4a,b
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MSiI for preoperative surgical planning in a patient who presented with grand mal seizure and aura, but without speech
or motor deficits. a Axial T1-weighted gadolinium-enhanced image showing a non-enhancing left temporal lobe/basal
ganglia low grade glioma. b Axial T,-weighted image showing white squares that correspond to areas of auditory stimu-
lation with a 1000 Hz frequency tone.The auditory cortex on the left side is displaced, but not invaded, by the neoplasm

12.4.4 Applications of BOLD and MSI

The most widely used clinical application of BOLD
imaging and MSI is the localization of eloquent cor-
tices for preoperative planning of brain surgery
(Fig. 12.4) (Disbrow et al. 1999; Roberts and Rowley
1997). Both BOLD and MSI can accurately localize
the primary motor cortex (Pujol et al. 1998; Roberts
and Rowley 1997). Sensitivity varies from 82 to 100 %
and often depends on whether the primary motor
cortex is merely displaced or frankly invaded by the
clinical process. Both techniques can also be used for
localizing language centers prior to surgical resec-
tion of portions of the temporal lobe for epilepsy or
tumor (Simos et al. 1999). BOLD may have the addi-
tional benefit over MEG in simultaneously localizing
multiple areas involved in complex brain function
(Roberts et al. 2000).

The accepted gold standard test to localize activat-
ed motor cortex is intraoperative cortical surface re-
cording (Suzuki and Yasui 1992). For localizing hemi-
spheric language centers, the Wada test (intracarotid
amytal test) has been the standard examination for
many years, but BOLD techniques have similar sensi-
tivities and are less invasive.

BOLD imaging has two major advantages in com-
parison to intraoperative surface recording: (1) local-
ization is obtained preoperatively, allowing prospec-
tive surgical planning; and (2) the study can be per-
formed at the same time as the preoperative MRI in-
stead of lengthening operating room time for an ad-
ditional procedure. Both techniques suffer when ana-
tomic landmarks are distorted by the tumor, as the
surgeon may encounter inadequate surgical exposure
of the primary motor cortex, and the navigation
based on the MR may be changed by opening of the
calvarium (Cedzich et al. 1996). Anesthetic agents
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may also influence the sensitivity of both the intraop-
erative and BOLD techniques (Cedzich et al. 1996), al-
though older children and teens can generally under-
go BOLD analysis without the need for sedation. In
adults, overall sensitivity of intraoperatively local-
ized eloquent cortices is roughly 91 to 94% (estimat-
ed by postoperative deficits), which is similar to func-
tional imaging (Ganslandt et al. 1999; Simos et al.
1999; Szymanski et al. 2001).

The Wada test requires an invasive catheter angio-
gram and sedation, both with inherent risks. Hemi-
spheric dominance can be established in the majori-
ty of cases, but more specific cortical mapping is not
possible (Simos et al. 1999). MSI and BOLD are both
as sensitive and provide additional information that
guides surgical approach and extent of resection
(Alberstone et al. 2000; Dillon and Roberts 1999;
Ganslandt et al. 1999; Pujol et al. 1998).

12.4.5 Limitations

Several pitfalls must be kept in mind when imple-
menting these new techniques. Limitations of BOLD
imaging include poor temporal resolution that can
never be better than the time that is required to pro-
duce a hemodynamic response to activated neurons,
roughly 2 to 5 seconds (Lev and Grant 2000; Martin
and Marcar 2001; Roberts and Rowley 1997). The spa-
tial resolution is dependent on the anatomic proxim-
ity of vessels to activated brain; high signal contribu-
tion by sulcal veins has a marked negative effect on
resolution (Dillon and Roberts 1999; Holodny et al.
1999; Roberts and Rowley 1997). Infiltration by neo-
plasm and edema can further distort the anatomic
relationship and possibly alter the autoregulation of
local vessels (Dillon and Roberts 1999; Holodny et al.
1999; Pujol et al. 1998). Motion artifact, larger caliber
vessels,and inflow effects can further distort localiza-
tion (Beisteiner et al. 1995; Boxerman et al. 1995;
Field et al. 2000; Holodny et al. 1999; Pujol et al. 1998).
Despite these shortcomings, BOLD generally localiz-
es activated groups of neurons within 1 to 2 cm of
their anatomic location.

MSI is hindered by overwhelming susceptibility
artifact from orthodontia and other ferromagnetic
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metals (Breier et al. 1999); BOLD imaging is also af-
fected by such artifacts, but not as severely. The
precision of labeling eloquent cortex by MEG is
very good, but not perfect. The inaccuracies of trans-
posing data from MEG to MRI reduces point localiza-
tion by roughly 4 mm of dispersal (Szymanski et al.
2001). Overall error in localization is thought to be
roughly a centimeter (Beisteiner et al. 1995), but
this is superior to other accepted techniques, in-
cluding BOLD. The largest drawback of MSI is the
cost and lack of availability of the necessary equip-
ment; whereas BOLD can be performed on a clinical
magnet with software upgrade, MSI requires an ex-
pensive neuromagnetometer in addition to a clinical
magnet.

In summary, functional imaging has some poten-
tial for use in pediatric brain tumor patients, but a
number of problems need to be overcome before
these techniques will be used routinely.

12.5 Diffusion Imaging
12.5.1 Principles

Diffusion-weighted imaging (DWI) is a technique
that relies on the fact that the motion of water mole-
cules causes decreased signal on specially acquired
MR images (Mitchell 1999). A special type of diffu-
sion-weighted imaging known as diffusion tensor
imaging (DTI), which allows both the net direction
and the magnitude of water motion in a voxel to be
determined, has recently become clinically available.
Both of these techniques have applications in the as-
sessment of brain tumors.

12.5.2 Technique

The technique of DWT allows for the calculation of
net water motion in a volume of tissue. Although it is
not known how much of the imaged water is intra-
versus extracellular, many authors have hypothesized
that most of the signal in these images is derived
from extracellular H,0. Reduced diffusion reflects
the net motion of all the free H,0 molecules within a
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given volume of tissue (Filippi et al. 2001; Inglis et al.
1999; Poupon et al. 1998).

The diffusion tensor is a mathematical probability
function that calculates the precise net motion char-
acteristics of the water protons in the voxel; in other
words, it gives the probability that any molecule is
moving in any direction at any velocity during the
time of the imaging. If all of the water protons are
equally free to move in all directions, the motion is
said to be isotropic. If water protons move predomi-
nantly in one direction more than others (due to re-
stricted movement in some directions or accentuated
movement in others), the motion is said to be aniso-
tropic. An example of a normal brain structure that
has anisotropic features is an axon. Water motion is
greater along the long axis than perpendicular to it,
probably at least in part as a result of the surrounding
hydrophobic myelin sheath. The characteristics of
the motion can be displayed either as images or
mathematically (Filippi et al. 2001; Gauvain et al.
2001; Melhem et al. 2000; Pierpaoli et al. 1996).

12.5.3 Applications

Few applications of diffusion imaging have been uti-
lized for the analysis of pediatric brain tumors. One
area in which it has been found to be helpful is in dis-
tinguishing between ring enhancing tumors and ab-
scesses. In general, cystic tumors have increased wa-
ter motion compared with surrounding brain, but ab-
scesses have reduced water motion (Fig. 12.5) (Gau-
vain et al. 2001). DWI can also be helpful in distin-
guishing between cystic and solid tumors. For exam-
ple, differentiation between an arachnoid cyst and an
epidermoid tumor may be difficult by conventional
MR sequences or CT. CSF freely moves in an arach-
noid cyst and therefore is isointense to the subarach-
noid space on DWI. An epidermoid tumor, on the
other hand, is solid and therefore has diffusion char-
acteristics similar to brain tissue. On diffusion-
weighted images, which reflect both diffusion charac-
teristics and T, characteristics, epidermoids are
bright compared to both CSF and the surrounding
brain, whereas on apparent diffusion coefficient
(ADC) images, which reflect only diffusion, epider-
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moids have a similar signal intensity to brain tissue
(Gauvain et al. 2001).

A current area of research for the use of DWI in
brain tumor patients is in evaluating postoperative
injury (Tanner et al. 2000). Acutely injured tissue gen-
erally has reduced diffusion for several days after the
injury. Areas of reduced diffusion around the surgical
cavity in the first few days after tumor resection like-
ly represents ischemic injury, possibly from damage
to vessels in the region of the resection (Fig. 12.6).
Such areas will generally show marked enhancement
for more than six weeks after surgery and should not
be mistaken for recurrent tumor.

DTI can potentially identify specific white matter
tracts within the brain, a technique that has been
called white matter tractography. Tractography may
be able to localize the corticospinal tracts based on
anatomic characteristics, which could help in preop-
erative planning. This technique could be especially
helpful in the spinal cord, where normal anisotropic
white matter tracts might be separable from disorga-
nized neoplastic cells (Inglis et al. 1999). However,
diffusion imaging in the spine is currently difficult,
due to artifact created by the spinal column. More-
over, the small size of the spinal cord creates prob-
lems in resolution. One last potential application lies
possibly in detecting loss of anisotropy in tumors; a
few studies suggest that DTT may be able to distin-
guish between high- and low-grade neoplasms (Gau-
vain et al. 2001). In summary, diffusion imaging has
relatively limited application in pediatric brain tu-
mor imaging at this time, but may be helpful in the
future.
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12.6 Magnetization Transfer
12.6.1 Principles

Magnetization transfer is a technique that allows im-
aging of molecules that interact with macromole-
cules in the brain (predominantly the components of
myelin) separately from free, unbound water mole-
cules. This technique gives us indirect information
about the macromolecules that the water has inter-
acted with. Although it is a useful technique in the as-
sessment of patients with disorders of myelin, partic-
ularly multiple sclerosis, few applications to brain tu-
mor imaging have been discovered.

12.6.2 Technique

Magnetization transfer images can be obtained by ac-
quiring two sets of gradient echo scans with gradient
spoilers. Data is best acquired using a repetition time
of 300 ms, an echo time of 7 ms, a theta(flip angle) of
20°,a 3 mm partition thickness,a 12 cm field of view,
and three-dimensional Fourier transform recon-
struction techniques. A radio-frequency saturation
band applied to the second set at 5 kHz off the reso-
nance frequency of free water will saturate the pool of
macromolecule-bound protons. Subtraction of the
second data set from the first results in a magnetiza-
tion transfer image. The amount of magnetization
transfer in the different regions of the brain, which
reflects the amount of water-binding macromole-
cules, can be calculated from region-of-interest mea-
surements from those regions of brain [MTR = (Mo -
Ms)/Mo, where MTR is the magnetization transfer
ratio, M, is the magnitude of signal without satura-
tion by an off-frequency radio frequency pulse, and
M is the magnitude of tissue signal with the satura-
tion pulse on] (Graham and Henkelman 1997).
Alternatively, magnetization transfer images can
be produced when the off-resonance RF pulse is ap-
plied during the imaging sequence. Application of
this pulse negates the contribution of bound water
protons to the overall MR image. As the binding of
the macromolecules causes T1 shortening (by slow-
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ing the rotation and translation of the water mole-
cules), the high signal of cerebral white matter is re-
duced on T1-weighted images.

12.6.3 Applications

The major application of MT imaging for brain tu-
mors is to increase lesion conspicuity; by reducing
the hyperintensity of white matter on T1-weighted
images, enhancement becomes more conspicuous.
The literature is mixed concerning the effect of MT
imaging on lesion conspicuity after administration of
low-dose gadolinium (Haba et al. 2001; Han et al.
1998; Knauth et al. 1996). It is generally accepted that
lesion conspicuity after administration of a low gad-
olinium dose with MT is as good as high-dose imag-
ing without MT in the evaluation of extra-axial neo-
plasms (Haba et al. 2001; Han et al. 1998). Only small
series have been published to date. Higher sensitivity
in defining the involvement of intra-axial neoplasms
by MT, in comparison to routine MRI, has been pro-
posed yet remains unproven (Grossman et al. 1994).
Other authors have explored the possibility that
MT may distinguish cystic neoplasms from cystic in-
fection. A potential role has been proposed in sepa-
rating non-pyogenic abscesses (such as tuberculo-
mas) from neoplasms (Gupta et al. 2001; Pui 2000). If
proved in subsequent studies, this application would
fill a void where MR spectroscopy is deficient. At
present, bacterial abscesses are better evaluated by
MR spectroscopy (Grand et al. 1999; Kim et al. 1997).

12.7 Improving Image Sensitivity
with Surface Coils

Subtle or small neoplasms of the cortex (ganglioglio-
ma, DNET), internal auditory canal (schwannoma in
neurofibromatosis), and spinal cord (astrocytoma,
ependymoma) can be missed on traditional MR se-
quences. There are primarily two methods to in-
crease sensitivity to detect and characterize these
neoplasms when they are small: higher resolution
images obtained with a high-field-strength magnet
(4+ Tesla) or by imaging with a routine-strength
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magnet and using special coils and software (Moyher
et al. 1997). Use of phased-array surface coils and im-
age-intensity correction algorithms can increase the
signal-to-noise ratio for superficial lesions (Fig.12.7).
This technique may be helpful in the above cases
(Grant et al. 1997, 1998).
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Figure 12.7 a,b

Surface coils utilized to prove that a presumed right oc-
cipital arachnoid cyst was actually an intra-axial low-
grade neoplasm (DNET). a Axial T,-weighted image
shows a hyperintense lesion (white arrow) on the sur=
face of the right occipital lobe that is not clearly intra-
axial. b T,-weighted image obtained with surface coils
shows the same lesion in better detail conﬁnmng that
the lesion is an intra-axial mass

12.8 Conclusion

Neuroradiologic evaluation of tumors has grown to
include many more techniques than just anatomic
imaging. Metabolic assessment, assessment of perfu-
sion, and assessment of the function of surrounding
brain can now be performed along with anatomic im-
aging in a single visit to the MR suite. These tech-
niques provide useful tools to assess the charac-
teristics of pediatric brain tumors and their respons-
es to therapy.
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Current Surgical

Management
N.Gupta - V.Perry - M.S.Berger

13.1 Introduction

For the majority of brain tumors in children, the ex-
tent of resection is the most important factor predict-
ing long-term outcome. This conclusion has led
many neurosurgeons to be as aggressive as possible
during the initial surgical procedure in an effort to
achieve gross total resection (GTR; Pollack 1999; Al-
bright et al. 2000). It should be recognized that GTR is
not the primary goal for tumors where sensitivity to
adjuvant therapy is high (e.g., germinoma), or where
there is clear extension into eloquent regions (e.g.,
brainstem and thalamic glioma). Fortunately, these
latter groups represent a minority of pediatric brain
tumors (Pollack 1994).

The majority of pediatric tumors are primary glial
neoplasms arising within the cerebellar or cerebral
hemispheres. Factors affecting extent of resection
are: relation to functionally important structures, de-
gree of infiltration, and presence or absence of tumor
dissemination at time of presentation. Although the
portions of infiltrative supratentorial tumors that ex-
tend into eloquent locations (primary motor, speech
cortex, basal ganglia, or major white matter tracts
such as the internal capsule) are likely to defy GTR,
an argument can be made for extending resection
sufficiently to allow a change to occur in the natural
history of the disease (Keles et al. 2001). Previously,
the definition of eloquent cortex relied mainly on
variable anatomical maps, and resective procedures
were limited by the inability to predict functional
anatomy in specific patients. In the posterior fossa,
GTR is limited either by involvement of the brain-
stem or the cranial nerves. Monitoring of virtually all
cranial nerves is now possible, which greatly facili-
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tates safe dissection of the tumor from normal struc-
tures. Infiltration into the brainstem by malignant tu-
mors is not amenable to surgical resection.

Progress in various technologies has allowed maps
to be created for individual patients that define the
actual boundaries of eloquent cortex. These advanc-
es consist of neuronavigation coupled with high-res-
olution imaging modalities, non-invasive functional
imaging, and adaptation of brain and spinal cord
mapping techniques to the pediatric population.

13.2 Technical Adjuncts for Resection
of Brain Tumors

13.2.1 Neuronavigation

Conventional magnetic resonance imaging (MRI)
provides the necessary detail to assess the anatomical
relationships of most intracranial tumors. Several
manufacturers supply systems that use a preopera-
tive MRI scan as the basis for an intraoperative three-
dimensional guidance system. In their various con-
figurations, these are all considered neuronavigation
systems. A standard MRI may be complemented by
techniques (see Chapter 12) such as MR spectrosco-
py, magnetic source imaging (MSI), high resolution
sequences, and other modalities such as convention-
al angiography if necessary. These special sequences
can also be incorporated into the standard MRI for
intraoperative use.

Neuronavigation has impacted brain tumor sur-
gery in three major ways. First, surgical routes can be
simulated and planned preoperatively allowing maxi-
mum accuracy of craniotomy placements and corti-
cal incisions. Mistakes in trajectory and depth during
tumor resection are prevented. Second, the shortest
and safest route through brain tissue that will avoid
important neural and vascular structures can be de-
termined well before the procedure. This reduces the
risk of postoperative neurologic deficits, and im-
proves assessment of risk preoperatively. Third, the
use of neuronavigation improves the extent of tumor
resection through providing “feedback” to augment
the surgeon’s perception of anatomical placement.
Despite all of these advantages, the major limitation
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of preoperative registered imaging data is obvious:
intraoperative shifts of tissue cannot update a static
set of data obtained prior to tumor resection.

The original intraoperative navigation systems
used metal stereotactic frames rigidly attached to the
calvarium. These are referred to as “frame-based” ste-
reotactic devices. Target guidance relied upon ana-
tomical coordinates as defined in anatomical atlases.
Coordinates and targets could be refined modestly by
imaging studies such as plain films and air ventricu-
lograms. The inherent inaccuracy of this system is
obvious in that patient-specific data is not used to
guide the actual procedure. A critical advance oc-
curred when CT or MRI scans were used in conjunc-
tion with frame-based systems (e.g., Leksell, BRW,
CRW) to select targets and mathematically compute
trajectories. These systems use guidance arcs that
move directly over the surgical field and obstruct the
surgeon if a large craniotomy is to be performed.
These systems are, however, highly accurate and con-
tinue to be used widely in situations where target se-
lection is critical such as Gamma Knife radiosurgery
and functional procedures such as pallidotomy (both
of which utilize refinements of the Leksell frame,
Elekta AB, Stockholm, Sweden).

A major innovation occurred when advances in
technology allowed sufficient computational power
to allow manipulation and calculation of three di-
mensional image sets. This led to the creation of sys-
tems known as “frameless stereotaxy” that recreated
a three dimensional volume space by using fiducials
placed on the patient’s head and registered to a pre-
operative imaging study. This allows “real time” intra-
operative guidance and the ability to visualize the tar-
get in multiple planes (Fig. 13.1). A variety of tools, in-
cluding surgical instruments, can also be registered
and used as pointers that provide continuous updated
information on a computer monitor as the tumor re-
section is performed. In children, the requirement for
a preoperative MRI scan can limit the use of neurona-
vigation if general anesthesia is required for the imag-
ing study. Nonetheless, many centers routinely use
neuronavigation in all pediatric brain tumor cases.

The limitations of the technology for pediatric
cases derive from the difficulty of obtaining preoper-
ative MRI scans and maintaining constancy of fidu-
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Figure 13.1
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A screen capture image from a brainstem biopsy procedure.The biopsy trajectory is shown in three planes and the tip of
the biopsy needle can be tracked in real time as it enters the brain (“Probes Eye” view, bottom right). StealthStation is a

trademark of Medtronic Inc., Minneapolis, MN, USA

cial position. These obstacles have been largely sur-
mounted by scheduling studies immediately prior to
surgery, or in certain cases obtaining neuronavigati-
on studies with the patient under general anesthesia
and then moving the patient directly to the operating
theatre for the procedure. More advanced technology
has been put into practice at Brigham and Women’s
Hospital in Boston that allows imaging registration
based upon surface anatomy (Gleason et al. 1994).

Intraoperative MRI (iMR), the next step in image-
directed surgery, allows continual updating of preop-
erative image sets and adjustment of navigational pa-
rameters. Some reports indicate that the use of intra-
operative imaging improves the extent of resection,
although it is unclear whether such use results in im-
proved outcomes (Fahlbusch et al. 2000; Schneider et
al. 2001). This technique has been used to augment
posterior fossa procedures (Lam et al.2001). Current-

233



Chapter 13

ly, this technology remains labor and technology in-
tensive and is not widely available. An intermediate
step is the use of intraoperative ultrasound-assisted
navigation as a means to update imaging data (Re-
gelsberger et al. 2000). Integration with functional in-
formation (see below) will ultimately allow intraop-
erative “guideposts” for the surgeon, delineating re-
gions amenable to resection and regions represent-
ing eloquent cortex or functional tracts.

13.2.2 Functional Imaging

Several imaging technologies have been adapted to
create functional maps of the brain: functional MRI
(fMRI), positron emission tomography (PET), and
magnetoencephalography (MEG). Differences that
occur in blood flow between active and inactive cor-
tical areas are exploited by fMRI. These differences
are magnified by instructing the patient to perform
repetitive tasks - which may be as simple as repeated-
ly moving the fingers. Local increases in blood flow
are then detected by specific MRI sequences. Patient
cooperation is of course required. Diffusion tensor
imaging (DTI) exploits the differences in the diffu-
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sion of water molecules depending upon the local en-
vironment of those molecules (e.g., water molecules
within axons vs. those in the interstitial space). This
information can then be extracted to create maps
demonstrating the location and direction of white
matter pathways. Some of these techniques are dis-
cussed in greater detail in Chapter 12.

Preoperative use of PET was originally presented
by LeBlanc and Meyer (Leblanc and Meyer 1990; Leb-
lanc et al. 1992). PET relies upon metabolic differenc-
es within active cortex to isolate functional areas.
More recently, a variety of radiolabeled compounds
such as ['®F] fluorodeoxyglucose (FDG), ['!C] L-me-
thionine,and ['*O] H,O were used by Kaplan et al., to
create functional maps prior to brain tumor resec-
tion in a pediatric population (Kaplan et al. 1999).
Coregistering ['°0] H,0 PET images with MRI al-
lowed accurate determination of eloquent cortex pri-
or to tumor resection.

Magnetoencephalography (MEG) relies on the
ability to detect single dipole magnetic fields created
by the pooled activity of groups of neurons to define
potential areas of seizure activity (Chuang et al. 1995;
Otsubo et al. 2001). Further refinement of these tech-
niques, known as magnetic source imaging (MSI), al-

Magnetic source imaging (MSI)
of a 15-year-old boy with an in-
filtrative anterior insular mass
(not visible in this image). Green
squares demonstrate sensory
cortex representing left fifth fin-
ger, right index finger, and right
first finger. These functional
maps were integrated into the
neuronavigation system prior to
tumor resection
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lows identification of functional areas of cortex and
deep brain regions (Fig. 13.2). This information is es-
pecially valuable when correlated with tumor local-
ization (Schiffbauer et al. 2001). Delineation of entire
functional pathways using a combination of tech-
niques may be possible in the near future.

13.2.3 Cortical Mapping
for Supratentorial Tumors

The gold standard for functional mapping of the hu-
man brain remains direct electrical stimulation of
the cortex and observation of its effect upon patient-
directed actions during open craniotomy (Berger
and Ojemann 1992). Although pioneered in the early
part of the 20th century at the Montreal Neurological
Institute, continual refinements are improving the
sensitivity and accuracy of these techniques. For the
most part, the vast majority of mapping cases are re-
stricted to either motor or speech mapping. The ma-
jor limitations of cortical mapping in children are the
relative immaturity of the central nervous system in
very young children, and the inability of children to
cooperate in the execution of repetitive language
tasks during speech-mapping procedures.

Motor mapping as described by Penfield remains
the most robust electrical technique that can be prac-
ticed in the operating room (Penfield and Boldrey
1937). Patients remain under general anesthesia and
direct systematic electrical stimulation of the pre-
central area permits the accurate mapping of prima-
ry motor cortex. Areas of cortex responsible for spe-
cific muscle groups (e.g., face, arm, hand, leg) can be
reliably identified. A bipolar electrode with 5 mm
spacing is used to deliver stimuli at 60 Hz with a du-
ration of 1 ms (biphasic square wave pulse). In chil-
dren less than five years of age, the cortex is general-
ly less excitable by direct stimulation and motor cor-
tex may not be clearly identified. An alternative
method to detect the location of the central sulcus is
by detecting a phase-reversal potential as one records
over the motor and sensory cortex. Using subdural
grids, mainly for the treatment of patients with epi-
lepsy, Chitoku et al. were able to define the motor cor-
tex in all children studied, using a variety of stimula-
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tion thresholds (Chitoku et al. 2001). Younger chil-
dren responded to stimuli in the vicinity of 8 to
12 mA while older children responded to stimuli in
the range of 4 to 6 mA.

For language mapping, a basic surgical decision
point is whether a child can tolerate an “awake cran-
iotomy” (usually above 10 to 12 years of age). Lan-
guage mapping is entirely dependent upon patient
cooperation and, therefore, is the most difficult tech-
nique to accomplish in young children. During awake
craniotomy, a handheld stimulator is used to directly
inactivate the cortex while the patient names objects
presented visually. Stimulation of Broca’s area, which
is usually adjacent to the primary motor cortex, usu-
ally leads to speech arrest although significant vari-
ability exists between individuals of different ages
(Haglund et al. 1994; Ojemann et al. 2003).

In children unable to tolerate an awake cranioto-
my and for whom functional localization is crucial to
the success of the procedure, placement of subdural
grids will permit bedside cortical mapping. This re-
quires two procedures for the patient, a substantial
degree of patient cooperation, and close communica-
tion between child neurologists, psychologists, and
nursing staff. Generally, this technique can be done in
children above the age of four years, although it is
most reliable in older children. The first procedure
involves a craniotomy encompassing the area of re-
section and placement of an implantable subdural
grid containing multiple electrical contacts. The
contacts on the grid are then stimulated sequentially
while the patient is led through specific language
tasks such as naming, counting, and repeating.
As with awake craniotomy, speech arrest during stim-
ulation is the clue for identifying active cortex.
Language paradigms have to be tailored to the age
of the patient and level of comprehension. The
procedure is time-consuming and laborious, often
requiring sessions over two or three days. In the
patient shown in Fig. 13.3, an infiltrative tumor was
noted in the left fronto-parietal region. Although the
patient was but five years old, he tolerated placement
of subdural grids for several days and bedside map-
ping revealed the locations of the language and mo-
tor cortex allowing an extensive resection of the tu-
mor.
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13.2.4 Mapping of Seizure Foci

If seizures are particularly intractable or appear to
be the dominant symptom associated with a brain
tumor, the actual ictal focus may need to be identi-
fied. For epilepsy associated with a definite lesion,
resection of the lesion will result in seizure control
in the majority of cases (Mosewich et al. 2000). In
some cases, the presence of a tumor is only detec-
ted after pathologic examination of the resected tis-
sue. In one series, approximately 25 % of temporal
lobe resections revealed a neoplasm, the majority
of which were dysembryoblastic neuroepithelial
tumors (DNET, see Chapter 8.2) (Hennessy et al.
2001).
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Figure 13.3

An implanted subdural grid
used to map speech and motor
cortex in a 5-year-old boy with
an infiltrative tumor of the left
hemisphere. A 64-contact sub-
dural grid was implanted over
the area of the tumor (left im-
age). Speech cortex was local-
ized to numbers 2 and 3 during
two sessions in the telemetry
unit and motor cortex to num-
bers 1,4, 5, and 6 (right image).
The location of the tumor was
correlated with intraoperative
neuronavigation and an exten-
sive resection was performed

Scalp electroencephalography is an essential first
step in localization of seizure foci. This may be com-
plemented by magnetoencephalography (MEG) or
invasive monitoring with subdural grids and strip
electrodes. Insertion of a subdural grid electrode ar-
ray will provide ictal and interictal information. Strip
electrodes are used for recordings from mesiobasal
structures. In addition, recording along the hippoc-
ampus can be performed following the removal of
lateral temporal cortex and entry into the temporal
horn of the lateral ventricle. Strip electrodes may al-
so be utilized for the orbitofrontal cortex or under
the bone flap if the cortical exposure is not adequate.
The recording may either be done for short time pe-
riods intraoperatively (5 to 20 min) prior to resec-
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tion, or for prolonged periods postoperatively on the
ward in specialized monitoring units. Intravenous in-
fusion of methohexital (Brevital 0.5 to 1 mg/kg) may
be used to chemically induce ictal discharges if epi-
leptiform activity is sparse. Following tumor remov-
al, post-resection electrocorticography is always per-
formed in patients with identifiable pre-resection
seizure foci. Infrequent spike activity is not pursued,
especially when it involves functional cortex. Resec-
ted seizure foci are identified with respect to their
geographic orientation to the tumor nidus and
should be submitted separately for histopathological
analysis.

13.3 Posterior Fossa Tumors
13.3.1 Surgical Principles

Posterior fossa tumors are among the most common-
ly encountered tumors in children and are located in
the midline within the vermis, cerebellar hemi-
sphere, and/or brainstem. Standard approaches to
the posterior fossa are well developed and are de-
scribed in various sources in the literature (Albright
etal.2001). Surgical planning is often modified by the
pathology of the tumor. The three main pathological
types that occur in this location are astrocytoma,
medulloblastoma, and ependymoma. Medulloblasto-
mas are characteristically midline tumors occupying
the vermis and in some cases extending into the
cerebellar hemisphere. Ependymomas of the posteri-
or fossa can extend into the fourth ventricle and
also may extend into the cerebellopontine angle
closely associated with the cranial nerves. Both
ependymoma and medulloblastoma can invade the
brainstem.

For midline tumors, the standard approach is to
position patients prone with the head flexed forward.
A vertical incision allows access to most of the poste-
rior fossa. If the tumor extends anterior to the cere-
bellum or brainstem, the tumor must be approached
from a more lateral position; often with the head
turned to allow a posterolateral trajectory. In the
past, most surgeons would remove the overlying
bone without replacement (craniectomy) although
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the current trend is to replace the bone flap at the
conclusion of the procedure (craniotomy). There is
some evidence that this reduces the risk of CSF leak-
age and pseudomeningocele formation (Gnanaling-
ham et al. 2002). Dural opening is followed by defini-
tion of the boundary between the tumor and the nor-
mal cerebellum. The character of the interface be-
tween tumor and brain can vary across tumor types.
In general, the interface is better defined with
ependymomas as compared to medulloblastomas.
Cerebellar astrocytomas have a clear margin be-
tween the tumor and the adjacent brain. The large
size of most pediatric tumors and the need to avoid
unnecessary brain retraction results in many tumors
being resected piecemeal using either standard tools
(cautery and suction) or ultrasonic aspirators that
use a rapidly vibrating metal tip to disintegrate
tissues. Removal of the central portion of the tu-
mor then allows reflection of the deeper tumor tissue
into the operative field and subsequent removal.
For deep tumors, and those related to impor-
tant structures, the use of frameless stereotaxy (neu-
ronavigation) has revolutionized intra-operative
guidance and structure localization (see Section
13.2.1).

Finally, additional safety can be obtained by mon-
itoring various cranial nerves such as the facial nerve,
oculomotor nerve, and hypoglossal nerves (Grabb
et al. 1997; Sekiya et al. 2000). Tumors either infiltrat-
ing the floor of the fourth ventricle or along the ante-
rior portion of the brainstem will involve cranial
nerves. These nerves are sensitive to manipulation
and can be difficult to identify when tumors sur-
round them. Gradual dissection through tumor tis-
sue requires careful identification of important struc-
tures.

13.3.2 Complications

Postoperative complications are discussed in greater
detail in Chapter 2 (Section 2.9) in the context of cer-
ebellar astrocytoma but can occur following any pos-
terior fossa procedure. Some of these are briefly re-
viewed below.
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13.3.2.1 Injury to Local Structures

Symptoms include long-tract signs of weakness and
sensory loss, mutism, and cranial neuropathies (Co-
chrane et al. 1994). Ataxia and dysmetria are usually
due to retraction injury or swelling of the cerebellum
and improve after several weeks to months. Injury to
the vermis can cause disabling truncal ataxia which
may improve but can be permanent, particularly if
large areas of the vermis have been involved. Im-
paired initiation of chewing, voiding, and eye open-
ing may present after injury to areas of the cerebel-
lum responsible for repetitive motor-movement
memory. Approximately one-half of those with new
deficits experience complete recovery of function
(Pollack et al. 1995; Ersahin 1998).

13.3.2.2 Cerebellar Mutism

Injury to midline structures of the cerebellum can
lead to mutism. Symptoms develop postoperatively
and can worsen over a few days. Patients are unable to
initiate speech without impairment of consciousness.
Usually, there are no detectable cranial nerve deficits.
The common pattern is for patients to have some
preservation of speech function in the immediate
postoperative period, with mutism developing with-
in 24 to 94 hours (Pollack et al. 1995). The reported
incidence is 8.5 % for all posterior fossa tumors and
12% for vermian tumors (Catsman-Berrevoets et al.
1999). The incidence of mutism is higher in patients
with malignant tumors (20 %) as compared to less in-
vasive tumors (1%; Ersahin et al. 1996; Doxey et al.
1999).

Recovery from complete mutism begins with pro-
foundly dysarthric and abnormal speech, usually
with isolated words and phrases, progressively im-
proving to full sentences. The duration of recovery is
variable, ranging from 2 weeks after onset of symp-
toms to several months. The average duration of mut-
ism is 6 weeks (Aguiar et al. 1995; Pollack et al. 1995;
Ersahin et al. 1996). Up to 20% of patients may have
permanent dysarthria following recovery from mut-
ism.
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13.3.2.3 Hydrocephalus

Hydrocephalus is the result of a mismatch between
CSF production and absorption leading to an accu-
mulation of CSE, with characteristic symptoms and
ventricular enlargement. In the setting of a posterior
fossa tumor, hydrocephalus is defined as “obstruc-
tive” because the ventricular CSF pathways are
blocked by a mass lesion. Children can have hydro-
cephalus at presentation, or it can develop acutely in
the postoperative period, usually in the setting of cer-
ebellar swelling or a hematoma accumulating in the
resection cavity. Acute symptomatic hydrocephalus,
either pre- or postoperative, should be treated by im-
mediate placement of an external ventricular drain.
In most patients, complete removal of the mass lesion
will result in resolution of the hydrocephalus. Most
surgeons will attempt to “wean” a patient from the ex-
ternal drain following tumor resection. Following
GTR, this is usually successful, although the need for
placement of a permanent CSF shunt is increased in
younger children (<3 years of age; Kumar et al. 1996).

Hydrocephalus can occur in a subacute manner
following tumor resection even when GTR is
achieved. These patients will usually have “communi-
cating” hydrocephalus with enlargement of the entire
ventricular system. This term is probably a misnomer
since the presumed site of obstruction is the arach-
noid villi where CSF is normally absorbed back into
the venous system. The presumed etiology of this
type of hydrocephalus is from localized inflamma-
tion secondary to subarachnoid blood or high CSF
protein leading to loss of function of the arachnoid
villi. Children should be observed carefully in the
first few weeks following tumor resection for symp-
toms suggestive of hydrocephalus.

Asymptomatic ventricular enlargement resulting
from a temporary alteration of CSF dynamics re-
quires no immediate intervention, and the patient
can be followed by clinical examination and serial CT
scans. Placement of a shunt is indicated if symptoms
develop, a persistent pseudomeningocele is present,
and/or CSF leak occurs from the wound. The rate of
CSF shunting following posterior fossa surgery rang-
es from 10 to 26% of patients (Imielinski et al. 1998;
Steinbok and Mutat 1999) to as high as 42% (Gjerris
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et al. 1998). In the latter study, of 497 patients with
a posterior fossa tumor, 68 (14 %) were shunted prior
to tumor resection, 94 (19%) after tumor resection,
and 43 (9%) were treated by placement of shunt
alone. Endoscopic third ventriculostomy, or fenes-
tration of the floor of the third ventricle to bypass
the posterior fossa obstruction, is another alterna-
tive to placement of a permanent shunt. One report
suggests that this reduces the overall rate of shunt
placement in patients with posterior fossa tumors
(Sainte-Rose et al. 2001). The risk of extra-neural me-
tastasis from shunting in children with cerebellar as-
trocytomas is virtually nonexistent (Berger et al.
1991).

13.3.3 Cognitive Consequences

Cerebellar lesions or injury result mainly in deficits
of motor control and coordination. It is becoming
clear, however, that in addition to these deficits, alter-
ations in higher cognitive function and affect also oc-
cur. Neuropsychological changes at 2-year follow-up
in a cohort of patients having had posterior fossa sur-
gery included visual-spatial dysfunction in 37 %, ex-
pressive language problems in 37 %, verbal memory
decline in 33 %, and difficulty with affect control in 15
to 56 % (Levisohn et al. 2000). These neuropsycholog-
ical consequences appear to be temporary,
but long-term studies are lacking. School per-
formance and IQ are also affected by cerebellar sur-
gery, but studies are confounded by the inability
to separate the emotional and psychological effects
of childhood illness and stress from the surgical
procedure. The majority of patients (~60%) with be-
nign or more indolent tumors such as cerebellar as-
trocytoma or histologically benign ependymoma
will have normal IQ after surgery. This is in contrast
to patients with medulloblastoma of whom only 10%
will have IQ >90 after treatment (Hoppe-Hirsch et al.
1995).
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13.4 The Role of Second Look Surgery

“Second-look” surgery refers to a planned second
procedure to resect residual tumor prior to observa-
tion of radiographic progression. It may also be ap-
plied to situations where tissue is obtained for patho-
logical diagnosis in patients previously treated by ad-
juvant therapy. The primary procedure may have
been either a biopsy or an attempt at debulking. The
general utility of performing second procedures re-
mains unclear and few reports directly refer to its use
for brain tumors. It may lead to improved rates of
GTR for a subset of patients (Khan et al. 2001), but it
has not been formally examined in a randomized
clinical trial. Second-look surgery must be distin-
guished from procedures to remove “residual” dis-
ease, which can be defined as macroscopically visible
tumor remaining after what was believed to be a
GTR.In clear instances of residual disease remaining
after the primary resection, the patient should be re-
turned to the operating room for removal of the re-
sidual tumor.

Residual disease may be expected if GTR would
lead to unacceptable morbidity. This is usually in the
context of infiltration of eloquent areas and unresec-
table tissues (brainstem, cranial nerves, and vascular
invasion). Interval adjuvant therapy may reduce the
size of the tumor or vascularity, or may define the tu-
mor/brain interface, ultimately facilitating the second
surgical procedure (Foreman et al. 1997). A second
procedure following chemotherapy has been advo-
cated most forcefully in the treatment of intracranial
germ cell tumors. Most of these tumors arise in the
pineal region closely approximated to the deep cere-
bral veins and the brainstem. Subtotal resection is
common and adjunctive therapy is frequently used.
Excluding pure germinomas, which are sensitive to
either radiation or chemotherapy, malignant non-
germinomatous germ cell tumors (NGGCT) pose
particularly difficult management problems. Most
authors recommend tissue biopsy for marker-nega-
tive tumors with pathologic diagnosis guiding fur-
ther treatment. Based upon favorable responses to
chemotherapy, Weiner and Finlay (1999) advocate
second-look surgery for any residual mass remaining
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after aggressive chemotherapy treatment. In another
analysis of malignant germ cell tumors, neoadjuvant
therapy followed by surgical resection for residual
disease revealed that the majority had mature terato-
mas (Friedman et al. 2001). Outcomes following sur-
gery were good in five of the six patients operated up-
on.

13.5 Conclusion

For most supra- and infratentorial brain tumors,
gross total resection is associated with improved out-
come. Cortical mapping, neuronavigation, and func-
tional imaging can and should be utilized in children
to increase the chances of a complete resection.
Staged and second-look surgery may also facilitate
the resection of unresectable tumors in conjunction
with adjuvant therapy.
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Chapter 14

Chemotherapy

A.Banerjee - K.K.Matthay

14.1 Introduction
Chemotherapy treatment goals for pediatric brain tu-
mors reflect the extreme heterogeneity of this group
of malignancies. In the setting of average-risk
medulloblastoma and germinoma, which have high
cure rates with radiation treatment alone, chemother-
apy is used to reduce radiation doses, yet maintain
high cure rates. For infants with malignant brain tu-
mors who are particularly vulnerable to radiation-re-
lated morbidity, chemotherapy has been used to delay
or defer radiation treatment. Similarly, in the setting
of unresectable, low-grade astrocytoma, chemothera-
py can provide prolonged disease stabilization, per-
haps allowing for delay or deferral of radiation.
While many clinical trials evaluating chemothera-
py for the treatment of CNS tumors are exploratory,
two randomized controlled trials have shown a sur-
vival benefit from the addition of chemotherapy to
radiation therapy in comparison to radiation therapy
alone in children with brain tumors. Sposto et al., re-
porting for the Children’s Cancer Group, described a
randomization of patients with newly diagnosed
high-grade glioma between two treatment arms:
postoperative radiation treatment alone versus treat-
ment with postoperative radiation followed by che-
motherapy (Sposto et al. 1989). Chemotherapy-treat-
ed patients had a 46% 5-year event-free survival
(EFS), compared to radiation-only treated patients
who had an 18% 5-year EFS More recently, a large
scale, multi-institutional European trial reported im-
proved 5-year EFS with the addition of chemothera-
py to radiation therapy for average-risk medulloblas-
toma: 74 % for radiation with chemotherapy vs. 59%
for radiation alone (Taylor et al. 2003).

243



Chapter 14

While most chemotherapeutic agents are initially
tested in single-agent clinical trials to determine ef-
fectiveness against a particular tumor type, combina-
tion chemotherapy regimens are in widespread use.
The goal of combination therapy is to maximize ther-
apeutic effectiveness of chemotherapy by overcom-
ing drug resistance, which exists in a high proportion
of tumors. An optimally designed combination regi-
men combines agents with high response rates in sin-
gle-agent trials, non-cross-resistant mechanisms of
action in tumor cell subpopulations, and non-over-
lapping toxicity profiles.

This chapter will review important conventional
chemotherapeutic agents in brain-tumor manage-
ment, the use of combination chemotherapy for in-
fants with brain tumors, high-dose myeloablative
chemotherapy, and new classes of therapeutic agents.
Disease-specific chemotherapy regimens are dis-
cussed separately in prior chapters.

14.2 General Principles of Chemotherapy

For most solid tumors such as CNS neoplasms, che-
motherapy is considered most effective when used as
an adjuvant to local-control measures, specifically
surgery and radiation. Chemotherapy is most likely
to contribute to long-term disease control when re-
sidual disease is minimal; this has been demonstrat-
ed in both medulloblastoma and high-grade glioma,
where improved prognosis is clearly associated with
gross total or near-total resection followed by radia-
tion (Sposto et al. 1989; Packer et al. 1994). While ad-
juvant chemotherapy is important for preventing dis-
tant metastases in extracranial solid tumors (Ortega
et al. 1975; Link et al. 1986; Eilber et al. 1987), the role
of chemotherapy in preventing CNS dissemination
or extraneural metastasis is unclear. Neo-adjuvant
chemotherapy can also be used for patients who have
disease that is unresectable or difficult to resect at di-
agnosis, with the hope of eliciting a tumor response
that would allow improved, post-treatment resection
(Rosen 1986; Trimble et al. 1993). While this strategy
is used in the management of extracranial pediatric
solid tumors, its utility in CNS tumors is uncertain.
This rationale is being investigated in ongoing clini-
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cal trials for infant embryonal tumors and ependy-
moma.

The blood-brain barrier (BBB) is an anatomic fea-
ture of the CNS consisting of specialized capillary en-
dothelial cells that lack fenestrations and pinocytic
vesicles, and express specialized transport proteins.
The ability of a compound to cross the BBB is re-
stricted by molecular weight, lipid solubility, and pH.
Small, lipid-soluble molecules at physiologic pH
readily cross the BBB (Rall and Zubrod 1962), but the
properties of most chemotherapeutic compounds
prevent movement across the BBB. Despite this fact,
the objective response of some CNS tumors to che-
motherapy alone suggests that systemically adminis-
tered agents are still able to reach brain tumor cells.
Based on this observation, as well as the ability of
CNS tumors to enhance with gadolinium on MRI (in
which gadolinium must cross the BBB) suggests that
the BBB is physiologically disrupted in the tumor en-
vironment, and that tumor concentrations of system-
ically administered drugs are likely to be higher than
those in normal brain (Stewart 1994). Nevertheless,
concerns about the role of the BBB in resistance to
chemotherapy has resulted in the development of
various treatment strategies to overcome it, which are
summarized below.

14.3 Specific Chemotherapeutic Agents

14.3.1 Platinums

Cisplatin and carboplatin are non-cell-cycle-specific
alkylating agents. The cytotoxic (free or unbound)
fraction of drug acts to form a platinum-DNA adduct
which produces inter- and intra-strand cross-links by
alkylating the N7 position of guanine (Zwelling and
Kohn 1979). When used as a single agent, cisplatin
has been shown to produce disease responses in
medulloblastoma, germinoma, ependymoma, and
astrocytoma (Sexauer et al. 1985; Walker and Allen
1988; Bertolone et al. 1989). Used adjuvantly with lo-
mustine (CCNU) and vincristine, cisplatin has been
shown to improve disease-free survival in medullo-
blastoma (Packer et al. 1991,1994). The toxicity of cis-
platin is substantial, including hearing loss, nephro-
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toxicity, myelosuppression, nausea and vomiting, and
peripheral neuropathy (Jorg and Hans-Peter 2003).
Carboplatin, an analogue of cisplatin, has similar
efficacy but a somewhat different toxicity profile.
While less ototoxic and nephrotoxic than cisplatin,
carboplatin is more myelosuppressive. Carboplatin
also has less associated peripheral neuropathy and is
less emetogenic than cisplatin (Dufful and Robinson
1997). Single-agent treatment results in moderate tu-
mor responses in recurrent childhood brain tumors
(Walker and Allen 1988; Gaynon et al. 1990). In com-
bination with vincristine, carboplatin has been
shown to be an active agent in pediatric low-grade as-
trocytoma (Packer et al. 1997; Mahoney et al. 2000),
and plays a role in the combination chemotherapy of
infant brain tumors as well. A new strategy using car-
boplatin in conjunction with a blood-brain barrier
disrupting agent is discussed later in this chapter.

14.3.2 Nitrosoureas

CCNU (lomustine) and BCNU (carmustine), the
most commonly utilized nitrosoureas, are non-cell-
cycle-specific alkylators. Both are pro-drugs that
spontaneously decompose into two active metabo-
lites: an isocyanate group and a chloroethyldiazohy-
droxide. The chloroethyldiazohydroxide alkylates
DNA, resulting in cross-linking followed by cellular
instability. Nitrosoureas are small, lipophilic mole-
cules that penetrate the blood-brain barrier easily,
and are among the few systemically administered
agents found in moderate to high concentrations in
the brain (reviewed in Middleton 2003). Nitrosourea-
based combination therapy has appeared in some tri-
als to have a modest impact on survival in pediatric
patients with high-grade astrocytoma (Sposto et al.
1989; Finlay et al. 1995; Levin et al. 2000). A single-
agent phase II trial of high-dose BCNU for pediatric
high-grade glioma showed only modest tumor re-
sponse with substantial toxicity (Bouffet et al. 1997).
CCNU, in combination with vincristine, is clearly
beneficial in the adjuvant, post-radiation treatment
of medulloblastoma, and in one study was the ratio-
nale for reduction of the neuraxis radiation dose
from 36 Gy to 23.4 Gy, with preservation of good dis-
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ease-free survival in average-risk medulloblastoma
(Packer et al. 1994). Nitrosourea-based therapy has
also been shown to produce disease responses and
prolong stable disease in pediatric low-grade astro-
cytoma when used in combination with procarbazi-
ne, 6-thioguanine, and vincristine (Prados et al.
1997). The major toxicities of nitrosoureas include
nausea, myelosuppression and, less commonly, pul-
monary fibrosis and nephrotoxicity. The myelosup-
pression is typically delayed, seen approximately
three to five weeks following administration of the
dose, and is frequently cumulative (Balis et al. 2002).

14.3.3 Cyclophosphamide and Ifosfamide

These parenterally administered pro-drug members
of the nitrogen mustard family of drugs are thought
to have the same mechanism of activity as most clas-
sic alkylators, i.e., by forming covalent bonds with
nucleophilic groups, resulting in cross-linking be-
tween DNA strands or intrastrand linking, thus im-
pairing DNA replication (Pratt et al. 1994). These
agents have produced responses and stable disease in
both primary and recurrent pediatric brain tumors,
including medulloblastoma/PNET, high-grade astro-
cytoma, and germ cell tumors. These agents also
compose an important part of combination chemo-
therapy for infants with malignant brain tumors
(Friedman et al. 1986; Longee et al. 1990; Packer et al.
1999; Zeltzer et al. 1999). Toxicities are substantial, in-
cluding nausea, myelosuppression, hemorrhagic cys-
titis, and in the case of ifosfamide, nephrotoxicity
(Balis et al. 2002). Impaired fertility has been report-
ed in patients treated with these agents (Byrne et al.
1987). Secondary leukemia has recently been de-
scribed in a cohort of infants with malignant brain
tumors treated with high cumulative doses of cyclo-
phosphamide and etoposide (Duffner et al. 1998;
Smith et al. 1999).
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14.3.4 Temozolomide

Temozolomide is a rapidly absorbed, oral pro-drug
that undergoes spontaneous hydrolysis to form its
active metabolite, 3-methyl-(triazen-1-yl)-imida-
zole-4-carboxamide (MTIC). Its mechanism of ac-
tion is via the methylation of DNA, largely at the 06
position of guanine (Newlands et al. 1997). While
adult patients with glioblastoma multiforme have
been shown to have some survival advantage when
treated at diagnosis with radiation and temozolomi-
de (Stupp et al. 2002), the role of this agent in pediat-
ric brain tumors has not yet been established. Re-
sponses to temozolomide have been reported in pedi-
atric patients with recurrent high-grade astrocyto-
ma, and in a small series of patients with ependymo-
ma, PNET, and germ cell tumor (Pollack et al. 1999).
This early promise of temozolomide is undergoing
further investigation in ongoing trials to evaluate
safety and toxicity of temozolomide in combination
with other agents, including radiation, CCNU, and
thalidomide. Temozolomide is well tolerated al-
though its reported toxicities include nausea, consti-
pation, and myelosuppression (Nicholson et al. 1998;
Friedman et al. 2000).

14.3.5 Etoposide

Etoposide is a semisynthetic derivative of a plant ex-
tract, podophyllotoxin, which binds to tubulin. Eto-
poside interacts with DNA topoisomerase I, causing
single- and double-stranded breaks and a cell-cycle
arrest in G, and mitosis (Hande 1998). Despite its
highly lipophilic properties, it does not cross the
blood-brain barrier easily due to its large size (New-
ton et al. 1999). Etoposide can be administered orally
or parenterally. It is active against many pediatric
brain tumors, including medulloblastoma/PNET,
ependymoma, and germ cell tumor (Allen et al. 1985;
Bouffet and Foreman 1999; Kobrinsky et al. 1999;
Chamberlain 2001). It has been used in combination
with cisplatin, carboplatin, ifosfamide, and cyclo-
phosphamide with acceptable toxicity in the treat-
ment of childhood brain tumors (Busca et al. 1997;
Gururangan et al. 1998; White et al. 1998; Duffner et
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al. 1999; Kortmann et al. 2000). Daily oral etoposide
has produced modest responses and prolonged stable
disease in patients with recurrent PNET and high-
grade astrocytoma (Ashley et al. 1996; Fulton et al.
1996; Chamberlain and Kormanik 1997; Needle et al.
1997).

Toxicities of etoposide include nausea and myelo-
suppression, as well as diarrhea and mucositis when
administered in high doses (Mathew et al. 1994; Tay-
lor et al. 2003). High cumulative doses have been as-
sociated with an increased risk of secondary leuke-
mia in infants with malignant brain tumors as well as
other childhood cancers (Smith et al. 1999; Duffner et
al. 1998).

14.3.6 Vincristine

Vincristine is a plant alkaloid that binds tubulin and
induces metaphase arrest in a cell-cycle-specific fash-
ion (Jordan 2002). It has limited CNS penetration,
and has never been rigorously evaluated as a single
agent in pediatric brain tumors (Kellie et al. 2002).
Nevertheless, it has shown activity in multiagent reg-
imens, and is widely used in combination treatment
regimens for medulloblastoma/PNET, low-grade as-
trocytoma, and infant brain tumors (Packer et al.
1994, 1997; Duffner et al. 1999). Its toxicities include
constipation, peripheral neuropathy, and the syn-
drome of inappropriate antidiuretic hormone (SIA-
DH) (Balis et al. 2002).

14.4 Combination Chemotherapy
for Infant Brain Tumors

Combination chemotherapy is in widespread use for
almost all types of childhood CNS tumors. Specific
regimens targeted at individual tumor types are dis-
cussed in the prior individual disease-specific chap-
ters (Chapters 1 to 11). Infants and very young chil-
dren, however, are especially susceptible to complica-
tions of CNS irradiation, including neuro-cognitive
decline, neuro-endocrine deficits, and hearing loss
(Miettinen et al. 1997; Siffert and Allen 2000; Mulhern
et al. 2001; Packer 2002; Spoudeas et al. 2003). In or-
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der to delay or defer radiation treatment, chemother-
apy has been investigated for infants and very young
patients with primary malignant brain tumors as the
primary adjuvant therapy following surgery. Because
malignant brain tumors in infants are rare, most in-
fant studies include a broad range of diagnoses, often
including both embryonal (e.g., medulloblasto-
ma/PNET) and astrocytic tumors, as well as ependy-
moma. The largest clinical trial for infants, “Baby
POG 1,” done by the Pediatric Oncology Group (POG
8633) reported on 198 patients less than 36 months of
age. The patients in this study were treated with one
(patients 25 to 36 months of age) or two (patients 0 to
24 months of age) years of pre-radiation chemother-
apy, followed by radiation therapy. Chemotherapy
consisted of multiple cycles of a four-drug regimen
(cisplatin, etoposide, vincristine, and cyclophospha-
mide) prior to radiation (Duffner et al. 1993, 1999).
The overall 5-year survival for all patients was 32%;
survival for those who had gross total resection
(GTR) was 62 % compared with 31% for patients with
subtotal resection. These figures were similar when
patients with medulloblastoma and ependymoma
were examined independently (Duffner et al. 1993,
1999).

In another trial that demonstrated the feasibility
of pre-radiation chemotherapy in infants, Mason et
al. (1998) attempted to achieve further gains by in-
creasing the dose intensity of chemotherapy. They
utilized induction chemotherapy similar to that of
the Baby POG 1 study, and then added high-dose
treatment with stem cell rescue, with radiation thera-
py reserved for patients with progressive or residual
disease following chemotherapy. Sixty-two patients
under the age of six were enrolled; the 3-year pro-
gression free survival was 27 %. Degree of resection
was again found to be an important prognostic fea-
ture; 3-year overall survival for children with GTR
was 59%,in comparison to 30 % for children who had
only subtotal resection or biopsy. The proportion of
patients undergoing GTR between the studies of
POG 8633 and Mason et al. was similar, 34% and 35
%, respectively. The high-dose chemotherapy-based
regimen had substantial toxicity with a mortality rate
of 6% attributed to toxicity, although it is important
to recognize that the Baby POG 1 patients were sig-
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nificantly younger (<36 months) than those reported
by Mason, et al (<72 months).

The Australian and New Zealand Children’s Can-
cer Study Group (CCG) reported on a chemotherapy-
alone protocol for patients less than 36 months old
utilizing combination chemotherapy with vincris-
tine, etoposide, and cyclophosphamide for 64 weeks
without radiation therapy. Forty patients were en-
rolled; progression-free survival (PFS) was reported
at 11% (White et al. 1998). Geyer et al. reported on the
CCG 921 experience in infants with PNET and malig-
nant ependymoma who were enrolled in a random-
ized trial of two chemotherapy regimens (“8 drugs in
one” vs. prednisone, vincristine, and lomustine), with
radiation treatment at investigator discretion. Nine-
ty-six patients were treated (only 13 were irradiated);
after 3 years of follow up PFS was 23% (Geyer et al.
1994). It is important to note that long-term disease
control with surgery and chemotherapy alone has
been reported in a small number of children, typical-
ly with medulloblastoma. In a series reported by Ater
et al. (1997), infants less than three were treated with
mechlorethamine, vincristine, procarbazine, and
prednisone. Eight of 12 patients with medulloblasto-
ma survived more than 10 years without radiation
therapy. Nevertheless, the majority of patients treat-
ed with chemotherapy alone in larger-scale coopera-
tive group studies develop recurrent disease.

In summary, while these preliminary results have
shown the dose-intensive approach to be feasible, al-
beit with increased toxicity over the standard sched-
ule, the survival benefit is unknown. There is no clear
standard chemotherapy approach for infants with
malignant brain tumors. One strategy currently un-
der investigation includes combination chemo-ra-
diotherapy protocols. Incorporation of intrathecal
mafosfamide and conformal radiation is currently
under investigation by the Pediatric Brain Tumor
Consortium. An alternative strategy under investiga-
tion is high-dose therapy with hematopoietic stem
cell rescue.
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14.5 High Dose Chemotherapy

with Hematopoietic Stem Cell Rescue
14.5.1 Rationale

Many CNS tumors fail to respond to standard-dose
chemotherapy, or fail to demonstrate a sustained re-
sponse. Potential reasons for this failure include in-
herent or acquired drug resistance and poor CNS
penetration of drug. High-dose, myeloablative che-
motherapy with autologous stem cell rescue is an in-
vestigational strategy designed to overcome some of
these barriers by maximizing dose intensity and
achieving high systemic drug concentrations, hope-
fully improving CNS penetration. The initial trans-
plant chemotherapy regimens were nitrosourea
based, but dose-limiting neurotoxicity prevented ad-
equate dose escalation (Burger et al. 1981; Hochberg
et al. 1981; Bashir et al. 1988). More contemporary
regimens under investigation typically use alkylating
agents, often in combinations with etoposide (Ma-
honey et al. 1996; Busca et al. 1997; Gururangan et al.
1998; Papadopoulos et al. 1998). Other current condi-
tioning regimens are based on either thiotepa, a high-
ly lipophilic alkylator with excellent CNS penetra-
tion, or melphalan (reviewed in Dunkel and Finlay
2002).

The two patient groups targeted for high-dose
therapy are those with recurrent disease following
standard therapy (either chemotherapy or radia-
tion), and infants with malignant brain tumors.
High-dose therapy is of particular interest for infants
as they typically have a poor prognosis and are espe-
cially susceptible to delayed post-radiation toxicity.
Multiple investigators have established the feasibility
of this approach, and the initial results have been
modestly encouraging.

14.5.2 Recurrent Medulloblastoma

High-dose therapy for recurrent medulloblastoma
has shown the most promising results to date, with
sustained complete responses in a few patients, often
for many months (Mahoney et al. 1996; Graham et al.
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1997). Dunkel and colleagues report 3-year progres-
sion-free survival of 34% in a series of patients with
recurrent medulloblastoma treated with high-dose
therapy. Patients with the best outcome were those
with no evidence of disease at the time of transplant
(Dunkel et al. 1998a). Graham et al. reporting on a
heterogeneous group of patients with recurrent ma-
lignant tumors treated with high-dose chemotherapy
regimens described 18 patients with recurrent
medulloblastoma, 4 of whom were surviving 27 to 49
months at the time of reporting. All four patients had
local recurrences while patients with metastatic dis-
ease in this cohort had uniformly poor outcomes
(Graham et al. 1997; Grovas et al. 1999).

14.5.3 Gliomas

Results for glioma have been less encouraging, how-
ever, with fewer long-term disease responses report-
ed. Two clinical trials utilizing high-dose therapy fol-
lowing radiation for patients with diffuse pontine
glioma showed no impact on survival in comparison
to historical controls (Dunkel et al. 1998b; Bouffet et
al.2000). An early study treated 11 patients with new-
ly diagnosed and recurrent high-grade astrocytoma
with thiotepa and cyclophosphamide following sur-
gery (limited to biopsy in 6 patients), followed by ra-
diation for those patients who had stable disease or
better. Although one complete response and two par-
tial responses were observed, median progression-
free survival remained disappointingly short at 9
months (Heideman et al. 1993). The Children’s Can-
cer Group reported on 18 patients with recurrent ma-
lignant astrocytoma treated with thiotepa and etopo-
side, 5 of whom had PFS ranging from 39 to 59
months (Finlay et al. 1996). A follow-up phase II pilot
conducted by the Children’s Cancer group added car-
mustine to thiotepa and etoposide, followed by radi-
ation therapy for newly diagnosed glioblastoma mul-
tiforme. Although 2-year PFS was promising at 46 %,
accrual was closed early because of unacceptable pul-
monary and neurological toxicities (Grovas et al.
1999). There have been no clinical trials prospective-
ly comparing standard chemotherapy to high-dose
therapy for childhood brain tumors.
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14.5.4 Other Tumor Types

High-dose chemotherapy has been shown to be feasi-
ble for the treatment of pineoblastoma. Gururangan
et al. (1998) reported on 12 patients with newly diag-
nosed pineoblastoma (age 0.3 to 43.7 years), who
were treated with surgery, radiation (all but two pa-
tient received radiation), and high dose chemothera-
py. Four-year progression-free survival was 69%. A
group of Japanese investigators reported a small se-
ries of 6 patients with intracranial non-germinoma-
tous germ cell tumors treated with myeloablative
chemotherapy alone, all of whom are surviving with-
out tumor recurrence with follow-up of 1 to 7 years
(Tada et al. 1999).

Toxicity of stem-cell transplant is considerable,
with mortality rates from 3% to 16 % (Mahoney et al.
1996; Dunkel et al. 1998b; Gururangan et al. 1998;
Papadopoulos et al. 1998). Current strategies under
investigation include the use of multiple, tandem
high-dose treatments, with multiple stem-cell infu-
sions, the incorporation of temozolomide into mye-
loablative regimens, and the use of high-dose thera-
py in infants and very young children with newly di-
agnosed disease. While high-dose therapy has prom-
ise as a treatment approach in a select group of pa-
tients, it remains investigational, and its role outside
of clinical trials is unclear.

14.6 New Strategies
14.6.1 Radiation Sensitizers

Numerous investigational chemotherapy treatment
strategies are designed to maximize the known ben-
efit of radiation therapy in CNS tumors. Multiple po-
tentiating effects of platinum agents on radiation
have been described. Hypoxic cells (typically radia-
tion resistant) are more sensitive to radiation follow-
ing exposure to platinum agents in vitro (Skov and
MacPhail 1991). Platinum agents may also have a role
in preventing the development of radiation-resistant
clones by inhibiting “potentially lethal damage recov-
ery,’a mechanism by which tumor cells are able to re-
pair lethal or sub-lethal DNA damage following radi-
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ation exposure (Wilkins et al. 1993). Clinical trials
evaluating toxicity and response to combination che-
mo-radiotherapy with carboplatinum are currently
underway for newly diagnosed high-risk PNET and
for brainstem glioma through the Children’s Oncolo-
gy Group (COG).

Gadolinium-texaphyrin is a metalloporphyrin-
like compound, currently being tested as a radiation
sensitizer in brainstem glioma by the COG. Gadolin-
ium-texaphyrin is preferentially taken up by tumor
cells, and has been shown to produce radiosensitiza-
tion in vitro by prolonging the half-life of cytotoxic
radicals formed following exposure to ionizing radi-
ation (Young et al. 1996). An ongoing COG trial ad-
ministers Gadolinium-texaphyrin simultaneously
with radiation.

As discussed in Chapter 15, tyrosine kinase recep-
tor inhibitors, specifically of the epidermal growth
factor receptor, and farnesyl transferase inhibitors
designed to inhibit signal transduction in the Ras
pathway also have promising pre-clinical data to sug-
gest radiosensitizing properties. Phase I clinical trials
are underway through the Pediatric Brain Tumor
Consortium to further investigate the safety and tol-
erability of these agents in combination with radia-
tion.

14.6.2 Targeting Drug Resistance

14.6.2.1 P-glycoprotein Pump

Many brain tumors are resistant to conventional che-
motherapeutic agents. Investigators have identified
mechanisms of drug resistance amenable to pharma-
cologic treatment that would render tumor cells
more sensitive to chemotherapy. The P-glycoprotein
pump (PGP) is the protein product of the multi-drug
resistance gene (MDR-1), which is amplified in many
resistant and refractory tumors, including glioblasto-
ma, medulloblastoma, and ependymoma (Chou et al.
1995, 1996; von Bossanyi et al. 1997; Decleves et al.
2002). The PGP serves as an efflux pump, allowing the
cell to transport specific toxins, including chemo-
therapeutic agents (Sikic et al. 1997). In mice, capil-
lary endothelial cells composing the blood-brain bar-
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rier have high concentrations of PGP (Schinkel et al.
1994). Cyclosporine A is a potent inhibitor of PGP
and effectively sensitizes high-PGP-expressing cells
in vitro (Sikic et al. 1997). Clinical trials using cyclo-
sporine A in combination with chemotherapy, large-
ly in the setting of adult myeloid leukemia, have
shown high toxicity with unclear therapeutic benefit
(Chauncey 2001). The only trial in pediatric CNS tu-
mors was a phase [ clinical trial of cyclosporine A in
combination with intravenous etoposide for patients
with intrinsic pontine glioma, following radiation
therapy. The results of this trial have not yet been
published.

14.6.2.2 Alkylguanine-DNA-alkyltransferase

Alkylguanine-DNA-alkyltransferase (AGT) is a DNA
repair enzyme that plays an important role in tumor
resistance to alkylnitrosoureas and temozolomide.
AGT reverses DNA methylation and chloroethylation
(induced by chemotherapy) at the O° position of gua-
nine, thus rescuing the cell from lethal injury. Many
brain tumors have high levels of AGT, and these high
levels are associated with poor survival in clinical tri-
als in adults with malignant glioma (Wiestler et al.
1984; Pegg 1990; Pegg and Byers 1992; Hongeng et al.
1997). Experiments in brain tumor cell lines as well as
tumor xenografts have shown that depletion of AGT
with O%-benzylguanine (acting as an alternate sub-
strate for AGT) increases tumor cell sensitivity to
chemotherapy (Jaeckle et al. 1998). A phase I clinical
trial in malignant glioma of OS%benzylguanine
(O%BG) administered preoperatively as a single agent
showed reduced levels of AGT in the resected tumor,
suggesting that combination treatment with O°BG
and nitrosourea or temozolomide would increase tu-
mor-cell sensitivity (Friedman et al. 1998). A phase I
clinical trial of temozolomide in combination with
O°BG is currently underway for recurrent or refracto-
ry pediatric brain tumors.
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14.6.3 Molecular Targets
and Signal Transduction Inhibition

The enormous expansion in knowledge of the de-
tailed molecular basis of neoplastic transformation
has led to the development of a new class of agents
designed to inhibit specific intracellular biochemical
pathways. The majority of these agents function
through the inhibition of receptor tyrosine kinases, a
class of cellular proteins that bind a specific ligand
through their extracellular domains. Activation of the
intracellular tyrosine kinase catalytic domain of the
receptor after ligand binding subsequently triggers a
cascade of biochemical signals. This ligand-depen-
dent tyrosine kinase activation mediates a host of
cellular properties, including proliferation, survival,
and differentiation. In normal cellular homeostasis,
these functions are tightly regulated. In oncogenesis,
unregulated ligand-independent kinase phosphory-
lation and subsequent receptor activation is a com-
mon event and is likely a key mechanism in main-
taining the malignant phenotype. Receptor tyrosine
kinases known to be important in CNS tumors in-
clude the epidermal growth factor receptor (EGFR),
the platelet derived growth factor receptor (PDGFR),
and vascular endothelial growth factor receptor (VE-
GFR). Small-molecule and monoclonal-antibody in-
hibitors of these receptors are discussed in greater
detail in Chapter 15.

14.6.4 Angiogenesis Inhibitors

The role of angiogenesis in supporting tumor cell
proliferation and survival has been extensively inves-
tigated since the hypothesis of “angiogenesis depen-
dency” of tumors was first proposed by Judah Folk-
man (Folkman 1971; Balis et al. 2002). The angiogen-
esis hypothesis proposes that tumor-induced prolif-
eration of blood vessels is necessary to support ongo-
ing proliferation and survival. Tumor-cell-induced
angiogenesis appears to have multiple mechanisms.
Tumor cells produce pro-angiogenic cytokines, in-
cluding acidic and basic fibroblast growth factor
(aFGF, bFGF), angiogenin, vascular endothelial
growth factor (VEGF), platelet derived growth fac-
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tor (PDGF), and interleukin 8 (IL-8). Additionally,
tumor cells produce matrix metalloproteinases
(MMP), which can induce breakdown in extracellular
matrix, again allowing for release of pro-angiogenic
peptides. Finally, tumor cells recruit inflammatory
cells that subsequently produce pro-angiogenic cyto-
kines (Bicknell and Harris 1996; Pluda 1997; Paku
1998).

A number of therapeutic agents have been shown
to inhibit neovascularization in vitro and in vivo.
Thalidomide, initially developed as a sedative and
subsequently found to be a potent teratogen in hu-
mans, has anti-angiogenic properties (D’Amato
1994). It has been shown to inhibit bFGF-induced
corneal vascularization in animals (Kenyon et al.
1997).1n a single-agent clinical trial of recurrent glio-
mas, objective response rates (partial response and
stable disease) of up to 45 % were reported (Fine et al.
2000).

The role of cyclooxygenase inhibitors as an anti-
angiogenic treatment strategy is also under investi-
gation. Cyclooxygenase 2 (COX-2) induces vascular
proliferation following trauma or stimulation with
growth factor, and is highly expressed in some hu-
man tumors, including high-grade glioma (Joki et al.
2000). Treatment of glioma cell cultures with a specif-
ic COX-2 inhibitor was found to produce diminished
proliferation and invasion and increased apoptosis
(Joki et al. 2000). Celecoxib is a specific inhibitor of
COX-2, with a highly favorable toxicity profile. While
celecoxib is not currently under investigation in
large-scale pediatric clinical trials, its ease of use and
low toxicity make it an interesting agent to pursue in
combination with other agents.

Specific anti-angiogenesis agents are under devel-
opment. The largest class of agents are small-mole-
cule tyrosine kinase inhibitors, which block VEGF-
mediated signaling (Glade-Bender et al. 2003). Addi-
tionally, matrix metalloproteinases inhibitors and in-
tegrin antagonists are under investigation (reviewed
in Drevs et al. 2002). Finally, the use of conventional
cytotoxic agents given in low-dose, metronomic
regimens is being piloted. These regimens are based
on the principle that while endothelial cell prolifera-
tion appears to be sensitive to chronic but low-
dose exposure, it has ample recovery time during

Chapter 14

the recovery phase of dose-intensive therapy sched-
ules. Growing evidence from pilot clinical trials
support this hypothesis (Einhorn 1991; Ashley et al.
1996; Kushner and Cheung 1999; Klement et al.
2000). Therapies directed against angiogenesis for
pediatric brain tumors are currently entering clinical
trials.

14.6.5 Overcoming the Blood Brain Barrier

The blood-brain barrier (BBB) is composed of tight
endothelial cell junctions that exclude most large
molecules and is freely permeable only to small mol-
ecules that are highly lipophilic. This barrier limits
the ability of many systemically administered che-
motherapeutic agents to penetrate the CNS. Radio-
graphic evidence based on heterogeneous uptake of
gadolinium on magnetic resonance imaging sug-
gests, however, that the BBB is only partially intact in
many CNS tumors. Further support of tumor degra-
dation of the BBB lies in the responsiveness of tumors
to large, water-soluble molecules such as the plati-
num agents. Nevertheless, resistance of CNS tumors
to therapy may partially lie in the infiltrative, nonen-
hancing portions of tumor that presumably have an
intact BBB, and thus are able to escape cytotoxicity of
systemically administered agents. This is supported
by the propensity of many tumors to recur locally at
the infiltrating edge of the tumor. A number of strat-
egies are under investigation with the intent to dis-
rupt or bypass the BBB.

14.6.5.1 BBB Disruption

Mannitol was one of the first agents used to attempt
disruption of the blood brain barrier. Increased os-
motic pressure transiently opens the BBB, allowing
entry of molecules otherwise unable to penetrate the
CNS (Neuwelt et al. 1983). Increased disease response
has been reported following BBB disruption, largely
in adult patients with non-AIDS CNS lymphoma
(Neuwelt et al. 1981). The Children’s Cancer Group re-
ported on the only pediatric experience with this
strategy, using mannitol in combination with etopo-

251



252

Chapter 14

side for recurrent or refractory CNS tumors. They
were unable to document a clear benefit (Kobrinski
et al. 1999).

RMP-7 (Cereport) is a bradykinin analogue,
which, on binding to specific B, bradykinin receptors
on the surface of endothelial cells, transiently in-
creases permeability of the BBB. While increased
concentration of carboplatin when administered
with this agent has been documented in animals
(Dean et al. 1999), a randomized, placebo-controlled,
phase II trial in adults with malignant glioma showed
no survival benefit from the addition of Cereport to
carboplatin alone (Prados et al. 2003). A phase II pe-
diatric trial conducted by the Children’s Oncology
Group for patients with recurrent or refractory brain
tumors is ongoing.

14.6.5.2 Intra-arterial Delivery

Intra-arterial delivery of chemotherapy, often deliv-
ered in conjunction with mannitol, may provide im-
proved delivery of drug and minimal systemic toxic-
ity, possibly allowing for the use of lower doses deliv-
ered directly to the tumor. A number of studies have
investigated the use of intra-arterial carmustine, cis-
platin, and carboplatin. While modest responses have
been reported, neurologic toxicities are substantial,
including irreversible encephalopathy and vision loss
(Bashir et al. 1988; Mahaley et al. 1989; Newton et al.
1989).

14.6.5.3 Intratumoral Drug Delivery

A variety of novel techniques to deliver drug directly
to the tumor or resection cavity are under investiga-
tion. The use of carmustine-impregnated “wafers”
(Gliadel) has been reported on in adults with malig-
nant glioma. This strategy allows for the passive dif-
fusion of high concentrations of BCNU from wafers
surgically implanted in the resection cavity to sur-
rounding tumor cells, with minimal systemic expo-
sure. Modest improvements in survival have been
shown with this intervention (Brem et al. 1995; Valto-
nen et al. 1997), and a phase I trial of Gliadel in com-
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bination with O°BG has recently begun accruing pa-
tients in the Pediatric Brain Tumor Consortium.

Passive diffusion, however, is limited by minimal
ability of the drug to penetrate beyond the margin of
the tumor resection cavity. Convection-enhanced de-
livery (CED) is a novel delivery strategy that over-
comes this barrier, and allows for delivery of larger
molecules intra- or peri-tumorally. CED requires the
surgical placement of catheters intra- or peri-tumor-
ally, through which a therapeutic agent is infused un-
der positive pressure (Bobo et al. 1994), which allows
for a substantially larger area of brain to be treated.
This approach has been largely used to deliver bio-
logic cytotoxins targeted to high-grade glioma cells.
The first such agent to be reported was a conjugate of
transferrin (highly expressed in GBM) with truncat-
ed diphtheria toxin. The infusions were relatively tol-
erated, and the treatment produced 9 objective re-
sponses in 15 evaluable patients (Laske et al. 1997).
Another promising agent for CED is IL13-PE38QQR,
a conjugate molecule of IL13 and inactivated
pseudomonas exotoxin, capitalizing on the high ex-
pression of IL13 receptor in malignant glioma with
minimal expression in normal brain (Debinski et al.
1999). Direct intratumoral infusion in glioblastoma
xenografts produces complete regression of tumor.
Convection-enhanced delivery of this agent is cur-
rently in phase I clinical trials for both pediatric and
adult patients with high-grade glioma.

14.6.6 Differentiation of Neoplastic Cells

Agents that induce differentiation of tumor cells,
thereby suppressing neoplastic proliferation, may
have a role in the management of brain tumors. Ex-
periments in cell culture using both retinoic acid and
phenylacetate show both differentiation and inhibi-
tion of proliferation of astrocytoma-derived and
medulloblastoma-derived cell lines (Mukherjee and
Das 1990; Rodts and Black 1994). Treatment of adult
patients with malignant glioma with single-agent 13-
cis-retinoic acid showed a modest partial response
plus a stable disease rate of 46 %, with tolerable toxic-
ity (Yung et al. 1996). A recent phase II study investi-
gated the combination of temozolomide with 13-cis-
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retinoic acid for recurrent malignant glioma in
adults. A slight improvement in 6-month progres-
sion-free survival was observed over historical con-
trols, suggesting that the combination is active in re-
current malignant glioma (Jaeckle et al. 2003). In a
randomized trial adding retinoic acid to combina-
tion therapy for high-risk neuroblastoma, patients
treated with retinoic acid had a better outcome (Mat-
thay et al. 1999). Based on these findings, its favorable
toxicity and ease of administration, retinoic acid is a
feasible agent to be used in future combination-regi-
men clinical trials for medulloblastoma and high-
grade glioma. Phenylacetate and its analogue phenyl-
butyrate have also entered clinical trials. Chang et al.
(1999) published results of a phase II trial showing
75% failure rate after 2 months in adult patients with
recurrent malignant glioma, and a median survival of
8 months, suggesting no improvement from treat-
ment over historical controls. Toxicities were mild,
but the future impact of this agent is uncertain.

14.6.7 Gene Therapy

The goal of gene therapy is to transfer genetic mate-
rial into a tumor cell to achieve a targeted therapeu-
tic effect with minimal toxicity to surrounding nor-
mal cells. The genetic material is typically transferred
using a modified viral vector. A number of genetic
events can be introduced to achieve this goal.“Suicide
gene therapy” involves the introduction of a gene that
encodes for a protein that will make the tumor cell
more vulnerable to toxicity from a specific drug. The
herpes simplex virus thymidine kinase (HSV-tk)
ganciclovir (GCV) model has been used in clinical
trials (Culver et al. 1992). The HSV-tk gene encodes
an enzyme whose substrate range is greater than that
of its host. Its function is to phosphorylate purine
pentosides and a wide variety of nucleoside ana-
logues. Initial gene therapy directed against brain tu-
mors used retrovirally delivered HSV-tk. Cells trans-
fected with the HSV-tk gene become susceptible to
treatment by GCV. Phosphorylation of GCV by HSV-
tk produces a nucleotide-like precursor that blocks
replication, thereby causing death of those cells ex-
pressing HSV-tk. Cells not transfected by HSV-tk are
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unaffected by GCV. This strategy has been used for
both adult and pediatric recurrent gliomas, with
minimal success (Viola and Martuza 1996). Poor effi-
ciency of transfection of virus into tumor cells ap-
pears to be one of the major barriers. Packer et al.
demonstrated the feasibility of this approach in a
Phase I clinical trial using this strategy for children
with recurrent, supratentorial tumors. Twelve chil-
dren with recurrent malignant glioma, ependymo-
ma, or PNET were treated with local injections into a
resection cavity. While four episodes of transient
neurologic deterioration were described, no irrevers-
ible toxicity was noted (Packer et al. 2000).

A number of other gene therapy strategies are in
development. One exploits the function of tumor-
suppressor genes in brain tumors. A number of tu-
mor-suppressor genes (TSGs) have been character-
ized in human malignancies,and many are important
in gliomagenesis as well as in CNS embryonal tumors
(von Deimling et al. 1995; Cogen and McDonald
1996). Tumor-suppressor genes encode proteins that
inhibit cell growth; absent or nonfunctional proteins
result in loss of inhibition and unchecked tumor
growth. Among the important TSGs in CNS tumors
are p53 and PTEN. Both genes have been found to be
mutated or deleted in a large number of adult high-
grade glioma specimens (Koga et al. 1994; Li et al.
1997, 1998; Rasheed et al. 1997). Replacement of p53
function by transfecting tumor cell lines that have
mutated or deleted p53 reverses the malignant phe-
notype in cell culture and animal experiments, sug-
gesting that TSG replacement is a feasible gene-ther-
apy strategy (Hsiao et al. 1997; Kokunai et al. 1997).
Results of a recently published Phase I trial utilizing
an adenoviral vector to introduce the p53 TSG into
tumor cavities of patients with recurrent glioma sup-
port this strategy, although the strategy was found to
be limited by an inadequate volume of transduced
cells (Lang et al. 2003). Similar experiments have
been done with tumor cells containing mutations in
PTEN, another important gene in adult glioma, again
showing reversal of the malignant phenotype (Che-
ney et al. 1998; Tamura et al. 1998). One of many chal-
lenges impeding the progress of TSG-replacement
gene therapy is the heterogeneous nature of many
gliomas, in which only a subset of tumor cells carry
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the TSG mutation while other tumor cells may have
different genetic changes supporting their malignant
behavior.

Antisense gene therapy is designed to block the
expression of pro-oncogenic proteins. A molecule
with a gene encoding a nucleotide sequence comple-
mentary to the target tumor gene is introduced into
the tumor cell with a viral vector; the transcript of the
transfected gene binds to the target gene mRNA and
impedes protein translation (Yung 1994; Alama et al.
1997). Preclinical studies of this strategy in an animal
models of non CNS tumors have targeted the K-ras
oncogene with mixed success (Aoki et al. 1997; Wick-
strom 2001). Problems with this technique include
poor stability of antisense oligonucleotides.

Gene therapy remains an exciting prospect for fu-
ture development. The ability to target and disrupt
not only genes that modulate tumor proliferation and
survival, but also tumor angiogenesis and invasion
all require further investigation. Vector design also
requires substantial further development to over-
come such challenges as poor transfection efficiency
and risk of pathogenic infection. Importantly, the im-
proved characterization of the genetics of childhood
brain tumors will be critical as specific gene-therapy
targets move closer to clinical trials.

14.6.8 Immunotherapy

The goal of immunologically directed anti-tumor
therapy is to eradicate tumor cells either by stimulat-
ing host immunologic anti-tumor reactions, or by
blocking tumor related local immunosuppression.
Immunotherapy can be broadly divided into four cat-
egories: cytokine-based therapy, serotherapy, adop-
tive transfer (of activated lymphocytes), and active
immunotherapy (i.e., tumor vaccines; Parney et al.
2000). Cytokine-based therapy is the systemic ad-
ministration of immunomodulatory cytokines. A
number of cytokines have shown anti-tumor activity
in preclinical studies, including IL-2, IL-4,IFN-0, and
TNF-0. (Merchant et al. 1990; Lapena et al. 1991; Iwa-
saki et al. 1993; Kondo et al. 1994). Systemic adminis-
tration of IL-2 at high doses did show anti-tumor ef-
fect in clinical trials, but was associated with substan-
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tial toxicity, including cerebral edema (Rosenberg et
al. 1987; Merchant et al. 1990). Clinical trials of other
immunostimulatory cytokines have been disappoint-
ing, with minimal or no anti-tumor effect seen (re-
viewed in Parney et al. 2000).

Serotherapy utilizes anti-tumor antibodies, sys-
temically or locally administered. Tenascin and
gp240 are glioma antigens for which monoclonal an-
tibodies have been developed and tested in clinical
trials. Phase I/II clinical trials of I'*'-radiolabeled an-
tibodies directed against tenascin and gp240 have
shown promising early results with objective re-
sponse rates up to 50% and modest prolongation of
survival in adult patients (Riva et al. 1997; Bigner et
al. 1998). EGFRvIII-directed monoclonal antibody
therapy shows promise in pre-clinical studies (Mi-
shima et al. 2001; Ohman et al. 2002; Mamot et al.
2003).

Adoptive transfer therapy, in which ex-vivo-acti-
vated lymphocytes are administered intratumorally,
has been disappointing in clinical trials (Barba et al.
1989; Lillehei et al. 1991; Sankhla et al. 1995). Autolo-
gous tumor vaccines, one of the earliest forms of im-
munotherapy, have had equivocal benefit in clinical
trials, but no clear benefit has been demonstrated
(Bloom et al. 1973; Mahaley et al. 1983). Gene-thera-
py techniques have recently been incorporated into
tumor vaccine development. Here, immunostimula-
tory genes are transferred to target cells to enhance
anti-tumor immune function. Animal studies have
shown successful vaccination with GM-CSF (a pro-
inflammatory cytokine) transduced melanoma cells,
resulting in resistance to repeat tumor challenge
(Sampson et al. 1996; Yu et al. 1997). An anti-sense
strategy to block glioma-derived local immunosup-
pressant cytokines has also been used successfully
with anti-tumor effect in animal models. Many other
immunotherapeutic strategies are under investiga-
tion, including local or intratumoral infusion of pro-
inflammatory cytokines, and dendritic cell therapy,
which involves the genetic manipulation of these an-
tigen-presenting cells to stimulate host cytotoxic
T cells (reviewed in Parney et al. 2000). Although rel-
atively few immunotherapies have entered pediatric
clinical trials, ongoing research in this field carries
future promise.
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14.7 Conclusion

While prognosis for malignant brain tumors of child-
hood has improved somewhat in the past decades, 5-
year survival for all tumors except low-grade astrocy-
toma remains suboptimal at 60 %. The incorporation
of chemotherapy into pediatric brain tumor manage-
ment has allowed for advances in survival and reduc-
tion of morbidity, and is now the standard of care for
many childhood brain tumors. Critical to the further
improvement of prognosis and long-term outcome is
the continued effort of multi-institutional, coopera-
tive group clinical trials. The largest clinical trials
group conducting pediatric brain-tumor trials is the
National Cancer Institute (NCI)-sponsored Chil-
dren’s Oncology Group (COG). The COG includes the
majority of pediatric cancer treatment centers in the
United States, and incorporates programs in Canada,
Europe, and Australia. Research activities include
clinical trials for the majority of newly diagnosed and
recurrent brain tumors, as well as studies of new
agents. To further expedite the development of new
agents for pediatric patients with high-risk brain tu-
mors, the NCI established the Pediatric Brain Tumor
Consortium (PBTC), with the goal of bringing novel
agents and translational research to the pediatric
brain tumor community. Information on the COG
and the PBTC can be found on the internet at www.
childrensoncologygroup.org and www.pbtc.org.
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Chapter 15

Advances in

Radiation Therapy

D.Haas-Kogan - B.M.Frisch

15.1 Introduction

Despite the known effects of ionizing radiation on
the nervous system, most children with brain tumors
will receive radiation therapy at some point during
treatment. As advances in neurosurgery, chemother-
apy, and radiotherapy enter clinical practice, multi-
modality therapy has become the norm. For any giv-
en tumor, the incorporation of radiation therapy into
such treatment must consider the timing of radia-
tion, the most appropriate radiation modality, short-
and long-term toxicities both for radiation alone and
for radiation in conjunction with chemotherapy, and,
finally, the integration of novel antineoplastic agents
with radiation.

15.2 Radiobiology

The biologic effects of ionizing radiation primarily
result from the formation of double-strand breaks in
cellular DNA (Hall 2000). Although most radiation-
induced single-strand DNA breaks are efficiently re-
paired, double-strand breaks cause irreparable dam-
age, resulting in mitotic cell death. Photon radiation
(x-ray or gamma ray) can cause damage by direct in-
teraction with the DNA molecule, or indirectly by the
formation of free radicals that then interact chemi-
cally with DNA leading to double-strand breaks.
Charged particles such as helium, carbon, or neon
predominantly cause damage by direct interactions.
High-energy neutrons, although not charged, also in-
teract with the nucleus of an atom, resulting in the
creation of densely ionizing recoil protons, alpha par-
ticles, and nuclear fragments. Linear energy transfer
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(LET) measures the average energy deposited in tis-
sue per unit distance traveled by a particle or photon.
While conventional radiation is sparsely ionizing
(low LET), fast neutrons and heavy particles are more
densely ionizing (high LET) (Hall 2000).

Tissue oxygenation influences the response of tu-
mors and normal tissues to ionizing radiation
(Brown and Giaccia 1994; Brown 1999). Poorly oxy-
genated tissues are two to three times more resistant
to radiation compared to normally oxygenated tis-
sue. Oxygen is thought to mediate indirect damage,
combining with free radicals to make DNA damage
irreversible. The effect of tissue oxygenation is mea-
sured by the oxygen enhancement ratio (OER). This
is the ratio of doses under hypoxic versus aerated
conditions required to produce a given level of cell
kill. As LET increases, the magnitude of the OER de-
creases (Hall 2000).

Radiation causes complex cascades of molecular
events, affecting cell cycle check points, apoptosis,
DNA damage response, and DNA repair. These effects
offer many potential approaches to enhance radia-
tion damage of tumor cells and to protect normal tis-
sues. These techniques will be discussed further in
this chapter.

15.3 Three-Dimensional Conformal
Radiation Therapy

While radiation therapy plays a key role in the treat-
ment of pediatric brain tumors, delivery of adequate
therapy must always be balanced against potential
treatment-related toxicity. As radiation therapy has
evolved, treatment modalities have emerged that al-
low for more precise planning and delivery (Suit
2002). Advances in imaging technologies, including
magnetic resonance imaging (MRI) and computed
tomography (CT), have allowed better identification
of both tumor and surrounding critical structures.
The development of three-dimensional conformal
radiation therapy (3DCRT), and more recently, inten-
sity modulated radiation therapy (IMRT), have al-
lowed clinicians to decrease the doses delivered to
critical structures while maintaining or increasing
the dose to tumor (Weil 2001). While the concept of
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conformal therapy is not new, dramatic improve-
ments in the power and availability of computers
have allowed more complex treatment planning sys-
tems. The advent of other technical advances such as
multi-leaf collimation (MLC), digitally reconstructed
radiographs (DRRs), and electronic portal imaging
has contributed to the integration of conformal radi-
ation delivery. The planning process for 3DCRT is
significantly more complex than for conventional ra-
diation therapy and requires multiple well-coordi-
nated steps.

15.3.1 Immobilization and Imaging

The initial step of the planning process is to place the
patient in a reproducible position that optimizes
treatment of the entire tumor volume while sparing
surrounding critical structures. This position may be
different for each individual patient, and is depen-
dent upon the specific location, shape and size of the
tumor, and areas at increased risk for suspected mi-
croscopic disease. A variety of customizable immobi-
lization devices are available, including thermoplas-
tic facemasks, alpha cradles, and vacuum bags. It is
important to note that as a planned course of radia-
tion therapy becomes increasingly conformal, the
importance of reliable and reproducible immobiliza-
tion becomes critical. Once the patient has been opti-
mally and reproducibly positioned, localization
marks are placed on the skin. With the patient in the
treatment position, CT images are then obtained of
the area of interest. These data are then transferred to
the planning system, at which point the clinician can
define target volumes as well as critical structures.
While some well-defined structures can be contoured
automatically, most structures must be defined
manually. A pre-treatment CT scan is generally used
for treatment planning, although other modalities
such as MRI images can be co-registered with the CT
data.
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Beam's-eye view of a left anterior oblique field in a pa-
tient with a supratentorial primitive neuroectodermal
tumor (PNET). (Courtesy of Clayton Akazawa, CMD, De-
partment of Radiation Oncology, UCSF)

15.3.2 Target Definition and Planning

The CT images are analyzed jointly by radiation on-
cologists, diagnostic radiologists,and occasionally by
other treating physicians such as medical oncologists
and surgeons. The treatment volume is dictated by
the natural history of the tumor. Gross tumor volume
(GTV) is defined by physical exam and imaging
studies and encompasses the macroscopic extent of
the tumor. Clinical target volume (CTV) contains

both the GTV and areas at risk for microscopic = lIsodose curves of a 3-dimensional conformal plan on
spread of disease. The planning target volume (PTV) serial axial slices in a patient with a supratentorial prim-

. itive neuroectodermal tumor (PNET). The red line de-
is defined as the CTV surrounded by adequate mar- picts the 99% isodose line, light blue represents 95%,

gin to account for variation in patient position, organ yellow depicts 93%, green depicts 90%, blue depicts
motion, and other movement (Hall 2000; Purdy 60%, and gold depicts 50%. (Courtesy of Clayton Aka-
1999). zawa, CMD, Department of Radiation Oncology, UCSF) >
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Isodose curves of a 3-dimensional conformal plan on
serial axial slices in a patient with a supratentorial prim-
itive neuroectodermal tumor (PNET). The red line
depicts the 99% isodose line, light blue represents 95%,
yellow depicts 93%, green depicts 90%, blue depicts
60%, and gold depicts 50%. (Courtesy of Clayton Aka-
zawa, CMD, Department of Radiation Oncology, UCSF)

Figure 15.3

A dose-volume histogram for
an intensity-modulated radia-
tion therapy (IMRT) plan in a pa-
tient with a medulloblastoma.
Clinical target volume (CTV) is
depicted in orange, planning tar-
get volume (PTV) in pink, left ear
in turquoise,right ear in gold,and
optic chiasm in dark blue. (Cour-
tesy of Pam Akazawa, CMD, De-
partment of Radiation Oncolo-
gy, UCSF)



Advances in Radiation Therapy

Once target volumes and critical structures are de-
fined, beam geometry and weighting are defined and
dose distribution is calculated (Purdy 1999). Selection
of beam angles can be done by referencing axial imag-
es or by use of beams-eye view (BEV; Fig. 15.1). BEV
allows the visualization of the relationship of tumor
volumes to those of critical normal tissues as if look-
ing from the origin of the beam. This allows beam an-
gles and beam shaping to be selected more intelligent-
ly. Once an initial plan has been developed, the result-
ing dose distributions are calculated and evaluated by
the clinician. The plan can then be altered to improve
on initial results, if necessary. The beam directions as
well as their relative weights and shapes are modified
to finally optimize the 3DCRT plan.

Plans are evaluated by viewing isodose curves on
serial images of a CT scan (Fig. 15.2a-c), as well as by
the generation of dose-volume histograms (DVHs;
Fig.15.3). DVHs can be generated for a tumor volume
or other organs of interest, allowing the clinician to
evaluate the dose delivered to the total volume. DVHs
typically graph percent volume of a given tissue
on the Y-axis and dose on the X-axis. This allows a cli-
nician to visualize what percentage of a defined struc-
ture is receiving a given dose. This data allows plans to
be modified as needed to either increase dose to tu-
mor or decrease dose to a nearby critical structure.

15.3.3 Treatment Verification and Delivery

Once a satisfactory plan has been generated, DRRs
corresponding to the planned radiation fields are gen-
erated. These DRRs typically display field shapes and
tumor volumes as well as standard radiographic in-
formation, such as anatomy. These serve as templates
for design of cut blocks. Alternately, block shape in-
formation can be transferred directly to the computer
system that controls the MLC. Using a complex three-
dimensional plan, an MLC allows for rapid change of
field shape under computer control, dramatically
shortening the time needed to treat a patient. Of note,
studies have shown that dose distributions produced
with MLC are equivalent to those with cut blocks.

A verification simulation can be performed to
check the validity and accuracy of the fields. First-day
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portal films are also generated to confirm accuracy of
patient positioning and beam angles. This can be
done with conventional portal films or with the use of
an electronic portal imaging device (EPID). Because
there is no development time (as there is with con-
ventional portal images), the use of an EPID can sig-
nificantly shorten the time needed to take portal im-
ages of complex multi-field plans.

15.4 New Technical Approaches

15.4.1 Intensity Modulated Radiation Therapy

While 3DCRT allows for selection of beam shapes
and angles to conform to a selected tumor volume,
intensity modulated radiation therapy (IMRT) allows
modulation of intensity within each given beam
(Purdy 1999; Webb 2000). The initial form this ap-
proach took was the use of “beam within beam” plan-
ning with standard 3DCRT systems to treat static-
shaped fields. The use of MLC makes this fairly easy
to achieve. This process is typically referred to as
“forward-planned” IMRT (Verhey 1999). More re-
cently, a process called inverse planning has been de-
veloped. As with forward-planning, critical struc-
tures and tumor volumes are identified. The desired
dose distribution is then defined, including desired
tumor dose and maximum allowable dose to critical
structures. The planning algorithm then computes a
plan that attempts to achieve results compatible with
the desired distribution. Optimization of inverse-
planned plans requires adjustment of the dose pa-
rameters (Verhey 1999).

A number of techniques developed to deliver
IMRT treatments have become commercially avail-
able in recent years. Most of these use MLCs to treat
several static field shapes from each beam angle. Each
MLC shape is referred to as a segment. Greater num-
bers of segments lead to longer treatment times. Oth-
er techniques include computer-controlled dynamic
MLC, the use of custom compensators, and rotation-
al therapy combined with dynamic MLC.

Using these techniques can result in dramatic dose
gradients, allowing high doses to tumor, with rapid
dose fall-off (Verhey 1999). An example of an IMRT
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Axial (a) and coronal (b) images showing isodose curves for an intensity-modulated radiation therapy (IMRT) plan in a
patient with medulloblastoma.The blue line depicts the 83% isodose line, yellow depicts 70%, green depicts 50%, and red
depicts 40%. (Courtesy of Ping Xia, PhD, Department of Radiation Oncology, UCSF)

Figure15.5a

Comparison of axial sections
planned with either 3DCRT (a)
or IMRT (b), demonstrating the
sparing of normal structures,
most notably the inner ears
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Comparison of axial sections planned with either 3DCRT (a) or IMRT (b), demonstrating the sparing of inner structures
achieved with IMRT without compromising the dose delivered to the target volume

plan is shown in Fig. 15.4. The rapid fall-off of dose
must be considered when immobilization systems
are being devised prior to treatment. Another issue
that must be noted when IMRT is used is integral
dose. With IMRT, the total number of monitor units
delivered to the patient is higher than with conven-
tional treatments. Due to an increase in dose inho-
mogeneity, more total dose is delivered. The long-
term significance of this increased integral dose has

not yet been determined. Dose inhomogeneity also
results in hot spots within the treated volume. Al-
though these hot spots typically fall within the tumor
volume, the significance of having regions of ex-
tremely high dose is unclear.

In the use of any of these conformal therapies, it is
important to consider anatomy. Particularly in the
use of inverse planning, if an area is not contoured as
tumor, it will likely receive sub-optimal dose. Areas of
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subclinical disease must also be taken into account.
Only through careful consideration of anatomy and
dose can IMRT be safely applied. Figure 15.5 com-
pares axial sections planned with either 3DCRT or
IMRT, demonstrating the sparing of inner structures
achieved with IMRT without compromise of the dose
delivered to the target volume.

15.4.2 Proton Beam Therapy

Although proton radiation is not significantly more
biologically effective than conventional radiation, it
has physical characteristics that allow precise control
of dose fall-off, especially beyond the target volume
(Yang 1999). Specifically, a properly focused proton
beam demonstrates rapid fall-off of delivered dose
immediately beyond the target (a feature known as
the “Bragg peak”). This allows for potential sparing of
critical structures. It is conventionally accepted that
proton beam therapy is superior to standard radio-
therapy for skull base chondrosarcomas and chordo-
mas, but its effectiveness compared to radiosurgery
or conformal radiotherapy has not been tested rigor-
ously.

15.4.3 Intraoperative Radiotherapy (IORT)

Intraoperative radiotherapy typically involves the de-
livery of a single large fraction of radiation therapy at
the time of open surgery (Willett 2001). Radiation is
most commonly given to the resection cavity using
electrons. Depth of dose is controlled by choice of
electron energy. Fall-off is rapid beyond the effective
range of the selected electron energy.

15.4.4 Temporary or Permanent
Brachytherapy

Interstitial brachytherapy allows for the delivery of
high doses of radiation to a tumor region. Brachythe-
rapy entails the placement of radiation sources either
directly in tissues, or into catheters placed within tis-
sues. As dose falls off with the square of the distance
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away from the radiation sources, and is further atten-
uated by tissue, normal structures can be spared
(Hall 2000).

Temporary brachytherapy typically entails the im-
plantation of catheters in the tumor or tumor bed.
Following placement of catheters, radiation sources
are loaded into the catheters to deliver the desired
dose. Historically, a variety of radioactive sources, in-
cluding radium and cesium have been used. In cur-
rent practice an '*’Ir source is frequently used, utiliz-
ing a robotic remote afterloading system to minimize
dose to medical personnel.

Permanent brachytherapy implants can also be
performed. Radioactive sources are inserted into tu-
mor tissue or placed in regions surrounding a resec-
tion cavity. Sources containing '*°I and '*Pd are fre-
quently used in clinical practice. Both of these ap-
proaches can allow delivery of a very high dose of ra-
diation, while limiting dose to normal tissue.

A recent retrospective study reported a large series
of pediatric brain tumors treated with '*I brachythe-
rapy (Sneed et al. 1996). Twenty-eight children were
treated with temporary, high-activity '*°I brachythe-
rapy for recurrent or persistent supratentorial, unifo-
cal, well-circumscribed tumors less than 6 cm in di-
ameter that had previously received external beam
radiation therapy. Exclusion criteria included tumors
with diffuse margins, corpus callosum involvement,
or subependymal spread. The most useful informa-
tion to come from this study is the documentation of
acute and late toxicities. Outcome data, however, are
less reliable given the variety of brain tumors includ-
ed in the analysis. No grade 3 or grade 4 acute or late
toxicities occurred. However, 22 patients (79% of 28
total patients) required at least one reoperation fol-
lowing brachytherapy and 17 of these 22 patients had
evidence of necrosis in the resected specimen.

15.4.5 Radiosurgery

Conceptually, radiosurgery consists of multiple
beams of radiation, all converging at the designated
target volume. A Gamma Knife® with 201 collimated
beams of cobalt-60 radiation or a specially adapted
linear accelerator delivers a single high-dose fraction
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of focused radiation to a small intracranial target.
Frequently, sensitive normal structures lie in near
proximity to the target volume. Rapid fall-off of radi-
ation dose outside the target spares adjacent normal
tissues and maintains a safe, acceptable level of irra-
diation. The value of radiosurgery has been demon-
strated by many retrospective studies, which includ-
ed a variety of benign and malignant brain tumors
(Kondziolka et al. 2000). Benign tumors tend to
shrink slowly over years after radiosurgery, while
brain metastases generally shrink more rapidly. With
the exception of metastases less than 1 cm in diame-
ter, tumors, whether benign or malignant, generally
do not disappear completely following radiosurgery
treatment.

15.4.6 Neutron Beam Therapy

Neutrons deposit their dose more densely than con-
ventional photon radiation and the increased relative
biological effect results in greater cell death. In addi-
tion, hypoxic cells exhibit less resistance to neutron
radiation than to conventional photon radiation. Al-
though clinical trials of neutrons in the treatment of
malignant gliomas have resulted in higher control
rates than treatment with photons, no improvement
in survival has been demonstrated, likely due to in-
creased necrosis associated with neutron therapy
(Laramore et al. 1988; Battermann 1980; Catteral et al.
1980; Griffin et al. 1983). In a randomized study ex-
amining the optimal dose of neutrons for a limited-
volume neutron boost combined with photon whole-
brain radiotherapy, no beneficial combination was
documented (Laramore et al. 1988).

15.4.7 Boron Neutron Capture Therapy (BNCT)

Boron neutron capture therapy was first proposed in
1936 but has yet to make a significant mark on the
clinical treatment of human malignancies. A stable
isotope of boron, !°B, is administered to patients in a
pharmacologic preparation and accumulates in tu-
mor cells. Normal and tumor tissue are then irradiat-
ed by broad-beam low-energy thermal or epithermal
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neutron irradiation. The '°B nuclei have a high prob-
ability of thermal neutron capture that results in nu-
clear fission. High LET particles are created with a
range of only one cell diameter, killing only the cells
in the immediate vicinity of the boron compound.
The clinical utility of BNCT rests on achieving higher
concentrations of a '°B-containing compound within
tumor cells than within blood, scalp,and normal brain
tissues (Diaz 2000). The major compound used in clin-
ical trials to date, p-boronophenylalanine (BPA), pro-
duces '°B concentrations 3.5-fold higher in tumor and
1.5-fold higher in scalp than in blood (Chadha et al.
1998). The promise of BNCT in clinical practice rests
on the implementation of newer compounds that ac-
cumulate more selectively in tumor cells.

15.5 Toxicity of Radiation Therapy

A wide range of potential toxicities complicates the
implementation of radiation therapy in the treatment
of tumors of the craniospinal axis. These toxicities
can be severe and debilitating, particularly in pediat-
ric patients (Syndikus et al. 1994; Kalapurakal and
Thomas 1997; Donahue 1992). Care should be taken
to minimize these effects. Treatment of intracranial
tumors can result in damage to the eye, ear, brain,and
hypothalamic-pituitary axis, as well as affecting nor-
mal growth. Treatment of the spine can result in
growth deficits and damage to the spinal cord. Specif-
ic potential acute side-effects of radiation to the cen-
tral nervous system include epilation, skin reactions,
otitis, hematopoietic depression, and somnolence.
Specific late toxicities of such radiation include radi-
onecrosis, myelopathy, leukoencephalopathy, vascu-
lar injury, neuropsychologic sequelae, endocrine dys-
function, bone and tooth abnormalities, ocular com-
plications, ototoxicity, and induction of second pri-
mary tumors (Syndikus et al. 1994; Kalapurakal and
Thomas 1997; Donahue 1992). Table 15.1 delineates
the radiation doses associated with late toxicities that
may result from radiation therapy to the central ner-
vous system.
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Table 15.1.

Threshold
dose

Late effect

Structure

Spinalcord  Chronic progressive myelitis 45 Gy
Brain Radiation necrosis 60 Gy
Intellectual deficits 12-18 Gy
Eye
Lens Cataract formation 8Gy
Retina Radiation retinopathy 45 Gy
Retina Optic neuritis 50 Gy
Inner ear Sensorineural hearing loss ~ 40-50 Gy

15.5.1 Spinal Cord

Severe damage to the spinal cord can result following
radiation therapy, with functional transection of the
cord at the affected level being the most severe result,
taking the form of chronic progressive myelitis. This
complication is rare, due to the care taken by radia-
tion oncologists to avoid it. Wara et al. reported a 1%
incidence of spinal cord damage at 42 Gy, and a 5%
incidence at 45 Gy. A number of reports have indicat-
ed that tolerance of the cervical spinal cord to radia-
tion toxicity is somewhat higher than 45 Gy in adults
(Wara et al. 1975). However, it is unclear what the cer-
vical spinal cord tolerance is in pediatric patients. Ra-
diation to the spinal cord can also result in Lhermit-
te’s syndrome, which is characterized by tingling,
numbness, and a sensation of electric shock. Symp-
toms are often present only with neck flexion. Lher-
mitte’s syndrome is typically self-limiting, presenting
within the first one to three months following radia-
tion, and having an average duration of three to four
months.

Craniospinal radiation can result in decreased
truncal, or sitting, height. This is due to decreased
growth of the vertebral bodies following radiation
therapy, and becomes clinically evident at doses
greater than 20 Gy.
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Acute reactions during radiation therapy, thought to
result from disruption of the blood-brain barrier, are
uncommon. However, there are reports of edema fol-
lowing single conventional fractions (Kramer and
Lee 1974). Clinically apparent acute changes are more
common with hypofractionated doses, such as used
in radiosurgery (Loeffler et al. 1990). Steroids can be
administered to address edema.

Subacute reactions are more common, and are
thought to be due to transient demyelination (Bold-
rey and Sheline 1966). These effects typically occur
within the first few months following radiation and
usually resolve within six to nine months. This syn-
drome is seen in a large number of patients receiving
prophylactic cranio-spinal radiation along with in-
trathecal chemotherapy for acute lymphoblastic lym-
phoma (ALL) (Littman et al. 1984). Severe subacute
effects such as rapidly progressive ataxia are more
rare, and are generally associated with fractions larg-
er than 2.0 Gy and total doses larger than 50 Gy (Lam-
pert and Alegria 1964).

The late effects of radiation are primarily due to
radiation necrosis. Symptoms are related to the neu-
roanatomical location of necrosis (sensory, motor,
speech/receptive deficits, seizures) and may, in addi-
tion, be due to increased intracranial pressure. Focal
necrosis is uncommon with doses below 60 Gy given
with conventional fractionation (Halperin and Burg-
er 1985).

With large-volume radiation therapy, diffuse white
matter changes can be seen. Clinically, these can re-
sult in lassitude, personality change, or neurocogniti-
ve deficits. Multiple studies have examined the effect
of whole-brain radiation therapy on intellect in pa-
tients treated for leukemia. Radiation-associated de-
pression in IQ has been noted by a number of authors
(Rowland et al. 1984; Copeland et al. 1985). Halberg et
al. (1992) compared three groups of patients. The first
group received 18 Gy (1.8 Gy per fraction) cranial ir-
radiation, while the second received 24 Gy cranial ir-
radiation. The third group consisted of other oncolo-
gy patients who did not receive cranial irradiation.
Lower IQ scores were noted in the group receiving
24 Gy (Halberg et al. 1992). High-dose methotrexate
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and female sex appear to increase risk of intellectual
deficits (Waber et al. 1992). The effects of cranial irra-
diation are also more severe in younger children. In-
tellectual deficits resulting from radiation most com-
monly result in difficulty acquiring new knowledge,
decreased processing speed, and memory deficits
(most frequently short-term; Mulhern et al. 1992).

Children irradiated for primary brain tumors have
also shown intellectual deficits. Effects of radiation
are more difficult to evaluate in this setting, as most
of these patients have also had surgical resection.
However, similar to patients with ALL, younger age
appears to result in a higher rate of neurocognitive
deficits. Larger fields and higher doses also appear to
cause a higher rate of toxicity.

15.5.3 Eye

The lens of the eye is exquisitely sensitive to radia-
tion. Radiation-induced cataracts are caused by dam-
age to the germinal zone at the equator of the lens.
Initially, this results in a central opacity that pro-
gresses to an opaque cortex. The threshold for radia-
tion damage is 8 Gy in a single fraction, or 10 Gy to
15 Gy in fractionated doses. More rapid cataract for-
mation is associated with higher doses of radiation.
Radiation-induced retinopathy appears to have a
threshold of 46 Gy at conventional fractionation (1.8
to 2.0 Gy per fraction), but is rare below doses of 50 to
60 Gy. Retinopathy is typically seen beginning from 6
months to 3 years following radiation. It is character-
ized by macular edema, non-perfusion, and neo-
vascularization. The optic nerves and chiasm are also
at risk for damage from radiation. Damage to the op-
tic nerve is characterized by a pale optic disc, abnor-
mal papillary response, and visual deficits. Damage
to the optic nerve or chiasm is potentially blinding.
The threshold for this damage is 50 Gy. Every effort
should be made to keep these structures below their
tolerated doses (Emami et al. 1991).
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Radiation-induced sensorineural hearing loss is
dose-dependant and is more severe in younger pa-
tients. Hearing loss can result from doses greater
than 40 to 50 Gy, usually developing within 6 to 12
months of treatment (Grau et al. 1991; Grau and
Overgaard 1996). High frequency hearing loss is seen
in 25 to 50% of patients who received greater than
50 to 60 Gy to inner ear structures (Anteunis et al.
1994). Hearing loss is typically attributed to radiation
changes induced in the cochlea and vasculature. Oto-
toxicity related to cisplatinum chemotherapy is well-
documented (Schell et al. 1989). Cranial irradiation
prior to or concurrent with cisplatinum chemothera-
py enhances ototoxicity (Schell et al. 1989; Walker et
al. 1989). Chronic otitis can also develop following ra-
diation therapy, due to obstruction of the Eustachian
canal.

15.5.5 Endocrine

Whole cranial irradiation or focal radiation that in-
cludes the hypothalamic-pituitary axis can result in
neuroendocrine abnormalities. The neuroendocrine
complications that can result from radiation therapy
are summarized in Table 15.2. Growth hormone (GH)
production appears to be the most prone to disrup-
tion by radiation therapy. GH deficiency worsens
over time and may follow radiation doses as low as
12 Gy (Merchant et al. 2002). This appears to be a re-
sult of decreased GH-releasing hormone (GHRH) in
the hypothalamus, as GH deficiency is seen in pa-
tients undergoing hypothalamic radiation with pitu-
itary sparing. Clinically, GH deficiency can result in
short stature, bone loss, and metabolic abnormali-
ties. Treatment with synthetic GH can allow children
to maintain their expected growth percentile despite
irradiation.

Other endocrine deficiencies, including decreased
thyroid stimulating hormone (TSH), adrenocorti-
cotrophic hormone (ACTH), follicle stimulating hor-
mone (FSH), and luteinizing hormone (LH) appear to
have a higher threshold. These effects are typically
seen following doses greater than 40 Gy. It is impor-
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tant that children treated for tumors in the region of
the hypothalamic-pituitary axis be followed closely
for endocrine abnormalities, so that timely replace-
ment therapy can be initiated.

15.6 Molecular Targets For Radiosensitization
15.6.1 Tyrosine Kinase Receptors

Tyrosine kinase receptors (RTKs) play a variety of
roles in maintaining homeostasis from individual
cells to entire organisms. They regulate cellular pro-
liferation, survival, adhesion, and differentiation, and
their function is tightly regulated (Porter and Vail-
lancourt 1998; Levitzki and Gazit 1995; Hunter 2000).
RTKs include molecules with a ligand-binding extra-
cellular portion,a transmembrane section,and an in-
tracellular portion that contains the tyrosine kinase
catalytic domain (Pawson and Scott 1997). This fam-
ily includes the epidermal growth factor receptor
(EGFR), platelet-derived growth factor receptor
(PDGFR), vascular endothelial growth factor recep-
tor (VEFR), fibroblast growth factor receptor (FGF),
stem-cell factor receptor (SCFR), and nerve growth
factor receptor (NGFR). Inactivating mutations that
confer ligand-independent phosphorylation and ac-
tivation of the kinases occur in various domains of
the protein, including cytoplasmic juxtamembrane,
extracellular, and kinase domains (Demetri 2001).
Several human malignancies develop as direct conse-
quences of tyrosine kinase activation, and such aber-
rations can influence prognosis (Taniguchi et al.
1999; Lasota et al. 1999).

Monoclonal antibodies and small molecules have
been developed to inhibit RTKs by targeting specific
extracellular or intracellular domains. Monoclonal
antibodies block signaling through growth factor re-
ceptors by preventing binding of ligands (Drebin et
al. 1985, 1986). Initial problems associated with ro-
dent antibodies have been alleviated by advances in
antibody construction (Fan and Mendelsohn 1998).
Small molecule inhibitors block signaling through
RTKs by competing with adenosine triphosphate
(ATP) for its binding site in the receptor (Levitzki and
Gazit 1995). Both of these agents when used in com-
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bination with ionizing radiation can cause radiosen-
sitization of cancer cells.

15.6.1.1 EGF Receptor Family Inhibitors

The EGF receptor (EGFR) family consists of four dif-
ferent receptors: ErbB-1 (also known as EGFR),
ErbB-2 (also known as HER2/neu), ErbB-3 (also
known as HER3), and ErbB-4 (also known as HER4)
(Klapper et al. 2000; Mendelsohn and Baselga 2000;
Olayioye et al. 2000). EGFR, located on chromosome
7p12, plays a key role in oncogenesis of glioblastoma
multiforme (GBM). It is the most commonly ampli-
fied oncogene in GBM, with amplification seen in 40
% of tumors (Wong et al. 1987; Ekstrand et al. 1991;
von Deimling et al. 1992). One third of GBMs in which
EGFR is amplified contain a mutant form, the EG-
FRvIII mutant, deletion of which in the extracellular
domain results in constitutive tyrosine kinase activi-
ty (Ekstrand et al. 1992; Wikstrand et al. 1997). Mech-
anisms of EGFR activation include amplification,
overexpression,and expression of a truncated consti-
tutively active form.

Small-molecule inhibitors of EGFR target the ATP-
binding site of the receptor (Fry et al. 1994; Klohs et
al. 1997). Two such inhibitors, ZD1839 and OSI-774,
both oral agents, have entered clinical trials for the
treatment of gliomas. Monoclonal antibodies (mAbs)
raised against the extracellular domain of the recep-
tor can also inhibit EGFR signaling. Human/murine
chimeric antibodies offer the advantage of reduced
immunogenicity while preserving potency. MAb-
C225 is an example of such an antibody whose ad-
ministration delays tumor growth in a xenograft
model (Goldstein et al. 1995).

15.6.1.2 PDGF Receptor Inhibitors

STI571 is a small-molecule drug that specifically in-
hibits the tyrosine kinases Abl, PDGFR, and Kit (Saw-
yers 2002). PDGFR-0. and PDGFR-[3 are two distinct
receptors that bind PDGF ligand. Clinical trials have
documented the efficacy of STI571 in the treatment
of chronic myeloid leukemia, a malignancy driven by
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Table 15.2. Endocrine abnormalities resulting from radiation
to the hypothalamus and pituitary gland

Hormone abnormality Threshold dose

Growth hormone deficit 18-25 Gy
ACTH deficit 40 Gy
TRH/TSH deficit 40 Gy
Precocious puberty 20 Gy
LH/FSH deficit 40 Gy
Hyperprolactinemia 40 Gy

constitutive activation of Abl resulting from a chro-
mosomal translocation called Ber-Abl. Overexpres-
sion of the PDGF ligand and its receptor (PDGFR) are
observed in all glioma grades (Maxwell et al. 1990;
Hermanson et al. 1992, 1996) and is the rationale for
using STI571 to treat them. Aberrant PDFR signaling
in low-grade as well as high-grade gliomas suggests a
role for this signaling cascade in the initiation and
progression of this neoplasm. (Hermanson et al.
1996; Westermark et al. 1995).

15.6.1.3 VEGF Receptor Inhibitors

Tumor growth relies not only on uncontrolled cell
proliferation and survival but also on the develop-
ment of new blood vessels. Vascular endothelial
growth factors (VEGF), are proangiogenic molecules
that transmit their signals through Flt-1 (also known
as VEGF-R1) and Flk-1/KDR (also known as VEGEF-
R2) receptors (Carmeliet and Jain 2000). Whereas
VEGF ligands are secreted by tumor and stromal
cells, VEGF receptors are expressed mostly by endot-
helial cells. As with other RTKs, small molecule inhib-
itors and antibodies directed against the receptor or
ligand are used to block signaling through VEGF
pathways. One pharmacologic agent, SU5416, selec-
tively inhibits Flk-1/KDR and Flt-1 (Fong et al. 1999).
A second molecule, SU6668, exhibits wider specifi-
city towards other proangiogenic RTKs, including
Flk-1/KDR, PDGEF, and FGF receptors (Laird et al.
2000). Antibodies directed against VEGF or its recep-
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tor have entered clinical trials (Presta et al. 1997).
Phase I clinical trials employing VEGF inhibitors as
single agents report disease stabilization but not ob-
jective tumor responses.

15.6.1.4 Farnesyltransferase Inhibitors

Intracellular signaling cascades triggered by activa-
tion of growth factor receptors use intermediate mol-
ecules to propagate their signals to downstream
pathways. The Ras proteins are examples of such in-
termediaries that mediate many functions, including
proliferation, survival, cytoskeletal organization, dif-
ferentiation, and membrane trafficking. Ras cycles
between an active guanosine 5’-triphosphase (GTP)-
bound state and an inactive guanosine 5’-biphospha-
te (GDP)-bound state. Ras proteins are synthesized as
cytosolic precursors and are converted to mem-
brane-bound forms through post-translational mod-
ifications (Bourne et al. 1990; Downward 1996; Lowy
and Willumsen 1993). Such post-translational modi-
fications begin with the addition of a 15-carbon far-
nesyl moiety (alipid) to a specific portion of Ras pro-
teins called the CAAX box (A is an aliphatic amino
acid and X is methionine or serine) of Ras (Rowinsky
et al. 1999). This reaction is catalyzed by an enzyme
called farnesyltransferase.

Farnesyltransferase inhibitors (FTIs) directly
block the function of Ras but may also interrupt the
effects of tyrosine kinase receptors that signal
through Ras. Although gliomas rarely contain onco-
genic forms of Ras, other alterations such as EGFR
overexpression that rely on Ras signaling may be sus-
ceptible to targeting by FTIs. The precise mechanism
of FTT action remains unclear and an enlarging body
of evidence suggests that FTI activity is mediated in
part through inhibition of farnesylation of other Ras
family members, such as RhoB (Du et al. 1999; Reuter
et al. 2000; Lebowitz and Prendergast 1998). Treat-
ment of gliomas in vitro with FTIs results in de-
creased proliferation and induction of apoptosis.
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15.6.2 Molecular Targeting Combined
with Conventional Antineoplastic Treatment

Inhibitors of cell signaling are most likely to impact
the treatment of human cancers when combined with
standard forms of antineoplastic therapy such as
chemotherapy and radiation. Such clinical impact
will be maximized if novel inhibitors sensitize hu-
man malignancies to standard cytotoxic agents.
Many studies, most commonly of cell lines in vitro or
xenograft tumor models in rodents, indicate that
treatment with signaling inhibitors augments tumor
responses to radiation and chemotherapy (Jones et
al.2001). Molecular mechanisms implicated in radio-
sensitization associated with signaling inhibitors in-
clude effects on cell proliferation, survival, migration,
invasion, angiogenesis, and DNA repair. The precise
molecular mechanisms, however, remain elusive.

The strongest data for radiosensitization exist for
agents that block EGFR signaling. EGFR overexpres-
sion correlates with resistance to radiation in vitro
and in vivo (Pillai et al. 1998; Miyaguchi et al. 1998;
Sheridan et al. 1997; Wollman et al. 1994). EGFR over-
expression also correlates with radiographically
measured radiation response of human GBM in vivo
(Barker et al. 2001). In a model of human squamous
cell carcinoma cells grown in mice, administration of
MADb-C225 together with radiation resulted in com-
plete regression of established xenograft tumors
(Huang et al. 1999; Milas et al. 2000). Impressive effi-
cacy of concurrent MAb-C225 and radiation has also
been documented in intracranial tumors of human
glioma cells grown as xenografts in athymic mice.
Small molecule inhibitors of EGFR, such as ZD1839
and CI-1033, similarly sensitize human malignancies
to radiation in cell lines in vitro and in animal mod-
els of human malignancies in vivo (Mendelsohn and
Baselga 2000). These studies establish the rationale
for current clinical trials examining concurrent ad-
ministration of ZD183 and radiation in the treatment
of adult and pediatric gliomas.

Similarly, FTIs reverse the radiation resistance of
cell lines containing mutant Ras without affecting the
radiosensitivity of cells expressing wild-type Ras
(Jones et al. 2001). A critical unanswered question is
whether FTIs will also preferentially radiosensitize
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cells with aberrant signaling cascades that rely on Ras
as an intermediary. Direct evidence is lacking for ra-
diosensitization by signaling inhibitors that target
other RTKs such as PDGF and VEGF receptors. How-
ever, indirectly blocking VEGF signaling with anti-
angiogenic drugs augments the cytotoxic effects of
radiation in vivo (Gorski et al. 1999).

15.6.3 P53 Tumor Suppressor Protein

P53 regulates apoptosis, proliferation, differentia-
tion, angiogenesis, and cell-matrix interactions in a
tissue-specific manner and is mutated in over 50 % of
human cancers. For example, in vitro irradiation of
hematologic malignancies, such as leukemia and
lymphoma, produces rapid p53-dependent apopto-
sis. A clinical corollary of this laboratory observation
is that radiation treatment of hematologic malignan-
cies produces a rapid and durable response. Similar-
ly, in many pediatric tissues, apoptosis plays a key
role during organogenesis, and pediatric solid tu-
mors, such as Wilms’ tumor and neuroblastoma, ex-
hibit significant apoptosis and excellent cure rates
when treated with radiation. In contradistinction, in
many adult solid tumor, such as astrocytoma, apop-
tosis plays a minor role and the balance of p53-medi-
ated functions tilts toward proliferation and differen-
tiation.

Although in glial neoplasms the role of p53 inacti-
vation in mediating radiation resistance remains un-
clear (Nozaki et al. 1999), enhanced radiosensitivity
of glioma cells occurs after reconstitution of p53
function (Lang et al. 1999). Two main approaches
have been utilized to restore wild-type p53 function
and overcome resistance to radiation: gene thera-
py and pharmacologic molecules that confer wild-
type function on mutant forms of p53. Many impedi-
ments to gene therapy have arisen, including ineffi-
cient delivery and detrimental immune responses.
Pharmacologic agents that impinge on p53 functions
hold greater promise for translational clinical prac-
tice. Some mutated forms of p53 are amenable to
treatment with either synthetic peptides or mono-
clonal antibodies that can restore wild-type p53 func-
tion.
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15.7 Conclusion

Radiation is a key therapeutic modality in the treat-
ment of brain tumors and plays a role in the multi-
modality approach to virtually every pediatric cen-
tral nervous system malignancy. Efforts to increase
the efficacy of radiation using IMRT, high-LET parti-
cles, BNCT, radiation modifiers, and altered fraction-
ation have contributed to enhanced cure rates for pe-
diatric patients. Nevertheless, great opportunities ex-
ist in improving prognosis for children with brain tu-
mors while reducing long-term side effects of treat-
ment. Novel pharmacological agents such as signal-
ing inhibitors, particularly in combination with stan-
dard therapies such as radiation and chemotherapy,
hold great promise for scientific and clinical break-
throughs.
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