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Preface

According to the World Health Organization (WHO) classification, brain tumor categories
include tumors arising from neuroepithelial tissue, from cranial and paraspinal nerves, from
meninges, lymphomas and hematopoietic neoplasms, and germ cell tumors, from the sellar
region, and metastatic tumors arising from the other body regions. Tumors involving the
central nervous system are difficult to treat and are one of the leading causes of dispropor-
tionate morbidity and mortality worldwide. Many of the studies have investigated these
facts and suggested that there is an increasing trend in the incidence of brain tumors (possi-
bly due to environmental/lifestyle risk factors, increase in life expectancy, or advancements
in imaging techniques).

An understanding of the ongoing research, any change in trends in the incidence of brain
tumors, approach to these patients, new management, and knowledge of evolving concepts
has importance in clinical and public health because it will help us to improve patient out-
comes. This book is a unique collection of material, which encompasses various areas of brain
tumor-related information. The book consists of 10 chapters, including Role of an Alternative-
ly Spliced KCNMAT1 Variant in Glioma Growth, Primary Brain Tumors in Childhood, Medul-
loblastoma, Stem Cell Research for the Treatment of Malignant Glioma, Vestibular
Schwannoma: Microsurgery or Radiosurgery, Modern Management of Craniopharyngioma,
Trigeminal Schwannomas, Current Trends in Glioblastoma Treatment, Neuropsychiatry:As-
pects of Childhood Cranial Tumors, and Diffuse Intrinsic Pontine Glioma (DIPG).

The efforts to search better treatment protocols and to improve outcome in patients’ brain
tumors shall continue, and accordingly, there will be more information available to develop
more effective management strategies to deal with brain tumors. This book is an attempt to
fulfill all these objectives and is an effort to share the experiences from clinical practice and
research.

Dr. Amit Agrawal (MCh)

Professor of Neurosurgery

Department of Neurosurgery

Narayana Medical College Hospital
Chinthareddypalem, Nellore, Andhra Pradesh, India

Dr. Luis Rafael Moscote-Salazar

Neurosurgery-Critical Care

Red Latino, Organizacién Latinoamericana de Trauma y Cuidado Neurointensivo
Bogota, Colombia
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Chapter 1

Current Trends in Glioblastoma Treatment

Ligia Gabriela Tataranu, Vasile Ciubotaru,
Tabita Larisa Cazac, Oana Alexandru,
Oana Stefana Purcaru, Daniela Elise Tache,
Stefan Alexandru Artene and Anica Dricu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75049

Abstract

Glioblastoma (also called glioblastoma multiforme — GBM) is a primary brain neoplasm,
representing about 55% of all gliomas. It is a very aggressive and infiltrative tumor.
Glioblastoma is usually highly malignant, with more than 90% 5-year mortality and
a median survival of about 14.6 months. Compared to other cancers, the survival rate
has not greatly changed over time and no current treatment is curative for this disease.
Because the tumor has a heterogeneous cell population containing several types of cells,
the treatment for GBM is one of the most challenging in clinical oncology. This chapter
will discuss the current approaches in glioblastoma treatment, including resection tech-
niques, chemotherapy and radiation therapy.

Keywords: glioblastoma, surgical resection, intraoperative guidance, radiation therapy,
chemotherapy, intratumoral therapies, targeted therapy

1. Introduction

Glioblastoma is the most common primary brain malignancy in adults. It is the most aggres-
sive of the gliomas, largely resistant to conventional therapies, having a very poor prognosis.
The global incidence is 2-3 newly diagnosed cases per 100,000 people per year in the United
States and Europe. According to Central Brain Tumor Registry of the United States, GBM
accounts for 14.9% of all primary brain tumors and 55.4% of all gliomas. It represents the high-
est number of cases of all malignant tumors, with an estimated 12,390 new cases predicted
in 2017. Currently, the standard of care (SoC) for patients with GBM consists of maximal

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN
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safe surgical resection, followed by concurrent chemoradiotherapy and adjuvant chemother-
apy with temozolomide (TMZ). New discoveries are being made in basic and translational
research, novel therapeutic approaches have been tried and tested, some of them finding their
way into clinical practice. Despite the synergistic multimodal strategies and individualized
therapies, the available treatment is of limited utility, and patients have a poor prognosis,
with a progression-free survival (PFS) of 7-8 months, a median survival of 14-16 months and
5-year overall survival (OS) of 9.8% [1]. This review focuses on the current treatment strate-
gies and perspectives in the management of GBM.

2. Histology and classification

The cellular origin of GBM is unknown. Astrocyte, oligodendrocyte precursor cell and neu-
ral stem cell can all serve as the cell of origin for this type of brain tumor. For this reason, in
the recent version of the 2016 World Health Organization (WHO) Classification of Tumors
of the Central Nervous System (CNS), which is the current international standard for the
nomenclature and diagnosis, GBM is incorporated into the category of “diffuse astrocytic and
oligodendroglial tumors”, being considered a grade IV tumor.

There are some properties of the tumor cells that render GBM incurable. First, the dif-
fuse infiltrative nature of the cells makes complete tumor resection impossible, despite the
advances in neurosurgical techniques. Glioma cells have the ability to migrate away from
the main tumor mass, through the brain. Typical migration routes include white matter
tracts, along the basal lamina of the blood vessels, perineuronal and in between the glia
limitans and the pia mater. Tumor cells are still detectable at a distance greater than 4 cm
away from macroscopic and radiologic margin of the tumor [2]. Second, there is a resistance
of the glioma cells to conventional radiation therapy, chemotherapy and other therapies,
as they are spared from eradication. This resistance is correlated with the heterogeneous
character of the tumor itself, with its “multiforme” appearance [3]. GBM is multiforme mac-
roscopically, featuring multifocal hemorrhage, necrosis and cystic areas. It is multiforme
microscopically, demonstrating pleomorphic cell population, hypercellularity with mitotic
activity, nuclear atypia, pseudopalisading necrosis and microvascular proliferation. And it
is multiforme genetically, with various genetic abnormalities and heterogeneous subclones
within the tumor cell population.

The histological diagnosis of GBM should be undertaken by a neuropathologist by standard
histopathology methods and should include tumor type and tumor grade according to WHO
Classification of Tumors of the CNS.

Progress has been made in knowledge of the GBM biology in relation to its microenviron-
ment. Patterns of molecular genetic alterations have been associated with specific types
of GBMs. Recent medical advances have indicated the importance of molecular typing in
determining the prognosis and personalized treatment strategies for the patient. For this
reason, in the recent version of the 2016 WHO Classification of Tumors of the CNS, molecu-
lar parameters are used in addition to histology to define diagnostic entities. This adds
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a level of objectivity to diagnostic and should lead to improvements in determination of
prognosis and treatment response. So, GBMs are further defined by the presence or absence
of isocitrate dehydrogenase (IDH) gene mutations. IDH is an enzyme encoded by the IDH
gene, whose mutations occur in gliomas. These mutations are oncogenic and they lead to
a hypermethylation phenotype, as well as changes in cellular metabolism and response to
hypoxic and oxidative stress [4, 5]. Mutated IDH can now be detected by immunohisto-
chemistry and magnetic resonance spectroscopy (MRS). IDH mutation is identified as a
genetic marker of secondary GBM. It can indicate a favorable prognosis and a relatively
good response to radiation and/or alkylating chemotherapy.

GBMs are divided into: GBM, IDH-wildtype; GBM, IDH-mutant and GBM, NOS [6]. IDH-
wildtype GBM corresponds with clinically described primary or de novo GBM. It represents
about 90% of GBMs. It arises without clinical, radiologic or histologic evidence of a pre-exist-
ing less malignant lesions, in elderly patients (median age of 62 years), usually supratentorial.
The mean length of clinical history is 4 months and the median overall survival after con-
ventional surgery, radiotherapy and chemotherapy is 15 months, the prognosis being poor
[6, 7]. IDH-mutant GBM corresponds with secondary GBM (approximately 10% of GBMs).
It typically develops from lower grade diffuse glioma. It occurs in younger patients (median
age of 45 years), preferentially in the frontal lobe. The mean duration of the clinical history
of secondary GBM is 15 months and the median overall survival after multimodal treatment
(including surgical resection, radiotherapy and chemotherapy) is 31 months, a significantly
better prognosis than primary GBM [6, 7]. Primary and secondary GBMs carry distinct genetic
abnormalities. Other common genetic alterations in secondary GBMs include TP53 muta-
tions (~65%), ATRX mutations (~65%) and loss of heterozygosity (LOH) on chromosome 19q
(~50%). In primary GBMs, there is a high frequency of EGFR amplification (~35%), phospha-
tase and tensin homolog (PTEN) mutation (~25%) and LOH on chromosome 10 (LOH 10p
~50%, LOH 10q ~70%) [7, 8]. There is now increasing evidence that primary and secondary
GBMs are in fact different tumor entities that develop from distinct cells of origin [7]. Despite
the differences in their phenotypic and genotypic profiles, these two subtypes of GBM are his-
topathologically indistinguishable, except that extensive necrosis is more frequent in primary
GBM and oligodendroglioma components are more frequent in secondary GBM [7]. Recent
findings in pediatric GBMs regarding mutations in the histone H3F3A gene suggest that these
tumors may represent a third major category of GBMs, separate from adult primary and sec-
ondary GBMs [9]. The terminology NOS (i.e., not otherwise specified) is used for GBM when
molecular information is insufficient, either because testing cannot be fully performed or the
results do not fit within a defined category.

In the 2016 update of the WHO Classification of Tumors of the CNS, there are three variants
of IDH-wildtype GBMs: giant cell GBM, gliosarcoma and epithelioid GBM. It is to be noted
that variants are subtypes of accepted entities that are sufficiently well characterized patho-
logically and have potential clinical utility [6]. There are also different patterns in GBMs,
including small cell GBMs, granular cell GBM and GBM with primitive neuronal component
(previously referred as GBM with primitive neuroectodermal tumor (PNET)-like compo-
nent). Patterns are histological features that are readily recognizable, but usually do not have
clear clinicopathological significance [6].



6 Brain Tumors - An Update

3. Patient evaluation

GBMs are typically large tumors at diagnosis. They occur most commonly in the supratento-
rial compartment and are less common in the posterior fossa and brainstem. Lesions usually
start within the deep white matter, but often infiltrate into cortex (Figure 1), deep nuclei or
through commissural pathways into the contralateral hemisphere.

When a GBM spreads across the corpus callosum, there is a characteristic appearance of
bihemispheric involvement, resulting in the classic “butterfly” pattern on imaging (Figure 2).

The vast majority of GBMs are solitary lesions, but cases of multiple GBMs were observed in
0.5-1% of cases. Multiple gliomas can be categorized as multifocal or multicentric. Multifocal
disease consists of multiple tumors which result from dissemination along an established
route of CNS, spreading through white matter tracts, cerebrospinal fluid pathways or through
local extension by satellite formations. They can be separated by abnormal white matter tracts
within the same hemisphere (demonstrated by contiguous areas of modified T2-weighted
signal on cerebral MRI (Figure 3).

On the other hand, multicentric disease represents multiple tumors with normal intervening
brain, so widely separated masses in different lobes or hemispheres (Figure 4).

Although GBM is an invasive tumor, dissemination remains limited to the central nervous sys-
tem and extracranial metastases are very rare (0.4-2%). GBMs usually appear like a mass with
thick, irregular margins and a central necrotic core, sometimes with a hemorrhagic compo-
nent. Tumors are surrounded by a vasogenic edema, characterized by extensive infiltration of
tumor cells. This edema causes additional mass effect and leads to neurological disturbances.

The diagnosis of brain tumors must be evoked in any adult with symptoms of raised intracra-
nial pressure, seizures or focal neurological deficit, the onset being usually weeks to months
before. The clinical presentation is nonspecific and can vary widely, depending on the tumor
localization and the rate of growth. Rarely, an intratumoral hemorrhage occurs and patient
may present with sudden stroke-like symptoms. GBMs may occur at any age, but 70% of
cases are seen between 45 and 70 years of age, with a mean age at the time of diagnosis being
53 years [10]. Men are more frequently involved (there is a sex ratio of 3:2).

Figure 1. Corticalized glioblastoma — Macroscopic appearance.
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Figure 2. Butterfly glioblastoma — MRI features. Tumor involves both cerebral hemispheres by crossing the corpus
callosum - Bifrontal localization. (a) Sagittal T1-weighted image with contrast; (b) axial T1-weighted image with contrast;
(c) coronal T1-weighted image with contrast; (d) axial T2-weighted image; (e) sagittal fluid-attenuated inversion recovery
(FLAIR) sequence; (f) axial diffusion-weighted image (DWI).

All patients, who are presented with symptoms that could be caused by an intracranial mass,
require neuroimaging to establish the cause of these symptoms. CT scan is often the first
examination, because it is widely available, fast and inexpensive. Typical findings for GBM
on CT scan are a heterogeneous mass lesion, with an isodense to slightly hyperdense irregular
thick ring and a hypodense core representing necrosis. There is an intense, irregular and het-
erogeneous contrast enhancement of the tumor mass (Figure 5). Images highlight a significant
surrounding cerebral edema and a marked mass effect. CT scan is helpful in demonstrating
the presence of intratumoral hemorrhage or calcification, which is thought to be related to a
pre-existing oligodendroglial lesion.

While CT scan provides initial data, contrast-enhanced MRI is the imaging modality of choice
for GBMs, because of his greater accuracy and multi-planar imaging capabilities. All patients
with a suspected brain tumor should have an MRI evaluation, unless it would be unsafe for
them. It will confirm the diagnosis, will refine the diagnosis and will provide additional data
needed for treatment planning. On T1-weighted images, GBMs typically appear as a hypo to
isointense mass with central heterogeneous signal (necrosis, intratumoral hemorrhage and
cysts), thick, irregular or poorly defined margins and peritumoral edema. After the admin-
istration of contrast medium, a heterogeneous or irregular ring-like enhancement is almost
always present. T2-weighted and fluid-attenuated inversion recovery (FLAIR) images reveal
a heterogeneous, hyperintense mass with adjacent tumor infiltration/vasogenic edema.

7
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Figure 3. Multifocal glioblastoma — MRI features. There are two separate tumor foci in the right frontal lobe: A smaller
one in the basal frontal region and a bigger one in the anterior frontal region. The presence of connecting signal alteration
in T2-weighted images defines multifocal lesions. (a) Coronal T1-weighted image with contrast, with section line at the
level of smaller tumor; (b) axial T1-weighted image with contrast — Section level is indicated in (a); (c) axial T2-weighted
image — Section level is indicated in (a); (d) coronal T1-weighted image with contrast, with section line at the level of
bigger tumor; (e) axial T1-weighted image with contrast — Section level is indicated in (d); (f) axial T2-weighted image
— Section level is indicated in (d).

Surrounding infiltrative edema (which is a combination of increased interstitial water and
neoplastic cells) is better appreciated in T2-weighted images as compared with T1-weighted
images (Figures 5 and 6).

Advanced imaging technologies have been developed, including diffusion-weighted imaging
(DWI), diffusion tensor imaging (DTI), perfusion-weighted imaging (PWI) and MR spectros-
copy (MRS). Diffusion-weighted imaging (DWI) allows the calculation of the apparent diffu-
sion coefficient (ADC) that is correlated with tumor cellularity and tumor grade. Diffusion
tensor imaging (DTI) offers the possibility to identify and to characterize the white matter
tracts. Perfusion-weighted imaging (PWI) provides useful information about the cerebral
microcirculation and allows the development of cerebral blood volume maps. MR spectros-
copy (MRS) allows in vivo measurements of certain tissue metabolites. These techniques
focus on pathophysiological changes in disease and offer potential indications on differential
diagnosis and individual anatomy. Post-therapeutic MRI examinations are used to monitor
treatment response and to differentiate radionecrosis from residual or recurrent tumor.
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Figure 4. Multicentric synchronous glioblastoma — MRI features. There are widely separated lesions, occurring
in different lobes or hemispheres, with no connection between foci. They were already present at the time of initial
radiological investigation. The figures (a), (b), (c) and (d) demonstrate a left paraventricular occipital tumor: (a) axial
T2-weighted image; (b) axial FLAIR sequence; (c) axial T1-weighted image with contrast; (d) sagittal T1-weighted image
with contrast. The figures (e) and (f) illustrate a left posterior temporal lesion: (e) axial T2-weighted image; (f) axial
FLAIR sequence. The figures (g) and (h) present a right deep temporal lesion: (g) axial T2-weighted image; (h) axial
FLAIR sequence.The figures (i) and (j) reveals a left temporomesial lesion: (i) axial T2-weighted image; (j) axial FLAIR
sequence.
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Figure 5. Left temporal glioblastoma. (a) CT scan without contrast; (b) CT scan with contrast; (c) MRI - Axial T2-weighted
image; (d) MRI — Coronal FLAIR sequence; (e) MRI — Axial T1-weighted image with contrast; (f) MRI — Coronal
T1-weighted image with contrast.

Positron emission tomography (PET) can be used to provide additional metabolic informa-
tion of the tumor. This technique is based on the detection of radioactivity emitted by bio-
chemically active molecules labeled with radiotracers. Different molecular processes can be
investigated including glucose consumption, expression of amino acid transporters, prolif-
eration rate, membrane biosynthesis and hypoxia. The glucose analog “F-fluorodeoxyglucose
(**F FDG) is the most commonly used radiotracer for PET to measure the local metabolic
rate of glucose. Increased glucose metabolism is a feature of high-grade glioma (HGG) and a
positive correlation between glycolysis rate and malignancy was demonstrated. Radiolabeled
amino acids (like *C Methionine—C MET) have been introduced as suitable tracers in brain
tumors, because amino acid transport as well as protein synthesis were both demonstrated to
be enhanced in HGG. Even more, ''C MET has increased specificity and sensitivity, highlight-
ing areas of cellular proliferation correlating well with the Ki-67 labeling index of prolifera-
tion and with microvascular density. PET can help distinguish GBMs from other brain lesions
pre-operatively, can reveal malignant transformation in low-grade gliomas (LGG), and can
evaluate the tumor extension for an appropriate site for biopsy, for surgery planning or for
radiation therapy planning. PET is also important in assessment of treatment response, being
beneficial for differentiation of tumor tissue from post-therapeutic changes.

In patients with a suspected diagnosis of GBMs, initial management is intended to con-
trol symptoms and prepare the patients for surgery. Corticosteroid therapy reduces peri-
tumoral edema and alleviates symptoms of raised intracranial pressure and neurologic
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Figure 6. Right temporal glioblastoma — MRI features. (a) Axial T1-weighted image; (b) axial T2-weighted image; (c)
coronal FLAIR sequence; (d) axial T1-weighted image with contrast; (e) coronal T1-weighted image with contrast; (f)
sagittal T1-weighted image with contrast.

symptoms, making surgery safer. Anticonvulsants are necessary when a history of seizures
exists. However, prophylactic use of antiepileptic drugs outside the perioperative phase is
controversial.

Ideally, all patients with GBMs should be managed by a multidisciplinary team in a central-
ized neurosciences center. The neuro-oncology group should include specialists from neuro-
radiology, neurology, neurosurgery, neuropathology, intensive care, medical and radiation
oncology, neurorehabilitation, etc.

4. Surgical management

Neuroimaging modalities provide a lot of data about mass lesion, but cannot reliably predict the
diagnosis of tumor type and grade. Histological assessment is required. Thus, a representative
tissue sample should be obtained by biopsy or resection to have a correct diagnosis before spe-
cific adjunctive therapies have been initiated. The neurosurgeon is involved in decision-making
regarding the appropriate surgical procedure for patients with GBM. Based on preoperative
evaluation, he must indicate either an open surgical resection for both diagnosis and treatment
or only a biopsy for diagnosis. Special consideration should be given to some important fac-
tors, including age of the patient, location and size of the tumor, neurological status, functional
impairment (quantified by Karnofsky Performance Status (KPS) Scale), significant comorbidity

11
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and patient and family preferences. Patients with GBM should have surgery for maximal tumor
removal whenever safe, because this could prolong their survival when compared with biopsy,
subtotal or partial resection. Biopsy is only indicated in cases of “inoperability” of the tumor,
because of the associated risks are minimal. The image-guided stereotactic techniques are pre-
ferred over open biopsy.

4.1. Stereotactic biopsy

Stereotactic biopsy enables safe retrieval of sufficient material to allow pathologic diagnosis from
precise targets in GBMs with the help of MRI or CT scan. Framed or frameless stereotactic biopsy
can be performed. The main indications are inaccessible tumor location (deep-seated lesion),
multiple or bilateral disease, potential unacceptable surgical morbidity because of eloquent
adjacent brain areas, poor performance status (KPS < 60), lesion in a surgically poor candidate
because of significant medical problems. When the diagnosis of GBM versus other space-occu-
pying lesions is in doubt, biopsy may be a better initial step. Stereotactic biopsy is a minimally
invasive technique, with low risk and good diagnostic accuracy, which can provide valuable
information, guiding further treatment. However, an average morbidity rate of 4.1% (range, 0.7-
7%) and a mortality rate of 0.9% (range, 0.2-2.3%) have been demonstrated [11]. Owing to histo-
logical heterogeneity, it leads to an inaccurate or imprecise diagnosis in about 10% of cases. There
are approximately 15-20% of patients who undergo only biopsy as a surgical procedure [12].

4.2. Open surgical resection

To date, surgery for resection remains the first and the most important treatment modality in
GBMs. The goal of surgery should be to remove as much of the tumor as possible, while mini-
mizing damage to surrounding healthy brain. Unfortunately, surgery is not curative. Because
of the highly aggressive and invasive nature of the GBM, a complete resection is not possible.
Despite the relative lack of appropriately designed trials, experience strongly supports the
fact that gross-total resection (GTR) of the entire area of gadolinium-enhancement tumor is
associated with improved outcome. Therefore, the current trend is to perform maximal tumor
removal whenever possible, while minimizing the risk for unacceptable neurological deficit,
aimed to both improve the quality of life and prolong survival.

There are some reasons for surgery on lesions thought to be GBMs. The first indication is to
obtain a histological diagnosis. Owing to glioma histological heterogeneity, multiple biologi-
cal samples from separate places of the tumor should be taken and examined. Open resection
can provide a larger tissue specimen as compared to biopsy. Provision of tumor for research
and scientific analysis also could be beneficial for the patient. The second indication is to
perform a surgical decompression that can relieve intracranial hypertension, can improve
neurologic functions and can prevent death due to brain herniation. The third indication is
to reduce the tumor mass as much as possible. Reduction of the tumor burden provides a
rapid drop in the global tumoral cell population, removes resistant cells and prolongs sur-
vival. Extensive resection of the tumor may potentiate or facilitate radiation therapy, chemo-
therapy, immunotherapy or other modalities of treatment. The fourth indication is to deliver
adjuvant therapies, including intratumoral chemotherapy, intracavitary brachytherapy, gene
therapy, immunotherapy, photodynamic therapy, etc. Radical surgery to the extent feasible
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should be recommended whenever is possible, regardless of age. Relative contraindications
include inaccessible or eloquent location, poor performance status and important comorbidi-
ties. Typically, tumors located in the basal ganglia, thalamus, corpus callosum, brain stem or
multiple tumors are biopsied only.

Proper patient selection and preoperative planning are very important for the success of
the surgical intervention. The decision to undergo radical surgery needs to be reasonable
and the surgical approach must be individualized for each patient. Careful assessment of the
preoperative MRI imaging studies is essential for preoperative planning. The tumor location
determines the type of approach to be used and the optimal trajectory to the lesion. The neu-
rosurgeon should measure the tumor dimensions in all three axes on the contrast-enhanced
MRI and compare them with on-site measurements for a good estimation of the extent of
resection (EOR). If there is concern regarding proximity of the tumor to eloquent areas, a
functional MRI can help to highlight the location of critical brain regions. Consequently, the
surgeon can plan the operative technique and can take the decision to perform intraoperative
mapping (sometimes an awake craniotomy is needed). The blood oxygenation level-depen-
dent functional MRI (BOLDfMRI) is used in the clinical practice for presurgical mapping of
motor areas and language areas (lateralization and localization). It works by recording subtle
changes in blood oxygenation and flow that occur in response to a particular neural activity.
It produces activation maps.

Maximal safe tumor resection represents the mainstay in GBM treatment. Tumor removal
involves standard neurosurgical techniques. A good knowledge of surgical anatomy and
a meticulous microsurgical technique, while preserving brain functions are essential. To
increase the precision and the safety of the surgery, the specialist can use various technolo-
gies which allow intraoperative guidance. Neurosurgery for patients with GBM should be
conducted in accredited facilities, that have the appropriate neurosurgical equipment and
trained staff and where there is a specific multidisciplinary team.

Ideally, the extent of resection (EOR) should be assessed after surgery. This must be carried
out by a contrast-enhanced MRI within 24-48 hours postoperatively, in order to distinguish
between residual GBM, postoperative reactive changes and parenchymal damage as a result of
surgery. Postoperative contrast-enhancing tumor mass is typically used to delineate residual
GBM and completeness of removal. It is better to use volumetric analysis of the preopera-
tive and postoperative tumor to accurately measure EOR and residual volume (RV). Reactive
postoperative changes can be seen as early as 18 hours on MR, but usually does not appear in
the first 3—4 days. The EOR was identified as a strong prognostic factor for survival in GBM,
together with patient’s age and patient’s functional status. Surgical removal has a critical
role in GBM management because the only potentially modifiable risk factor associated with
survival is EOR. The gross-total resection is not always possible. Thus, several studies have
been conducted to evaluate EOR threshold which may serve as minimum surgical goal to
achieve. Other studies demonstrated that EOR is not an ideal indicator to the success of the
surgery, because it is a percentage value, reported to initial volume of the tumor, which can
vary widely. Contrast-enhancing RV is considered a more clinically relevant measure and a
stronger predictor of survival than EOR, representing the tumor mass existing prior to start-
ing medical therapy. Chaichana et al. in 2014 evaluated newly diagnosed GBM patients who
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underwent surgery and found that the minimum EOR of 70% and the maximal RV of 5 cm?
showed statistical significance for prolonged survival and delayed recurrence [13]. Grabowsky
et al. in 2014 reported that RV of 2 cm® or less confers survival benefit to the patient [14]. There
are models that argue for a continuous relationship between EOR and median survival, sug-
gesting that there is a survival advantage associated with any degree of resection [15]. This is
evident for the practice of maximal safe resection for GBM.

Surgery is associated with some risk. Complications encountered in open surgery for GBM
are those of craniotomy in general. There are reported morbidity rates ranging from 5 to 15%
and mortality rates from 1 to 5% [8].

4.3. Intraoperative neurosurgical guidance

The key issue for glioma surgery is to accurately delineate the tumor into the operative
field, which can be a challenge for the neurosurgeon. Many useful tools have been created
to help the surgeon differentiate between tumor and normal tissue. It is important to adapt
modern technologies to successfully guide maximal surgical resection without postopera-
tive neurological deficit. Multiple studies suggest that extensive resection is beneficial for
the patient. But an excessive excision should be avoided, since it can induce permanent
neurological dysfunction. At the same time, an incomplete resection can be therapeutically
ineffective. The ideal goal of neurosurgery is to maximize the resection of the tumor mass
safely, without impairing eloquent functions and quality of life. For higher efficacy and
lower risk, the current concept of neurosurgery is an “information-guided surgery”, using
multimodal intraoperative information to identify the positions of the eloquent brain areas
accurately and in real-time [16, 17]. Anatomical information from navigation, ultrasonog-
raphy and intraoperative MRI, functional information from mapping and monitoring and
histopathological data must all be considered to prevent unexpected deficits and promote
extensive resection.

4.3.1. Image-based navigation

MRI neuronavigation (frameless stereotactic navigation) is based on preoperative
MR-imaging data, taken with fiducial markers that are left in place on the scalp. This data
is projected into the operative field for better anatomical orientation. It is useful for surgical
planning and image guidance, particularly when the tumor cannot be seen on the cortical
surface of the brain. However, it is rendered unreliable when variations in brain volume or
shifts of the intracranial content appear during the surgery, because this technology is based
on a preoperative set of images, without updating during surgery.

Intraoperative ultrasonography is helpful when the tumor is not isoechoic with the brain or
the density difference is greater (when there is a hematoma or a cystic component into the
mass lesion). It is a dynamic imaging modality that can guide the neurosurgeon in real-time
during resection. It has the advantage that brain shift and brain relaxation that occur during
the excision of the lesion do not influence the accuracy of the procedure. Three-dimensional
sonography with navigation software solves any orientation problems.
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Intraoperative MRI systems are available, but the equipment is expensive and therefore the
access is somewhat restricted for many neurosurgeons and patients alike. It has the advantage
to avoid potential errors caused by brain shift. It provides information about the completeness
of tumor resection during surgery and allows the surgeon to perform an additional tumor
excision, if needed. However, it has a limited ability to delineate between residual glioma and
adjacent normal brain. The system has been shown to improve the extent of tumor removal.

4.3.2. Intraoperative functional mapping and monitoring

Intraoperative functional mapping and monitoring are essential for safe excision of GBM local-
ized near eloquent cortex. It can accurately identify individual eloquent brain areas, including
somatosensory cortex, motor cortex and language cortex, enabling the neurosurgeon to avoid
these regions during tumor resection and thereby minimizing the risk of neurological morbid-
ity. One of the most important advantages of this method over the imaging techniques is allow-
ing assessment of the cortical and subcortical function in real-time. In addition, continuous
monitoring of the patient’s neurological findings during surgery is very useful for intraopera-
tive feedback to the surgeon. Using these functional methods, the edge of resection can exceed
the anatomical borders of the tumor (contrast-enhancing regions) to reach the functional border
of the tumor (placed in the peritumoral tissues, invaded by the tumoral cells) [18].

Localization of the primary somatosensory cortex can be achieved by somatosensory
evoked potentials (SSEPs) mapping, performed under general anesthesia or in awake patient.
Techniques are similar to those used for routine diagnostic studies. Evoked potentials are
recorded by stimulating peripheral afferent nerves (median nerve, posterior tibial nerve, etc.),
usually electrically. Recording electrodes are placed on the cortical surface (typically proxi-
mal to the lesion). When recording SSEPs, the primary sensory cortex and primary motor cor-
tex generate potentials that are mirror images of each other. This “phase reversal” across the
central sulcus aids in the localization of the primary motor cortex. Localization of the primary
somatosensory cortex can also be performed by direct cortical electrical stimulation of the
postcentral region. The awake patient communicates the presence or absence of the sensory
symptoms triggered by stimulation.

Localization of the primary motor cortex can be accomplished using the SSEPs “phase rever-
sal” technique or by direct cortical electrical stimulation (with patient under general anesthe-
sia). It is recommended to use both techniques, starting with central sulcus identification and
continuing with cortical stimulation of precentral regions and recording the muscle motor
evoked potentials (mMEPs) from the corresponding muscles or observing clinical move-
ments [19]. The former technique is preferred, because the stimulation threshold for obtain-
ing mMEPs is smaller than that for obtaining clinical movements [8, 17, 19]. Thus, the risk
of eliciting local or generalized seizure activity is decreased. During the cortical stimulation,
simultaneous electrocorticogram (EcoG) recording is required for the safety of the patient. It
is used to identify spontaneous or stimulation-induced epileptic discharges (after discharges),
marking a subclinical seizure activity. It is important to have an adequate serum anticon-
vulsant level pre-operatively and, if necessary, additional intravenous boluses of antiepilep-
tic drugs may be considered [8]. It is of paramount importance to distinguish primary from
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supplementary motor areas as it is known that damage of the motor strip will cause a per-
manent postoperative motor deficit, while damage of the supplementary and premotor areas
will result in a temporary postoperative deficit. Once the motor strip was identified, direct
cortical stimulation or subcortical stimulation can be used for continuous evaluation of the
functional integrity of the motor pathways during glioma resection.

Localization of the language cortex is performed under awake craniotomy (AC), by corti-
cal and subcortical direct electrical stimulation (DES). A “positive mapping” strategy can be
used: a large craniotomy exposes the brain a good distance from the tumor and makes it
possible to identify “positive” language sites (areas where a cortical stimulation induces a
language function) prior to excision. Lately, a “negative mapping” strategy emerged as pref-
erable. It supposes to identify “negative” language sites, meaning regions where a cortical
stimulation blocks a language function. This technique allows a smaller, tailored craniotomy,
with a minimal cortical exposure around the tumor (up to 2 cm of surrounding brain) and a
less extensive mapping. It is a more time-efficient neurosurgical procedure [17, 20, 21].

It is important to emphasize that stimulation mapping is used to identify essential language cor-
tex, whose injury will lead to permanent deficit. But there are also multiple nonessential speech
areas. The essential language cortex is obviously different from involved language cortex iden-
tified by functional imaging techniques, such as functional MRI (fMRI) and positron emission
tomography (PET). Although these imaging techniques have advanced considerably, they have
some limitations and cannot replace intraoperative mapping. Patients who speak multiple lan-
guages have separate language sites for each of their different languages [8]. Different language
tasks performed by a patient may lead to delineate distinct language sites. There is significant
individual variability in the location of the language areas, sometimes the Broca area or the
Wernicke area having a location beyond the classic anatomical boundaries or more than two
essential speech areas being identified. Quinones-Hinojosa et al. found a variability of more than
4 cm in the location of speech arrest when using classical neuroanatomic landmarks [22, 23].
Furthermore, cerebral topography is distorted by the tumor mass effect and brain plasticity can
induce a functional reassignment [17, 20, 23]. Thus, intraoperative identification of the language
areas is essential for extensively and safely removing GBMs located near these eloquent regions
in the dominant-hemisphere. It is best to continuously monitor the patient’s ability to speak, espe-
cially during the part of the excision which is close to the identified language sites (within 2 cm).
If the distance between resection border and the nearest language area is more than 1 cm, signifi-
cantly fewer permanent language deficits occur [20, 24]. A subcortical stimulation can be used
into the resection cavity to guide the removal technique (when stimulation block the language
function, the location is very close to the subcortical language pathways — 5 mm or less) [17, 25].

A new intraoperative method to assess integrity of functional interconnections between lan-
guage areas during surgery was proposed by Yamao et al. [17, 26, 27]. The authors monitored
the integrity of the dorsal language pathway (arcuate fasciculus) using cortico-cortical evoked
potentials (CCEPs). The technique is based on the electrical stimulation of the anterior perisyl-
vian language area while recording the average response from posterior perisylvian language
area. It is clinically useful for evaluating the integrity of the language network and have the
advantages that is task-free, do not require the cooperation of the patient and therefore can be
performed also under general anesthesia [27, 28].
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4.3.3. Enhanced visual tumor demarcation

The ideal technique for sharper intraoperative delineation between tumor and the surround-
ing cerebral tissue should provide real-time information during resection, without concern
about changes into the operative field and still be affordable.

Intraoperative tumoral tissue fluorescence due to specific enhancing agents provides a real-
time GBM discrimination in situ. The differences are visualized using specially designed micro-
scopes, equipped with appropriate filters to detect fluorescent light emission. Fluorescence is
the emission of light with a short wavelength by a substance that has absorbed light of a
longer wavelength. Fluorochrome is a fluorescent dye, used to stain biological material before
microscopic examination. In neurosurgery of the gliomas, a specific fluorochrome is associ-
ated with glioma tissue (selectively if possible) and then illuminated by light. Fluorescent
dye will emit light, which will be perceived by the surgeon using special filters. There are
four types of approaches to intraoperative fluorescence: (1) tissue fluorescence induced by
specific metabolic activity; (2) tissue fluorescence-based on passive permeability; (3) tissue
fluorescence due to targeted fluorescent probes accumulated into the tumor tissue; and (4)
autofluorescence [29].

Tissue fluorescence induced by specific metabolic activity is the basis to use of 5-aminolevu-
linic acid (5-ALA) in fluorescence-guided surgery. 5-ALA is an endogenous amino acid, the
first compound in the porphyrin synthesis pathway. It is finally converted to protoporphyrin
IX (PPIX), which chelates with iron in presence of enzyme ferrochelatase to produce heme
(component of hemoproteins). GBM cells lack or have reduced ferrochelatase activity and this
results in accumulation of protoporphyrin IX into the tumor tissue after oral administration of
5-ALA. Protoporphyrin IX is clearly visualized by its red fluorescence under blue-violet light
conditions, enabling differentiation of viable tumor from normal adjacent brain. 5-ALA is the
only agent that has been approved in fluorescence-guided neurosurgery in Europe, Canada
and Japan, and is commonly used in surgery of GBMs. It induces GBM tissue fluorescence,
having high sensitivity, specificity, and positive predictive values for identifying malignant
glioma tumor tissue [30, 31]. In recurrent malignant gliomas, fluorescence is observed in ana-
plastic foci, in regions of gliosis or invaded by inflammatory cells, but not in normal brain.
Prior alternative treatment such as radiotherapy or chemotherapy does not invalidate 5-ALA-
induced fluorescence [32]. Fluorescence can discriminate malignant glioma cells down to a
tumor cell density of approximately 10% [29, 33]. It is now demonstrated that visible fluores-
cence clearly extends beyond the border of preoperative MRI contrast-enhancement, PPIX
accumulation being more sensitive than gadolinium enhancement [33, 34]. Thus, an extensive
glioma resection beyond radiologically evident tumor can be performed. 5-ALA-guided resec-
tion of GBM was found to be beneficial, enabling surgeons to achieve a double rate of com-
plete resections of malignant gliomas in comparison with conventional techniques [31, 35]. A
randomized controlled multicenter phase III trial conducted by Stummer et al. involving 270
patients in 17 centers has examined a group undergoing 5-ALA fluorescence-guided surgery
and a group undergoing conventional white light-guided surgery. The authors reported that
gross-total resection evaluated on postoperative imaging was 65% in cases undergoing fluo-
rescence guidance compared with 36% in the white light group (p < 0.001), and progression-
free survival was 41 versus 21.1% (p < 0.003) [35].
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Tissue fluorescence based on passive permeability uses fluorescein or indocyanine green,
which has not been approved for intracranial use. Fluorescein is a typical marker of compro-
mised blood-brain barrier (BBB), rather than a selective tumor marker, therefore its presence
is highly nonspecific. It displays a yellow-green fluorescence visualized by the naked eye.
Given its limited specificity, there is a great risk to remove normal, functional brain tissue,
and given its sensitivity concerns, there is a risk of leaving residual tumor [36]. Recently,
a dual-labeling approach has been proposed, using both PPIX and fluorescein fluorescence
simultaneously. The advantage is that PPIX provides a reliable tumor detection and fluores-
cein gives a better background visualization, as it would be expected to accelerate surgery,
while maintaining safety and efficacy [37]. Indocyanine green enables evaluation of tumoral
and peritumoral blood flow and vascularization. It has the advantage of emitting light in the
near-infrared region of the spectrum, therefore the fluorochrome can be visualized deeper in
the tumoral tissue. However, the visualization requires special technologies.

Tissue fluorescence due to targeted fluorescent probes accumulated into the malignant tumor
tissue is an ongoing subject of research. There are some fluorescent agents targeted or being
retained by brain tumor cells undergoing clinical testing. Their effective application in clini-
cal settings requires development of detection instrumentation and additional studies. Agents
that show promise for intraoperative discrimination of GBM include Tumor Paint (chloro-
toxin linked to a fluorophore), Angiopep-2 targeting agents, epidermal growth factor receptor
(EGFR)-targeted agents, PTPpi-targeted SBK agents, the fluorescently labeled poly (ADP-ribose)
polymerase 1 (PARP-1) inhibitor (CLR1502) and av[33 integrin-targeted agents [38, 39].

Microspectrofluorometry can be used to measure the autofluorescence spectrum of biologi-
cal tissues both ex vivo on resected samples and in vivo, during surgery, by means of fiber
optic probe. It is a dye-free method, based on the intrinsic autofluorescence properties of a
tissue. In glioma, the autofluorescence profile is distinct from normal brain, due to changes of
biochemical composition and histological organization. There are differences in both spectral
shape and signal amplitude relative to normal cortex and white matter. These differences
allow the use of autofluorescence in situ as a parameter for distinguishing neoplastic from
normal condition and so to better delineate GBM resection margins [40-42].

Confocal microscopy (laser scanning confocal microscopy — LSCM) may provide in vivo
images by optical sectioning, characterized by higher resolution and contrast, with magnifica-
tion up to 1000x. These images enable intraoperative visualization of tumor histopathological
features and cell morphology in real-time, in three dimensions, without the need for extensive
traditional tissue processing [36]. Intraoperative confocal imaging correlates with histopatho-
logical analysis, the diagnostic accuracy being of up to 93% [43]. The major application of
confocal microscopy is for imaging tissues labeled with fluorescent probes. In GBM surgery,
confocal microscopy combined with tissue fluorescence provides a reliable identification of
tumor cells and tumor-brain interfaces.

4.3.4. Intraoperative sampling

The diagnostic of GBM is usually confirmed by standard postoperative histopathological
examination of tissue sections with results only available several days after the surgery has
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finished. But the maximal removal of the glioma is the key component in the specific treatment,
a smaller volume of postoperative residual tumor being associated with an improved progno-
sis. One of the difficulties of achieving an optimal excision is failure to delineate the resection
margins. Nevertheless, histopathological assessment is also available during the surgery, pro-
viding important diagnostic information. Even if such information is less reliable compared
with that of postoperative approaches, sometimes intraoperative sampling is the sole source of
diagnostic arguments for deciding the extent of resection. Precision increases with the number
of tissue sections. Traditional histopathological techniques made intraoperative include frozen
section and imprint cytology. They are time-consuming (requiring nearly 30 mins), laborious
and subjective. It is desirable that they are performed by a skilled pathologist.

Mass spectrometry-based molecular analysis can rapidly provide detailed molecular informa-
tion about tumor and adjacent brain tissue, allowing an intraoperative diagnosis and guidance
in detection of the boundaries between glioma and normal brain. The desorption electrospray
ionization mass spectrometry (DESI-MS) is a mass spectrometric imaging technique for charac-
terizing lipid profile within tumor specimens. Because DESI-MS can be performed rapidly (min-
utes) and routinely, in the ambient conditions, with minimal pretreatment of biological samples,
it can be used during surgery. It quickly provides a valuable diagnosis of tumor type based on
lipid pattern [44]. It can also detect oncometabolites: 2-hydroxyglutarate and N-acetylaspartate.
2-hydroxyglutarate is present in small amounts in normal brain tissue, but its concentrations
are extremely high in gliomas with mutations in IDH1 and IDH2 [45-47]. It could be used as a
biomarker and serve as an important prognostic indicator. Detection of 2-hydroxyglutarate in
operative field with precise spatial distribution could also help define surgical margins. DESI-MS
provide valuable information that is unattainable by traditional histopathological techniques.

4.4. Intratumoral therapies

Given that GBM is typically a solitary tumor, with local recurrence and very rare metastases,
the disease is a proper candidate for local treatment. On the other hand, availability of drugs
which can cross the BBB has severely limited the effective therapies against GBM. Strategies to
bypass this barrier have been developed. Localized drug delivery into a postoperative tumor
bed is an attractive option for administration of therapeutics while avoiding systemic side
effects. Furthermore, this way provides a means for administration of new, tumor-selective
molecules that are often largely excluded by brain.

Controlled-release polymer systems, like carmustine wafers (Gliadel wafers) can be implanted
in the resection cavity. Another local approach is catheter-based convection-enhanced deliv-
ery (CED) of conventional or novel agents through continuous low-positive-pressure bulk
flow. Intracavitary delivery of highly localized doses of irradiation is feasible through GliaSite
system brachytherapy.

4.5. Recurrence

Standard therapy in newly diagnosed GBM involves maximal safe surgical resection fol-
lowed by radiotherapy (RT) with concurrent and adjuvant TMZ. Despite this first-line treat-
ment, recurrence inevitably occurs, most patients experiencing it after 7-8 months of primary
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treatment. There are no well-defined management protocols for recurrent GBM. Options for
second-line treatment are limited and include repeat surgery, re-irradiation, chemotherapy,
novel therapies, supportive care or, better, a combination of these.

The standard neuroimaging modality for the follow-up of GBM is contrast-enhanced MRI,
which is performed every 2-3 months while the patient is on therapy. Criteria to assess treat-
ment response and progression have been established by the Response Assessment in Neuro-
Oncology (RANO) Working Group [48]. Progression is defined as at least 25% increase in the
contrast-enhancing MRI lesion (the product of the maximal cross-sectional enhancing diame-
ters of tumor area). Diagnosing a true progressive tumor growth after chemoradiation by MRI
alone remains a challenge, because it is very difficult to distinguish between post-treatment
radiation effects (such as pseudoprogression or radiation necrosis) and tumor recurrence.
Post-treatment radiation effects can be divided into pseudoprogression and radiation necro-
sis. Pseudoprogression appears several weeks up to 3 months after RT (5.5-31%), whereas
radiation necrosis occurs 3 months to years after irradiation (3-24%) [49]. Radiation necrosis
is a space-occupying necrotic lesion, with mass effect and neurological dysfunction. It is irre-
versible and progressive. Its features on MRI are often identical to that of recurrent GBM. The
differentiation is very important, because the management is different. Advanced MRI
techniques such as DWI, DTI and PWI provide additional information. Metabolic imaging
techniques like PET, single-photon emission computed tomography (SPECT) and MR spec-
troscopy (MRS) are helpful in differentiating between tumor recurrence and therapy-related
changes. Tumor recurrence appears as a lesion metabolically active, while radiation necrosis
appears metabolically inactive. However, no imaging modality has sufficient specificity and
tissue biopsy remains the gold standard to obtain a definitive diagnosis.

GBMs typically recur focally and in many cases surgery is possible. Repeat surgery is per-
formed in approximately 25% of cases. Although a repeat surgery is associated with a higher
complication rates than the initial surgery, this increase is rather small and clearly acceptable
[50, 51]. However, its efficacy is debated. Many recent studies reported a survival benefit
and an improvement of quality of life resulting from repeat resections in selected patients.
Performing an overview of the current literature on second surgery for recurrent GBM,
Montemurro et al. found the median overall survival from diagnosis being 18.5 months and
the median survival from second surgery being 9.7 months [51]. Extent of resection at reop-
eration has been demonstrated to improve overall survival, thus a maximum safe excision
should be the surgical goal. The decision of a second surgery should be individualized and
should involve a multidisciplinary team approach. The age and the preoperative performance
status are the most important predictors of a prolonged survival. A more favorable prognosis
following surgery for recurrence is associated with a younger age (< 60 years) and a good pre-
operative performance status (KPS > 70) [51]. Reoperation is not recommended for patients
with involvement of eloquent brain regions.

Thus, patients with recurrent GBM may benefit from resection of tumor whenever safely
possible. Repeat surgery can help in providing symptom relief and differentiating tumor
recurrence from pseudoprogression, radiation necrosis, respectively. But surgery should be
followed by adjuvant therapies.
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5. Radiation therapy

The SoC for newly diagnosed GBM consists of maximal safe surgical resection followed by
radiotherapy (RT) plus concomitant and adjuvant TMZ.

Following gross-tumor removal, the final histological diagnosis is established, and RT should
start. The optimal time to initiate radiation is controversial. There are studies showing worse
outcomes and even decreased survival when radiation is delayed [52, 53]. Irwin et al. found
that a 6 weeks delay (from 2 weeks postoperative to 8 weeks) reduces median survival by
11 weeks for a “typical” patient [52]. But there also studies showing no association between
timing of radiation initiation and outcomes [54, 55] and studies suggesting a possible ben-
efit of delay (however, up to a reference range of time) [56, 57]. Blumenthal et al. analyzed
the relationship between the delay of RT and the outcome on a large cohort of more than
2800 patients. They observed no obvious reduction in survival with increasing delay (within
relatively narrow temporal limits—6 weeks). Indeed, median survival time was unexpect-
edly greater in the group with the longest interval (>4 weeks) than in those with the shortest
delay (<2 weeks), respectively, 12.5 months versus 9.2 months (P <0.0001). The authors do not
exclude the possibility that an adjuvant treatment initiated beyond 6 weeks postoperatively
may be detrimental [56]. In other studies, Han et al. found a narrow range of time (from 30
to 34 days after surgery) where there is prolonged overall survival and prolonged progres-
sion-free survival compared with early initiation of concurrent chemoradiation [57, 58]. In
common practice, the patient commonly waits about 4 weeks before adjuvant therapies. It is
generally agreed that a postoperative delay of 6 weeks may not be critical.

Concomitant TMZ and RT (known as the Stupp regimen) have been shown to be more
effective than radiation alone with minimal additional toxicity. After the end of radiation,
an adjuvant treatment with TMZ is indicated. Patients who received RT and concurrent
TMZ presented a median survival of 14.6 months versus 12.1 months with RT alone [59].
Furthermore, the two-year survival rate was 26.5% with RT plus TMZ versus 10.4% with RT
alone. This is the current SoC for patients with newly diagnosed GBM up to age 70, with a
good performance status (Karnofsky Performance Status (KPS) > 60).

RT using three-dimensional conformal beam or intensity-modulated RT is used now. The typ-
ical total dose delivered is 60 Gy in 2 Gy fractions, administered 5 days per week for 6 weeks
and there is no evidence that higher doses improve outcome [60, 61]. The RT involved fields
should include the tumor bed with a 2-3 cm margin, based on the observation that GBM com-
monly recurs within 2 cm of the original tumor location in 80-90% of cases.

The optimal management of elderly patients is controversial. In practice, for patients
>70 years old or for patients <70 years old with a poor performance status (KPS < 60), an alter-
native hypofractionated regimen can be considered. For elderly not suitable for radiation,
chemotherapy alone may be an option.

Despite maximal multimodal treatment, GBM invariably recur, disease progression occurring
within the first year in about 70% of cases. In selected cases of recurrences, a second course of
radiation may be possible, but tolerance of local brain tissue to radiation is limited and there
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is an increased risk of radiation necrosis. This may lead to neurological dysfunction, edema
and mass effect. Radiation necrosis is very difficult to distinguish from progressive disease
solely by imaging techniques. Histology remains the gold standard for diagnosis. Combs
et al. investigated the role of re-irradiation using the fractionated stereotactic approach and
demonstrated a median survival of 8 months and a progression-free survival of 5 months for
patients with GBM [62].

Stereotactic radiosurgery offers the potential of providing a “boost” radiation to a portion
of the radiation field in newly diagnosed patients or treating a small recurrence, being an
alternative to open surgery [63]. However, its applicability remains very limited in absence of
studies which could demonstrate a statistically significant benefit.

Intracavitary brachytherapy using the GliaSite system can be used in selected newly diag-
nosed patients or in recurrent disease, intending to deliver an additional radiation to the sur-
gical cavity wall. It is a medical device, composed of a balloon that will contain a radioactive
solution with *#I during the period of irradiation, connected through a catheter to an infusion
port. The balloon is placed in the resection cavity during surgery and the radioactive solution
is injected later. Re-irradiation of recurrent GBM with GliaSite Radiation Therapy System
after resection seems to provide a median survival of approximately 9 months [64, 65].

6. Chemotherapy

For the time being, TMZ is considered the first-line chemotherapy drug in GBM. It is an oral
systemic drug with a good penetration of the BBB and limited side effects. The mechanism of
action is based on its ability to alkylate/methylate DNA. This alkylation damages the DNA
and triggers the death of tumor cells. MGMT (O°-methylguanine-DNA methyltransferase) is
a DNA-repair enzyme that rescues glioma cells from damages induced by alkylating agents
like TMZ or carmustine. High activity of MGMT in tumor cells creates resistance to chemo-
therapy with alkylating agents and may determine treatment failure. Epigenetic silencing of
the MGMT gene by promoter methylation is associated with decrease of DN A-repair activity
and thus tumor cells will be more responsive to TMZ. In other words, the methylation status
of MGMT promoter is associated with a benefit from alkylating agent-based chemotherapy
in GBM. Numerous studies have confirmed that carriers of the methylated form of MGMT
promoter with GBM treated with TMZ and RT have a prolonged overall survival [66-68].
Hegi et al. found that their median survival was 21.7 months as compared with 15.3 months
among those who were assigned to only RT [69]. Furthermore, assessing MGMT methyla-
tion status in a cohort of patients with GBM who underwent radiation treatment but did not
receive chemotherapy, Rivera et al. have demonstrated an 50% reduction in the rate of tumor
progression during RT in methylated tumors versus those that were unmethylated. These
data suggest that MGMT promoter methylation may predict a better response to any form
of therapy, including RT [70]. Consequently, MGMT promoter methylation status has been
established as an important prognostic biomarker, helping in performing a risk stratification
of cases. National Comprehensive Cancer Network (NCCN) guidelines consider MGMT pro-
moter methylation status in clinical management of the patients with GBM.
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For newly diagnosed GBM, TMZ is typically given following surgical resection, concurrent
and adjuvant, in addition to RT. It is administered daily at a dose of 75 mg/m? for 6 weeks
during irradiation, followed by a rest period of about 1 month after RT is completed (concur-
rent treatment). When restarted, TMZ is dosed at 150 mg/m? daily for 5 days every 4 weeks
for 6 cycles (adjuvant treatment). If tolerated, the dose of the adjuvant treatment can be esca-
lated up to 200 mg/m? daily. This is the well-known Stupp regimen. In common practice,
some medical centers have attempted to prolong TMZ administration for 12-18 months. Some
evidence suggests that long-term therapy with TMZ in selected patients is superior to Stupp
regimen [71-73], but there is no definitive data to prove this.

The use of standard or hypofractionated RT plus concomitant and/or adjuvant TMZ has been
extended to elderly (> 70 years old) with a good performance status (KPS > 60). For patients
>70 years old with a poor performance status (KPS < 60), TMZ alone can be an option.

At the time of recurrence, reoperation should be proposed if the tumor is resectable and if
prognostic factors suggest a benefit. Local chemotherapy can be administered during surgery
by implantation of Gliadel wafers. Second-line chemotherapy is indicated based on MGMT
promoter methylation, time to disease recurrence and toxicity profile. The nitrosourea-based
regimen is the preferred choice. Restarting therapy with TMZ may be an option in MGMT-
methylated patients. Other agents, such as carboplatin, etoposide, irinotecan may be tried as
single agents or in regimens.

Gliadel wafers are composed of a biodegradable polymer impregnated with carmustine
(BCNU), an alkylating agent of the nitrosourea family. During the surgery, after removal of
the tumor, up to 8 wafers (containing a maximum of 61.6 mg BCNU) are deposited along the
wall of the resection cavity and left in situ. BCNU will be release over a period of 2-3 weeks,
the tumor cells being directly and efficiently exposed to high levels of drug starting immedi-
ately after surgery. Gliadel has received FDA (USA) approval for use in both newly diagnosed
GBM and recurrences. Studies have consistently reported an increase of median survival by
about 2 months [74-76]. Local delivery of carmustine reduces systemic adverse events, but
sometimes induces complications: cerebral edema, seizure, poor wound healing, cerebrospi-
nal fluid (CSF) leak, infection, headache, hemiparesis, hydrocephalus, particularly in patients
with recurrent GBM. Combining local and systemic chemotherapy offers advantages that may
explain the prolonged survival. First, systemic TMZ is most effective in regions of the tumor
that are most vascular, whereas local release of BCNU allows direct access to relatively avascu-
lar areas of walls of the surgical cavity. Second, following the Stupp protocol, between surgery
and chemoradiotherapy there is a period without treatment. Gliadel allows treatment of resid-
ual tumor cells within this period. Therefore, the combination of different treatment modalities
allows continuous therapy up to 9 months, beginning immediately following surgery [77].

7. Other therapies

Optune (formerly NovoTTF-100A) is a device that delivers tumor-treating fields (TTFields),
meaning low-intensity, intermediate-frequency, alternating electric fields that have
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antiproliferative properties with minimal toxicity. It has been approved (FDA 2015) as an
alternative treatment for adult patients having a newly diagnosed supratentorial GBM fol-
lowing debulking surgery and completion of RT, with concomitant SoC chemotherapy. It has
also been approved (FDA, 2011) for the treatment of adult patients with supratentorial con-
firmed recurrences of GBM, to be used as a monotherapy, as an alternative to standard medical
therapy after surgical and radiation options have been exhausted (Novocure, 2017). Current
evidence supports the use of TTFs as a therapeutic option. Stupp et al. analyzed 315 patients
with GBM who had completed standard chemoradiation therapy, adding TTFields to mainte-
nance TMZ chemotherapy and found a significantly prolonged progression-free survival and
overall survival. Median progression-free survival was 7.1 months in the TTFields plus TMZ
group and 4 months in the TMZ alone group. Median overall survival was 20.5 months in the
TTFields plus TMZ group and 15.6 months in the TMZ-alone group [78].

8. Emergent treatments strategies

As the field of neuro-oncology continues to progress, numerous novel therapies have been
tried and tested. Results from preclinical and clinical studies applying new treatments alone
or in combination with conventional methods are promising.

GBM has abnormalities in cellular signal transduction pathways. All these pathways include
receptor tyrosine kinases (RTKs) like vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), platelet-derived growth factor (PDGF), etc., and share common mech-
anisms of activation and intracellular signaling, meaning RAS or phosphoinositol-3-kinase
(PI3K) pathways. Genetic alterations of RTK/RAS/PI3K occur in about 88% of primary GBMs;
the pathways are overactivated, allowing uncontrolled cellular proliferation, survival and
invasion [79, 80]. Targeted molecular drugs have been developed to inhibit aberrantly acti-
vated signaling pathways in the clinical setting.

Increased epidermal growth factor receptor (EGFR) signaling has been reported in approxi-
mately 45% of GBM [79, 80]. It results in tumor cell proliferation, invasiveness, migration,
angiogenesis and inhibition of apoptosis. Moreover, in the clinical setting, EGFR overexpres-
sion is associated with resistance to RT while EGFR inhibitions increased sensibility to RT
[81]. Inhibitors of EGFR have been developed to block-specific pathways, but the results are
disappointing. These include: monoclonal antibodies (cetuximab and nimotuzumab), small
molecule tyrosine kinases inhibitors TKIs (gefitinib and erlotinib), a dual EGFR and ErbB-2
inhibitor (lapatinib), a pan-ErbB inhibitor (canertinib), a dual EGFR and vascular endothelial
growth factor receptor (VEGFR) inhibitor (vandetanib), irreversible EGFR inhibitors (BIBW
2992 and PF-00299804), etc. It is to be noted that the ErbB family of proteins contains four
receptor tyrosine kinases, structurally related to EGFR, marked as ErbB-1 to ErbB-4. ErbB-1
and ErbB-2 are found in many human cancers.

Overexpression of alpha subtype of PDGF receptor (PDGFR) occurs in about 13% of GBM
[79]. Imatinib mesylate and tandutinib are inhibitors of PDGFR and other molecules involved
in intracellular signaling pathways.
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VEGEF is a key factor implicated in tumor neoangiogenesis. GBM is a highly vascular tumor,
that depends on vascular proliferation for growth. Recent evidence suggests vasculogenic
mimicry in GBM, meaning formation of vessel-like network by tumor cells, allowing a blood
supply for tumor growth. This process differs from angiogenesis, it is happening without the
presence of endothelial cells. Angiogenesis is driven primarily by tumor-secreting VEGF-A
(one member of the VEGF family), but there are many secreted proangiogenic factors [82].
The level of VEGF in HGG is greater than 10-fold compared with LGG [83]. Thus, drugs have
been developed to interfere with angiogenesis by directly blocking ligand (VEGF) or receptor
(VEGEFR) or by targeting proangiogenic molecules that function by alternative mechanisms
[84]. Of all targeted biological agents, only bevacizumab (Avastin) has demonstrated efficacy.
It is a humanized monoclonal antibody that selectively blocks VEGF and so the BBB becomes
more stable, with a resultant decrease in vascular permeability and edema, such that the
corticosteroid doses can be reduced or suspended. Bevacizumab may be useful during and
after RT, because of reduction of peritumoral edema, sometimes refractory to corticosteroid
drugs and because of reduction of radiation necrosis rate following improving oxygenation.
It has been approved by FDA (2009) as a single agent in the treatment of recurrent GBM fol-
lowing prior therapy, based on improvement in progression-free survival (that however did
not translate into an improvement in overall survival) and a modest toxicity profile. Patients
treated with bevacizumab inevitably relapse and sometimes an aggressive, invasive “glioma-
tosis” pattern of recurrence, unresponsive to subsequent therapy is observed. In addition to
bevacizumab, there are many inhibitors of VEGF/VEGEFR and other relevant targets under
investigation, including: vatalanib, cediranib, sunitinib, sorafenib, vandetanib, VEGF trap,
ramucirumab, pazopanib, etc. Dually targeted VEGFR/PDGEFR inhibitors may prove useful,
because of role of PDGFR in pericyte recruitment.

Other antiangiogenic approach targets the integrins avf3 and avf5 that are overexpressed
by tumor endothelial cells. They are transmembrane receptors that interact with extracellular
matrix proteins to facilitate angiogenesis and invasion. Cilengitide inhibits these integrins.

There are clinical studies focused on substances that inhibit intracellular signaling mole-
cules. Overactivation of the PI3K/Akt/mTOR signaling in GBM has been observed, because of
receptor tyrosine kinase overactivity, mutated oncogenic PI3K subunits, and/or loss of PTEN
tumor suppressor activity. Several mTOR inhibitors are currently tested, including sirolimus,
temsirolimus, everolimus, and ridaforolimus. Enzastaurin is an inhibitor of protein kinase
C-f32 that suppresses PI3K/Akt pathway. Overactivation of RAS/RAF/mitogen-activated pro-
tein kinase pathway in malignant glioma has provided the rationale to study farnesyl trans-
ferase inhibitors (farnesylation is a critical step in activation of RAS). Tipifarnib, lonafarnib
and sorafenib may inhibit farnesyltransferase. Histone deacetylase inhibitors (vorinostat,
romidepsin, valproic acid, etc.) prevent gene transcription, resulting in cell cycle arrest, dif-
ferentiation, and/or apoptosis of tumor cells. Clinical trials are in progress.

Immunotherapy has become a promising cancer treatment, which allows for synergistic mul-
timodal strategies. There are different immunotherapeutic approaches in GBM, including
active immunotherapy (tumor vaccination therapy) and passive immunotherapy (antibody-
based immunotherapy, adoptive cell therapy and other immune-modulatory therapy). Tumor
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vaccination therapy uses administration of the antigens to activate an antitumor immune
response. There is a vaccine targeting the mutant of epidermal growth factor receptor EGFRVIII
(only expressed in GBM cells in about 20-25% of cases) — rindopepimut. Vaccination with den-
dritic cells is based on their ability to absorb all kinds of antigens and to secrete interleukin-2,
thus activating T lymphocytes and initiating an efficient and specific immune response [85].
The application of tumor-derived heat shock proteins as tumor antigen carrier may be effective
in boosting immune response. Antibody-based immunotherapy refers to the use of specific
interaction between antibodies and antigens to block negative immune regulatory molecules
that would have been preventing activated T cells from attacking the cancer cells. The most
promising class of drugs that emerged is based on immune checkpoint inhibitors. Nivolumab
and pembrolizumab are antibodies targeting the receptor programmed cell death-1 (PD-1)
receptor of lymphocytes. Ipilimumab is an antibody that binds cytotoxic T lymphocyte-asso-
ciated antigen 4 (CTLA-4), which would have inhibiting cytotoxic T lymphocyte to destroy
cancer cells. Adoptive cell therapy is based on infusion of activated immune effector cells into
cancer patients with the goal to enhance antitumor immunity. Immune effector cells include
lymphokine-activated killer (LAK) cells, natural killer (NK) cells, T cells, tumor-infiltrating
lymphocytes (TILs), cytotoxic T lymphocyte (CTLs), tumor antigen-specific TCR-transgenic T
cells and chimeric antigen receptors-modified T cells (CAR T) [86]. This approach would be
beneficial to non-responsive patients and non-immunogenic tumors.

Gene therapy is designed for delivery of genetic material, usually transgenes or viruses,
into cells for therapeutic purposes. There are four types of gene therapy proposed for the
treatment of GBM: suicide gene therapy, immunomodulatory gene therapy, tumor-suppres-
sor gene therapy, and oncolytic virotherapy. Suicide gene therapy uses genes that encode
enzymes able to convert a non-toxic drug into an active cytotoxic compound. The herpes
simplex virus (HSV) type 1 thymidine kinase (tk) gene has been used as a “suicide gene”,
allowing to tumor cells to produce high levels of tk. Ganciclovir is the systemically injected
prodrug, that will be converted by tk into a toxic metabolite. This compound is incorporated
into DNA of actively proliferating tumor cells, and consequently blocks DNA replication and
inhibits cell division. Apoptosis underlies the mechanism of cytotoxicity [87]. Another “sui-
cide gene” is cytosine deaminase (CD), an enzyme capable to convert an antifungal drug,
5-fluorocytosine (5-FC), into the highly toxic compound 5-fluorouracil (5-FU). This is again
converted into molecules which interfere with RNA processing and DNA synthesis and apop-
tosis invariably occurs. Immunomodulatory gene therapy induces or augments an enhanced
specific antitumoral immune response, overcoming the tumor-induced immunosuppression.
Tumor-suppressor gene therapy aims to restore the function of a tumor-suppressor gene lost
or functionally inactivated in cancer cells. They play a critical role in maintaining genome
integrity and in regulating cell proliferation, differentiation, and apoptosis. In GBM, there
is at least one tumor-suppressor gene mutated or deleted in all cases; in 91% of patients, 2
or more of these tumor-suppressor genes are inactivated [88]. Correcting the genetic abnor-
malities in the glioma cells has been demonstrated to suppress tumor growth via induction of
apoptosis and cell cycle arrest. Genes encoding p53, p16, or phosphatase and tensin homolog
(PTEN) can be candidates for this type of therapy. Oncolytic virotherapy employs replica-
tion-competent viruses with natural or engineered tropism and activity against tumors. They
specifically infect and replicate in target tumor cells. During progeny particle release, tumor
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host cells are destroyed, and tumor-associated antigens are released, while progeny virions
infect neighboring tumor cells. Finally, a complete destruction of the tumor can be achieved,
multiple mechanisms being involved together with direct oncolysis, meaning induction of an
effective antitumor immune response, cancer cell starvation by destruction of tumor vascu-
lature, and sometimes the activity of virally encoded therapeutic transgenes. The two most
studied oncolytic virus types are adenoviruses and herpes simplex viruses. Another strategy
of gene therapy targets genes that may modulate the tumor microenvironment, to create
unfavorable conditions for tumor growth or enhance the efficacy of therapy. Although there
is a limited evidence of a therapeutic benefit of gene therapy to date, it is important to note
that these therapies appear to be safe.

9. Conclusions

Effective treatment in GBM remains one of the most formidable challenge in neuro-oncology.
Treatment is multimodal and despite significant advances in diagnostic technology, surgical
technique, radiation, chemotherapy and targeted therapy, the prognosis remains poor. Large-
scale research efforts are required to understand the molecular biology of brain tumors and
to discover novel therapies. Synergistic multimodal strategies and individualized treatments
are likely to be the best approach of these complex tumors to finally improve survival and
quality of life of the patients.
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Abstract

Diffuse intrinsic pontine glioma (DIPG) is a leading cause of brain cancer-related death
in children. These aggressive high-grade gliomas cannot be effectively treated and are
associated with dismal prognosis. Whilst radiation therapy (RT) prolongs survival, it is
a palliative therapy, as half of children with DIPG die within 1 year of diagnosis and
almost all are dead by 2 years. These statistics have not changed for decades, despite a
multitude of clinical trials. No chemotherapeutic regimen has been shown to improve
survival, emphasizing the need to find novel and effective treatments. One of the princi-
pal reasons for this poor outcome was our limited knowledge of the biology of DIPG's.
Due to their location in brainstem, surgical resection is not feasible and up until recently,
even performing a limited biopsy was considered too dangerous. In the last decade,
DIPG tumor tissue has become available through autopsies and biopsies. This combined
with the genome revolution has resulted in a transformation in our understanding of
the underlying biology of this disease. Moreover, viable DIPG cells can now be grown
in the laboratory which have allowed development of in-vitro (neurospheres) and in-vivo
models (allograft and xenograft). This chapter summarizes recent advances in DIPG and
potential novel therapies.

Keywords: diffuse intrinsic pontine glioma (DIPG), advances in biology, novel therapies

1. Introduction

Diffuse intrinsic pontine glioma (DIPG) is a high-grade glioma originating in the pons and
occurs predominantly in children. It is one of the most dreaded pediatric cancers as they are
essentially incurable. At the same time, it has become one of the most intense areas of research
in the past few years. Due to the lack of tumor samples, there was limited information avail-
able about the genetic and molecular abnormalities in DIPG. These tumors were considered
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to mimic other pediatric and adult high-grade gliomas and therapies were based on these
inaccurate assumptions. Radiation therapy (RT) is the only treatment modality available, that
has been demonstrated to prolong survival and improve quality of life (ref) but is not cura-
tive. Almost all children die with a median survival of 1 year. Indeed, 50% of children with
DIPG die within 1 year of diagnosis and almost all are dead by 2 years (ref). Despite a myriad
of clinical trials, no effective treatment has been identified so far. But recently, there has been
an exponential increase in the pre-clinical research involving DIPG and many, previously
unknown, abnormalities contributing to DIPG pathogenesis have been identified. These may
provide treatable targets and help improve the outcome of patients with DIPG.

2. Epidemiology

Tumors of the central nervous system (CNS) constitute the largest group of solid tumors and
the second most common pediatric cancer [1, 2]. Around 20% of CNS tumors are brainstem
gliomas [3] of which 80% arise within the pons as DIPG [4] with approximately 200-300
children in the United States [5] being diagnosed each year. Survival rates for children with
cancer have improved dramatically since the 1960s; from an estimated 5-year survival of
28% to approximately 80-85% at present [6]. The outcome for patients diagnosed with brain
tumors has also improved with more than 70% expected to survive at least 5 years from the
diagnosis [7]. Pediatric CNS tumors are a very heterogeneous group of diseases with over 100
distinct histological types and survival differs markedly amongst the different histological
types. Unlike other childhood cancers, survival for DIPG has not changed [5]. The median
survival for children with DIPG is less than 1 year from the diagnosis [8] with more than 90%
dying within 2 years of diagnosis [4, 9]. Although DIPG constitute only 10-15% of all pediatric
brain tumors, they are the leading cause of death in this group [10]. More than three decades
of research and different treatment modalities have not yielded any survival improvement.

3. Clinical features

The symptoms and signs of patients with DIPG occur secondary to the involvement of dif-
ferent parts of the brainstem, which include the midbrain, pons and medulla. The brainstem
serves as a conduit through which axonal tracts pass to the spinal cord, cerebrum or exit as
cranial nerves. Due to the diffuse nature of DIPG, the tumor infiltrates the white matter affect-
ing the adjacent cranial nerves and white matter tracts [11]. As the pons contains important
nuclei critical for life-sustaining function, any damage caused by the tumor or its treatment
has devastating effects. DIPG predominantly occurs in in the middle childhood. Median
age at diagnosis is 6-7 years, with males and females affected equally [11-13]. Interestingly,
adults with DIPG tend to have a longer survival which may indicate a less aggressive and
biologically different tumor from that in children [14]. Typically, the presentation is with
neurological symptoms of less than 3 months duration [15] with the “classic” triad of cranial
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nerve deficits (diplopia and facial asymmetry), long tract signs (hyperreflexia, clonus, upward
Babinski, increased tone and decreased strength) and cerebellar signs (ataxia, dysmetria and
dysarthria), which is seen in about 50% patients [16, 17]. In most cases, abducens nerve palsy
is the earliest sign and is a sensitive predictor for DIPG [17]. Obstructive hydrocephalus with
signs of raised intracranial pressure are seen in <10% of patients [18]. Other symptoms for
example behavioral changes, night terrors, and school difficulties may also occur.

4. Imaging characteristics

4.1. Magnetic resonance imaging (MRI)

DIPG is diagnosed clinically on the basis of history, clinical signs and MRI findings [18]. The
classic MRI appearance is of an expansile lesion centred in the pons that frequently extends
laterally into the cerebellar peduncles and hemispheres and often extends vertically into the
midbrain and medulla (Figure 1A). It is poorly marginated, occupying more than 50% of the
axial diameter of the pons [11]. Necrosis can be seen but cysts are rare [14]. The tumors are
hypointense with indistinct margins on T1-weighted images (Figure 1B) and hyperintense
on T2-weighted/fluid-attenuated inversion recovery (FLAIR) images (Figure 1C and D) [4].
Post-gadolinium enhancement as commonly seen in pilocytic astrocytomas is often minimal
or absent in DIPG (Figure 1E) [19, 20]. With an average molecular weight of 545 kDa, gado-
linium largely exceeds the penetration cut-off of the blood brain barrier (BBB) (400-600 Da)
with limited contrast enhancement in DIPG suggesting a largely intact BBB [14, 21]. Other
MRI features typical of DIPG include ventral involvement of the pons and encasement of the
basilar artery (Figure 1F) [5].

4.2. New imaging techniques
4.2.1. MR spectroscopy (MRS)

MRS provides a measure of brain chemistry. The most prominent peaks in the brain spec-
trum on Proton MRS are N-acetyl aspartate (NAA), creatine, and choline. NAA is a neuronal
marker which is usually decreased in tumors. Choline is associated with the metabolism of
membrane turnover and is generally increased in tumors. In DIPG, MRS shows a modest
increase in choline levels and a decrease in NAA levels [14]. Additionally, peaks from lactate
and mobile lipids are often elevated [11]. The abnormalities in these normally occurring brain
metabolites may provide insight into the biology of DIPG and become invaluable tools in
DIPG radiodiagnosis.

4.2.2. Perfusion and diffusion techniques

Some of the newer perfusion and diffusion MRI techniques are being tested in prospective trials
and although not a standard for DIPG diagnosis currently, may prove beneficial in the future.
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Figure 1. T1-weighted pre-contrast sagittal (A) and axial (B) MRI pictures showing poorly marginated, expansile and
hypointense pontine mass. It is hyperintense onT2-weighted/FLAIR sagittal (C) and coronal (D) images. (E) There is
minimal post-gadolinium enhancement. (F) Basilar artery encasement by DIPG (black arrow).



Diffuse Intrinsic Pontine Glioma
http://dx.doi.org/10.5772/intechopen.78578

MR perfusion measures regional blood volume and flow reflecting the vascular nature of neo-
plasms [22]. Serial changes in tumor vascularity may be useful to monitor the effectiveness of
therapy. Diffusion tensor imaging may provide visualization and quantitative characterization
of the major white matter pathways in DIPG [23, 24]. This superior delineation between tumor
and normal brain compared to the conventional MRI techniques may prove useful, especially
to perform biopsies and obtain DIPG samples. Specific MRI sequences, including single-voxel
spectroscopy (SVS), multi-voxel MRS and dynamic susceptibility contrast (DSC) MRI may
help in predicting short or long survival interval from diagnosis in patients with DIPG [25].

4.2.3. Molecular drug imaging

Imaging of radiolabeled drugs like monoclonal antibodies and tyrosine kinase inhibitors can
be achieved by using PET technology [26]. A recently introduced PET imaging technique
of zirconium-89 (89Zr)-labeled bevacizumab in children with DIPG demonstrated consider-
able inter-and intra-tumoral heterogeneity in drug delivery [27]. Therapeutic potential and
toxicity both can be quantified by such non-invasive, in patient techniques of tumor imag-
ing and drug distribution [28]. Thus, these newer imaging modalities provide quantitative
physiologic and functional information to complement the anatomic visualization provided
by conventional imaging. However, these techniques need further validation and have yet to
impact treatment decisions [11].

5. Pathology

Grossly, DIPG tumors tend to spread contiguously, extending to involve the midbrain,
medulla, and cerebellar peduncles [29, 30]. Up to 20% of patients are reported to have lepto-
meningeal disease at diagnosis [31] and almost 56% have spinal metastases or leptomeningeal
dissemination at the time of recurrence or autopsy [32, 33]. Microscopically, the majority of
tumors resemble malignant gliomas in other regions. Tumor cells appear relatively small,
with prominent cytoplasmic intermediate filaments and cell processes [34]. Tumor cells per-
vade normal cells (Figure 2A and B), diffusely expanding the pons and distorting, displacing
and destroying nerve fiber tracts that normally course through it [34]. Anaplasia, increased
mitotic activity (Figure 2C), tumor necrosis (Figure 2D) and vascular proliferation (Figure 2E)
are often present [5]. A histopathological hallmark is perineuronal satellitosis in which collec-
tion of tumor cells are found around pontine neurons [35]. DIPG is histologically classified as
fibrillary astrocytoma, World Health Organization (WHO) Grades II-IV [36] but the prognosis
is not associated with histological grade [37, 38]. There can be marked intratumoral heteroge-
neity with a high proportion of samples showing focal areas of WHO grade I phenotype [39].

5.1. Diffuse midline glioma, H3K27M-mutant

In the latest WHO classification, DIPG have been grouped with other midline gliomas
(thalamus, spinal cord) forming a new diagnostic entity. These tumors are characterized by a
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Figure 2. Histologic features of DIPG. Tumor infiltrating medullary neurons, H & E 100x (A) and 200x (B). (C) Tumor
showing mitotic figures, H & E 400x. (D) Tumor/necrosis interface showing pseudo-palisading tumor necrosis. (E)
Exuberant tumor-associated microvascular proliferation. (F) Tumor cells showing positive nuclear H3K27 M staining
with sparing of the endothelial nuclei of admixed blood vessels H3K27 M 200x. (G) Loss of staining of tumor cell nuclei
with the trimethylated antibody with retained staining in the endothelial cells, H3K27me3 200x. Images courtesy of Dr.
Jason Dyke (Royal Perth Hospital, Australia).
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specific histone mutation (H3K27 M) and are called diffuse midline glioma, H3K27M-mutant
[40]. A mutation-specific antibody can be used to detect this mutation on immunohistochem-
istry (Figure 2F).

6. The role of biopsy in diagnosis

Prior to the routine MRI use, it was estimated that up to 15% of patients diagnosed with DIPG
had a non-glial tumor or non-tumor process [41, 42]. The role of surgical intervention was con-
troversial and, in some centres, biopsy procedures were frequently undertaken for histological
confirmation. Although it is not 100% specific, with the wide availability in the early 1990s
MRI became the modality of choice for DIPG diagnosis. Biopsy confirmation was thought
to be an unnecessary risk as it did not alter the management [43]. The lack of clear biopsy
benefit combined with improved diagnostic imaging capabilities led to MRI scans becoming
the diagnostic standard of care for DIPG in the United Sates [18, 44]. More recently, there has
been a renewed interest in performing stereotactic biopsies in patients with DIPG [45]. In
France, biopsies were routinely performed with minimal morbidity and high diagnostic yield
[46], nonetheless, it was not a common practice. The increase in the available DIPG tumor
samples has yielded valuable data toward improving our understanding of the biology of
DIPG [45, 47, 48]. Some of the identified biologic markers have been shown to correlate with
progression-free survival (PFS) and may be useful to stratify patients in future clinical trials
[49]. Considering the potential for new diagnostic and therapeutic methods combined with
low morbidity associated with surgical procedures [50], the option of biopsy is being recon-
sidered and may eventually be included as part of the routine diagnostic evaluation for DIPG
[51]. The second Consensus Conference on Pediatric Neurosurgery recommended biopsy in
DIPG to ascertain biological characteristics to enhance understanding and targeting of treat-
ment, especially in the setting of clinical trials [52]. Biopsy from a single area may not be rep-
resentative of the entire tumor [53] but it may still provide important molecular information.

7. Treatment

More than 250 clinical trials in the last three decades have failed to improve the poor outcome
of DIPG [20]. Due to the location it is not amenable to the surgery and chemotherapy agents
are yet to show any response. Radiation therapy remains the standard of care at present. The
barriers to achieve a cure for DIPG may include the inability of the surgical resection, drug
delivery difficulties secondary to the blood-brain barrier (BBB) and intra- and inter-tumoral
heterogeneity in the identified molecular aberrations [54].

7.1. Surgery

Surgical resection of DIPG is not feasible due to the presence of vital structures where the
tumor is located. Rarely, surgical intervention like ventriculoperitoneal shunt or endoscopic
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third ventriculostomy may be necessary to relieve raised intracranial pressure secondary to
hydrocephalus. Many patients benefit from steroids which help by reducing peritumoral
edema.

7.2. Radiation therapy (RT)

Conventional RT in a dose of 54—60Gy over a 6 week period is commonly utilized in the
treatment of DIPG [9]. Temporary improvement or stabilization of symptoms is seen in 70%
of patients, but almost all patients have progressive disease. The mean progression-free sur-
vival (PFS) is 5.8 months with radiotherapy and 5 months without it [4]. As RT is effective
temporarily, non-conventional doses and delivery schedules were investigated. In hyperfrac-
tionated RT, the total dose is divided into smaller doses and given more than once a day.
Hyperfractionated RT in the form of 1Gy twice a day, to the total dose of 72Gy failed to
improve the outcome [37]. Hypofractionated RT is given over a smaller period of time than
standard RT by dividing the total RT dose into larger doses and treatments given once a day
or less often. Studies investigating the role of hypofractionated RT with 39Gy [55] or 45Gy [56]
delivered over 3 weeks have revealed similar survival outcomes, but may be more acceptable
to famiSlies due to the shorter delivery times.

7.3. Chemotherapy

Various chemotherapy and targeted agents have been used to potentiate the beneficial effects
of RT. These agents were combined before, with, and after RT without much success [9, 10].

7.3.1. Intensive chemotherapy

Chemotherapy combinations used with RT in the setting of phase I-1II clinical trials. These
include lomustine, vincristine and prednisone [41], cisplatin, etoposide, vincristine, ifos-
famide and oral valproic acid [57], myeloablative thiotepa, isotretinoin and vinorelbine [58]
and multiple other agents at relapse [59]. One trial evaluated the role of preradiation chemo-
therapy [60]. The outcome was uniformly poor.

7.3.2. Radiosensitizing agents

i. Temozolomide (TMZ): TMZ is an alkylating prodrug which is converted into its active
metabolite monomethyl 5-triazeno imidazole carboxamide. TMZ causes DNA damage
by alkylating O°f-guanine, N’-gaunine and N3-adenine resides [61]. Due to its proven effi-
cacy in high grade gliomas, low toxicity and radiosensitization potential, temozolomide
was trialed to potentiate RT efficacy without much success [8, 62, 63]. Addition of lomus-
tine to adjuvant temozolomide [64] was not beneficial. O6-methylguanine DNA meth-
yltransferase (MGMT) contributes to TMZ resistance by repairing alkylated Of-guanine
nucleotides. But this does not appear to be the cause of TMZ resistance as MGMT is
not expressed in DIPG [47]. However, 3-methylpurine-DNA glycosylase (MPG), enzyme
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responsible for repair of N’-gaunine and N3-adenine nucleotides, and its ATM-dependent
regulation may play a role in TMZ resistance in DIPG [65]. A recently closed phase II
study stratified patients to receive TMZ and erlotinib based on MGMT methylation and
EGER expression status [66].

ii. Topotecan: topotecan acts as a radiosensitizing agent by stabilizing the DNA topoisomer-
ase I complex, interfering with DNA replication and DNA repair. Concurrent administra-
tion of topotecan with RT was found to be ineffective [67, 68].

iii. Other radiosensitizing agents like motexafin-gadolinium [69] and carbogen [70] also
showed similar poor results.

8. Biology

More than 250 therapeutic clinical trials including several targeted agents have not improved
the dismal prognosis of DIPG [10]. The reason for this, at least in part, has been attributed
to our lack of understanding of the biology of this disease. More has been published on the
biology and pathophysiology of DIPG in the past 10 years than in all prior years combined [5].
A more recent and significant achievement in DIPG research is sample collection at autopsy.
This has provided invaluable insights into understanding of the biology [71, 72]. Both autopsy
and biopsy samples have allowed development of in-vitro (neurospheres) and in-vivo models
(allograft and xenograft) [73-75].

8.1. Cell of origin

Pontine precursor-like cells (PPC), found in the ventral pons region, which are positive for the
markers for the primitive neural precursor cells, nestin and vimentin, are postulated as the candi-
date cell of origin for DIPG [35]. Approximately half of PPC also expressed Olig2, a transcription
factor which is associated with oligodendroglial precursors. This cell type was morphologically
distinct from the nestin positive cells seen in the dorsal brainstem. PPC are present in all ventral
brainstem structures during infancy and wane by 2 years of age. The ventral pontine and med-
ullary nestin® cells show a second peak at 6 years, corresponding to the age of presentation of
DIPG. Thus, temporal and spatial distribution of these cells correlates closely with the incidence of
DIPG suggesting that tumors arise secondary to dysregulation of a postnatal neurodevelopmen-
tal process [35]. Expression of SOX2, a transcription factor with activity during embryogenesis,
and Olig2 in another model supports the disordered neurodevelopmental origin of DIPG [76].

8.2. The genomic landscape

DIPG biopsy and autopsy samples have undergone extensive genomic profiling and major
breakthroughs have been achieved in identifying key oncogenic pathways [77]. The drivers
for DIPG tumorigenesis include epigenetic changes, gene mutations, deletions or overexpres-
sion and chromosomal number changes.
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8.3. Epigenetic changes
8.3.1. Histone mutations

The DNA is packaged by histone proteins into a chain of nucleosomes which are the basic
building blocks of the chromatin fiber [78]. In a single nucleosome, 147 base pairs (bp) of DNA
wrap around histone octamers containing two copies each of histones H2A, H2B, H3 and H4
[79]. The N-terminal ends of histones containing lysine (K) and arginine (R) residues are post-
translationally modified by acetylation or methylation and regulate DNA repair, replication
and transcription. The histone H3 family consists of a number of related proteins. Histone
H3 isoforms H3.1 and H3.2 (also called as canonical H3) help in packaging newly replicated
DNA. While H3.3 can function much the same as canonical H3 as a core part of the nucleo-
some, it is also deposited into transcriptionally active regions to replace histones lost during
processes disrupting nucleosomes [80].

8.3.1.1. H3 mutations and DIPG
8.3.1.1.1. H3K27M mutations

H3F3A and H3F3B produce identical H3.3 proteins whereas HIST1H3B is one of the many
genes encoding H3.1 [81, 82]. Distinct and recurrent mutations in H3 have been implicated
in 70-80% of pediatric gliomas [83]. Lysine to methionine missense mutation at position 27
(K27M) was present in 78% of DIPG patients, with most of these mutations in H3F3A and up
to 25% in HIST1H3B [84, 85]. H3K27M mutations are restricted to the midline structures [86]
and H3.1 and H3.3 mutations involve two different oncogenic pathways resulting in distinct
clinicopathological variants. H3.1 mutated tumors are exclusively linked to DIPG and exhibit
a mesenchymal/astrocytic phenotype, a pro-angiogenic/hypoxic signature and are co-segre-
gated with ACVR1 mutations. Clinically, these tumors are less aggressive when compared to
H3.3 mutant tumors, metastasize less frequently and respond better to radiation therapy (RT)
with a median overall survival (OS) of 15 months. H3.3 mutated tumors are located in the
midline structures including the brainstem, thalamus and spinal cord. They have a proneu-
ral/oligodendroglial phenotype, a pro-metastatic gene expression signature with PDGFRA
activation. They behave more aggressively, responding poorly to RT with a median OS of
9 months and metastasize more frequently [87]. The gain-of-function H3K27M alterations are
exclusive to pediatric high-grade gliomas and any H3 mutation is associated with a dismal
outcome but identification of a specific mutation may help in developing specific therapeutic
targets.

8.3.1.1.2. G34R/V mutations

H3F3A mutations encoding a glycine 34 to arginine or valine G34R/V comprise a smaller
proportion of H3.3 mutations [88]. G34R/V mutations are seen in cerebral hemispheres of
slightly older patients (942 years) as compared to K27M mutations (5-29 years) [86, 88, 89].

K27M and G34R/V mutations are mutually exclusive and heterozygously expressed, with one
wild-type H3F3A allele [89].
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8.3.1.1.3. Other novel mutations

H3F3A mutation resulting in lysine-to isoleucine substitution at K27 has been rarely seen in
DIPG [87]. A mutation in the gene encoding the H3.2 variant, HIST2H3C, resulting in a novel
K27 M mutation has been described [87].

8.3.1.2. Downstream effects of H3 mutations and gliomagenesis
8.3.1.2.1. K27 M mutations

K27M (and to a lesser extent K271I) is the only amino acid substitution which can ablate tri-
methylation (H3K27me3) [90]. The mutant H3K27M binds to the enhancer of zeste homolog 2
(EZH2) component of PRC2 interfering with methyltransferase activity of EZH2 which results
in generalized hypomethylation. The downstream effect is derepression of targets of PRC2,
upregulation of gene expression and gliomagenesis [91]. In addition, K27M mutation contrib-
utes to altered cell cycle control, inhibition of autophagy pathways and potentially increased
resistance to radiotherapy [92]. Even though the mutant histone forms only 3.6-17.6% of the
total cellular H3 pool, there is a near-absolute loss of H3K27me3. This represents a trans-
dominant-negative effect across all three isoforms of the wild-type H3 protein [90, 91, 93, 94].
However, the exact role of H3K27M in DIPG tumorigenesis remains unknown as it does not
induce the tumors on its own in vivo [95]. One of the postulates of gliomagenesis is H3.3 K27M
and G34R/V acting as driver mutations followed by a second hit by another mutation like
TP53, PPM1D, ACVR1 or PI3KR1 [83, 95, 96].

In summary, H3K27 mutations have a great significance irrespective of whichever histone H3
variant (H3.1-HIST13B, H2-HIST2H3C and H3.3-H3F3A) is targeted and will result in loss of
H3K27me3 and development of DIPG.

8.3.1.2.2. G34R/V mutations

The role of H3.3G34R/V in gliomagenesis is less clear. It may act by disrupting K36me3 levels
and activating potential oncogenes [90, 93]; inducing MYCN upregulation [97, 98] and dis-
rupting interaction between H3.3 and ATRX/DAXX leading to aberrant deposition of H3.3
near telomeric regions and leading to alternate lengthening of telomerase [88, 89, 99].

8.3.1.3. Co-mutations associated with H3 mutations in DIPG

Other mutations associated with H3K27M mutation include a thalassemia/mental retarda-
tion syndrome X-linked (ATRX) or death-domain associated protein (DAXX) (30%), TP53
(60%) and NF-1, PDGFRA, BRAF, KRAS, and FGFR1 at lower frequencies [88, 99, 100]. G35R/V
mutations coexpress with mutations in TP53, ATRX/DAXX and PDGFRA [83].

8.3.1.4. Mutations of chromatin modifiers

Chromatin writers or erasers are the enzymes which catalyze the post-translational modi-
fications of histone tails like methylation, acetylation and ubiquitylation of lysine residues,
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phosphorylation of serine or threonine residues and methylation of arginine residues. The
effector proteins called readers are recruited to the chromatin by the resultant histone code
which helps in localization of functional complexes that affect transcriptional regulation
[101]. Numerous recurrent mutations are observed in chromatin writers, erasers, readers and
remodelers in DIPG and other tumors [102].

The discovery of histone mutations which are present in up to 80% of DIPG is one of the
most remarkable breakthroughs in terms of understanding DIPG biology and identification
of actionable targets [90, 92, 99].

8.3.2. Polycomb repressive complex (PRC) abnormalities

Polycomb group proteins remodel chromatin enabling epigenetic silencing of genes. There
are two main Polycomb group complexes found in mammals-PRC1 and PRC2. PRC1 cata-
lyzes the monoubiquitylation of histone H2A and PRC2 catalyzes the methylation of H3K27
[103]. Some PRC1 complexes also act independent of enzymatic activity to regulate gene
expression by compacting chromatin [104]. PRC1 functions downstream of PRC2 by bind-
ing specifically to H3K27me3 [103]. By inducing such sequential histone modifications, PRC1
and PRC2 achieve stable silencing of gene expression [105]. Dysregulation of PRC and its
downstream targets has been implicated in many cancers [83]. B cell-specific Moloney murine
leukemia virus integration site 1 (BMI-1) is a component of PRC1 complex. It was found to
be highly expressed in DIPG tumor cells and its downregulation inhibited various cellular
processes like cell proliferation, cell cycle signaling, telomerase expression and activity, and
cell migration [105].

8.4. Gene abnormalities

Molecular profiling of DIPG samples has provided new insights [61]. In the past, candidate
gene approaches were utilized to identify gene abnormalities associated with adult high-
grade gliomas (HGG) [106]. Although, these studies were limited in defining the biology
of DIPG due to their small numbers, they still highlighted some differences between adult
HGG and DIPG. Recently, studies performed with next-generation sequencing approaches
have confirmed that DIPG are molecularly distinct from adult HGG and non-DIPG pediatric
HGG [18]. The current technologies utilize whole-genome sequencing (WGS), whole-exome
sequencing (WES), and RNA-sequencing in addition to copy number, gene expression, and
methylation profiles and histopathology.

8.4.1. Mutational burden of DIPG compared to other tumors

The genomic signatures of the most pediatric HGG are complex and involve significant copy
number alterations (CNAs), single nucleotide variants (SN'Vs) and structural variants [107-
109]. HGG have a higher mutation burden than many other pediatric cancers but it is still
lower than common adult cancers [77]. HGG commonly show structural variants like simple
rearrangements and abnormalities caused by chromothripsis [84]. But there is a wide range
of genomic complexity in pediatric HGG. At one end of the spectrum is infant non-brainstem
HGG (NBS-HGQG) arising in children less than 3 years old. These tumors have significantly
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lower mutation burden [84]. At the other end of the spectrum are HGG from patients with
inherited mutations in mismatch repair genes. Germline mutations in tumor suppressor
genes like TP53 and neurofibromin 1 (NF1) predispose to the development of HGG [110]. The
hypermutated tumors arising in the context of these germline mutations show a very high
number of somatic SNVs; these may be more than 100-fold higher than in 95% of pediatric
HGG [84]. DIPG show similar mutation burden as other pediatric HGG and their genomic
complexity is indicative of multiple genetic mechanisms generating numerous mutations
which provide the tumor with diverse potential pathways to therapeutic resistance [77].

8.4.2. Abnormalities of cellular proliferation pathways
8.4.2.1. Bone morphogenetic protein (BMP) signaling and ACVR1 mutations

ACVRI, also known as ALK2 encodes the serine kinase, Activin receptor type 1 A (ACVR1)
[111]. It is a type 1 BMP receptor which belongs to the mammalian TGF-3 signaling fam-
ily [112]. ACVR1 binds to a diverse set of ligands, including TGF-3, activins and multiple
BMP [113]. ACVR1 is essential for signaling and after ligand it is phosphorylated by ACVR2
with formation a stable ACVR1/2 complex [114]. This results in the phosphorylation and
activation of growth promoting genes through SMAD transcription factors [77]. ACVRI1
mutations are constitutionally activating, leading to increased expression of activin signal-
ing targets ID1 and ID2 [115].

8.4.2.1.1. ACVR1 mutations and DIPG

Germline ACVRI mutations cause the congenital malformation syndrome fibrodysplasia
ossificans progressive (FOP) [116]. Seven somatic mutations of this gene have been identi-
fied in 13-32% of DIPG samples leading to either ligand-independent kinase activation or
gain-of-function effects [84, 111, 112, 115]. However, there is no increased cancer risk in FOP
despite having similar germline mutations as those seen in DIPG which suggests that ACVR1
mutations on their own are not tumor initiating and lead to DIPG only in the presence of other
mutations [77, 116].

8.4.2.1.2. ACVRI co-mutations

ACVRI mutant tumors commonly co-segregate with HISTIH3B mutations [115]. ACVRI-
HISTIH3B co-segregating tumors do not show TP53 loss or PDGFRA amplifications but
around 60% have mutations in the PI3K signaling pathway [114].

8.4.2.1.3. Clinical implications

ACVR1 mutations signify a distinct subset of DIPG patients. They occurred more frequently in
females (F:M ratio of 1.75:1) and are associated with younger age and longer survival (median
OS of 14.9 months) [84, 111]. There was a significant pharmacologic inhibition of ACVR1 by a
selective ALK?2 inhibitor, LDN-193189, leading to dose-dependent cytotoxicity across all the
tested DIPG cell lines [111]. Due to its role in DIPG pathogenesis and targetable potential,
ACVRI1 inhibition represents a novel therapeutic option.
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8.4.2.2. Receptor tyrosine kinase (RTK) pathway

RTKSs are transmembrane protein receptors containing intrinsic enzymatic activity. Their
ligands include growth factors, hormones and cytokines [117] and they play an critical role in
mediating key signaling pathways involving cell proliferation, differentiation, survival and
migration [118]. The human RTK family has 20 subfamilies and 58 known members including
platelet-derived growth factor receptors (PDGFR), epidermal growth factor receptors (EGFR)
and fibroblast growth factor receptors (FGFR) [118-120]. Upon ligand binding, the RTKs are
activated leading to signal transduction to the nucleus and subsequent protein transcription.
This is achieved by downstream activation of various RTK substrates like mitogen-activated
protein kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K) [121].

8.4.2.2.1. RTK pathway aberrations and DIPG

Amplifications and mutations in components of RTK-RAS-PI3K pathway are seen in up to
60% of DIPG [18]. The most common affected component is PDGFRA. Other abnormalities
involve AKT1, AKT3, c-MET, epidermal growth factor receptor (EGFR), erythroblastic leuke-
mia viral oncogene homolog-4 (ERBB4), hepatocyte growth factor, Kirsten rat sarcoma viral
oncogene homolog (KRAS), PIK3CA, PIKC2G, PIK3R1, PTEN, insulin-like growth factor 2,
and insulin-like growth factor receptor [18, 45, 53, 111].

8.4.2.2.1.1. PDGFRA amplifications

Whole-genome profiling of DIPG tumors have identified recurrent amplifications of PDGFA
and PDGFRA with overexpression of PDGFR-a in 28-50% tumors [47, 48, 122, 123].

8.4.2.2.1.2. PDGFRA mutations

Somatic activating mutations including missense mutations and in-frame deletions and inser-
tions were identified in 4.7% DIPG tumors and were found to be oncogenic in vivo [124].
Concurrent amplification was seen in 40% of tumors with mutations and 60% had heterozy-
gous mutations [124]. Similar mutations were identified in other studies in 8.8-25% samples
[54, 123]. Downstream activation of the PDGFR pathway has been shown by phospho-mam-
malian target of rapamycin (m-TOR) immunopositivity [47] as well as activation of MAPK and
PI3K pathways [124]. PDGFR-« is expressed by the oligodendrocyte precursor cell derived
from the candidate cell of origin PCC [35] and hence the precursor cell may be responsive to
PDGEF. Also, human DIPG cell culture yield was better after the addition of PDGF [35] and
upregulation of PDGF pathway was associated with dorsal pontine glioblastoma in mouse
models [125, 126].

8.4.2.2.1.3. EGFR aberrations

EGFR immunopositivity and gene amplification were seen in about 27% [47] and 7-9% [48]
of cases respectively.
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8.4.2.2.2. RTK pathway co-mutations in DIPG

PDGFRA gains and amplifications co-segregate with H3.3 mutations [88, 99] and TP53 muta-
tions [124].

8.4.2.2.3. Clinical significance

RTK signaling dysregulation, particularly PDGFR pathway either overexpression or muta-
tion, may have an important role in the pathophysiology of DIPG and provide therapeutic
targets [47]. Identification of PDGFRA mutations may be beneficial in developing targeted
therapies. But some particular mutations like PDGFR D842V in the gastrointestinal stromal
tumors confers resistance to imatinib [127]. Others may have only cytostatic effects so they
may not be effective on their own [124].

8.4.2.3. MYC and MYCN aberrations

MYCN proto-oncogene is a member of the MYC family encoding the protein MYCN. MYCN
plays a critical role during embryogenesis and is involved in cellular proliferation and dif-
ferentiation [128]. MYCN amplification is seen in DIPG [84, 92, 99] and is associated with
hypermethylation, high-grade histology and chromothripsis on chromosome 2p [115]. MYCN
amplifications are transcriptional regulators that affect the epigenetic landscape by enhanc-
ing gene expression across the whole genome [84]. MYCN pathway maybe induced by
H3.3 K27 M [99] or H3.3G34V [83, 102] but may act independent of H3 mutations [92].

8.4.2.4. Hedgehog (Hh) signaling

Hh signaling pathway plays a major role in regulation of developmental processes like cell
proliferation, cell differentiation, tissue polarity and stem cell maintenance. Aberrant activa-
tion of Hh pathway has been implicated in the pathogenesis of cancers like medulloblas-
toma. No structural mutation involving this pathway resulting in the development of DIPG
has been identified so far. However, in pre-clinical murine models [35] upregulation of Hh
pathway activity resulted in ventral pontine hyperplasia. Hh pathway is essential for the nor-
mal development of PPC in humans. Also, Hh pathway activation stimulates and blockade
reduces the self-renewal capacity of DIPG neurosphere cells. These findings indicate that
Hh signaling, which drives the development of neural precursors in the ventral pons, may
play a role in tumor formation in a subset of DIPG. Patients with Gorlin syndrome, a genetic
entity occurring secondary to unregulated Hh activity, usually do not develop DIPG [35]. So,
in addition to unregulated Hh pathway activity, a second “hit” may be necessary for DIPG
transformation. Hh signaling role in the pathogenesis of DIPG was further investigated in a
study [92] which identified upregulation of Hh signaling. DIPG samples showed upregula-
tion of Patched (PTCH) and nuclear translocation of Glioma Associated Oncogene 1 (GLI1);
both PTCH and GLI1 are key Hh pathway molecules. In summary, Hh pathway may play a
significant role in DIPG tumorigenesis by stimulating PPC and transforming them into poten-
tial DIPG cancer stem cells (CSC).
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8.4.3. Abnormalities of cell cycle requlation pathways
8.4.3.1. TP53 pathway

The TP53 pathway is a complex network of genes which respond to diverse internal and
external stress signals and have an impact on the normal cellular homeostasis [129]. The p53
protein is activated by stress signals transmitted as post-translational modifications leading to
apoptosis [130]. In addition, the TP53 pathway produces proteins which aid directly in DNA
repair processes and alter cellular environment enabling inter-cellular communication [131].
In the critical role of safeguarding the genomic integrity, it functions as a tumor suppression
pathway [132]. TP53 is the most commonly mutated gene found in a broad variety of human
cancers [129, 133].

8.4.3.1.1. TP53 mutations and DIPG

TP53 mutations are commonly found in DIPG with the reported incidence between 9 and 77%
[45, 99]. They are more common in higher grade histology tumors (grades III and IV) [53]. About
50% of TP53 wild-type grade II DIPG show presence of PPM1D mutations [134]. PPM1D is an
oncogene associated with cancers like neuroblastoma [135] and lung cancer [136] which codes for
wild-type p53-induced phosphatase 1D (WIP1). WIP1 is a negative regulator of TP53 as it inacti-
vates p53 and promotes termination of stress-induced responses. So PPM1D mutations have the
same functional significance as TP53 mutations [137]. PPM1D and TP53 mutations are mutually
exclusive and may ultimately lead to dysregulated homeostasis and tumorigenesis [134].

8.4.3.1.2. TP53 co-mutations in DIPG

TP53 mutations more commonly co-segregate with H3.3 K27 M than H3.1 K27 M [112] and
frequently occur in the setting of PDGFRA aberrations [124].

8.4.3.2. The RB pathway

Cyclins and cyclin-dependent kinases (CDKs) control the G /S transition of the cell cycle [138].
The abnormalities involving these regulators observed in DIPG include cyclin-dependent
kinase inhibitor 2A or 2B (CDKN2A or CDKN2B) deletions [48, 122] and CDK4, CDK6 or cyclin
D1 (CCND1), CCND2, and CCND3 amplifications [48, 122, 139].

8.4.3.3. Aurora kinase pathway

Aurora kinase family include three highly homologous serine/threonine kinases required
during mitosis and which are linked to many cancers [140]. AURKB forms the catalytic com-
ponent of the chromosomal passenger complex (CPC) which plays a critical role during mito-
sis [141]. Almost 70% of DIPG have demonstrated overexpression of AURKB [142].

8.4.3.4. WEEI kinase pathway

WEE1 kinase is an important part of G, checkpoint. DIPG cells, unlike normal cells, have aber-
rations in genes regulating the G, checkpoint, including TP53, MDM2, CDKN2A, and ATM
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[122, 133, 143] causing a dysfunctional G, arrest. So, these cells rely heavily on G2 checkpoint
to repair DNA damage caused by irradiation. WEE1 protein is significantly overexpressed in
post-mortem DIPG samples [73]. Abrogation of the G, checkpoint achieved by WEE1 kinase
inhibition pushes DIPG cells with unrepaired DAN damage into mitotic catastrophe resulting
in cell death.

8.4.3.5. Poly (ADP-ribose) polymerase (PARP)-1 abnormalities

PARP-1 is a nuclear protein involved in the DNA damage repair processes [144]. PARP-1
activity provides an escape mechanism for cancer cells to avoid apoptosis and its overexpres-
sion may be associated with temozolomide and radiation resistance [47]. Gain of PARP-1 is
seen in DIPG tumors and provides a potentially targetable therapeutic option [47].

8.5. Chromosomal number abnormalities

Copy number abnormalities (CNAs) reported in DIPG include gain in chromosomes 1q, 2q,
8q, 99, 7p/7q and loss in chromosomes 16q, 17p, 20p, 21q, 10q and 4q [47, 48, 122, 123, 139, 145].
The CNAs may represent the initial mutations responsible for DIPG tumorigenesis as well as
the treatment effect.

8.6. Immune checkpoint abnormalities
8.6.1. B7-H3 abnormalities

B7-H3 or CD276, a member of the B7-CD28 family, is a type I transmembrane glycoprotein [146].
Many malignant neuroectodermal tumors including adult HGG over-express B7-H3. B7-H3
was found to be overexpressed in a small panel of DIPG samples obtained at autopsy [147].
A monoclonal antibody 8H9 recognizes it and binds specifically to the tumor cells [148, 149]
enabling therapeutic cell selectivity. B7H3 was targeted safely in the salvage therapy of stage IV
neuroblastoma using intrathecal ®'I-8H9 [150].

8.7. Tumor microenvironment abnormalities

Therapies targeted at intrinsic cellular pathways have yielded poor results in DIPG. Tumor
microenvironment plays a vital role in tumorigenesis and progression, so studies have looked
into investigating microenvironment alteration for better results.

8.7.1. Neuroligin-3 (NLGN3) role

Neuroligin-3 (NLGNB3) is a synaptic adhesion molecule which is cleaved from neurons and
oligodendrocyte precursor cells via the ADAMI0 sheddase and released into the tumor
microenvironment. This important neuronal activity promotes many types of brain can-
cers including DIPG, pediatric and adult HGG and anaplastic oligodendroglioma. NLGN3
release activates oncogenic pathways like focal adhesion kinase activation resulting in the
downstream PI3K-mTOR pathway induction. This in turn causes upregulation of several
synapse-related genes resulting in the proliferation of glioma cells [151]. HGG glioma growth
in xenograft models was blocked by ADAMI0 inhibitors by preventing NLGN3 release into
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the tumor microenvironment. Similarly, patient-derived orthotopic xenografts fail to grow in
Nign3 knockout mice [152].

8.7.2. Pleiotrophin (PTN) role

PTN is a growth factor secreted by neural precursor cells in the lateral ventricle subventricu-
lar zone (SVZ). It has an important role in normal neurodevelopment, plasticity and regenera-
tion. PTN acts as a glioma chemoattractant. Through autocrine/paracrine actions, it activates
Rho/Rho kinase (ROCK) signaling pathway enabling migration of DIPG cells to the SVZ [153].

9. DIPG subgroups

Proteomic, methylation and mRNA analyses have identified interesting subgroups of DIPG.

PDGFRA amplification is seen in association with H3.3 mutation and ACVR1 mutation is
mainly seen in H3.1 mutant tumors [87, 115].

Upregulation of N-Myc and Hh signaling pathways [92].
Upregulation of N-Myc (H3 wild-type), silent genome and H3K27 M [115].

Mesenchymal transition with stem cell-like phenotype and oligodendroglial differentiation
and PDGFRA amplification/mutation.

10. Novel therapeutic approaches

10.1. Molecularly targeted agents
10.1.1. RTK-RAS-PI3K pathway

Given DIPG tumors show aberrant activation of growth factor receptor-mediated signal
transduction pathways, using drugs targeting these pathways is a rational approach. In-vitro
studies confirmed the efficacy of tyrosine kinase inhibitors (TKI) like dasatinib in reducing
tumor proliferation and inhibition of PDGFRA activity [154]. Phase I studies of PDGFR path-
way inhibition by imatinib [155] and dasatinib [156], VEGFR?2 inhibition by vandetinib [156,
157], EGFR inhibition by gefitinib [158] and erlotinib [49] revealed the safety of using these
drugs in children and provided the doses for phase II studies. Temsirolimus is an mTOR
inhibitor [159] and its combination with perifosine, an Akt inhibitor, was shown to be safe and
feasible in a phase I study in children with recurrent/refractory solid tumors including DIPG
[160]. This study tested the hypothesis of dual targeting of PI3K-Akt-mTOR pathway. Phase
IT studies of multi-tyrosine kinase inhibitor sunitinib [161] and farnesyl transferase inhibitor
tipifarnib, which inhibits farnesylation of Ras, [162] did not show activity. BIOMEDE, a phase
IT study, is stratifying patients based on overexpression of EGFR and/or loss of PTEN follow-
ing diagnostic biopsy. The patients are randomized or assigned to different treatment arms
with erlotinib, everolimus and dasatinib [163].
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10.2. Epigenetic modifying agents

Histone deacetylases (HDAC) regulate the histone acetylation in nucleosomes, which medi-
ates changes in chromatin conformation, leading to gene expression regulation [164]. HDAC
gene mutations, downregulation and altered expression are linked to tumorigenesis. Histone
deacetylase (HDAC) inhibitors modify histone activity to increase expression of previously
silenced genes thereby leading to cell death [165]. Panobinostat is a multi-HDAC inhibitor
which increases global H3 acetylation and H3K27 M methylation and reduces oncogene
expression. Panobinostat-induced polyacetylation of the H3 N-terminal tail has been shown
to reverse PRC2 inhibition caused by K27 M and rescue the H3K27 hypomethylation pheno-
type [166]. Panobinostat has shown promising results in in vitro [164] and some in vivo [167]
studies although a narrow therapeutic index causing dose limiting toxicities at the required
antitumor concentrations being the likely reason for lack of efficacy [164]. Its efficacy was
further enhanced by histone demethylase inhibitor GSK-J4 which increase H3K27me3 [168].
DIPG patients showed no objective responses to single agent vorinostat in a phase I clinical
trial [169]. Vorinostat is currently being investigated in combination with temsirolimus and
RT in DIPG in a phase I trial [170]. Pediatric Brain Tumor Consortium (PBTC) is undertaking
a phase I trial of single agent Panobinostat in patients with DIPG [171].

10.3. Targeting cell cycle regulation

DIPG tumors contain cell cycle regulatory gene abnormalities like amplification of D-type
cyclins and CDK4/6 or loss of Ink4a-ARF resulting in cellular proliferation [172]. Targeting the
cyclin/CDK/RB pathway was investigated in a preclinical trial. PD-0332991 (PD), a CDK4/6
inhibitor, was used in a genetically engineered, PDGF-B overexpressed, Ink4a-ARF and p53
deficient brainstem glioma mouse model. PD induced cell cycle arrest both in vitro and in
vivo. The survival of mice treated with PD alone or in combination with RT was significantly
more than untreated or mice treated with only RT [172]. Inhibition WEE1 kinase, which is
overexpressed in DIPG, was shown to increase the RT response in vitro and in vivo [73].

10.4. Immunotherapy

Interferon, IL-12 and anti-glioma monoclonal antibody have shown efficacy in mouse models
of non-brainstem malignancies [173]. Recently, subcutaneous vaccinations with glioma-asso-
ciated antigen epitope peptides (EphA2, IL13-Ra2 and survivin) were investigated in children
with DIPG. The vaccine was tolerated well and the results were encouraging for future trials
[174]. IL13-Ra2 is of particular significance as it is highly and differentially expressed in DIPG
[175, 176] compared to the normal brain tissue which makes it a suitable immunotherapy
target.

10.5. Human neural and mesenchymal stem cells

Neural stem cells (NSC) have been utilized as the vehicle for therapeutic agents in gene ther-
apy for experimental malignant brain tumors [177, 178]. NSC have robust tumor tropism and
this property can be used to deliver therapeutic agents to the inoperable DIPG tumors. NSC
are difficult to harvest and use due to their inherent immunogenicity [179]. Mesenchymal
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stem cells (MSC) have been found to be a suitable alternative as they have all the properties of
NSC and are more practical to use [180]. In a rat model, brainstem glioma directed migratory
capacities of NSC and MSC from different sources was found to be similar in vitro and in vivo.
This study showed promise as 20-30% of stem cells migrated from the site of injection in the
right forebrain to the brainstem glioma cells. In addition, the group treated with genetically
engineered NSC encoding cytosine deaminase (CD) suicide gene and IFNf3 proinflammatory
cytokine and systemic 5-fluorouracil resulted in 59% reduction in the tumor size [181].

10.6. Delivery methods to overcome blood-brain barrier (BBB)

The vast majority of brain tumors are characterized by the loss of BBB integrity due to the
disordered and highly permeable tumor neovasculature [182]. In DIPG, however, the BBB
integrity is normal and the drug permeability is reduced as the tumor makes use of the exist-
ing brain vasculature [183]. Traditional cytotoxic drugs have shown good efficacy against
DIPG cells in vitro but they likely fail to penetrate the BBB which may explain the contrasting
results with clinical trials [28]. To overcome the disappointing results associated with sys-
temic therapy, methods utilizing localized and targeted drug delivery have been investigated.

10.6.1. Convection-enhanced delivery (CED)

CED is a relatively novel delivery modality which utilizes the properties of bulk flow to achieve
homogeneously distributed infusions into the brain parenchyma [184]. It is a neurosurgical
technique in which one to several catheters are stereotactically placed within or around the
tumor mass and drug is delivered locally, bypassing the BBB and reducing systemic toxicity
[185, 186]. The local concentrations achieved are significantly higher than the systemic admin-
istration and the drug distribution occurs along the patterns of the glioma cell invasion along
the white matter tracts [187]. Many in vivo feasibility studies have confirmed that drugs can be
safely delivered into the rodent brainstem [188]. CED of carmustine [74, 189], carboplatin [190,
191], temozolomide [192], small-molecule kinase inhibitors [193], cisplatin [194] and gem-
citabine [190, 195] have been evaluated for safety and distribution parameters. Topotecan CED
in two pediatric patients with DIPG showed initial reduction in tumor size [196]. MRI guided
and robotically placed catheters were used for CED of carboplatin in DIPG patients. Three
out of eight patients survived beyond 15 months and the procedure was tolerated well [197,
198]. Administration of **[-8H9, a radioactively labeled antibody and a chimeric toxin with
B7-H3 specificity, is currently being explored in a phase I clinical trial for DIPG patients [199].
A patient with DIPG received CED infusion of the recombinant cytotoxin IL13-PE38QQR with
GD-diethylenetriamine but the tumor progresses within a few weeks [200]. IL13-PE38QQR is
a recombinant Pseudomonas aeruginosa toxin and some early phase clinical trials investigating
its CED efficacy are being conducted or recently completed in patients with DIPG and HGG
[185]. These studies have established the feasibility of CED. However, more data is required
to prove safety and efficacy and CED models are undergoing rigorous investigations into the
physical properties of the catheters and infusion rates [173]. CED targets the primary tumor
only and not the metastatic sites. In DIPG, local and distant metastases in the brain or spine
are seen in 13-17% patients. Therefore, in situations where disseminated disease is present,
CED therapy alone, directed toward the primary tumor site, will be inadequate and should be
complemented with therapies for the secondaries [28, 32].
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10.6.2. Nanoparticle delivery

Another alternative drug delivery technique involves encapsulation of cationic substances
into capsules termed micro- and nanoparticles. This reduces their tissue affinity and increases
the volume of distribution [28, 201].

10.6.3. Cell-mediated delivery

Bacterial cell-derived vehicles to transport chemotherapy agents across the BBB was uti-
lized with bi-specific antibodies recognizing cell wall and EGFR moieties [202]. Similar
EGFR-targeted vehicles loaded with doxorubicin resulted in significant tumor regression in
canine brain cancer models [203]. ECREST (A Study of Intravenous EEDVsMit in Children
With Recurrent/Refractory Solid or CNS Tumors Expressing EGFR) is a phase I study using
mitoxantrone loaded nanocells in EGFR positive relapsed/refractory solid and CNS tumors
including DIPG [204].

10.6.4. BBB disruption techniques

BBB can be temporarily disrupted by ultrasound methods. This results in enhanced uptake of
systemically delivered drugs [28].

11. Conclusion

DIPG remains the main cause of death in pediatric patients with brain tumors. Despite many
clinical trials, minimal improvement has been achieved as compared with RT. Most of the
clinical trials in the past did not have sound biological bases due to a lack of biopsy speci-
mens. In the last few years, international collaborative research has helped to identify new
molecular aberrations in DIPG. These have provided insight into the pathogenesis of DIPG
and may help in identifying new targeted therapies.
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Abstract

Trigeminal schwannomas (TS) are rare entities occurring in various trigeminal nerve
locations and present a peak incidence between the fourth and fifth decades of life, being
more common in women. Patients usually present with symptoms of trigeminal nerve
dysfunction. Depending on the tumor’s topography, various approaches might be used
to obtain its gross total resection. Trigeminal schwannoma’s classification, nuances of
the approaches, pathology, postoperative care, and outcomes are revised as follows. In
conclusion, anatomical knowledge and the disease’s comprehension are essential when
dealing with such lesions, and despite their rarity, we must be obstinately committed to
the surgical technique and devoted to the patient’s functional postoperative outcome.

Keywords: schwannoma, Schwann cells, trigeminal nerve, cranial nerves

1. Introduction

Schwannomas are benign tumors originating from Schwann cells, which form the myelin
sheath around cranial and peripheral nerves. When occurring in various trigeminal nerve
locations, these tumors account for 0.1-0.4% of all intracranial tumors and 1-8% of intracranial
neurinomas [1, 2]. There is no doubt that vestibular schwannomas represent the vast majority
of brain schwannomas, but other unusual topographies can be seen, in descending order, in
the following cranial nerves: glossopharyngeal, vagus, facial, accessory, hypoglossal, oculo-
motor, trochlear, and abducent [3-5]. The trigeminal schwannomas (TS) present a peak inci-
dence between the fourth and fifth decades of life, being more common in women. Since their
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Figure 1. Jefferson’s classification revised by day and Fukushima. Type A: tumors of the middle fossa in the interdural
space; type B: tumors of the posterior fossa in the subdural space; type C: dumbbell-shaped tumors (afflicting both
middle and posterior fossae); and type D: TS which may arise from any extracranial division of the trigeminal nerve.

location directly affects the surgical approach, several classification systems were proposed
for trigeminal schwannomas. The first classification scheme was proposed by Jefferson [6]
and modified by Day and Fukushima who classified the TS according to their anatomical
location and apparent origin of the trigeminal nerve in their classical paper [7]. According to
those authors, TS can grow in one, two, or all three of the following compartments: subdural
compartment (pontocerebellar angle), interdural compartment (lateral wall of the cavernous
sinus and Meckel’s cavity), and extradural or extracranial compartment (orbit, pterygopala-
tine fossa, and infratemporal fossa). Advances in imaging modalities and the ability to accu-
rately diagnose these lesions in nuclear magnetic resonance imaging (MRI) allow us to easily
demonstrate these extension patterns for the posterior, middle, and infratemporal fossae. In
this classification system, tumors can therefore be divided into four groups: type A: tumors of
the middle fossa in the interdural space; type B: tumors of the posterior fossa in the subdural
space; type C: dumbbell-shaped tumors (afflicting both middle and posterior fossae); and
type D: TS which may arise from any extracranial division of the trigeminal nerve (Figure 1).

2. Clinical presentation

Most patients present with trigeminal dysfunction in the opening of its clinical picture, more
common being the decreased sensitivity in the ophthalmic divisions (V1), maxillary (V2), and
mandibular (V3). The progressive decrease in sensitivity is compatible with the slow growth
form of this type of tumor; one of its major concerns is the involvement of V1 segment, with
consequent decreased corneal sensitivity and keratitis. Pain may also be a part of the clinical
picture, mainly in the ganglionic subtype, having been found in more than 40% of patients
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in the initial series of Day and Fukushima [7]. Wanibuchi et al. published a series with
105 patients operated on with trigeminal neurinomas, and the most frequent preoperative
clinical picture was facial hypoesthesia, present in more than 65% of the patients. Facial pain
was found in approximately 23% of the cases, followed by diplopia related to paresis of the
abducent nerve, headache, and ataxia/vertigo as symptoms in 17, 14, and 10%, respectively [8].
Pain with longer duration, without a specific trigger, and associated with low response to car-
bamazepine therapy or other anticonvulsant medications may occur, characterizing atypical
facial pain and always raising the hypothesis of a secondary cause for trigeminal neuralgia.

Compression of intracranial nerves that travel through the cavernous sinus can determine
clinical diplopia (due to the compression of III, IV, and VI cranial nerves), tic douloureux
(V compression), exophthalmos (due to the invasion of the orbit), and decrease of auditory
acuity or facial mimic by compression of the VII/VIII complex in the posterior fossa. Patients
with small and oligosymptomatic tumors can be clinical and imaging followed with intervals
between 6 and 12 months. If there is worsening of symptoms, the revaluation must be antici-
pated, due to a small possibility of malignant tumor of the trigeminal nerve. Patients who
are symptomatic or do not respond to drug therapy should be promptly operated, and good
neurosurgical technique offers low morbidity and mortality for these tumors today.

2.1. Preoperative preparation

Detailed clinical examination and imaging study with MRI with and without contrast consti-
tute the primary evaluation to define tumor extension and neurovascular relationship of the
tumor. Computed tomography (CT) helps in assessing bone involvement, and digital angiog-
raphy should be performed in cases of suspected engulfment of the internal carotid arteries
(ICA) during growth through the middle fossa or of the vertebral artery (VA) in case of growth
of the tumor lesion into the posterior fossa. The audiogram may be necessary in the preop-
erative evaluation in cases with the presence of hearing loss, or suspected vestibulocochlear
nerve invasion, for preoperative documentation of hearing status.

2.2. Intraoperative monitoring

Monitoring through somatosensory-evoked potential (SEP) and motor-evoked potential (MEP)
is mandatory in this surgery. In case of tumor extension to the posterior fossa and compression
of the brainstem/cranial nerves, brainstem auditory-evoked potential is also part of the arma-
mentarium needed during surgery, reducing the possibility of injury to the intracranial nerves.

3. Approaches

The choice of the ideal approach for the surgical treatment of trigeminal schwannomas depends
essentially on the location of the tumors of this region. Tumors originating in Gasserian’s
ganglion or whose major component is found in the cavernous sinus (Type A) may benefit from
temporal craniotomy associated or not with zygomatic osteotomy for anterolateral interdural
access (Dolenc’s approach) [9] or frontotemporal craniotomy for temporopolar extradural resec-
tion [7]. Tumors originating from the root of the fifth cranial nerve (Type B) can be approached
via simple suboccipital craniotomy and retrosigmoid approach [10]. Combined accesses may
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be used in cases of tumors with extension to the middle fossa and posterior fossa (Type C), and
in some cases, the combined accesses may be necessary (temporal craniotomy and combined
presigmoid approach) [10]. In lesions that extend from the middle fossa to the posterior fossa
(DSTS), we can also utilize a two-step surgery in short surgical times for complete resection of
the lesion. We believe that in these cases one should choose the initial approach for the most
symptomatic lesion and after 2 or 3 months to resect the residual lesion through alternative
approaches. Endoscopic-assisted approaches may also help in such complex situations with
tumors extending for both middle and posterior cranial fossae, such as the endoscope-assisted
retrosigmoid intradural suprameatal approach (EA-RISA), which may help to achieve gross
total resection in such situations [11]. Type D tumors may be resected with the help of various
approaches, depending on which extracranial division of the V nerve is attacked [7, 12]. Table 1
resumes the mainly utilized approaches depending on the tumor’s topography. DSTS or type
C trigeminal schwannomas represent a unique pathology that requires special attention and
are properly discussed in the following sections.

3.1. Frontotemporal approach with zygomatic osteotomy (middle fossa approach)

The extended access to the middle fossa is ideal for schwannomas originating in the mid-
dle fossa or with associated invasion of the orbit or infratemporal fossa. We believe that this
approach has advantages over the subtemporal approach because it allows better access and
visualization of the lateral wall of the cavernous sinus, with less temporal lobe retraction and
less possibility of traction of the Labbé venous group and a lower incidence of venous infarc-
tion or thrombosis. Larger tumors with extension to the posterior fossa can be approached via
this access, by anterior petrosectomy in the Kawase triangle. The patient should be positioned
in dorsal decubitus position, with the head rotated between 30 and 45° to the contralateral
side of the lesion, with a slight elevation of the ipsilateral shoulder. The head should be fixed
in the Mayfield head holder, and the use of lumbar drainage is optional.

An inverted question mark incision should be performed, starting at the lower margin of the
zygoma, anterior to the tragus, and should be directed posteriorly and superiorly above the exter-
nal acoustic meatus, and then again directed anteriorly behind the hairline, toward the midline.
The temporal muscle should be dissected through careful incision of the superficial and deep fas-
cial layers anteriorly, in order to preserve the frontal branches of the facial nerve. The zygoma must
be dissected in its subperiosteal plane and resected obliquely. Its anterior and posterior oblique
resection facilitates its refitting at the end of the surgical procedure. We prefer to maintain the

Tumor’s Approaches

topography

Type A Frontotemporal approach associated or not with zygomatic osteotomy (anterolateral, subtemporal)
Type B Retrosigmoid approach

Type C One-step surgery (middle fossa approach or EA-RISA) or combined approaches (anterior and

posterior petrosectomy)

Type D Frontotemporal approach + orbital osteotomy (V1); frontotemporal approach + temporopolar via
(V2); frontotemporal approach with zygomatic osteotomy + infratemporal approach (V3)

Table 1. Possible approaches for TS based on their topographies.
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superficial fascia of the temporal muscle adhered to the zygoma, and then, we rebound the muscle
and zygoma in the inferior direction. Four burr holes must be made, two of them being as close as
possible to the floor of the middle fossa, one in the keyhole and another in the posterior aspect of
the superior temporal line. The holes are then connected, completing the craniotomy (Figure 2).

After craniotomy, which can be combined with orbital osteotomy in case of anterior extension
of the tumor, access may be made by extradural or intradural route. When the tumor involves
only a small portion of the anterior or inferior cavernous sinus, extradural approach is the
most appropriate route. When the tumor extends to the uppermost and posterior portion of
the cavernous sinus, the intradural access may help its resection.

3.2. Extradural approach

After craniotomy, the dura mater should be gradually elevated opposite to the floor of the middle
fossa, from anterior to posterior (Hakuba), inferior to superior (Kawase), or superior to inferior
directions (Dolenc). Medially to the posterior root of the zygomatic arch is the middle meningeal
artery, which should be coagulated and sectioned near the dura mater, avoiding its retraction into
the spinal foramen with the presence of bleeding that may be difficult to control. The middle fossa
should be drilled with exposure of the superior orbital fissure and the round and oval foramina,
where the trigeminal branches of V2 and V3 leave, respectively. After adequate exposure of the lat-
eral wall of the cavernous sinus, sutures can be performed at the base of the temporal dura through-
out its length, facilitating its superior retraction and allowing exposure of the lateral wall of the
cavernous sinus without the inconvenient fall of the temporal lobe over the surgeon’s visual field,
as well as greatly reducing the manipulation of the temporal lobe. Tumor bulging is visualized on
the lateral wall of the cavernous sinus, and an incision in the superficial surface, running through

Figure 2. Frontolateral approach without orbital osteotomy associated with zygomatic osteotomy to facilitate the
visualization of the middle fossa. The center of the exposure is the branches of the trigeminal nerve.
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the superior orbital fissure, V2 and V3, should be performed (peeling of the cavernous sinus),
exposing the tumor. The tumor should then be decompressed using an ultrasonic aspirator.

After sufficient dissection, the tumor’s capsule should be dissected from the fascicles of the tri-
geminal nerve with microsurgical technique. While the surgeon dissects, the assistant should
help with fine suction, in order to facilitate adequate visualization of the neural structures.

A Doppler ultrasound helps to find the pathway of the intracavernous internal carotid artery,
enhancing the surgeon’s safety when manipulation of the medial portion of the trigeminal
nerve is needed. Venous bleeding of the cavernous sinus is easily controllable by fibrin glue
or surgical and local compression. In the presence of tumor portion that enters the posterior
fossa, we generally find the Meckel’s cavity enlarged, and the drilling of the petrous apex
enhances the access to the posterior fossa after opening the posterior fossa dura and ligation
of the superior petrosal sinus. In some cases, the dilated Meckel’s cave permits access to the
posterior fossa without the drilling of the petrous apex (Figure 3).

3.3. Intradural approach

Soon after the previously described craniotomy, we should make the opening of the frontotemporal
dura mater, continuing with the dissection of the Sylvian fissure over its entire extension to allow
mobilization of the temporal lobe. If necessary, we must perform the coagulation and sectioning

Figure 3. From the left to the right: T1, T2, and T1 post-gadolinium images. Since no dural enhancement or bone
hyperostosis or destruction was observed, the main hypothesis was trigeminal schwannoma. Bone remodeling and
trigeminal pore dilation can also be seen. After extradural peeling of the middle fossa and dural opening, we can see V3
retracted and tumor exeresis.
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Figure 4. From the left to the right, Cranio orbital zygomatic approach (drawing) and intraoperative view (on the right),
after osteotomy of the roof of the orbit and zygomatic arch.

of the temporal lobe connecting veins to the sphenoparietal sinus, especially in cases where the
drainage pattern of the superficial Sylvian veins is not exclusively anterograde. Preoperative angi-
ographic study assists in determining the drainage pattern of Sylvian veins. With the temporal
lobe released, its mobilization will be enough to expose the lateral wall of the cavernous sinus
through the temporopolar, subtemporal, or trans-Sylvian routes. The opening of the lateral wall of
the cavernous sinus is followed where a greater tumor bulging can be seen. Tumor excision is then
followed after opening of the lateral wall of the cavernous sinus (Figures 4-6).

Figure 5. From the left to the right, preoperative T2-weighted image (axial) and T1 coronal with gadolinium of a type a
right trigeminal schwannoma operated in our institution.
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Figure 6. From the left to the right, postoperative T2-weighted image (axial) and T1 coronal with gadolinium after
5 years showing gross total resection without recidive of the tumor.

Figure 7. From the left to the right: T1 gadolinium enhanced TS. The patient underwent endoscopic transpterygoid
endonasal approach for an anteromedially located trigeminal schwannoma. In the middle, postoperative CT scan, and
bone scan on the right show nuances of the approach and gross total resection of the tumor.
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3.4. Lateral combined approach

The extent of the tumor to the posterior fossa may require combined approaches when the
tumor volume in this region is more significant. Presigmoidal retrolabyrinthine approach
associated with partial labyrinthectomy may be used, aiming for the preservation of hearing
when it is preserved before surgery.

3.5. Endoscopic endonasal approach

Anteromedial-located trigeminal schwannomas can be better resected by endoscopic endonasal
approaches. This is a very rare condition among these tumors, but such an approach avoids direct
lesion of the trigeminal nerve since the fifth nerve will be located lateral to the approach (Figure 7).

4. Pathology

Schwannomas are benign Schwann cell tumors that, when in the central nerve system, affect
sensitive roots. The most frequent location is in the vestibular root of the VIII and rarely is
present in the trigeminal location. Microscopically, the tumor is formed by elongated cells,
arranged in bundles that intersect. The nuclei tend to be arranged parallel to each other, an
aspect called the arrangement in palisades, very typical of the schwannoma. The spaces with
few nuclei between palisades are constituted only by the cytoplasm of Schwann cells and are
called bodies of Verocay. There is no necrosis or mitosis (Figure 8).

Figure 8. On the left side, an increase of 400x shows benign fusocellular neoplasia next to blood vessels with thickened
walls. On the right side, immunohistochemistry with a magnification of 400x, presenting strong expression of neoplastic
cells to protein 5100.

5. Postoperative care

Early trigeminal dysfunction can be observed after surgery but usually presents progressive
improvement. Trigeminal pain has significant reduction or even resolution after surgery.
A complication that might occur and should be exhaustively addressed is the hypoesthesia
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of the ophthalmic branch of the trigeminal nerve, which may develop keratitis as the most
severe complication due to decreased corneal reflux. The traction of the dura mater during the
peeling of the middle fossa may lead to retraction of the major superficial petrosal nerve and
even its avulsion with lesion of the geniculate ganglion, culminating in facial nerve injury.
Other complications are dependent on the manipulation of the cranial nerves in contact with
the tumor, in addition to cerebrospinal fluid fistula, infection, and venous infarction due to
excessive retraction of the temporal lobe.

6. Results

In the largest series of patient cases operated by trigeminal schwannomas, total or near-total
resection could be reached in up to 82% of cases [2, 8]. The most common symptom in the
postoperative period was facial hypoesthesia, occurring in 65-86% of cases [2, 8]. Residual
facial pain was seen in 23% of the patients in the series of Wanibuchi et al. and diplopia was
reported in this same series in 20% of cases, with persistent deficit in only 5% of patients and
worsening of the deficit in only 1 patient of 105 operated patients [8]. Tumor resection, in
lesions that extend to multiple regions, is feasible with a high rate of total resection [12].

7. Conclusion

Advances in imaging modalities and the progressive improvement of microsurgical instru-
ments and surgical techniques have greatly improved surgical results in the treatment of
this pathology. We must be obstinately committed to the surgical technique and devoted to
the patient’s functional postoperative outcome for their reintegration into normal life and
improvement of their quality of life.
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Abstract

A vestibular schwannoma (VS) is a benign tumor that arises from the neurilemmal sheath
of the vestibular nerve. VSs make up to 6-8% of all intracranial tumors and 70-80% of all
cerebellopontine angle tumors. Three therapeutic options are currently considered for VS:
expectant treatment, microsurgical resection, and radiosurgery. No class I evidence exists
to support one treatment over the others, and some clinical aspects are usually taken into
consideration in the decision-making process. Very few comparative studies published so
far have addressed the clinical aspects supporting any one treatment modality. The
pathology, diagnosis and treatment of VS are discussed in this chapter. Moreover, we
aim in this chapter to discuss the results of the most recent clinical studies performed on
different treatment strategies for VS. In addition, the results of the comparative studies
between microsurgical and radiosurgical treatments for VS are discussed.

Keywords: vestibular schwannoma, radiosurgery, microsurgery, Gamma Knife,
intraoperative neurophysiological monitoring, hearing preservation, facial nerve
preservation

1. Introduction

Vestibular schwannomas (VS) are benign tumors that typically occur in the internal auditory
canal (IAC) and in the cerebellopontine angle (CPA). They originate from Schwann cells of the
vestibular nerve. The vestibular nerves are enclosed by central glial and peripheral neurilem-
mal sheaths. The VS arises from the distal sheath at or close to the neuroglial-neurilemmal
junction (Obersteiner-Redlich zone). The transition zone is encountered 1 cm away from the
brainstem, commonly occurring at or close to the internal auditory canal (IAC) [1]. VS arises
from either the inferior [2, 3] or superior [4] vestibular nerve.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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The annual incidence is estimated to be between 0.5 and 1.7 per 100,000 persons, and the
incidence is increasing with the widespread use of magnetic resonance imaging (MRI) [5]. VS
represents 6-8% of all intracranial tumors and >80% of CPA tumor [6]. It occurs in equal
frequency in adult males and females [7-9]. They typically occur between the fourth to sixth
decades of life [10]. In teenagers, VSs have been rarely diagnosed [11], and in these cases, the
tumor is usually associated with neurofibromatosis type II (NF2) [5]. Patients with NF2 often
develop bilateral VS, which is sufficient to make the diagnosis of the disease. These tumors
have different biological and clinical characteristics and must be differentiated from the uni-
lateral spontaneous VS [12, 13].

The classical clinical presentation includes high-frequency sensorineural hearing loss, tinni-
tus, and vertigo. Three therapeutic options are currently considered for VS: expectant treat-
ment, microsurgical resection, and radiosurgery. No class I evidence exists to support one
treatment over the others, and some clinical aspects are usually taken into consideration in
the decision-making process.

2. Diagnosis

The clinical presentation of VS may vary broadly depending upon tumor extension; whereas
intrameatal tumors often present with high-frequency sensorineural hearing loss (about 90% of
VS patients), tinnitus (65-75%), vestibular nerve dysfunction which includes vertigo, dizzi-
ness, and unsteadiness (in up to 61%); extrameatal tumors may also present with headache,
facial hypoesthesia, facial weakness (4-8%), ataxia, lower cranial nerve damage, or hydroceph-
alus [14]. Another factor affecting clinical presentation is the site of origin of the tumor.
Hearing is significantly better preserved in patients affected by medially arising VSs than in
patients with laterally arising tumors [15]. The symptoms in VS progress slowly; however, it
was noticed that sudden deterioration of symptoms may occur especially in cases of cystic
tumors and usually represents intratumoral hemorrhage [16, 17].

A high degree of clinical suspicion is the best key for prompt diagnosis of VS. The clinician
should be aware of VS diagnosis in patients complaining of unilateral hearing loss, tinnitus,
and vertigo in any combination [7]. Patients with these complaints should undergo pure tone
audiometry (PTA) and vestibular testing. Those with abnormalities on either, especially uni-
lateral sensorineural hearing loss, should have MRI with and without contrast.

2.1. Hearing classification

Full audiometric assessment including pure tone audiometry (PTA) and speech discrimina-
tion score (SDS) should be done in cases of VS. In PTA, the mean hearing loss (in decibel
“dB”) at frequencies between 500 and 3000 Hz is assessed. SDS represents the percent of
correct score when words are presented at a specified level above the speech recognition
threshold. The Committee on Hearing and Equilibrium of the American Academy of
Otolaryngology-Head Neck Surgery (AAO-HNS) published guidelines in 1995 for the
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evaluation of hearing in VS. Accordingly, hearing level is classified into four classes [18], in
which Classes A and B represent functional/serviceable hearing, whereas hearing Classes C
and D are nonfunctional/nonserviceable (Table 1).

2.2. Facial function

Although facial nerve weakness is a rare presentation of VS patients, transient or even perma-
nent facial palsy may occur in VS patients after treatment. Therefore, it is important to have a
systematic classification of the facial nerve function. The House-Brackmann facial nerve grad-
ing system (HBGS) [19] was introduced in 1983 and endorsed by the Facial Nerve Disorders
Committee of the American Academy of Otolaryngology-Head and Neck Surgery in 1984 as
the standard for reporting facial nerve function (Table 2).

2.3. Radiological diagnosis

MRI is now the gold standard for VS diagnosis. High-field MRI (1.5-3 T) should be done, the
examination protocol should include fluid attenuated inversion recovery (FLAIR), high-
resolution 2D/3D T1-weighted sequences (e.g., T1-W Spin-Echo (SE) or Turbo-Spin-Echo-S
(TSE)-Sequence) with and without intravenously administered contrast agent (0.2 ml/kg body
weight Gadolinium DTPA), and high-resolution 3D T2-weighted sequences (e.g., CISS = con-
structive interference in a steady state, FIESTA-C = fast imaging employing steady state, etc.)
with a film thickness of <1 mm isotrope [6]. Tumors as small as 2-3 mm may be diagnosed
using MRI1. VS is usually isointense on T1-weighted images, hyperintense on T2-weighted

Hearing grade Hearing loss in PTA SDS (%)
Class A <30 dB >70
Class B >30 to <50 dB >50
Class C >50 dB >50
Class D Any level <50

Table 1. AAO-HNS hearing classification system.

Grade Description

I Normal function in all facial muscles
I Slight weakness noticeable only on close inspection; complete eye closure
I Obvious but not disfiguring difference between two sides; forehead shows slight-to-moderate movement;

complete eye closure with effort
v Disfiguring asymmetry; no forehead movement; incomplete eye closure
\4 slightly perceptible motion
VI Complete paralysis

Table 2. House-Brackmann facial nerve grading system.
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images, and enhances uniformly after contrast injection. Heterogeneous contrast enhancement
or cystic degeneration may be found.

VS typically produces changes in the internal auditory canal (IAC), ranging from widening to
destruction of the canal. However, normal IAC has been described in up to 10% of VS [20]. We
measured the IAC in bone-window CT scan of 140 cases presented with unilateral VS, and we
stratified the tumors into soft and firm varieties according to the intraoperative findings, the
results showed that firm tumors were associated with significantly more widening of the IAC
than soft tumors [21].

2.4. Tumor grading

The grading of VS depends on both tumor size and tumor extension. Different classification
systems are available in the literature. Both Koos [22] and Hannover [23] classification systems
classify VS into four grades according to the degree of tumor extension, which is an indicator of
tumor size. According to Hannover classification, patients are classified regarding tumor exten-
sion as follows: T1, purely intrameatal; T2, intra- and extrameatal; T3a, filling the cerebellop-
ontine cistern; T3b, reaching the brainstem; T4a, compressing the brainstem; and T4b, severely
dislocating the brainstem and compressing the fourth ventricle.

3. Treatment options

Three management options are provided for VS patients: observation, radiosurgery, and sur-
gery. The concept behind treatment of VS has been widely changed in the last two decades.
Before the widespread of radiosurgery, VS treatment was based on microsurgery (MS) with the
aim of complete tumor removal to avoid recurrence. With the development of radiosurgery
(RS), it could be possible to stop the growth of the tumor with minimal side effects and with a
very high level of preservation of nerve functions; therefore, nowadays, preservation of func-
tion is a primary aim in VS treatment. However, it is important to remember that preservation
of function is sometimes possible after surgery and at the same time, tumor could be
completely removed. On the other hand, failure of tumor control (recurrence) may occur after
surgery as well as after radiosurgery; also, combined treatment is not always successful. Other
than preservation of function, the complaints of the patient play an important role in the
treatment decision because if a patient gets a functional preservation treatment and still
complaining of tinnitus or vertigo, this may be more disabling to him/her. Therefore, the choice
of the treatment option for each VS patient should be based on an individualized concept [5].

3.1. Observation (wait and scan)

Before discussing the conservative strategy for treatment of VS, it is important to know the natural
history of the disease. The average growth rate in VS is 2-2.5 mm/year [24]. Neurofibromatosis
type Il-associated vestibular schwannomas tend to be more aggressive, with an increased average
growth rate of 4 mm per year [25]. Intrameatal tumors seem to have lower growth rates than
extrameatal lesions, and a younger age is associated with a more rapid tumor growth.
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More recently, an extensive research has been done on the natural history of VS, and it was
found that there is a group of VS tumors that grows very slowly or even does not grow at all,
and even hearing preservation is sometimes maintained [26]. A study was performed on the
natural history of VS less than 2 cm has showed that only 17% of the intrameatal and 28.9% of
the extrameatal tumors grew; it was also found that this growth exclusively occurred within
5 years of diagnosis [27]. Sughrue et al. performed a meta-analysis on conservative treatment
(982 patients) and found better hearing preservation in patients with yearly tumor growth rate
less than 2.5 mm (75 vs. 32%) [28].

Therefore, it is widely accepted that newly diagnosed asymptomatic VS could be considered
for initial wait and scan strategy. Regular clinical and radiological examination should be
performed, and active treatment is recommended in cases of significant tumor growth (more
than 2 mm increase in the largest tumor diameter) [27].

3.2. Stereotactic radiosurgery

3.2.1. Techniques

Radiosurgery is a radiation procedure using converging, narrow ionizing beams, stereotactically
focused on an intracranial predetermined target volume, in order to induce biological arrest or
destructive effects within this volume with minimal irradiation of the surrounding tissues. The
modalities currently used in stereotactic radiosurgery include either photon devices such as
Gamma Knife (GK) and modified linear accelerators (LINAC) or proton and heavy-ion charged
particles generated by a cyclotron or synchrotron [29].

3.2.1.1. Gamma Knife

Gamma Knife consists of a thick cast, hemispherical steel shell containing a dome-shaped core of
201 cylindrical Co-60 sources, all being radially aligned toward a common focal point situated at
a distance of 40 cm [29]. During treatment, the patient’s head is fixed to the stereotactic frame.
Ideally, the frame is placed such that the lesion to be treated is located as close to the frame center
as possible. Following frame application, imaging is performed (usually MRI), and the images
are interfaced with a computer software treatment planning system. Radiosurgical dose plan-
ning is the most critical aspect of the procedure, and preservation of cochlear and facial nerve
function is the main concern during planning. For moderate-sized tumors, preservation of
brainstem function is also a consideration. The 50% isodose line where radiation dose is half of
the central dose is usually serving as the margin isodose. With the application of recent Gamma
Knife models like Leksell Gamma Knife Perfexion and Model C lead to greater improvements in
precise dose planning and hence the application of lower radiation dose to the tumor periphery
has been available. Currently, 13 Gy is recommended as the tumor margin dose; this dose is
associated with reduced complications and yet maintains a high rate of tumor control [30].

3.2.1.2. Linear accelerator (LINAC) and CyberKnife

LINAC uses high-energy electromagnetic waves to accelerate electrons to high energy through
a microwave structure. When the electron strikes a target, X-rays are produced. Like Gamma
Knife, LINAC is based on using a stereotactic frame for lesion localization, treatment set-up,
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and patient immobilization during the treatment [29, 31]. The primary advantage of LINAC
over Gamma Knife and cyclotron-based methods is the lower cost of installation. Other
advantages include great flexibility in photon delivery, lack of a field size limitation, and the
possibility of fractionation. Disadvantages include longer treatment times, especially for
complex-shaped lesions [32].

CyberKnife has been developed using image guidance instead of an external frame. It com-
bines a lightweight LINAC designed for radiosurgery and mounted to a robotic manipulator,
which can position and point the LINAC. The advantages of CyberKnife include easier frac-
tionation, the ability to treat young patients without general anesthesia, and the flexibility to
treat lesions throughout the body [32].

3.2.1.3. Heavy particle radiosurgery

Heavy particles (e.g., protons, helium, carbon nuclei) involve very expensive technologies
(cyclotrons and synchrocyclotrons) which are available at only few centers around the world.
In contrast to the photon radiation seen with gamma and X-rays, heavy particle radiation is
more conformal due to Bragg peak effect. This occurs because heavy particles deposit energy
at the end of their target with little falloff of radiation to nearby structures. This phenomenon
makes it easier to give efficient conformal radiation treatment to large tumors [33].

3.2.2. Radiosurgery results

The ultimate goals of radiosurgery for VS include control of tumor growth and, ideally, tumor
shrinkage (Figures 1 and 2) while preserving functionality of the vestibulocochlear nerve and
the surrounding cranial nerves and quality of life.

During the early period following radiosurgery, transient tumor growth may occur, usually
between 6 and 24 months after radiation. In large tumors, however, compression-related
symptoms may occur due to the initial expansion, and surgical treatment may be required
[34]. In addition, cystic tumors may display sudden and dramatic growth; therefore, these
tumors may not be eligible for radiosurgery, and primary surgery is recommended [27].

Van Eck and Horstmann introduced two entities of tumor control after Gamma Knife radiosur-
gery for VS: “MRI-based tumor control” was used in cases of no increase, or increase of less than
10% of the initial tumor volume at follow-up, while “clinical tumor control” was used when
clinical symptoms did not progress, and no further treatment was necessary. They reported MRI-
based tumor control rate of 87% and clinical control rate of 97.5% after a mean follow-up
duration of 22 months [35]. Recently, the marginal radiation dose was reduced in order to avoid
cranial nerve complications; therefore, more data are needed regarding long-term rates of tumor
control after radiosurgery after using these new regimens. Even in cases where the tumor
remained stable for 3 years after treatment, delayed tumor growth may occur [36].

Reviewing the literature on radiosurgery for VS, it is important to remember that recent
studies may show better results due to advances in radiosurgery treatment with the use of
high-resolution MRI and recent treatment planning software. Other factors that should be
critically looked after when reviewing the literature are the definition of tumor control, the
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Figure 1. Axial MRI (T1-with contrast) of two cases of VS treated with Gamma Knife radiosurgery (13 Gy marginal dose)
with follow-up MRI showed good tumor control after 15 months (case on the left side) and after 29 months (case on the
right side).

Figure 2. Axial MRI (T1-with contrast) of a VS case treated with Gamma Knife radiosurgery (13 Gy marginal dose) with
follow-up MRI after 21 months (lower row) showed increase in tumor volume in comparison with the tumor volume
before treatment (upper row).

duration follow-up, as well as the tumor size before treatment. In the radiosurgical literature,
tumor size is usually reported in volume rather than in diameter as in the surgery literature [37].

In a meta-analysis included 3233 VS patients treated with Gamma Knife between 2007 and
2011 with an average marginal dose of 12.4 Gy and a mean follow-up of 51 months,
Rykaczewski and Zabek reported tumor growth control in 92.7% and preservation of func-
tional hearing in 66.4% of patients [30].
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In another meta-analysis performed on Gamma Knife treated cases where tumors less than
4 cm were included and a mean follow-up of 2 years, the hearing preservation rate was 44%
and tumor control rate was 91% [38].

The results of radiosurgery for VS are better in small tumors. A recent meta-analysis was
conducted on tumors less than 2 cm treated by radiosurgery with follow-up more than 5 years
and reported hearing preservation rate of 70.2% and a tumor control rate of 96.2%. They
reported facial neuropathy rates using GK between 0 and 1.8% per study, while the rates of
trigeminal neuropathy ranged between 0 and 3.1% per study. Interestingly, the rate of facial
neuropathy in one study on LINAC was 6.9% [39].

It is important to note that a recent meta-analysis on CyberKnife for VS included 800 patients
studied during 1998 and 2012 showed results similar to that of GK. The meta-analysis revealed
the collective mean tumor control rate to be 96.3%. The collective hearing preservation rate was
79.1% in 427 patients with measurable hearing. The trigeminal neuropathy rate was 2.0%,
facial neuropathy rate was 2.0%, and cerebellar/brainstem toxicity rate was 1.8% [26].

Maducdoc et al. performed a thorough literature review on malignant transformation of VS,
they included only cases of histopathologic evidence of malignant transformation. They
reported 11 cases of malignant transformation after radiosurgery, 4 cases after microsurgery,
and 18 cases of either primary malignant VS or de novo transformation to malignancy without
surgical intervention of any type. Therefore, it remains possible that the malignant transfor-
mation is part of the natural history of rare unfortunate event. In addition, they identified 12
cases of radiation-associated malignant tumors in the setting of NF2 and concluded that
radiosurgery of NF2 tumors has been associated with a higher likelihood of malignant trans-
formation [40]. Follow-up should be conducted for 5-20 years following radiation in order to
detect any radiation-associated tumors that may develop.

3.3. Surgery

3.3.1. Surgical approaches

Three surgical approaches are available for VS removal: retrosigmoid, translabyrinthine, and
middle fossa. The translabyrinthine and the retrosigmoid approaches can be used for all tumor
sizes, whereas the middle fossa approach is useful only for removal of small tumors. Hearing
preservation can be achieved only through the retrosigmoid or middle fossa approaches. The
risk implied for patients is minimized if the surgeon and the team use the approach with which
they are most familiar [23].

The middle fossa approach is suitable for intrameatal tumors and also for small tumors (less
than 20 mm) with slight extrameatal extension. It is a subtemporal extradural approach that
allows drilling of the roof of the internal auditory canal (IAC) and hence, removal of an
intrameatal VS is possible. Retraction of the temporal lobe may be associated with the risk of
seizures or sometimes temporal lobe contusion and hence neurological dysfunction [41]. When
drilling into the IAC from above, the facial nerve has to be manipulated before reaching the
tumor, and therefore, the facial nerve preservation results are inferior to those following other
approaches [5, 42].
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The translabyrinthine approach is the most widely used approach for removal of VS by neuro-
otologists. This approach is hearing destructive, by definition, so it is suitable in cases of
nonfunctional hearing. It is a direct approach to the IAC through drilling the mastoid air cells,
and the labyrinth. It offers removal of VS of any size, as it provides wide access to the facial
nerve and the contents of the CPA with minimal retraction of the cerebellum [41].

In the retrosigmoid approach, the cerebellopontine angle (CPA) is approached after retraction
of the cerebellum and hence large VS extending into the CPA could be safely removed. The
approach allows wide exposure of the CPA and decompression of the brainstem as well as the
cranial nerves; from the trigeminal till the lower cranial nerves. Opening of the posterior wall
of the IAC allows for removal of intracanalicular VS. Wide opening of the posterior wall IAC
may result in violation of the posterior semicircular canal or the endolymphatic sac and
therefore, may be critical for hearing preservation. Recently, endoscopic-assisted exposure of
the lateral portion of the IAC allows complete removal of intracanalicular tumor through the
retrosigmoid approach with less opening of the IAC [1, 43—45].

The retrosigmoid approach can be performed in supine, park-bench, or semi-sitting position.
The semi-sitting position has the advantage of spontaneous drainage of cerebrospinal fluid
(CSF) and blood, which provides a clean surgical field, thereby minimizing the retraction of
the cerebellum and reducing the dissection time. The main risks of the setting position are
brachial plexus injury and the development of venous air embolism with subsequent pulmo-
nary embolism or even cerebral embolism in case of patent foramen oval. The complications of
semi-sitting position can be avoided by the monitoring of somatosensory evoked potentials
(SSEPs) during patient positioning to avoid brachial plexus injury, intraoperative monitoring
of CO, and trans-esophageal echocardiography, as well as application of central venous cath-
eter with the tip positioned close to the superior vena cava junction with the right atrium are
important to detect the venous air embolism in the early stage, hence avoiding subsequent
complications [45]. Even patients with a patent foramen oval can be operated safely in the
semi-sitting position under standardized anesthesiological and neurosurgical protocols [46].

3.3.2. Intraoperative neurophysiological monitoring

Intraoperative neurophysiological monitoring in VS surgery is associated with increasing rates
of hearing and facial nerve preservation. In addition, it helps to predict the postoperative
functional outcome and hence helps the surgeon preoperatively counsel the patient regarding
the postoperative hearing and facial nerve outcome.

Direct electrical stimulation and continuous free running electromyography (EMG) monitor-
ing considered the gold standard for intraoperative facial nerve monitoring. However, the role
of monitoring of facial nerve motor evoked potentials is still controversial [47].

Through direct electrical stimulation of the facial nerve, the EMG activity of the facial muscles
is recorded. Early facial nerve identification during surgical removal of large VS is very helpful
in preventing damage to the facial nerve during tumor dissection [48]. Several studies have
provided parameters that can predict the postoperative facial functional outcome. The most
widely accepted parameters are stimulation threshold and absolute EMG amplitude following
stimulation at the root exit zone from the brainstem [49-53]. A study showed that proximal-to-
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distal EMG amplitude ratios (comparing the response from stimulation at the brainstem to the
response at the internal auditory canal) were more predictive for initial postoperative nerve
function and for functional recovery than absolute EMG potentials or stimulation thresholds
(48, 54].

Continuous EMG recording from facial muscles gives important information that helps in
identification of the facial nerve during tumor dissection, so it is used in conjunction with
direct nerve stimulation. It has been showed that continuous sinusoidal symmetric EMG signal
of high-frequency and low-amplitude known as “A” trains are predictors of poor postopera-
tive facial nerve function [55-57].

The brainstem auditory evoked potential (BAEP) is the most widely used intraoperative
electrophysiological method for auditory function monitoring because it has a high sensitivity
and reliability to detect cochlear nerve damage. Classically, BAEP comprises 5-7 waves. Dur-
ing surgery for VS, wave IIl and wave V are the most relevant and should be closely moni-
tored. The surgeon is alerted when the change in latency of Wave V exceeds 0.5 ms or if any
wave is significantly changed or disappeared [47].

Direct cochlear nerve action potential monitoring has been used in multiple centers, and it
represents a near-field technique in which electrodes are placed close to the cochlear nerve.
Therefore, larger amplitude signals are produced and acquisition takes only 2-3 s (in contrast
to minutes with BAEP), thus allowing near real-time feedback to the surgeon [47].

3.3.3. Surgery results

Total removal of VS is possible by dissecting the neurovascular structures from the false capsule
of the tumor [58]. Although total tumor removal should be the aim in VS surgery, near-total
removal is also accepted when a thin layer of tumor is intentionally left attached to one or more
nerves in an attempt to preserve the neurological function. The results of long-term rates of
tumor control do not differ significantly between cases of gross total resection and cases in which
a small amount of tumor is left behind [59]. Recurrent tumors should be treated by radiosurgery
whenever possible, as repeat surgery is more difficult; however, in case of large recurrent tumors
or radiosurgery failure, repeat surgery will be needed [59] (Figures 3 and 4).

It has been reported that anatomical preservation of the facial nerve is achieved in 93-99% of
VS surgeries [23, 58, 60-64]. Although transient deterioration of facial nerve function usually
occurs after surgery, gradual recovery usually follows during the first 3-6 months postopera-
tively. The main predictor of facial nerve preservation after surgery is tumor size [65-68].

The rate of hearing preservation following surgery for VS varies widely in the literature. The
most significant factors predicting hearing preservation are tumor size and extension, and
preoperative hearing level. Some authors have suggested that hearing preservation surgery
should be undertaken only for small- or medium-sized VSs [25, 65, 69-71]. However, hearing
preservation may be possible even with large VS. Hearing preservation rates of 9.1-50% have
been reported for tumors >3 cm [72-78] and 22.2-56.3% for tumors >2 cm [58, 62, 79, 80].
Therefore, patients with functional preoperative hearing should be offered hearing preserva-
tion surgery with intraoperative monitoring of hearing function.



Vestibular Schwannoma: Microsurgery or Radiosurgery
http://dx.doi.org/10.5772/intechopen.74508

Figure 3. Axial MRI (T1-with contrast) of three operated cases (complete removal-retrosigmoid approach) with follow-up
MRI after 31 months (case on the left side), after 29 months (case on the middle), and after 17 months (case on the right
side) showing no tumor rest or recurrence.

Figure 4. Axial MRI (T1-with contrast) of a case of partially cystic VS (T4a), subtotal removal-retrosigmoid approach.
Follow-up MRI after 18 months (image in the middle) showed residual tumor, after 31 months (image on the right)
showed progress in size of the residual tumor, so that radiosurgery was indicated.

The results of a large systematic review evaluating the use of microsurgery in more than
5000 patients with VS with a mean follow-up of 66 months, revealed tumor control rate of
98.2%, hearing preservation outcome of 36%, facial neuropathy in 13%, CSF-leak in 6%,
and mortality rate of 0.6%. In a cohort of about 1000 patients with tumors smaller than
3 c¢m in diameter, they reported hearing preservation outcome of 49% and facial neurop-
athy in 10% [81].

In their meta-analysis on small VS cases (size less than 2 cm in diameter) with follow-up more
than 5 years, Maniakas and Saliba included 153 operated cases. They reported tumor control
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rate of 98.7% and the overall hearing preservation outcome of 50.3%, while facial neuropathy
rate was ranged from 0 to 5.3% per study and trigeminal neuropathy in 0% [39].

Ahsan et al. performed a systematic review and meta-analysis on long-term hearing preserva-
tion after resection of VS, and they reported immediate postoperative hearing preservation
rate of 50-70%; in addition, the hearing durability at 5 years was found to be 70% [82].

Possible complications of surgery include CSF leakage in 3-13% [72, 83], postoperative hem-
orrhage in 2.2% [84], meningitis in 0.8-2.5% [85, 86], lower cranial nerve deficit in 0.5-5.5%,
and hydrocephalus in 1-3% [84]. The possible complications associated with microsurgery
may result in death; however, mortality rates are very low; a 3-month mortality rate of 0.5%
was recently reported in a hospital-based study that included 2643 VS surgeries in 265 US
Hospitals [87].

3.4. Studies comparing microsurgery and radiosurgery

To the best of our knowledge, currently, there is no class 1 evidence to support one treatment
modality for vestibular schwannoma (VS). There are six studies that compared microsurgery
(MS) and radiosurgery (RS) for treatment of VS, two of which are prospective controlled
studies with predefined inclusion criteria [88, 89]. The other four studies are retrospective
cohort studies with a matched control group, all comparing microsurgery with radiosurgery
[90-93]. The results of these studies are summarized in Table 3. The relatively small patient
groups, short follow-up periods, and heterogeneity in the comparison groups are potential
weaknesses of some of these comparison studies [94].

3.5. Summary of the literature review

Until additional prospective comparisons or randomized trials can be accomplished, system-
atic meta-analysis of the available literature offers the most powerful guidance for clinical

Authors and publication Pollock 2006 Myrseth Pollock 1995 Myrseth Regis 2002  Kaprinos
year 2009 2005 2000
Follow-up (mean in months) 42 24 36 69 36 MS 24
RS 48
Tumor control Not Not included Not 94.2% (MS)  Retreatment 100% (MS)
included included 89.2% (RS) MS (9%) 91%(RS)
RS (3%)

Hearing preservation (%)

MS 5 0 14 5 36 40
RS 63 68 75 32 50 44
Facial preservation (%)

MS 83 82 78 80 67 64.7
RS 98 100 91 95 100 93.9

Table 3. Cohort studies comparing microsurgery (MS) and radiosurgery (RS) for solitary VS.
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decisions. We have performed analysis of the available meta-analyses in the literature that
reported the results of MS and RS for treatment of VS. The results of tumor control rate ranged
between 98.2 and 98.7 in MS [39, 81], and between 91 and 96.2% in RS [26, 30, 38, 39]. The
results of hearing were found to be higher in small tumors both after MS as well as after RS,
with rates of hearing preservation 39-70% after MS [39, 81, 82] and 44-79.1% after RS [26, 30,
38, 39]. The results of facial neuropathy following Gamma Knife and CyberKnife RS ranged
between 0 and 2% [26, 39]; however, LINAC was associated with 6.9% risk of facial neuropa-
thy [39]. The rate of facial neuropathy following MS is highly dependent on tumor size and
experience of the surgery team as well as the use of intraoperative neuromonitoring, and the
results ranged widely between 0 and 13% in the reviewed meta-analyses [39, 81].
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Abstract

This chapter offers literary review of most frequently observed brain tumors in child-
hood. It offers basics of epidemiology, clinical presentation and diagnostics of most often
occurring types of tumors according to new WHO classification of brain tumors from
2016 and emphasizes molecular biological characteristics and role of altered genes and
genetic pathways in brain tumor etiology, classification and treatment. This review not
only concentrates on gliomas, medulloblastomas and ependymomas, but also offers
characterization of other less frequently observed lesions. Each tumor characteristics also
contains basics of therapeutical possibilities of these lesions with focus on targeted and
individually designed therapy according to molecular and genetic alterations found in
tumor tissue sample.

Keywords: brain tumors, childhood, glioma

1. Introduction

Brain tumors are the second most common group of tumors (following hematological malig-
nancies) as well as the most frequent solid tumors in childhood [1] in age category up to
1 year and between 5 and 19 years of age, even the most common childhood malignancy
[2], as well as the most frequent death cause from all oncological diagnoses [3]. Despite the
significant progress in imaging and neurosurgical techniques, molecular genetic diagnostics
and therapeutic protocols as well as the introduction of concomitant chemoradiotherapy,
cure and survival rates of these children did not significantly change — except for medul-
loblastoma [4].
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2. Epidemiology of brain tumors in children

The incidence of pediatric CNS tumors varies worldwide with an average of 4 cases per
100,000 children with the highest occurrence is in the United States [3]. By age groups, the
highest incidence is in adolescents (15-19 years, 6.38/100,000), followed by a group of children
under 1 year (6.2/100,000). Subsequently, it is slightly declining, with 5.5/100,000 children
aged between 1 and 4 years; in 5-14 years, the incidence is 5.1/100,000 [2, 5]. About 25-30% are
in supratentorial localization, followed by the cerebellum (15-20%), the brain stem (10-12%),
the pituitary and suprasellar region (10-15%), cranial nerves (6-7%), brain ventricles (5-6.4%),
spinal cord (4.3—4.6%) and 2.6-2.9% are tumors of meninges [2, 6], as shown in Figure 1. Also
a typical localization and histological type occur in certain age group. By 1 year of age, tumors
most often occur at multiple locations in the brain and in ventricles. At the age of 1-4 years,
the most common site is the cerebellum, cerebral hemispheres and brain stem. In the age
range from 5 to 9 years, tumors occur frequently in the cerebellum, brain stem and cerebral
hemispheres. At the age from birth to 9 years, the most common tumors are gliomas and
embryonal tumors (up to 1 year is the most common embryonic atypical teratoma/rhabdoid
tumor (AT/RT), in the older children it is medulloblastoma (MB)). In 10-14 year age group, the
most typical site is cerebral hemisphere and most frequently occurring are gliomas, tumors of
the pituitary region and embryonal tumors. Adolescents (aged 15-19 years) most often have
pituitary tumors, then astrocytomas and neoplastic tumors, but the incidence of meningio-
mas also increases. Typical localizations in this age group are the pituitary and suprasellar
regions, followed by cerebral hemispheres and cerebellum. In general, brain tumors are more
common in boys [2, 5].

There are many risk factors for brain tumor development, but to date only some hereditary
syndromes (type 1 and 2 neurofibromatosis, tuberous sclerosis, Li-Fraumeni syndrome, Gorlin
syndrome, Turcot syndrome, Cowden syndrome, Rubinstein-Taybi syndrome and hereditary
retinoblastoma) and ionizing radiation have been verified. Other possible risk factors include:
a personal history of previous cancer treatment, a family history of the CNS tumor, the parent
age at the time of conception, the later contact of the child with common childhood infectious
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Figure 1. Localization of CNS tumors in pediatric population [5].



Primary Brain Tumors in Childhood
http://dx.doi.org/10.5772/intechopen.74510

diseases [7], congenital anomalies [8], higher birth weight and larger head circumference [9].
Interestingly, the results of studies suggest lower incidence of CNS tumors in children with
allergies and asthma [10, 11].

3. Classification of brain tumors in children

The new WHO classification of CNS tumors from 2016 for the first time uses molecular genetic
characteristics for tumor classification in some cases. In this new edition, some new tumor
entities appeared, some have been merged while others were excluded. Changes involving
childhood tumors include: inclusion of epithelial glioblastoma, removal of the term brain
gliomatosis, reclassification of the diffuse intrinsic pontine glioma to diffuse midline glioma,
H3 K27-mutant, inclusion of the ependymoma, RELA fusion—positive as a separate unit and
inclusion of the diffuse leptomeningeal glioneuronal tumor. The change also affected the clas-
sification of medulloblastomas, where genetically defined classification was added. The term
primitive neuroectodermal tumors (CNS PNET) was eliminated while an embryonal tumor
with multilayered rosettes, C19MC-altered was included [12].

Childhood brain tumors are also classified according to their localization into: infratentorial,
supratentorial tumors and tumors of parasellar region. Most frequently observed histological
types of pediatric CNS tumors are shown in Figure 2.

Infratentorial localization is typical for cerebellar astrocytoma (pilocytic astrocytoma — PA,
but also diffuse less frequently anaplastic astrocytoma and glioblastoma), medulloblasto-
mas, ependymomas, brain stem gliomas (most commonly diffuse midline glioma, H3 K27-
mutant, PA), AT/RT and choroid plexus tumors.

Supratentorial localization are common: low-grade glioma—LGG (PA, diffuse astrocy-
toma, oligodendroglioma, mixed oligoastrocytoma, subependymal giant cell astrocytoma—
SEGA, pleomorphic xanthoastrocytoma—PXA), high-grade glioma—HGG (anaplastic astro-
cytoma, anaplastic oligodendroglioma and glioblastoma), neuronal and mixed neuronal-glial

Figure 2. Most frequent histological types of CNS tumors in children [5].
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tumors (ganglioglioma—GG, desmoplastic infantile astrocytoma—DIA, ganglioglioma—
DIGG, dysembryoplastic neuroepithelial tumor—DNET and papillary glioneuronal tumor),
embryonal tumors (embryonal tumor with multilayered rosettes, C19MC-altered —ETMR,
medulloepithelioma, CNS neuroblastoma, CNS ganglioneuroblastoma, CNS embryonal
tumor and CNS embryonal tumor with rhabdoid features), AT/RT, ependymomas, menin-
giomas, choroid plexus tumors, pineal tumors (pineocytomas, pineal parenchymal tumor of
intermediate differentiation and papillary tumors of the pineal region) and rarely metastases
of extra-neural malignant tumors.

Tumors occurring in parasellar region usually are: craniopharyngiomas, adenomas, LGG
astrocytomas (tumors of central regions, chiasma, hypothalamus, thalamus, PA or diffuse
astrocytomas) as well as germ cell tumors.

4. Brain tumors symptoms in children

Symptoms of brain tumors can develop gradually and worsen over time, or they may mani-
fest suddenly and dramatically. Symptoms may be general or specific, resulting from tumor
localization. General symptoms are manifestation of intracranial hypertension that is caused
either by tumor growth, brain swelling or onset of hydrocephalus or a combination of these
factors. Symptoms of intracranial hypertension include: headache (especially in the morning
after awakening), nausea or vomiting, diplopia and strabismus, disturbances of balance, per-
sonality changes, epileptic seizures or loss of consciousness. Infants may experience irritabil-
ity, loss of appetite, delay or regression of psychomotor development. There is also bulging
of the fontanelle and the disproportionate enlargement of the head circumference. Children
of school age may suffer from increased fatigue, psychological changes, impairment of school
performance, disturbances of memory and impaired concentration. Regarding the localiza-
tion of the tumor, other locally specific neurological symptoms may also occur: visual dis-
turbances, narrowing and outages of visual field, abnormal bulb movements, nystagmus,
hearing or speech disorders, paresis or hemiparesis, muscle weakness, loss of sensitivity or
coordination, ataxia, posture disorder, walking instability, tingling of body parts, cranial
nerves palsy as well as hormonal disorders.

5. Brain tumors diagnostics

Diagnosis of brain tumor is based on a patient history and complete neurological examination.
Imaging examination is performed when a brain tumor is suspected. Basic imaging examina-
tion is magnetic resonance imaging (MRI). It is the most spectacular imaging for intracra-
nial structures that is currently available in medicine. In brain tumor diagnostics the use of
contrast media—gadolinium—is essential. MR-angiography displays brain vessels alongside
with pathological tumor vasculature, what is important for planning of the surgical treat-
ment. MR-spectroscopy is a metabolic examination of the brain. The perfusion MRI monitors
blood flow in the investigated area. Tumors are metabolically active and require greater blood
supply. Functional MRI and MR-tractography are used for planning of surgical approach.
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Preoperatively, the navigational MRI is performed for the needs of intraoperative navigation.
Among the disadvantages of MRI is relatively longer duration, which in smaller children
requires general anesthesia. However, a huge advantage is the absence of radiation [13].

Computer tomography (CT) is mostly used for the display of bones and their lesions, which
do not appear in detail in MRI. Another indication may be CT-angiography. Due to the high
dose of radiation; however, CT is reserved for cases of sudden changes in the neurological
condition when rapid imaging is necessary.

Positron emission tomography (PET) uses radioactive fluorodeoxyglucose for visualization
of tumor tissue that is metabolically more active. The radioactive load is very low and is
excluded in 1 day. It can be used preoperatively for diagnostics as well as for postoperative
distinguishing between residues, recurrences and postoperative changes in unclear cases [14].

Angiography (mostly DSA) uses vessel imaging after contrast agent administration to assess
tumor vascular supply. It is also associated with radiation and though is currently replaced
by MR- or CT-angiography. However, it remains reserved for preoperative embolization of
the tumor, which is carried out by DSA [13].

Specimen of CSF obtained from lumbar puncture is used for cytological examination to detect
the presence of tumor cells that occur in CSF in tumor dissemination or in leukemia tumors.
It is also used to detect the presence of tumor markers, in particular bHCG and AFP in germ
cell tumors. It also serves to verify the presence of infection, especially in the postoperative
period [13].

Biopsy of brain tumor is essential for definitive diagnosis. In most cases, tissue sample is
obtained during surgery. However, there are also cases of inoperable tumors according to
their localization or extent. If a tumor resection cannot be performed, a stereotactic biopsy
can be useful. In some cases, however, the biopsy is too risky, and therefore the diagnosis is
determined only by MRI (e.g., diffuse pontine gliomas).

Also other examinations could be useful, such as: EEG, evoked potentials, evaluation of neu-
rocognitive functions, ophthalmological examination (papilledema of optic nerve and perim-
eter), evaluation of hearing disorder and hormone levels and function [13].

6. Treatment of brain tumors

Treatment consists of surgical intervention, followed by oncological and symptomatic treat-
ment and requires multidisciplinary approach.

Surgical treatment is the basis of treatment and, in some tumors, it is the only sufficient form
of therapy. Also histologically, benign tumors can be a surgical challenge by their localiza-
tion. An essential part of brain tumor surgery is the use of microscope and micro instruments.
Nowadays, it belongs to the usual equipment of surgical department, as well as ultrasonic
aspirator, navigation systems, intraoperative sonography and possibility of realization of
electrophysiological monitoring. Electrophysiological monitoring requires appropriate
instrumentation and personnel equipment that enhances the safety of the operation to the
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full possible extent in the eloquent areas of the CNS. Use of 5-aminolevulic acid is very help-
ful in operations of HGG. Patient ingests this acid prior to surgery, and then during surgery,
with use of fluorescence on the microscope, high-grade glial cells begin to gleam, which also
contributes to performance of accurate resection and representative tumor sampling for his-
tological examination. Awake operations with the possibility of intraoperative stimulation, in
which the patient is conscious either during the entire procedure or in a certain part of it, are
used in adult patients, especially in tumors in motor, sensory and speech areas. In children,
it is significantly limited by age and ability to cooperate. They are mainly performed in older
age groups of children [15].

According to extent of resection, we divide surgical treatment into: total resection, near-total
resection, partial resection and biopsy. In most tumors (except well-defined benign tumors
or well-defined metastases), total resection is only a radiological rather than a biological term.
The surgical approach can serve (though not as a standard treatment method) for the tar-
geted administration of radiotherapy in the form of intraoperative radiotherapy with a single
irradiation of the tumor bed directly after resection of the tumor [16] or chemotherapy —for
example, intraoperative administration of biodegradable carmustine [17]. In addition to cra-
niotomy, other techniques—for example, endonasal trans-sphenoidal approach—can also
be used, including endoscopy for pituitary tumor tumors. Another option for biopsy or tumor
removal (often when located in brain ventricles) is endoscopic surgery. From other surgical
methods, shunts in hydrocephalus can be used, most commonly ventriculoperitoneal shunt.
Another option is implantation of Ommaya reservoir, which is useful for repeated sampling
of CSF for laboratory examinations, for therapeutic evacuation puncture of CSF, as well as for
the local administration of chemotherapy.

Chemotherapy is part of adjuvant oncological treatment after surgical resection alone or along
with radiotherapy. It can be administered systemically (intravenously or orally), locally dur-
ing surgery, or postoperatively into an implanted reservoir. Most serious side effects of che-
motherapy are: bone marrow depression, nausea, vomiting, diarrhea and temporary hair loss.
Generally, children better tolerate high doses of chemotherapy compared to adults, which
may increase the aggressiveness of treatment if necessary.

Targeted biological therapy is directed against the specific protein and gene targets of the
tumor, or against the environment that affects its growth and survival. But even all tumors of
the same histological type do not have the same alterations and the treatment goals. Therefore,
it is essential to examine each tumor sample for the presence of altered genes and proteins in
order to determine targeted individualized treatment. One of the best known drugs is bevaci-
zumab with an antiangiogenic effect, which stops the nutrient intake into the tumor by blocking
of angiogenesis. This treatment is used for HGG. However, the effect of this treatment is lower
than expected. Therefore, it is reserved as supportive treatment in relapsing non-responding
tumors. Also used is everolimus, the mTOR pathway blocker in the treatment of subependemal
giant astrocytoma, or tyrosine kinase inhibitors, in particular EGFR (erlotinib and gefitinib) in
the treatment of ependymomas [18]. Patients with HGG with a proven BRAF V600E mutation
also receive BRAF inhibitors (vemurafenib and dabrafenib) with partial effects [19].

Radiotherapy is also often used in treatment of pediatric brain tumors, either alone or as part
of concomitant therapy. It uses high energy RTG beams to damage tumor cell DNA. It can
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take various forms, using external radiotherapy as well as local forms. External radiotherapy
is mostly accomplished with a linear accelerator by various techniques, such as conventional
radiotherapy, 3D conformal radiotherapy, modulated beam intensities, stereotactic radiother-
apy using stereotactic frames or radio-surgical methods (single irradiation) that use a linear
accelerator, gamma knife or cyber knife as the source of radiation. Local forms of radiother-
apy require an invasive approach. This group includes intraoperative radiotherapy, which is
applied during surgery and interstitial brachytherapy requiring surgical delivery of emitters
close to the tumor. Subsequently, radiotherapy is applied in the postoperative period. Local
forms have, of course, a minor incidence of undesirable radiotherapy effects, of which the
most common are: fatigue, hair loss, radiation dermatitis, brain edema and presence of post
radiation necrosis and encephalopathy. Proton therapy is becoming increasingly popular.

The novelty in the treatment of HGG is the use of an alternating electric field. It appears to
be the most effective in connection to concomitant chemoradiotherapy. It is recommended for
treatment of recurrent tumors [20].

Very necessary is also supportive medical treatment, in particular corticosteroids which sup-
press perifocal and postoperative edema, anticonvulsants (in the presence of epileptic sei-
zures), analgesics, antiemetic drugs, nutritional support and oncological rehabilitation [21].

7. Most common brain tumor types occurring in childhood

The most common CNS tumors in children are: gliomas, ependymomas, neuroglial tumors,
embryonal tumors, choroid plexus tumors, craniopharyngiomas and germ cell tumors.

7.1. Gliomas

Glial tumors account for 55% of pediatric CNS tumors [3]. It is a heterogeneous group of
tumors that varies from a well-defined, potentially curable low-grade pilocytic astrocy-
toma and diffusely growing astrocytomas (grade II) to high-grade, aggressive and incurable
tumors, such as diffuse glioma of midline structures. They arise from CNS glial precursor
cells: astrocytomas originate in astrocytes, oligodendrogliomas in oligodendrocytes, mixed
gliomas are derived from astrocytes, oligodendrocytes and ependymal cells. The histologi-
cally most common glioma in children is astrocytoma.

7.1.1. Low-grade gliomas in children

The most common LGG in children are: pilocytic astrocytoma—PA (grade I), diffuse astrocy-
toma (grade II), oligodendroglioma (grade II), subependemal giant astrocytoma (SEGA) and
pleomorphic xanthastrocytoma (PXA). The prognosis of LGG in children is relatively good,
especially in well-defined grade I lesions with the possibility of total resection. Dissemination
within the CNS is rare, but may be multifocal, especially in patients with neurofibromato-
sis type 1 syndrome [22]. Unfavorable prognostic factors include: low age, impossibility of
total resection, diffuse growth (especially IDH mutated), diencephalic syndrome, presence of
symptoms of intracranial hypertension and metastasis [23].
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7.1.1.1. Pilocytic astrocytoma WHO grade I

This tumor is the most frequent LGG in children (up to 85%). Typical localizations are: cer-
ebellum, diencephalon, optic tract, basal ganglia or brain stem [3]. Various localizations of this
tumor also have their typical genetic characteristics. Its autosomal dominant forms are part
of NF type 1 syndrome and tuberous sclerosis with typical localization over the course of the
optical pathway, less often in hypothalamus. However, sporadic forms are more frequent.
It may contain a BRAF-KIAA fusion that is connected to better prognosis. Conversely, the
higher MIB-1 proliferation index is associated with shortened survival [24]. Therapy consists
of surgical treatment. Despite the limited growth and the benign nature, the possibility of its
removal is sometimes limited by its localization.

Its subtype is a pilomyxoid astrocytoma with a typical angiocentric array of myxoid matrix.
It is most common in infants and children of pre-school age with a typical hypothalamus
and chiasm localization. Due to its localization, total resection is less probable and thus has a
slightly worse prognosis compared to pilocytic astrocytoma [25].

7.1.1.2. Diffuse gliomas WHO grade 11

Diffuse low-grade gliomas account for 10% of all LGG in children [3]. Histologically, most
common types are: astrocytoma, oligodendroglioma and mixed oligoastrocytoma. The most
frequent group is the diffuse astrocytoma (DA), which is mainly located in hemispheres (espe-
cially in the frontal and temporal lobe), brain stem, optic pathway, hypothalamus and thalamus.
Although they may appear to be similar to diffuse gliomas of adulthood, they have different
genetic characteristics and typical biological behavior. Unlike DA of adulthood, for which the
presence of IDH1 and IDH2 mutations is typical, these are very rare in children. MAPK pathway
and BRAF gene alterations are more common [26]. Unlike diffuse adult LGG, DA of pediatric
type usually do not undergo malignant transformation into higher grade glioma, so their prog-
nosis is more favorable. Especially in older children it is important to provide genetic diagnostics
of the tumor type and differentiation between the more favorable type of LGG (DA without IDH
mutation or diffuse oligodendroglioma without IDH mutation and 1p/19q co-deletion) and adult
LGG type that may occur in older children and adolescents [27]. Up to 75% of adult LGG types
in childhood are subject of malignant transformation. Treatment consists of surgical removal of
the tumor and subsequent observation, but their infiltrative growth pattern generally does not
allow their total resection. In case of relapse and progress in tumor growth, chemotherapy with
carboplatin (with or without vincristine) may be used. Alternatively, the TPCV regimen (thio-
guanine, procarbazine, lomustine and vincristine) may be used, rarely in the second line with
vinblastine and temozolomide. In relapsing non-responding tumors, bevacizumab is given in
combination with irinotecan [28] and in some cases accompanied with radiotherapy. For early
and late side effects of radiation, chemotherapy is preferred in children (in opposite to adult
treatment). In pediatric patients, tumor localization and age at diagnosis are stronger factors for
choosing therapy modality than the histological characteristics of the tumor itself [29, 30].

7.1.1.3. Subependymal giant cell astrocytoma WHO grade 1

This tumor type is most frequently diagnosed in patients with tuberous sclerosis and mutations
in TSC1 and TSC2 genes. Its typical location is a lateral ventricle, mostly growing subependymal
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near the foramen Monroi [6]. Growth pattern is slow without infiltration of surrounding tis-
sues. Surgical resection, if possible, is a modality of choice in treatment of this tumor. SEGA is
one of few tumors with proven efficacy of targeted treatment with mTOR inhibitors, everoli-
mus or sirolimus, which may also eliminate the necessity of surgical treatment [31].

7.1.1.4. Pleomorphic xanthoastrocytoma WHO grade I

PXA is relatively rare tumor, which accounts for 0.5-1% of all CNS tumors in childhood [3],
typically occurring supratentorially, especially in the temporal lobe. It grows in the cortex,
sometimes infiltrating meninges [6]. The most common symptoms are epileptic seizures.
Frequently, V600E mutation of the BRAF gene occurs, especially in temporal lobe localization
[32]. This tumor may undergo malignant transformation into an anaplastic form, which is
classified as a separate type of tumor in the new WHO classification, has grade Il and belongs
to the HGG. Like grade II pleomorphic xanthastrocytoma, it often shows a V600E mutation
of the BRAF gene [33].

7.1.2. High-grade gliomas in children

High-grade gliomas account for 15-20% of all pediatric CNS tumors [3]. HGG in children
include anaplastic astrocytoma (grade III), glioblastoma and its variants (grade IV) and
diffuse gliomas of midline structures (including diffuse pontine glioma). They are charac-
terized by very high mitotic activity and in grade IV also with presence of microvascular
proliferation and necrosis as it is in adult HGG. Despite these common histological features,
children’s HGG differ from adult tumors by their typical localization, genetic alterations and
clinical behaviors. Pediatric HGG almost always grow as primary malignancies and their
malignant transformation from LGG is extremely rare [34]. Besides localization in cerebral
hemispheres, which is also typical for adult forms of HGG, pediatric HGG occur more often
in midline structures, such as thalamus, cerebellum or pons. Pontine HGG are typical for
pediatric age group (account for 50% of all HGG in children) and have even worse prognosis
than hemispheric tumors [35]. Children’s HGGs (especially tumors in children under 3 years
of age) have significantly less genetic alterations than adult forms [36]. On the basis of a recur-
ring combination of genetic and epigenetic features and characteristic biological and clinical
behavior, 6 subtypes of HGG were determined (Table 1).

The K27 subtype is characteristically found in pons, thalamus and cerebellum in younger
children. Its typical alterations are: mutation of K27, TP53 and ATRX genes, PDGFRA ampli-
fication, ACVRI mutation (typical for localization in pons) and mutation of FGFR1 which is
typical for thalamic site of tumor. Among all subtypes it has the shortest survival —from 6 to
9 months [37, 38].

The G34 subtype is more frequent in adolescents and young adults and typically grows in
cerebral hemispheres. It most commonly contains mutations of the G34, TP53 and ATRX
genes. The survival time is about 1 year after the diagnosis is determined [37].

The IDH subtype with typical IDH1, IDH2, TP53 and ATRX mutations, grows usually in the
hemisphere. Tumors with IDH mutations account for less than 10% of children’s HGG, they
occur more commonly in adults. This type can also arise from malignant transformation of

115



116  Brain Tumors - An Update

'sadKyqns HoHH orerpad jo uoneziraerey)) I d[qeL,

‘[8¢] uonerep “1op “uoneoyrdure “[dure ‘uorrenur “InA

[eAlAIns
s1eak < 1eak | 134 | s1eak 7< 134 | syjuowr 9 URTPIIA
uorssardxa
umouun [eWAYDUISIN [eInauoi ] [eImauoi] PaXIA [eInauoi] auan)
Vi49dd 1dure
‘(snurere ‘(suod
dINAD/VINIAD gINIdD LA UA«\ \NMH BW«WMMMMWNVM .Ezw
VINIAD ToP PP ¥d9T ‘VIIOAd  /VINIAD TP ‘€Sd.L X €Gd.L XALY XALV ‘€Sd.L uonersjfe
009/ VG ‘I ‘dure “e6dL ‘TAN 493 'v¥49dd ‘[dwe  ‘gH@l ‘THAI Wmw e mu ‘el L'¢H 10 ¢'¢H [eordAy,
saraydsruuay saraydsrurey snuwrereyy uonedo|
saraydsruray urerg sazaydsruey urerg saraydsruray urerg urerg urexg “p1od reurds ‘suod ‘wnjpqgara) reord£y,
pryo Sunog JuUDSA[OPY v JUDSA[OPY JUDSI[OPY Py Sunox a3y
proppyrdy [ewAYdUISI IILY Hal v€D Lo adAL




Primary Brain Tumors in Childhood
http://dx.doi.org/10.5772/intechopen.74510

LGG, what is generally rare in children. According to prognosis, this type belongs to more
favorable subtypes with a survival period of more than 2 years [34, 38].

The RTK-I (receptor tyrosine kinase inhibitor) subtype grows in cerebral hemispheres
and occurs throughout the pediatric age spectrum. Typically, it includes: amplification of
PDGFRA and EGFR, TP53 mutation and CDKN2A/CDKN2B deletion. Patients with this tumor
subtype have a worse prognosis of survival, generally within 1 year [36, 38].

Mesenchymal subtype is most common among adolescents and young adults. It also occurs
in cerebral hemispheres and contains mutations of NF1 and TP53, amplification of PDGFRA
and EGFR and deletion of CDKN2A/CDKN2B. It also belongs to worse types according to
prognosis, with a survival of up to 1 year [36, 38, 39].

The last subtype is epithelioid glioblastoma which is similar to pleomorphic xanthoastro-
cytoma. It grows in cerebral hemispheres, in younger children and typically displays BRAF
V600E mutation and CDKN2A deletion. It belongs to most favorable subtypes with a survival
of more than 4 years [6, 12].

The presence of oncogene amplification, such as MYCN, PDGER and EGFR, is associated with
a worse prognosis in all types [40]. The most important prognostic factor is histological tumor
grading and the extent of surgical resection. Radiotherapy is used in subsequent oncological
treatment. Its combination with chemotherapy with temozolomide is therapeutically less suc-
cessful than in adults [35]. Lomustine, vincristine and prednisone may also be used in chemo-
therapy. In case of recurrent HGG, repeated resection is considered individually, depending
on the histological nature of the original tumor, the recurrence localization or the length of
the progression free period. Reoperation could be also necessary for obtaining of fresh tis-
sue samples for targeted treatment or for local administration of chemotherapy. In patients
whose initial treatment failed, high-dose chemotherapy with total bone marrow suppression
and subsequent hematopoietic stem cell transplantation [41] or clinical trial of new treatment
modalities may be attempted. Molecular targets are very limited. Patients with BRAF V600E
mutation are tested for BRAF inhibitors (vemurafenib and dabrafenib) with partial effect [19].

7.1.2.1. Diffuse midline glioma, H3 K27 M-mutant

The previous WHO classification is also called diffuse intrinsic pontine glioma (DIPG).
The new edition classifies this tumor as diffuse midline glioma because it also appears in
thalamus, cerebellum and spinal cord. It is predominantly considered childhood tumor,
although it may also occur in adults. It contains a typical K27 M mutation of the histone
H3 gene H3F3A (less frequently the HISTIH3B gene) and grows typically diffusely and
infiltrates surrounding tissues [37]. It is classified as WHO grade IV, regardless of the pres-
ence or absence of anaplastic features [12]. A tumor growing in the ventral pontine region
is a highly aggressive, destructive neoplasm that accounts for up to 80% of all glioma in
the brain stem of children. The mean age at diagnosis is 67 years and median survival
is 9 months [42]. Cranial nerve lesions, long-tract lesion symptoms, ataxia and behavioral
disorders appear as leading clinical symptoms. The first symptom is often the abducens
nerve palsy, which is also a negative prognostic factor. Also facial nerve palsy may occur.
Obstruction of CSF pathways could lead to hydrocephalus [43]. Typically, on MR image
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tumor occupies more than half of the axial diameter of the pons. It has no exact board-
ers and does not enhance after gadolinium administration. Due to the typical MRI image
and its localization, biopsy is rarely indicated, but in some cases stereotactic biopsy could
be beneficial [44]. This tumor is known to spread to the distal parts of the brain stem and
along the white matter tract to both the cerebellum and the thalamus in over half of the
patients. Supratentorial spreading and leptomeningeal dissemination are uncommon [39].
Total resection due to its localization and growth pattern is not possible, so the most com-
mon treatment is radiotherapy, which helps to control symptoms and generally prolongs
patient’s survival. Because of the known CNS spread, irradiation of the entire head or the
entire neural axis is sometimes chosen [39]. Systemic administration of chemotherapeutic
agents has been shown to be ineffective for insufficient passage through the hematoence-
phalic barrier to pons [45]. The administration of chemotherapy (especially topotecan) is
also attempted locally, directly to the tumor, using a stereotactic catheter. However, the
results are not yet clear [46]. Children under age of 3 have a slightly better prognosis, prob-
ably due to different molecular genetic characteristics [47].

7.1.3. Ependymomas

Ependymomas are tumors originating from ependymal cells, which form a lining of CSF
pathways and produce cerebrospinal fluid. They form the second most common group of
children’s CNS malignancies. They occur supratentorially, in the posterior fossa and in the
spinal cord, mostly in children under 10 years of age [48]. Clinical signs depend on localiza-
tion. In the most frequent, infratentorial localization, they present with the development of
obstructive hydrocephalus, ataxia, cervical spinal pain and symptoms of cranial nerve lesion
can also be present. Supratentorial localization often causes headaches, epileptic seizures and
depending on localization, the development of focal neurological deficit. In case of suspicion
on ependymoma, it is necessary to realize the MRI of whole craniospinal axis even before
surgery. If possible, lumbar puncture with CSF sampling is recommended.

Ependymomas could be histologically: subependymoma (grade I), myxopapillary epen-
dymoma (grade I), ependymoma (grade II), ependymoma, RELA fusion-positive (grade
ITI—III) and anaplastic ependymoma (grade III). Subependymoma and myxopapillary epen-
dymoma appear almost exclusively in adults. The existence of several molecular subtypes of
ependymomas, which differ in their localization, molecular genetic characteristics, typical age
group of patients and prognosis, are known.

Two genetically distinct subgroups are distinguished in ependymomas of posterior fossa
localization [49]. Group A occurs more frequently (up to half the ependymomas of all local-
izations) affecting predominantly younger children (3 years of age) and has a worse progno-
sis. In these tumors, fewer gene alterations occur and the VEGF, PDGFR, integrin and MAPK
signaling pathways are most commonly affected [50]. Epigenetic suppression of differentia-
tion genes is often present in this group of tumors [51]. Duplication of 1q occurs in 25% of
group A ependymomas and it is a common negative prognostic feature [52]. Less frequently
occurring group B affects predominantly adolescents and young adults. It contains frequent
chromosome changes and its prognosis is more favorable than in group A. In both groups, the
mutation rate is relatively low and gene mutations occur sporadically [50].
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Up to 70% of supratentorially localized ependymomas harbor fusion of C110rf95-RELA on
chromosome 11q [50]. This change never occurs when locating in the posterior fossa. The dis-
covery of the presence of this fusion was so significant that in the new WHO classification of
brain tumors from 2016 the ependymoma with the RELA fusion was classified as a separate
entity [12]. Homozygous deletion of CDKN2A with or without the presence of duplication of
1q is a negative prognostic factor [53]. The most frequent occurrence is in children with an
average age of 8 years. The fusion of YAP1 (with MAMLD1 or FAM118B) occurs in supra-
tentorially localized ependymomas without RELA fusion. These tumors are more common in
younger children with an average age of 1.4 years. From all ependymomas, the worst prog-
nosis has supratentorial RELA positive tumors and group A ependymomas in the posterior
fossa. At the same time, they are the most common forms (together make up two-thirds of all
ependymomas) that occur predominantly in children [53].

Therapeutic modality is extensive surgical removal followed by radiotherapy, which can only
be used in the treatment of children aged more than 1 year. Currently, the use of chemotherapy
(especially vincristine, cyclophosphamide, cisplatin and etoposide) is in clinical trials [38]. The
choice of the treatment scheme determines the age of the child, the histological type of tumor,
the extent of the resection performed and the presence of dissemination in the CSF pathways.

7.2. Neuronal and mixed neuronal-glial tumors

It is a heterogeneous group of tumors with neuronal or mixed neuroglial morphology. They
are mostly grade I, but their anaplastic forms can also occur. Following tumors are most fre-
quently present in children.

7.2.1. Desmoplastic infantile astrocytoma (DIA) and ganglioglioma (DIGG)

These grade I tumors account for 0.5% of CNS childhood tumors [3]. They occur almost exclu-
sively in children under 2 years of age. MRI verifies a large cystic tumor, especially in the
frontal or parietal lobe. They are histologically and genetically almost identical, the only dif-
ference between them is the neoplastic neuronal component. Approximately 40% of these
tumors display MET amplification and about 10% also BRAF V600E mutation [54].

7.2.2. Ganglioglioma (GG)

These tumors are characterized by a combination of neoplastic ganglion cells with a glial com-
ponent similar to PA or diffuse glioma (especially astrocytoma). They occur mainly supraten-
torially. Seizures are usually leading symptom [33]. GG often harbor BRAF V600E mutation.
The glial component of GG can undergo malignant transformation to anaplastic form that
has higher mitotic activity, endothelial proliferation and necrosis in 3-5%. Up to half of the
anaplastic GG is characterized by the presence of the BRAF V600E mutation, a minor part of
the TP53 mutation [6].

7.2.3. Dysembryoplastic neuroepithelial tumor (DNET)

It is a low-grade tumor (grade I), which occurs mainly supratentorially in the temporal lobe.
It often manifests as drug-resistant epilepsy. There are several histological subtypes, which do
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not differ in typical age of origin, the nature of epileptic seizures or prognosis. Most of these
tumors show alterations of FGFR1 and BRAF V600E mutation [27].

7.3. Embryonal tumors

This group of tumors originates from embryonal cells that remain present in the CNS after
birth. They are the most common childhood malignant CNS tumors (15-20%) in children under
the age of 14 [12]. In adults, they are extremely rare. Most frequently occurring embryonal
tumors are: meduloblastoma, atypical teratoid/rhabdoid tumor and CNS embryonal tumors
(better known under the older name CNS primitive neuroectodermal tumors—PNETs). All
tumors of this group tend to spread along the CFS pathways. Therefore, it is recommended to
perform MR of whole craniospinal axis prior to surgery. CSF sampling is also indicated, as the
finding of circulating tumor cells can appear earlier than dissemination in MRI. The prognosis
of embryonic tumors depends on the age of the patient, dissemination of the tumor within
CNES at the time of diagnosis, the size of the postoperative residue and on the histopathologi-
cal and molecular biological properties of the tumor.

7.3.1. Medulloblastoma (MB)

It is the most common malignant brain tumor type in children. MB is a group of lesions that
differ significantly by their genetic alterations, histological features and prognosis. In all cases,
however, they are grade IV and fast-growing. Characteristic localization is infratentorial and
leptomeningeal spread is typical. MB often manifests by symptoms of intracranial hyperten-
sion and blockage of CSF pathways as well as other symptoms, such as ataxia and nystagmus.
Medulloblastoma may also occur as part of hereditary syndromes: Turcot, Rubinstein-Taybi,
Gorlin, Li-Fraumeni syndrome and Fanconi anemia. There are four histological variants
(classic type, desmoplastic nodular type, medulloblastoma with extensive nodularity and
large cell and anaplastic type) and four subtypes depending on the signal pathway involved
or genes altered: WNT (10%), SHH (30%), group 3 (15%) and group 4 (45%). WHO classi-
fication of brain tumors from 2016 classifies genetically defined MB into: WNT-activated,
SHH-activated and TP53-mutant, SHH-activated and TP53-wildtype and non-WNT/non-SHH
medulloblastoma, which is divided into MB group3 and MB group 4 [12].

The WNT medulloblastoma is the less frequent group (10%), which is typically found in
the brain stem area in children aged 10. Often displays classic histology. The incidence of
CNS metastases is very low. Activation of the WNT signaling pathway is characteristic [55].
About 90% of these tumors present with CTNNB1 mutation. Mutations of DDX3X, chromatin
remodeling genes and TP53 are also common. TP53 mutation in this type of tumor is not asso-
ciated with a worse prognosis as it is in TP53 mutated SHH MB. In general, WNT-activated
MB has a very good prognosis.

The SHH group of medulloblastomas accounts for 30% of all MB and is the most heteroge-
neous. All histological types could occur. Dominant localization is in cerebral hemispheres.
The most commonly affected age group is up to 4 years of age and then adolescents over
17 years of age. In children up to 4 years of age, it is most commonly present MB with exten-
sive nodularity and in group 4-17 years of age, it is classic and large cell anaplastic type.
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Desmoplastic nodular type is typical for patients over 17 years of age [56]. Genetic alterations
also vary by age category. Mutation of SUFU gene is commonly present in age group up to
4 years, whereas SMO mutation occurs mainly in patients over 17 years of age. Between 4
and 17 years of age, amplification of MYCN and GLI2 occurs. PTCH1 alterations and TERT
promoter mutation occur in all age categories [57]. While MBs of children under 4 years with
extensive nodularity generally have a better prognosis, MBs with large cell anaplastic charac-
teristics, presence of MYCN amplification or TP53 mutation are very aggressive. They tend to
metastasize within the CNS, and therefore are associated with a very poor prognosis [55, 56].
SHH-activated MBs with TP53 mutation are classified separately. In children with TP53 muta-
tion, it is often a germline mutation that is part of the Li-Fraumeni syndrome [58].

Non-WNT/non-SHH MB is divided into group 3 and group 4. While group 3 forms 15%,
group 4 45% of all MBs. Although genetically different, some characteristics and genetic alter-
ations are common. There is a higher occurrence in boys in both groups, structural anomalies
are common—especially the formation of isochromosome 17q. A structural alteration that
aberrantly induces the activity of GFI1 or GF1B proto-oncogenes is common in both groups,
particularly in group 3 [59]. The worst prognosis of all types has group 3 (particularly in
boys), with large cell anaplastic morphology and with proven MYC over-expression and
amplification. Group 4 is the most common molecular type with a pronounced predominance
in boys. Nearly all tumors in this group have classic morphology. The prognosis of patient
survival is moderate —except those with proven MYC amplification, which have worse prog-
nosis [55]. Patients with metastasis present at diagnosis have a high risk of relapse, with the
exception of patients with isochromosome 17, who make up a subgroup with more favorable
prognosis [60].

The diagnosis is based on preoperative MRI examination of the craniospinal axis. Over the
past 30 years, the most fundamental shift has been made in treatment of MB among all CNS
childhood tumors and has changed from a fatal disease to a tumor with a 70% curability. The
basis is surgical treatment with the maximal possible extent of resection. In the postoperative
period, MRI is again indicated to evaluate the postoperative residue and the examination of
cerebrospinal fluid is also beneficial. Medulloblastoma has as one of the few CNS tumors
staging system that has 5 degrees (M0 = not disseminated, M1 = positive cytology of CSF
without MR image of dissemination, M2 = nodular proliferation in cerebellar and cerebral
subarachnoid spaces and in ventricles, M3 = nodular proliferation in spinal subarachnoid
spaces, M4 = extra-neural propagation). Surgery is followed by chemotherapy and radiother-
apy with whole CNS irradiation for frequent dissemination of medulloblastoma within the
CNS. The chemotherapy regimens use either a combination of cisplatin, lomustine and vin-
cristine or a combination of cisplatin, cyclophosphamide and vincristine [61]. Radiotherapy
is administered at a dose of 54 Gy targeted to the tumor bed, followed by irradiation of the
craniospinal axis at a dose of 24-36 Gy. The introduction of chemotherapy into the treatment
scheme reduced the dose necessary to irradiate the craniospinal axis, thereby reducing the
incidence of side effects of radiation [62]. However, radiotherapy in children under 3 years
of age is not used for serious adverse effects on brain development. To potentiate the effects
of standard chemotherapy, methotrexate is concomitantly administered to children under
3 years, either systemically or locally [63].
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7.3.2. Atypical teratoid/rhabdoid tumor (AT/RT)

This high-grade neoplasm (grade IV) accounts for 1-2% of pediatric CNS tumors. Typically,
it occurs in the age category up to 5 years, and in children under 1 year of age, it is the most
common malignant CNS tumor. As it grows very quickly, clinical manifestations occur early.
AT/RT is often localized supratentorialy and also in the posterior fossa [3, 64]. About 20%
of patients have already dissemination of the tumor at the time of diagnosis, usually along
leptomeninges. Rare coincidence with renal tumors may occur [65]. Genetically, it is charac-
terized by deletion on the 22nd chromosome and loss of INI1/SMARCB1/BAF47 expression
due to germline or somatic mutations. Evaluation of SMARCBI expression is necessary to
distinguish AT/RT from other embryonic tumors [66]. This tumor was the first primary CNS
tumor in which the major tumor suppressor gene was identified, namely SMARCBI. The
presence of SMARCBI1 germline mutation is the basis for identifying the syndrome predis-
posing to the rhabdoid tumor, which is common in patients with coincidence of AT/RT with
rhabdoid tumor of the kidney. The greatest risk of developing tumors in this syndrome is
during the first year of age, which requires monitoring and active screening in children from
these families. Immunohistochemical evidence of cytokeratin, epithelial membrane antigen,
glial fibrillary acidic protein, synaptophysin, desmin and vimentin is also necessary. The
MIB-1 proliferation index is high, 50-100% [67]. MRI of the entire craniospinal axis as well
as examination of CSF for the presence of tumor cells is useful in diagnosis. There is no stan-
dard treatment regime for AT/RT. Treatment is based on surgical resection. The localization
of the tumor and the extent of its spread is crucial for the choice of treatment modalities.
Prolongation of survival requires a combination of postoperative systemic and intrathecal
chemotherapy (methotrexate, cytarabine and hydrocortisone) with radiotherapy. Negative
prognostic factors include: the presence of SMARCBI germline mutations, postoperative resi-
dues, dissemination at the time of diagnosis and the age under 2 years [64].

7.3.3. Embryonal tumor with multilayered rosettes, C1I9MC-altered (ETMR)

This tumor typically occurs in children under 3 years of age. It has a poor prognosis, most
patients die within 1-2 years after diagnosis [68]. Characteristic is the 19q13.42 locus amplifica-
tion, which contains a cluster of microRNA (C19MC) and a fusion between TTYHI and C19IMC
[69]. Treatment begins with a surgical resection, followed by adjuvant oncology treatment with
chemotherapy and radiotherapy. In children under 3 years, radiotherapy is not indicated.

7.3.4. Neuroblastoma and ganglioneuroblastoma CNS

These two neoplasms belong to embryonal tumors but show neuronal differentiation, in the
case of ganglioneuroblastoma also the presence of ganglionic cells. They most often occur in
early childhood. In general, neuroblastomas are a frequent diagnosis, but especially in the
chest and abdominal cavity (in the brain they are rare). Some of these include gene alterations
leading to increased expression of the transcription factor FOXR?2 [70]. The treatment scheme
is the same as for other embryonal tumors — surgery followed by chemotherapy in children
less than 3 years of age and addition of radiotherapy in older children.
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7.4. Pineoblastoma

In the past, this tumor was classified as embryonal, but in the new WHO classification it
was reclassified to a group of pineal tumors. Its histological and molecular biological proper-
ties are similar to embryonal tumors. Because of its location, obstructive hydrocephalus is
predominantly caused by blockage of CSF passages at the level of the third ventricle, and
symptoms of the pressure on tectum —especially oculomotor disorder, poor reaction of pupils
to light with present reaction to accommodation, later hemiparesis and ataxia. Often occur
germline mutations of the RB1 and DICER1 genes [71]. Pineoblastoma is often found in chil-
dren with congenital retinoblastoma. It can rarely disseminate along CSF pathways. A stag-
ing system similar to embryonal tumors is used. The primary therapeutic step is surgical
resection. However, due to localization, total resection is unlikely, with only partial resection
or biopsy performed in the majority of patients. This is followed by oncological treatment that
combines chemotherapy and radiotherapy with a dose of 54 Gy on tumor bed and 24-36 Gy
for craniospinal axis. A different therapy management is used in children under 3 years of
age who undergo biopsy, followed by chemotherapy or high-dose chemotherapy with bone
marrow ablation followed by hematopoietic stem cell transplantation.

7.5. Germ cell tumors

Intracranial germ cell tumors are a heterogeneous group that accounts for 3—4% of brain
tumors with the exception of Japan where the incidence is higher, up to 15% [72]. Based on
histopathological characteristics, they are divided into germinomas and nongerminomas
(embryonal carcinoma, choriocarcinoma, mature or immature teratoma, teratoma with malig-
nant transformation, yolk sac tumor and mixed germ cell tumor). In some countries, divid-
ing into secretory and non-secretory tumors is also used —depending on the presence and
absence, respectively, of elevation of serum and CSF tumor markers [12].

The most common localization is the pineal and suprasellar area, where they form either soli-
tary or multiple lesions. The pineal region is much more frequent, but up to 10% of patients
have both sites at the time of diagnosis, which is typical for pure germinomas [73]. Rare locali-
ties include basal ganglia, brain ventricles, cerebral hemispheres and thalamus. Tumor in the
suprasellar region is often presented by hormonal expression. Often occur diabetes insipidus,
enuresis, anorexia and also psychological changes [74]. Pineal localization has usually earlier
manifestation, with hydrocephalus and diplopia developing from pressure to the tectal and
aqueductal region. The most common germ cell tumor is germinoma. Mutations of the KIT,
KRAS and NRAS genes are common [75]. Half of germinoma cases harbor deregulation of
the KIT/RAS and AKT/mTOR pathways. The germline variations of JM]/DIC occur more fre-
quently in Japanese, which is probably related to the higher incidence of germinomas in this
country. This gene is important for maintaining male germ cells [76].

In the diagnosis, apart from MRI, cytological examination of CSF and evaluation of alpha-
fetoprotein (AFP) and beta human chorionic gonadotropin (bHCG) concentrations in both
serum and in CSF is used [77]. In addition, hormonal examination of hypothalamic and pitu-
itary function and examination of the visual field in suprasellar and hypothalamic tumors are
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necessary. The essentials of the treatment are chemotherapy and radiotherapy, but biopsy is
required for reliable diagnosis. Only in tumors with unambiguous MRI image and positive
tumor markers in CSF can be treated without biopsy.

7.6. Choroid plexus tumors

These rare intraventricular tumors account for 1% of all brain tumors and 2-4% of pediatric
tumors. They arise from neuroectoderm and consist of differentiated epithelial plexus cells
that produce CSF. They most often occur in the age group under 2 years of age. The most com-
mon site are lateral ventricles (less often the 3rd and 4th ventricle), but could also occur in the
cerebellopontine angle and in the cerebral parenchyma. They mostly manifest by symptoms of
intracranial hypertension from hydrocephalus, both from overproduction of the CSF as well as
from obstruction of the CSF pathways. Sometimes, however, they can also manifest suddenly,
in case of bleeding into the tumor [78]. This group of tumors consists of: choroid plexus papil-
loma (grade I), atypical choroid plexus papilloma (grade II) and choroid plexus carcinoma
(grade III). There are no genetic differences between papilloma and atypical papilloma. In
both, immunoreactivity to cytokeratin, vimentin, S100 protein and synaptophysin is present.
On the other hand, carcinoma is genetically different. The germline mutations of TP53 as part
of the Li-Fraumeni syndrome predispose to the formation of plexus carcinoma. Somatic TP53
mutations are present in up to 60% of the plexus carcinomas and the more copy of the mutated
TP53 is present, the worse is the prognosis [79]. Chromosome alterations are rarely detected.

MRI showing relatively well-defined extra-axial mass that does not invade the brain tissue
with gadolinium enhancement and containing calcification and microhemorrhages is essential.
Surgical treatment is the method of choice. Due to the rich vascular supply, preoperative tumor
embolization is preferred in some cases. Hydrocephalus treatment is also necessary —some-
times requires external ventricular drainage. In some patients hydrocephalus is permanent, and
therefore ventriculoperitoneal shunt or the endoscopic ventriculostomy of the 3rd ventricle are
required [80]. There is no need for further treatment in the papilloma, radiotherapy, radiosurgery
or chemotherapy with bevacizumab may be used in atypical or recurrent forms. Chemotherapy
has been proven in choroid plexus carcinoma, which can spread along CSF pathways [81].

7.7. Craniopharyngioma

Craniopharyngiomas are rare tumors, accounting for 3-5% of pediatric brain tumors. They
occur in two subtypes: adamantinomatous and papillary [12]. The adamantinomatous variant
for which the CTNNB1 mutation is typical, is often found in children [6]. Their congenital origin
is assumed to be from the ectodermal residues of the Rathke capsule or from another embryonal
epithelium. They most commonly occur in the suprasellar area with intrasellar propagation.
Symptoms include: endocrine disorders, visual disturbances, hydrocephalus symptoms and
very rarely when growing in the posterior fossa—headache, diplopia, ataxia and hearing loss
[82]. The diagnosis is made by MRI that displays a tumor with a solid and cystic component
and with intratumoral calcifications. Evaluation of hormonal function and visual field is also
necessary. The therapy of newly diagnosed craniopharyngiomas is a combination of surgical
treatment, radiotherapy and a drainage of the cyst. The prognosis is good, 90% of patients sur-
vive more than 10 years [83]. Total resection may have serious complications, including: need
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for hormone replacement therapy, severe obesity, behavioral disorders, blindness, epileptic
seizures, postoperative CSF leak, pseudoaneurysms, oculomotor disorders, severe postopera-
tive bleeding and hypothalamic injury [84]. While recurrent craniopharyngiomas are treated
by resection, radiotherapy or radiosurgery, tumors with unresponsive cystic component can
be treated by administration of P32, bleomycin or interferon alpha directly into the tumor bed.
It can be supplemented by systemic administration of interferon [85].

7.8. Other pediatric CNS tumors

Schwannomas are in children rare, mostly benign neoplasms originating from Schwann cells
of cranial or other nerves. Some of these tumors are present as a part of the NF2 type genetic
syndrome, especially at bilateral occurrence. From cranial nerves, this tumor mostly affects
VIII cranial nerve and is called vestibular schwannoma or acoustic neurinoma [86]. Vestibular
schwannomas can cause loss of hearing and tinnitus. Diagnosis is mainly based on MRI. The
method of choice is resection of the tumor, further treatment is usually not necessary. In rare
cases, radiotherapy can be used in the presence of postoperative residues [87].

Meningiomas that grow from meninges are much rarer in children than in adults—they
account for about 2.6-2.9% of CNS childhood tumors [2]. It occurs most often between 6 and
12 years of age. Children have a higher incidence of tumors growing from the skull base and
a higher incidence of atypical (grade II) and anaplastic (grade III) meningiomas compared to
adults. Chromosome 22 abnormalities are often present, also as a part of the NF2 type syn-
drome. Tumors connected with NF2 occur at younger age (about 2 years) and may also be the
first symptom of this disease. In benign tumors, surgical treatment is largely sufficient, but
in the case of incomplete resection and in tumors of higher grade, is usually combined with
radiotherapy. Favorable prognostic factors include: age up to 10 years, superficial localiza-
tion, total extirpation and absence of NF2 syndrome, where localization and resection extent
are stronger predictive factors than histological grade [88].

Primary CNS lymphomas (PCNSL) are rare in children. Patients with immunodeficiency have
an increased risk of developing CNS lymphomas [89]. They occur mainly in children around
14 years of age with moderate predominance in boys [90]. They are mostly localized in brain
hemispheres. Clinical symptoms include symptoms of increased intracranial pressure, ataxia,
hemiparesis, epileptic seizures and cranial nerve palsy. MRI and CSF sampling is used in
diagnostics. MRI verifies solid lesion (even with a possible cystic component). Histologically,
mature aggressive B cell lymphoma (B-NHL), as well as anaplastic large cell lymphoma
(ALCL) or peripheral T cell lymphoma (PTCL) are most often present. Pediatric B-NHL has a
low to moderate proliferation index, a lower Bc12 protein expression and a higher frequency
of the Bc16 + GC fetal center phenotype, indicating a better prognosis [91]. While the progno-
sis of PCNSL in adults is very poor, in children is better. Interestingly, localization of PCNSL
in deep brain structures does not affect the prognosis [90]. In chemotherapy, methotrexate or
cytarabine at high doses are mostly used, usually providing satisfactory remission without
need for use of radiotherapy (often used in ALCL form). It has been found that the exclusive
use of chemotherapy is more effective than combined chemoradiotherapy. Explanation could
be the use of lower doses of chemotherapy in combined therapy. High-dose therapy of metho-
trexate, which appears to be the most effective, is better tolerated by children compared to
adults. Radiotherapy is therefore reserved for recurrent forms [89].
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8. Conclusion

Pediatric CNS tumors are diagnostic and therapeutic challenge. A lot of specialists are
involved in their management: pediatricians, neurologists, neurosurgeons, radiologists, radi-
ation and clinical oncologists, endocrinologists and others. Due to the development of MRI
and its techniques, use of invasive examinations is minimalized. Over the past decades, there
has been a significant refinement of operational technologies, enabling the most extensive and
yet safe resection of the tumor. Children CNS tumors are frequent, often with unfavorable
prognosis. While in most malignant tumors the prognosis has not improved as hoped, in case
of medulloblastoma there has been a significant survival prolongation during last decades.
Undoubtedly, this is due to extensive research of the molecular genetic characteristics of
tumors, which identified genetically defined subgroups of medulloblastoma with different
treatment strategies. This change was also reflected in the new WHO classification, which also
classifies medulloblastomas based on genetic alterations. Intense research also takes place
in other tumor entities, where the discovery is yet about to come. Identifying molecular and
genetic targets is the only possible way to target individualized therapy that appears both in
treatment and in further prognosis improving in this age group as a key point.
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Abstract

Among the pediatric brain tumors, medulloblastoma (MB) is the most common solid
variety and entirely occur in the posterior fossa with tendency to seed into CSF spaces.
Despite innovations in technological developments and understanding of tumor biology,
modern imaging facilities, advances in surgical practices, and newer chemotherapeutic
and radiation techniques, this malignant type of tumor continues to be a formidable
entity. Even though, the outcome in terms of survival rate is better than any time before,
the overall result is still disappointing. With advances in management strategy, chances
of survival with good quality of life have been amplified, where newer targeted thera-
pies and rehabilitation plays an immense role. While the adverse effects of surgery and
adjuvant therapies are still on play, researchers are trying ceaselessly to minimize those
to give maximum wellbeing to these unfortunate children.

Keywords: medulloblastoma, surgery, radiotherapy, chemotherapy, molecular
subgroup

1. Introduction

Medulloblastomas are a group of highly undifferentiated, rapidly growing, extremely malig-
nant formidable solid tumor of childhood with worst estimated prognosis. Maximal safe
resection, craniospinal irradiation (CSI) and chemotherapy remain the mainstays of first-line
treatment of these aggressive embryonal tumors which are the most frequent primary malig-
nant brain cancer in children.

The name “medulloblastoma” was first adapted by Harvey Cushing in 1930. Initially these
tumors were termed as spongioblastoma indifferentiale, spongioblastoma multiforme, spon-
gioblastoma cerebelli or simply spongioblastoma by different authors. Cushing presumed

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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this subset of tumors to be originating from one of the five pluripotent stem cells, the medullo-
blast, thought to populate the primitive neural tube [1-5]. It has meanwhile been established
that the concept of embryonal cell identified as medulloblast does not exist [6, 7]. Hence the
term medulloblastoma that Cushing erroneously coined, which is so strongly concreted to the
nomenclature, is actually a misnomer [7].

Medulloblastomas were considered as one of the most disappointing maladies in neurosurgery
until the 1960s as survival was still equally poor as was in the early periods of neurosurgery
when posterior fossa tumors were most daunting. Overall, improved diagnostic, surgical, and
radiation technologies, newer and more effective chemotherapy regimens have led to dramati-
cally improved patient outcomes with advanced research [8]. Multidisciplinary approach being
the keystone of success for this formidable disease, significant clinical challenge still remains
because of acute onset, rapid growth, rapid clinical course and early fatal termination leading to
great number of morbidity and mortality despite aggressive therapeutic strategies [2, 3, 9, 10].

Survival of medulloblastoma patients have become better over the last few decades nonethe-
less in patients with relapse, the outcome is still miserable. Long-term survival rates have
progressively improved from 22% by 1950s to 85% in 2015 with current approaches [11-14].
This significant development has resulted from combination of systemic chemotherapy and
improvement in supportive care measures in addition to the regular treatment with surgery
and radiotherapy [15-19]. Advances in genetic profiling with emergence of newer agents and
development of newer strategies targeting the key molecular alterations have improved the
outcomes further [20]. Efforts to improve survival results, dose reduction or elimination of
radiation or trial with less offensive chemotherapeutic agents are going on to standardize the
treatment of medulloblastoma.

2. Epidemiology

2.1. Incidence

Generally it is recognized that medulloblastoma is the most common malignant brain tumor
in children. However, recent data shows that as a group, high-grade gliomas are marginally
more prevalent. Approximately 350 new pediatric cases of medulloblastoma are diagnosed
in the United States every year and that represents about 30% of pediatric brain tumors and
7-10% of all brain tumors [2, 6, 8, 9, 21-23].

2.2. Age

There are characteristic bimodal peaks, having a higher incidence in children between 3 and
4 years of age and between 8 and 10 years of age. About 70% of childhood medulloblastomas
occur in this age range of the first decade. However, medulloblastoma has been reported in a
2-week-old infant and a 55-year-old adult [6, 9]. About 1-3% of cases are reported in adults,
mostly before the age of 40 years [8, 24, 25].
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2.3. Sex

Curiously enough, Cushing found medulloblastomas to be three times more common in
males than females and since then most published reports indicate a continuing male pre-
dominance. On an average the male to female ratio is 2:1 [2, 8, 9].

2.4. Location

The typical medulloblastoma develops in the midline of the posterior fossa [9, 25]. Some
70-80% of medulloblastomas have been found in the midcerebellum with or without exten-
sion into the lateral cerebellar hemispheres. Medulloblastomas typically arise from the
medullary velum and fill the cavity of the fourth ventricle and has the propensity to spread
throughout the brain and spine via the cerebrospinal fluid (CSF) and about one third of the
cases infiltrate the dorsal brainstem [8, 26].

3. Etiology

The etiologies of medulloblastoma are still obscure for most patients. Though Parental pes-
ticide use and parental occupational contact with hydrocarbons, exposure to N-nitroso com-
pounds and metals have been associated with higher incidence in some studies [25].

For development of medulloblastoma, the most ventured postulation in the earlier literatures
was cell misplacements during early embryonic development where genetic factors play
vital role [9]. This has been proven true with time with the advancement of genetic studies.
Association between several familial cancer syndromes in children with medulloblastomas
like TP53 germline mutation syndromes, Gorlin syndrome, and Turcot syndrome also sup-
ports predisposition of hereditary factors [8].

Studies have identified Human Cytomegalovirus (HCMV) protein pp65 immunoreactivity in
medulloblastomas, but the oncogenic role of HCMYV is still debated. Yet HCMV is believed
to play role as a significant oncomodulator and based on that researchers are on the quest to
utilize the potential of HCMV as a novel immunotherapeutic agent [25, 27-29].

4. Pathology

4.1. General

The World Health Organization (WHO) defines medulloblastoma as “a malignant, invasive
embryonal tumor of the cerebellum with preferential manifestation in children, predomi-
nantly neuronal differentiation and an inherent tendency to metastasize via cerebrospinal
(CSF) pathways” [30]. Although it is generally agreed that cerebellar medulloblastoma is an
embryonic tumor, its origin is still a matter of speculation [9].
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4.2. Macroscopic pathology

Macroscopically these midline globular, soft tumors are fairly well demarcated, and are appar-
ently encapsulated. The marked vascularity gives them a dark, dirty brownish-red hue and occa-
sionally they have extensive areas of necrosis. Consistency may vary from suckable to rubbery or
to even firm sometimes. Calcifications are seen occasionally while hemorrhage in medulloblas-
toma is an extremely rare occurrence. Often marked edema of a wide zone of the neighboring
tissue is also seen. They overlie the fourth ventricle as they develop in the midline in the roof of
the fourth ventricle to occupy it, but most of the floors of the fourth ventricle in the great majority
of cases are typically free. They usually block the aqueduct of Sylvius, with significant dilatation.
These have a tendency to invade the meninges. Commonly they grow downward through the
foramen magnum from the primary location between the tonsils of the cerebellum [1-3, 9]. CSF
dissemination into the subarachnoid spaces often lead to local or widespread leptomeningeal
metastases in the spinal axis or over the surface of the cerebral hemispheres or cerebellum and
this also may cause characteristic pearly gray sheets of tumor in the meninges. Furthermore,
widespread implantation of tumor can be found throughout the ventricles [9, 31].

4.3. Microscopic pathology

Generally medulloblastomas are categorized as small blue-cell tumors, based on presence of their
deeply basophilic nuclei [25]. Histologically, these tumors comprise of densely packed rounded
or pear-shaped or sometimes spindle-shaped cells having large ovoid nuclei containing plenti-
ful network of chromatin with scanty cytoplasm and for the most part consisting of numerous
embryonic glia fibrillae [1, 3, 8]. These are highly cellular tumors forming uniform sheets of cells,
interposed with occasional thin-walled blood vessels. Low magnification reveals that the cells
appear as a loose structureless mass, but the nuclei sometimes may form pseudo-rosettes or may
show a palisade arrangement. Extensive areas of necrosis, numerous hemorrhagic foci and great
vascularity often come across too [1, 3, 9]. Thin-walled blood vessels with delicate connective
tissue confined to their walls can be demonstrated by special staining with Perdrau’s stain [9].

4.4. Electron microscopic examination

The electron microscopic picture is a mosaic of cells, processes, and fibers. The tumor cells are
arranged in a tightly packed mass as also seen in light microscopy. Both the glial and neuronal
cells can be recognized on electron microscopic analysis [9].

4.5. Immunohistochemistry

Immunohistochemistry can help in diagnosis of medulloblastoma and can provide informa-
tion augmenting the plan for further management. Mitosis is seen in up to 80% of tumors, as
assessed by positive staining with the Ki-67/MIB1 antibody. Medulloblastomas are frequently
positive for vimentin and synaptophysin staining [32].

4.6. Genetic aspects

With the advent of genetic profiling and molecular analysis, evolving evidences point to the
fact that the different precursor cell populations that form the cerebellum are vulnerable to
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mutations in signal pathways that regulate their functions; these mutations modify normal
development pathways and may result in the development of distinct variants of medul-
loblastoma [33].

5. Classification

From the very beginning of history of this special type of tumor, these has been tried to be
classified in different ways. With the advent and development of molecular biology and incor-
poration of that with genetic profiling has taken the classification beyond the level of mere
histological classification. The molecular subgroupings are helpful in prediction of course
of the disease and outcome as well as choosing therapeutic options. Recently the treatment
plan is devised in accordance with the classification that integrates both histological and the
molecular subgroupings to have the best possible outcome on the basis of a personalized
treatment for individual patients.

5.1. Histological classification

Histopathological classification of medulloblastoma has evolved with time. Rubinstein and
Northfield [34] initially identified three variants of medulloblastoma: pigmented papillary
medulloblastoma, medullomyoblastoma, and desmoplastic medulloblastoma. With newer
technologies, newer histological types were being introduced. To alleviate the confusions,
the World Health Organization (WHO) in 1976 developed a common classification of brain
tumors in an effort to combine the various systems in use till then and the WHO publica-
tion “Histological Typing of Tumours of the Central Nervous System” in 1979 outlined and
illustrated the new classification system [30, 35, 36]. Since then modifications, additions and
characterization of classification of medulloblastoma has evolved a lot throughout the newer
classifications of medulloblastoma of the WHO editions of classifications gradually in 1993
[35], 2000 [37, 38] and 2007 [30]. The present histological classification that is in practice has
the following types:

1. Classic medulloblastoma: Most common histologic subtype (66%). Composed of sheets
of densely packed, small to medium-sized, round to oval-shaped, blue cells (basophilic)
with a high nuclear to cytoplasmic ratio and high mitotic and apoptotic activity. Reticulin
staining shows a lack of nodular desmoplasia.

2. Large cell/anaplastic medulloblastoma: Large cell medulloblastomas have monomorphic
cells with large, round, prominent nuclei, high mitotic activity, and frequent apoptosis,
while the anaplastic medulloblastoma are characterized by hallmarks of anaplasia. Large
cell and anaplastic medulloblastomas have a significant degree of cytologic overlap and
are differentiated only by the degree of anaplasia.

3. Desmoplastic/nodular medulloblastoma: Widespread desmoplasia, characterized by
presence of nodular, reticulin-poor “pale islands” of neurocytic differentiation surrounded
by densely packed, mitotically active cells having pleomorphic and hyperchromatic nuclei.
Reticulin staining highlights internodular desmoplasia.
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4. Medulloblastoma with extensive nodularity (MBEN): Similar to nodular type but has
an expanded lobular architecture with more prominent reticulin-free zones that are more
elongated and rich in neutrophil-like tissue. Reticulin staining highlights internodular
desmoplasia. Advanced neurocytic differentiation in islands with strong nuclear NeuN
expression is also seen.

Two other histologic types of medulloblastomas are also recognized but are not considered
to be distinct variants. They are the Myogenic differentiation type and the Melanotic medul-
loblastoma. All the histopathological types have significant predictability of prognoses in
accordance with the clinico-pathological characteristics of each tumor type as outlined in the
WHO classification [6, 8, 30, 34].

5.2. Genetic classification and subgroups

Research in the molecular study has led to understanding of embryonal tumors of the CNS. This
reflection has basically been driven by genomic studies characterizing prevalent genetic pro-
files and biological features. These have led to tumor reclassification, sub-typing and detec-
tion of novel entities [10, 39, 40]. Over the last two decades, individual molecular subgroups
have been identified for medulloblastoma based on cytogenetic profiles. Each group is named
for the cellular pathway activation or genomic alterations it exhibits and each subgroup is
associated with distinct prognostic character and survival outcomes [8]. In 2010, in Boston, an
international group of medulloblastoma authorities, came to a consensus to categorize medul-
loblastomas into four distinct subgroups: Wingless (Wnt), Sonic hedgehog (Shh), Group 3,
and Group 4 based on their unique set of demographic and clinical features, genetics, gene
expression, genome-wide transcriptomic and DNA methylomic profiles [41, 42]. Prediction of
outcome and clinical behavior is more precise with the known molecular subgroups than the
histopathology or clinical staging. [6, 43-45]. These molecular subgroups are distinct from the
histologic subtypes, albeit there are certain areas of considerable overlap (Figure 1).

5.2.1. Wingless pathway tumors (Wnt pathway/Wnt-MB)

The Wingless pathway (also termed as the (3-catenin pathway) comprises of secreted glycopro-
teins which are secreted to act through signal transduction to regulate various parts of embry-
onic development. Uncontrolled activation of Wnt pathway signaling results in accumulation
of 3-catenin, encoded by the CTNNBI gene, leading to aberrant up regulation of transcription
and ensues oncogenesis [46]. Wnt pathway tumors are the least common of the four molecu-
lar subgroups that represents merely about 10% of sporadic medulloblastomas [47]. Genetic
features of this subgroup are characterized by the aberrations like monosomy 6, CTNNB1
mutations, and nuclear 3-catenin positivity by immunohistochemistry [47]. This subgroup of
medulloblastomas is more common in children and in adults than in infants. The outcomes
of these medulloblastomas are outstanding and 5-year overall survival rate is 95% in children
and 100% in adults [6, 10, 42]. TP53 mutations are invariably present in both the Wnt and Shh
subgroup medulloblastomas [6, 42, 48]. As Wnt-MB has uniformly good prognosis, treatment
regimen can be de-escalated with reduced dose of craniospinal radiation, reduced-intensity of
chemotherapy, or a combination of both in patients without metastatic disease [49].
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Figure 1. WHO 2016 classification of medulloblastoma subtypes, characterized by genetic and histological features.

5.2.2. Sonic hedgehog pathway tumors (Shh pathway/Shh-MB)

The Shh group of medulloblastomas is named after the Sonic Hedgehog signaling pathway,
which is thought to drive this type of tumor initiation [42]. Medulloblastomas categorized by
activation of Shh signaling are heterogeneous and are linked with a variety of genetic aber-
rations and outcomes, unlike the Wnt-MB [50]. As a whole, Shh subgroup tumors comprises
nearly 30% of medulloblastomas overall [42, 48, 50].

Medulloblatomas of the Shh subgroup results from genetic predisposition of alteration of the
sonic hedgehog pathway in the form of germline mutations in the patched-1 gene (PTCHI)
or the suppressor of fused gene (SUFU). Loss of function PTCH1 and SUFU mutations lead
to truncation of their associated protein products, leading to failure of their tumor suppres-
sor effects and activation of Shh signaling with resultant tumorigenesis. Somatic mutations
in PTCH1 and SUFU are also associated with sporadic medulloblastomas characterized by
activation of the Shh pathway, along with PTCH2, MYC, SMO, GLI1 and GLI2 mutations [6,
42,51, 52]. Deletion of chromosome 9q seems to be restricted to Shh medulloblastomas, which
is fitting as the PTCH gene is located at chromosome 9q22 [42].

Clinical outcomes of individuals with Shh-MB can be divided into favorable and poor sur-
vival groups depending on TP53 mutation status which is particularly critical [48]. Patients
with Shh/TP53 mutant variety medulloblastomas have extremely poor outcome than those
with Shh/TP53 wild-type tumors as mutant TP53 has been associated with high rate of
anaplasia and MYCN amplification, which are equally disastrous cellular events [48, 53].
Because of its clinical impact, TP53 mutation status has been incorporated into the 2016
WHO classification for CNS tumors and is part of routine assessment in all Shh-activated
medulloblastomas [40].
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Survival for Shh subgroup medulloblastomas is similar to Group 4 medulloblastomas and
intermediate between that of Wnt and Group 3 medulloblastomas and varies significantly
based on age and histologic subtype [10, 42, 48].

5.2.3. Non-Wnt/Shh tumors

The non-Wnt/Shh tumor subgroup encompasses Group 3 and Group 4, in which the underly-
ing genetic predisposition of mutations have yet not been recognized [49]. These types are
associated with a higher incidence of tumor dissemination and approximately 30% of patients
have metastasis at the time of diagnosis [6]. Despite these similarities, features of Group 3 and
Group 4 subgroup medulloblastomas vary regarding the demographic, clinical, transcrip-
tional, and genetic differences between them and these advocate that they are actually distinct
entities with molecular diversity [42, 54].

5.2.3.1. Group 3 MB

Nearly 30% of medulloblastomas are of the Group 3 subgroup and histologically mostly are
of the “classic” variety of medulloblastomas [6, 55-57]. These tumors genetically are more
likely to have high-level expression and amplification of MYC, MYCN and OTX2 with imbal-
ance of chromosome 17 [42, 49, 51, 58]. Group 3 tumors show gain of chromosome 1q, and/
or loss of chromosome 5q and chromosome 10q more than Group 4 tumors [42]. They occur
more frequently in infants and children, and has the worst outcome among all molecular sub-
groups, with 10-year overall survival of 39% in infants and 50% in children [6, 42, 49, 51, 59].

5.2.3.2. Group 4 MB

About 35% of medulloblastomas overall are of Group 4 subgroup and the peak incidence for this
subgroup is in late childhood and early adolescents [6, 42]. The prognosis of Group 4 tumors is
similar to Shh subgroups tumors and is intermediate between those of Wnt and Group 3 subgroup
tumors. Patients with metastatic disease or MYC amplifications in this Group have significantly
poorer outcomes [49, 50]. Though isochromosome 17q is also seen in Group 3 tumors, it is more
common in Group 4 tumors. Another prominent cytogenetic alteration among Group 4 tumors is
loss of the X chromosome, which is found in 80% of females with Group 4 medulloblastoma [42].

Recently, the discovery of seven novel molecular subgroups has permitted to categorize
patients further to envisage better disease subclassification and outcome predictions. These
subgroup dependent grouping stratified patients into four clinical risk groups for 5-year pro-
gression-free survival: favorable risk (91% survival); standard risk (81% survival); highrisk
(42% survival); and very high-risk (28% survival) [41]. Another study recommended total
of 12 subgroups based on the integration of transcriptomic and methylation data. In that
analysis medulloblastoma encompasses 12 subtypes; 2 Wnt, 4 Shh, 3 Group 3, and 3 Group 4
groups. These subtypes of each subgroup are clinically and biologically pertinent [54].

5.3. Integrated classification

In 2016, for the first time, the molecular characteristics was incorporated into the WHO classi-
fication for the diagnosis of CNS tumors. This integration of histological features with genetic
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information has considerably transformed the diagnostic work-up and reporting of tumors
of the CNS. Nonetheless, this remains perplexing in embryonal tumors due to their de novo
tumor heterogeneity that is being faced [10]. This integrated diagnosis is presented in a lay-
ered format; that includes the histological diagnosis, WHO grade, molecular genetic informa-
tion and ultimately the integrated diagnosis. The value of this approach is clearly illustrated
in embryonal tumors, in particular medulloblastoma, where the combination of molecular
and histological data provides discrete diagnostic information [40]. In this new concept of a
“layered diagnosis” brain tumors that are diagnosed purely morphologically are incorporated
with molecular characteristics for an “integrated diagnosis” at the peak diagnostic level [60].
In the layered integrated classification, a patient would be labeled as having medulloblastoma
of a definite histological subtype, the WHO grade and the molecular subgroup [61].

6. Staging

There is no well-established staging system for medulloblastoma for prediction from which
treatment plan and outcome prediction can be made. In 1969, Chang et al. suggested an oper-
ative staging system for medulloblastomas adapting the TNM classification for other tumors
[62]. According to the size and extent of primary tumor, T category was divided into four
main groups with subdivisions of T3 (T1, T2, T3a, T3b or T4) and the M category had five
groups (M0, M1, M2, M3 and M4) based on the degree of tumor spread in the CSF pathway or
extra-CNS metastases [9]. Overall, M staging has remained more useful in prognostic evalu-
ation, while the T staging is less valuable as a prognostic indicator [63]. Several studies have
stratified the patients into “high-risk” and “average” or “standard-risk” groups depending
on age of the patient, residual disease after surgery, pathologic variant, and M staging [8, 64].
This risk stratification is a good predictor of outcome. Standard-risk and high-risk categories
have long term survival rates of approximately 85% and 70%, respectively [6].

7. Presentation

Because of its origin in the posterior fossa, the presenting symptoms of medulloblastoma
are often vague complaints and understandably the diagnosis may be delayed. Presentation
depends on various elements of the tumor subject to location, size, duration, compression
on the surrounding structures. As these arise from the vicinity of cerebellum and brainstem,
often the first feature to appear is instability of gait. Being a midline posterior fossa lesion,
trunkal ataxia appears first and appendicular ataxia gradually ensues as the tumor grows
bigger to compress the cerebellar hemispheres, and other common cerebellar signs follow
with time. When the tumor is big enough to compress the brainstem, long tract signs begin
to appear and add more difficulty in movement of the patients. As the tumor grows fur-
ther, especially downwards, the lower cranial nerves start to get involved and lower cra-
nial nerve palsies manifest. If the tumor grows bigger to occupy and block the Aqueduct of
Sylvius, hydrocephalus ensues. Hydrocephalus may also result from blockage of the fourth
ventricular outlets, by compression, by the growing tumor, individually or in combination.
Hydrocephalus in turn may lead to features of raised Intracranial Pressure (ICP) resulting in
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headache, nausea, vomiting, irritability, lethargy, behavior alteration, personality change and
impaired memory or attention, etc. Raised ICP occasionally gives rise to possibility of having
seizure and 6th nerve palsy. Respiratory and cardiac manifestations may be evident, resulting
from compromise of the respiratory and cardiac centers in the brainstem. Alteration of level of
consciousness, starting from disorientation to deep coma, may result either from raised ICP or
from compression on the brainstem. Papilledema or even visual impairment from raised ICP
is not very uncommon, especially when presented in late stage.

Medulloblastoma is a very rapidly growing tumor and tends to follow a rapid progression in a
very short period of time. The median time between onset of symptom until diagnosis (symptom
interval) is 3.3 months (65 days) [65]. Rarely, patients may have symptoms for up to 6 months
before diagnosis and younger patients have significantly longer interval to diagnosis while more
aggressive subgroups of medulloblastoma have a shorter pre-diagnostic interval [66].

8. Diagnosis and differentials

The Accurate diagnosis of pediatric tumors is essential to ensure balance between achieving a
long-term cure and avoiding treatment related disability in survivors. The tentative diagnosis
of medulloblastoma is relatively straight cut one from the age of the patient, history and neuro-
logical examination findings. Nonetheless, there are other maladies that are to be kept in mind.
The two commonest differential diagnosis of a posterior fossa mass in children are pilocytic
astrocytoma and ependymoma. Other lesions to be considered are atypical teratoid/rhabdoid
tumors, exophytic brainstem glioma and choroid plexus papilloma as well as teratoma in infants
and hemangioblastoma in patients with Von Hippel-Lindau syndrome. Metastasis is the first
to be thought in adults as that is the most frequently encountered posterior fossa lesion [6, 10].

9. Investigation work ups

A variety of diagnostic studies are used to confirm the clinical diagnosis of medulloblastoma and
to localize the tumor exactly. The first-line diagnostic test for medulloblastoma is brain imaging.

Up until introduction of CT scan in 1971, air studies (pneumoencephalography and ventricu-
lography) were most reliable and almost accurate in the diagnosis of medulloblastoma in all
age groups. Angiography also yielded useful results regardless of age. With advent of MRI, CT
scan has become an adjunct to that. Skull x-ray studies, once useful for the detection of brain
tumors, is now rarely of value. Nucleotide brain scans and bone scans, myelographic examina-
tion, CSF cytology were also helpful in diagnosing a moderate number of cases [6, 8, 9, 67, 68].

9.1. Computerized tomography (CT)

CT is often used as the first-line diagnostic imaging because of its readily availability, fast-
ness in imaging and comparatively cheaper price [8]. This is a good tool for early diagnosis
with state of hydrocephalus, serial evaluation of tumor, postoperative assessment of extent
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of tumor removal, detection of residual and recurrent tumor, and tumor deposits in the CSF
pathways as well as convenient follow-up studies [4, 15, 42]. Medulloblastomas appear typi-
cally hyperdense and sharply demarcated lesion near the fourth ventricle in the plain CT scan
with a surrounding hypodense zone of edema which show better delineation with contrast
enhancement showing moderate to marked increase in density (Figure 2). Cystic components
may also be seen. Leptomeningeal tumor deposits appear as areas of increased density in the
subarachnoid space. Calcification may be seen in about 10-20% of medulloblastomas [5, 62].

Figure 2. Plain axial CT scan (A) showing hyperdense and sharply demarcated lesion near the fourth ventricle with
surrounding hypodense area of edema which with contrast enhancement (B) is well demarcated by increased density.

9.2. Magnetic resonance imaging (MRI)

The relationship between the tumor and the surrounding brain structures can be vividly dem-
onstrated in MRI with and without gadolinium. Screening MRI of the whole spinal axis is
capable of displaying and evaluating tumor dissemination, when present and pre-operative
whole spine MRI is preferred [20, 21].

Different sequences of MRI can provide different information to help in diagnosis and treat-
ment planning. Medulloblastomas are hypointense to gray matter on T1-weighted imaging
(T1WI) with heterogeneous gadolinium enhancement in 90% of cases, while they are gener-
ally iso to hyperintense to gray matter on T2-weighted imaging (T2WI). The heterogeneity
in TIWI and T2WI results from cyst formation, calcification or necrosis. Diffusion-weighted
imaging (DWI) shows restricted diffusion and in fluid-attenuated inversion recovery (FLAIR)
imaging, medulloblastomas are generally hyperintense to surrounding brain (Figure 3).
MR spectroscopy (MRS) shows elevated choline peaks and decreased creatine and N-acetyl
acetate peaks, with occasional elevation in lactic acid and lipid peaks [62].

145



146  Brain Tumors - An Update

Figure 3. Medulloblastomas in T2-weighted imaging (T2WI), T1-weighted imaging (T1IWI), with gadolinium enhance-
ment (CONT), fluid-attenuated inversion recovery (FLAIR) (D) and diffusion-weighted imaging (DWI) in axial planes.
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9.3. Molecular diagnosis

Molecular diagnosis is of immense importance and an integral part of the management
protocol as it is invaluable in prediction of outcome and in formulation of dose of therapy,
especially in cases of selection of agents for targeted therapy. As these state of the art assays
are accessible merely in few laboratories of the first-world neuropathological institutions, it
is often very difficult to come to an integrated diagnosis for most of the centers in the world.
Nonetheless, molecular antibodies specifically targeting mutated proteins should be available
in nearly all neuropathological laboratories.

10. Treatment

10.1. General

Treatment strategies for medulloblastomas have advanced slowly over the past 5 decades.
Generally based on the histology and clinical factors, especially, disease dissemination at
presentation and residual tumor after surgical resection, management of medulloblastoma
has evolved to maximal safe surgical resection followed by radiation therapy and adjuvant
chemotherapy [20, 22-24, 26, 69].

Adjuvant chemotherapy is recommended for all patients as this improves outcomes sig-
nificantly. Following surgery, risks of recurrence and of neurocognitive effects of radiation
therapy, doses of radiation and the type of chemotherapy protocol vary depending on extent
of disease and age of the patient as well as institutional preferences [20, 29].

Though the medulloblastoma subgroups (Wnt, Shh, Groups 3 and 4) have distinct molecular
and clinical profile, current adjuvant chemotherapy that are in practice are for the nontar-
gated ones. However, significant improvements, approximately 70% 5-year survival rate with
these combined therapies are achieved at the high cost of the quality of life, resulting mostly
from the effects of radiotherapy and nonspecific, antimitotic agents on the developing brains
of young medulloblastoma patients [27-31]. A general approach carries significant risk of
over or under-treatment. [30, 34].

10.2. Surgery and surgical techniques

In March 1925, Cushing first succeeded in gross total removal of a medulloblastoma [1, 2].
Since then, the first-line treatment for medulloblastoma is surgery with the aim of maximal
safe resection, along with treatment of any concomitant hydrocephalus [8]. But Cushing also
cautioned that “the temptation will always be present for the surgeon to attempt an enucle-
ation, a conservative attitude in this respect is the course of wisdom” [1, 8].

The basic principles of surgery for medulloblastoma have changed little in the modern era, but
technological revolutions in surgical technique and supportive care have made surgery safer.
Development of surgical skill and other facilities has dramatically reduced the perioperative
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mortality from 25.2% during the period of Cushing to less than 1% in expert hands at the pres-
ent time [70]. With recent technological advancements the goal of surgery is always a complete
excision, but practically it can safely be accomplished only in about one fourth of cases [71].

Most surgeons prefer the prone position than to the sitting position to minimize the risk of
air embolism, frontal pneumocephalus, and systemic hypotension. The straight vertical skin
incision employed by almost all neurosurgeons today was described first by Naffziger in 1928
[70]. A wide craniectomy or craniotomy extending from the transverse sinuses to the foramen
magnum is performed with or without removal of the posterior arch of C1. The dura is usually
opened in a Y-shaped manner extending down to the level of C1 when the posterior arch is
removed. The tumor may be readily evident as a red, semi circumscribed mass peeping into the
vallecula when the tumor is large. The dorsal surface of the tumor is exposed and even though
not truly encapsulated, medulloblastomas often have a clear interface between the tumor and
surrounding brain where a dissection plane can be created. The tumor is excised in piece meal
fashion either through the telovaler approach or by splitting the vermis (Figure 4). With the goal

Figure 4. Schematic diagram showing the exposure of medulloblastoma after splitting the vermis in the midline.
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of maximal safe resection, gross total resection can often be accomplished. Superiorly, the tumor
is often projected into the aqueduct, filling it and obstructing the CSF pathway. The part project-
ing into the aqueduct can be meticulously removed with gentle suction, reestablishing the CSF
flow (Figure 5). The part of the tumor that is attached to the brain stem or peduncles, is carefully
removed, keeping a thin mantle leaving behind to ensure not to injure any vital structure. To
alleviate the post-operative morbidity or mortality, immediate postoperative care of the patient
is of immense importance. This is a factor that can make enormous difference in outcome.

Whether preoperative shunting should be done to relieve hydrocephalus prior to tumor
surgery remains controversial. A ventriculoperitoneal (VP) shunt permanently or an exter-
nal ventricular drain (EVD) as a temporary measure can be employed to treat hydrocepha-
lus, if present at the time of diagnosis [8, 26, 71]. An EVD can be placed in the operating
room, just prior to posterior fossa craniotomy, if the hydrocephalus is not treated preop-
eratively. About 20% of patients require long-term treatment of hydrocephalus with a VP
shunt insertion or an endoscopic third ventriculostomy (ETV), when the hydrocephalus
persists even after tumor removal [8, 71]. There is high possibility that a preoperative shunt

Figure 5. Schematic diagram of expanded aqueduct after removal of the medulloblastoma extending into the aqueduct.
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may serve as a pathway of dissemination of the medulloblastoma, which has a tendency
to spread by the CSF pathways. The use of millipore filters has been described to prevent
dissemination [26, 70].

10.2.1. Complications of surgery

Clinical or subclinical venous air embolism, which is more common in sitting position, can
happen in the prone position as well. With the goal of complete resection, major complica-
tions during tumor removal are usually caused by damage to the brain stem and injury to
the lower cranial nerves. Aspiration pneumonia and respiratory failure often follows if the
post-operative lower cranial nerve injuries are not handled meticulously. Though described
frequently, cerebellar mutism, a commonly described complication of posterior fossa surgery,
is less likely to occur now a days with microsurgical techniques. Meningitis, pseudomenin-
gocele, postoperative tumor bed hematoma, epidural hematoma, subdural hematoma are
among the other less often encountered complications.

10.3. Radiotherapy

Radiotherapy has been an adjunct of the treatment modality for medulloblastomas since the
early twentieth century as these tumors are very responsive to radiotherapy. The survival rate
has improved dramatically after the introduction of radiotherapy. Post-operative craniospi-
nal irradiation (CSI) with or without boost to the posterior fossa are the customary protocol,
as chosen by different centers [8, 72].

10.3.1. Treatment for average-risk patients >3 years of age

Post-operative radiotherapy dose for average risk medulloblastoma patients aged >3 years
initially was set as 36 Gy CSI and 54 Gy boost for the posterior fossa (PF) because of high
risk of local recurrence. Dose adjustment to 23.4-24 Gy CSI with the addition of adjuvant
chemotherapy has been made with successful result [66, 73, 74]. Reduction in the posterior
fossa radiation volume, in the form of 3-Dimensional conformal radiotherapy (3D CRT) has
enabled to restrict the boost volume to the tumor bed plus a margin without compromising
local control that minimizes morbidity associated with full PF irradiation by shielding normal
vital structures [74-76]. Intensity-modulated radiotherapy (IMRT) or proton beam therapy
similarly can reduce exposure to the heart and liver during CSI [72, 77-79].

10.3.2. Treatment for high-risk patients >3 years of age

The usual radiotherapy schedule for high-risk medulloblastoma patients of 3 years or more
consists of standard dose regimen of 36 Gy CSI with a boost to both the posterior fossa and
focal sites of metastasis of 55.8 Gy. Adjuvant chemotherapy, consisting of concurrent vincris-
tine followed by maintenance chemotherapy with Lomustine, Vincristine, and Cisplatin has
shown progression-free survival of 67% in M1, M2 and M3 stage [66, 80]. Outcomes for high-
risk patients are equally poor even with inclusion of some neoadjuvant agents in addition to
conventional chemotherapeutic agents [81-83].
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10.3.3. Treatment of infants and children <3 years of age

As patients younger than 3 years are in risk of poor outcome of neurocognitive function fol-
lowing CSI, delay or omission of radiotherapy is recommended for this group of patients. M0
patients following gross total resection have commendable outcome with only chemotherapy
after surgery [84].

10.3.4. Radiation hazards

The long-term sequelae of radiation therapy are well described, among which the most
common ones are endocrinopathies, neurocognitive and neurosensory impairment follow-
ing craniospinal irradiation depending on age of patient and radiation dose [85, 86]. Cancer
survivors with a history of cranial irradiation have more tendency to have cerebrovascular
disease and an increased risk of second malignancies in the radiation field [6]. Skin reactions,
hair loss, growth problems, nausea and vomiting, chronic otitis media and/or otitis externa,
myelosuppression are other commonly encountered side effects [71].

10.4. Chemotherapy and combined radio-chemo therapy

As medulloblastoma is a highly radiosensitive tumor, chemotherapy for this formidable
tumor has been an adjunct in the treatment strategy for years. Various combinations of che-
motherapeutic agents are used in conjunction with radiotherapy. The toxic effect of different
chemotherapeutic agents have forced their use to be restricted in different circumstances.
Now a days, the newer drugs are more soothing to the patients with better acceptability,
tolerance and efficacy.

Penetrability of the blood-brain barrier of a drug is the most important feature for a che-
motherapeutic agent to be a worthy regimen for brain tumors. Vincristine, Cisplatin,
Cyclophosphamide, Lomustine, Etoposide, Methotrexate, Temozolomide, and Carboplatin
are the commonly used effective chemotherapeutic agents for medulloblastomas [8, 87].

For average-risk medulloblastoma patients two common chemotherapy regimens are prac-
ticed. One is with a combination of Cisplatin, Lomustine, and Vincristine, while the second
one comprises of a combination of Cisplatin, Cyclophosphamide, and Vincristine. These two
regimens do not have significant difference in outcome regarding event-free survival (EFS)
and overall survival (OS) [68]. Among conventional chemotherapeutics, Temozolomide-
containing regimens have shown most promising activity. Two studies, one in monotherapy
[88] and another in combination with Irinotecan [89], have shown the best results in a rela-
tively large population, although follow up for disease-free survival is short. Its tolerable
toxicity profile and synergies with other chemotherapeutics and targeted agents make it an
attractive compound to serve as backbone for new strategies [20].

As children under the age of 3 years has worse long term cognitive effects, they are not com-
monly treated with the radiotherapy. To compensate this more intense chemotherapy is initi-
ated instead [87]. In the last few decades, with the intension to avoid radiation and to have
an equally better outcome in younger patients, protocols have been developed consisting of
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intense systemic chemotherapy, followed by a consolidation cycle with myeloablative che-
motherapy along with autologous stem cell rescue (AuHCR) as an alternative management
in these patients under the age of 3 years [90]. The 5 year EFS and OS varies between patients
with localized disease, and patients with disseminated disease as well as between patients
with desmoplastic, classical and anaplastic MB [91].

10.4.1. Side effects of chemotherapy

Adverse effects of adjuvant chemotherapy have been significant and needs to be modified in
a good number of patients because of adverse reactions [92, 93]. The commonnest side effect
of chemotherapy is hematologic toxicity in the form of leukothrombocytopenia. Other com-
mon adverse effects being anemia, somnolence, peripheral neuropathy, headaches, constipa-
tion, paresthesias, mucositis, nausea and vomiting, immune compromise and bone marrow
suppression, renal toxicities with electrolyte abnormalities, hepatotoxicity, infertility [8, 71].
Some drugs carry the risk of development of treatment-related cancers which is 4.2% at 10
years [94]. Vincristine and cisplatin is known to cause various types of neurotoxicity particu-
larly peripheral neuropathy and ototoxicity [95].

11. Recurrence

The majority of treatment failures develop within the first 2-3 years, and then the failure rate tends
to decrease. Tumor recurrence occurs most frequently in the posterior fossa and that may or may
not be associated with subarachnoid dissemination in the craniospinal axis [8, 9]. Inadequate
post-operative dose of the radiotherapy and large volume of residual tumor are the major causes
of recurrence. Commonly the outcomes in patients with relapsed disease are grave, with five-
year survival rate of only about 25% and which has not improved much, even with development
in treatment strategies [96-98]. Repeat surgical resection, re-irradiation, stereotactic radiosur-
gery, high-dose chemotherapy with AuHCR, low-dose oral Etoposide, the use of biologically
targeted agents, singly or in combination, have been tried and success in control was more for
localized recurrence than for disseminated recurrence [97-107]. At recurrence medulloblastomas
often change towards a more anaplastic pathological variant. Interestingly Shh tumors tend to
recur locally while Groups 3 and 4 recur almost entirely with metastases [10, 20, 44].

12. Metastasis

Medulloblastomas exhibit a strong propensity to metastasize through CSF pathways and
tend to form tumors of variable size along ventricular surfaces, in subarachnoid space, or
along nerve roots or may grow en plaque on surface of brain or spinal cord or may deposit
in the ventricles [25]. Dissemination through the CSF route may be augmented by ventricular
or spinal punctures or by manipulations of the lesion during operation. VP shunting has
frequently been reported to cause extraneural metastases to the peritonium. Invasion of the
meninges is not very uncommon [2, 9]. Extra CNS metastases have been reported to be in the
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bone marrow, lymph nodes, and viscera. Though very rare, metastasis to skin, liver, lung,
mediastinum and retroperitoneal structures has also been reported [8, 9].

13. Surveillance

Surveillance is important as relapses encountered on surveillance imaging can be better dealt
with and show improved survival as paralleled to those identified by reemergence of the clin-
ical symptoms [108]. Though consensus about the schedule is debated, generally clinical and
radiographic follow-up is recommended at three-month intervals during the first year after
completion of scheduled therapy, at three to four-month intervals in the second year, every
6 months during the third year, and annually thereafter [109-112] (Figure 6). It is generally

Figure 6. Preoperative contrast enhanced MRI in sagittal (A), axial (C) and coronal (E) planes and 1 year post-operative
contrast enhanced MRI following radiotherapy in sagittal (B), axial (D) and coronal (F) planes of a 9 years old boy.
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agreed that surveillance imaging of the brain should be complemented with full spinal MRI as
it often might prove to be crucial and beneficial for the patient [110]. It is also recommended
that, endocrine screening and neuropsychological testing be performed in those who were
treated with craniospinal irradiation [6].

14. Medulloblastoma in adults

Medulloblastoma is much less common in adults, accounting for less than 1% - 3% of primary
CNS tumors [24, 113, 114]. The annual incidence of medulloblastoma is 1-1.5 cases per mil-
lion in the general adult population and 80% occur before the end of the fourth decade [24,
113-115]. Treatment protocols are limited for adults and they are treated by heterogeneous
ways using various chemo-radiotherapy regimens with surgery with post-operative CSI being
the mainstay of treatment [115]. As late relapse is common among adult medulloblastoma
patients, long-term follow-up is warranted. Spinal seeding at presentation is a poor prognos-
tic factor for recurrence [114, 115]. Adult medulloblastomas are clinically similar to that in the
pediatric population, but lateral location and desmoplastic type is more frequent in adults
as opposed to the pediatric age group. Adult medulloblastomas are thus, more amenable to
complete resection and better outcome is expected because of their locations and histopatho-
logical variants respectively [24, 113-116]. Relapse following complete treatment is relatively
late in adults as compared to children and they have a relatively prolonged time from relapse
to death [116]. As most treatment recommendations for adults are extrapolated from the expe-
rience in pediatric patients, a protocol from the time of diagnosis includes: increasing the
intensity to identify metastasis; increasing the radiotherapy dose to the primary site; adding
chemotherapy following radiotherapy in medically fit patients; and following-up the patients
with PET or bone scan every 6 months for at least 3 years [117, 118].

15. Outcome

Though the outcomes need to be judged cautiously because of the marked heterogeneity
between studies, overall outcome of medulloblastoma patients has improved tremendously
over the last decades. Still, outcome in a good number of patients with metastatic disease,
adverse molecular or cytogenetic features, infants and relapsed or refractory patients remains
depressing.

Many factors play role in outcome of medulloblastoma patients and outcomes have been vari-
able in different series. The outcome has gradually improved from survival from onset to death
of 8-9 months in 1930s to 54% 3-year survival in 1950s, about 75% 5-year survival in 1980s [71].
Till the last decade the five-year EFS and OS has raised to 81 + 2.1 and 86 + 9%, respectively
[68]. Among the factors that play role in poor outcome, the noteworthy are younger age, larger
residual tumor volume after surgery, inadequate dose of radiotherapy, presence of metastatic
disease at diagnosis, presence of hydrocephalus, anaplastic or large cell histology, insuffi-
cient chemotherapy, MYC amplification or expression, 17p loss or 1q gain, and tumors of
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Group 3 or Shh subgroup with TP53 mutations. On the contrary, patients having monosomy
6, mutation of CTNNBI1, and trkC expression demonstrate a favorable outcome [6, 9, 33, 41,
49, 59]. Generally, OS for children with medulloblastoma are reported as 50-60%, whereas for
average-risk and high-risk patients OS is 70-80 and 30-40% respectively [8, 119].

16. Newer therapies/future

The future of medulloblastoma treatment lies on the basis of its genetic coding and molecu-
lar subgroupings. A few drugs have been tested preliminarily and that made the researchers
as well as the patients optimistic. Endeavor is going on to determine whether the intensity
of treatment can be reduced safely, keeping the optimum efficacy, to mitigate the treatment-
related long term developmental and cognitive morbidity without affecting survival rates, thus
improving the quality of life for medulloblastoma survivors [6, 10]. The molecular biology of
the subgroups have emerged to be the key elements of success in future and, with the early
success and the potential utility of molecular biomarkers in prognostication and prediction,
researchers are in search of more personalized and tailored therapies for the patients [8, 42, 49].

Of the different pathways of tumor origin and progression, the sonic hedgehog (Shh) pathway
is a front-runner in research in this perspective. Smoothened (SMO), is an intriguing protein
in developmental processes involving the hedgehog signaling pathway [120]. Assuming the
role of SMO in the Shh pathway in tumorogenesis, molecules that target SMO are under
intensive research and preliminary success have been achieved in some clinical trials [42, 121].
Of these, smoothened inhibitor Vismodegib showed promising result in studies with varying
outcomes, having both short-term and long-lasting response, especially in standard-risk Shh
medulloblastoma patients [122-125]. Trial with another SMO inhibitor Sonidegib, in cases
of patients with relapsed disease also reveals promise for future [123]. Blocking GLI1 with
Arsenic trioxide [126], combining SMO inhibitors with PI3K inhibitors [124], or inhibition of
PIN1 by either Juglone or the flavonoids Epigallocatechin gallate and Quercetin [127], have
attained certain levels of success as these aberrations are frequently encountered in this subset
of patients [20]. Quercetin has been found to be a probable worthy radio-sensitizer [127].
Saridegib and Erismodegib are other potent SMO inhibitors under trial that seem to have
potential in regression of tumor and inhibition of tumor progression [128].

For Non-WNT/Non-SHH medulloblastomas comprising molecular subgroups 3 and 4,
Gemcitabine, a nucleoside analog, and Pemetrexed, a folate antimetabolite are currently being
investigated in combination to evaluate their role in prognosis [20, 49]. Combination of these
two drugs have been found to be active, particularly against Group 3 medulloblastomas [129].
These were tried separately previously in medulloblastoma patients but only combination of
Gemcitabine with Oxaliplatin was found to have promising results with a disease control rate
(DCR) of 50% [130]. On the other hand, the combination of Vorinostat and Retinoic acid was
found to have a 5-month disease stabilization in patients with Group 4 medulloblastomas [131].

Temozolomide-containing regimens are well tolerable and have good antitumor activ-
ity against relapsed/refractory medulloblastomas [20]. Evaluation of temozolomide and
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Irinotecan in a study with short follow-up has shown to have good prospect with a DCR of
73% [89]. Trials with multiagent oral antiangiogenic regimen like Bevacizumab, Cilengitide,
Lenalidomide and Thalidomide either in monotherapy or in combination with Vincristine,
Irinotecan, Temozolomide or Temsirolimus in patients with medulloblastoma yielded only
short-lasting disease stabilizations with a tolerable toxicity profile [132-137].

Tyrosine kinase inhibitors (TKIs) like imatinib, sorafenib, lapatinib, nilotinib, dasatinib, pona-
tinib and bafetinib have shown to block the migration and invasion properties of MB cells
which may prove to be effective alternative agents in the treatment of medulloblastomas [128].

In order to reduce treatment related side effects, newer radiotherapy techniques are being
evaluated. IMRT and helical tomotherapy have been evaluated, but results were not very
pleasing [24].

Immunotherapy is another novel therapeutic approach that is being evaluated for the treat-
ment of medulloblastoma. The target antigens that have been identified are cancer testis anti-
gens (CTAs), MAGE and GAGE proteins. MAGE-4, MAGE-A and GAGE expression have
been found in 50, 62 and 84% of medulloblastomas respectively [138, 139]. MAGE antigens,
are a promising targets for immunotherapy in patients with medulloblastoma as it has paved
the way of immunotherapy already by targeting successfully in some other tumors [140, 141].
Vaccinations against EGFRVIII in combination with GM-CSF, is another potential immuno-
therapeutic approach, which have already been tested in other brain tumors [142].

In the post-surgery treatment process, delivery of anticancer drugs across the BBB remains a
challenge. A number of methods have been tried to facilitate effective drug delivery across the
BBB to the brain. Of those, a very promising technique is Nanoparticles (NP) encapsulating
magnetic materials such as iron oxide. Upon entering the systemic circulation, through NPs a
drug can be directed remotely to the disease site. The addition of receptor-specific ligands to
magnetic NPs for active targeting can significantly increase their efficacy [128].

17. Rehabilitation

Quality of life and psychosocial outcomes following treatment of medulloblastoma are pro-
gressively recognized as crucial issues in decision-making regarding therapy. Long-term
outcome was less emphasized than survival previously as survival was nominal in the earlier
period of history of medulloblastoma, though the thought of prolongation of life and making
it worth living was always there with the encouragement to persist in efforts [2]. Over the
past decades, survival has improved significantly, and expectantly will continue to improve
with the development of molecularly targeted agents and other modalities of treatment.
With time, thoughts regarding quality of life is becoming increasingly vital both in decision-
making concerning therapy and in the design of future treatment protocols where quality of
life is the prime target next to survival [6]. Treatment-related endocrinologic, cognitive, and
psychological sequelae, especially in Infants and very young children with medulloblastoma
remain a difficult therapeutic challenge which can be tackled prudently with rehabilitation
programs. For that it is an obvious need to develop active rehabilitative programs and special
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educational assistance for the children who survive the multi-modality therapy [71]. Optimum
therapy has led to long-term survival in patients of medulloblastoma and it is expected to be
increased with time with the anticipated need of more intense and dedicated rehabilitation
regime for this group of patients. Thus the long-term survivors of medulloblastoma badly
require multifaceted medical rehabilitation care involving team of subspecialists including
oncologist, neurologist, endocrinologist, psychologist, psychiatrist and physiotherapist to
overcome the challenges that they have to face in the longer run [8, 64].

18. Conclusion

Medulloblastomas have been neurosurgeons’ nightmare for years. MB, a highly aggressive
tumor of the cerebellum, treated with a combination of surgery, craniospinal irradiation and
chemotherapy, still remains a challenge. Enriched knowledge of histological and molecular
subgroups with their aberrant signaling pathways has provided novel therapeutic targets for
MB to regress their growth and has enhanced both the prognostic and therapeutic implica-
tions. Efforts to modify and refine the MB treatment strategy are ongoing as toxicity and
off-target effects of various newer drugs are yet not under total control. Regardless of marked
advancements in overall survival for medulloblastoma patients over the past decades, sub-
stantial successes remain to be achieved, especially concerning improvement in survival, miti-
gating treatment-related morbidities as well as improving quality of life for survivors. These
have led to modifications of therapies and research, with the emphasis on novel, less toxic and
more targeted agents for the best possible survival with least long-term adverse consequences
for a worthwhile post-therapy quality of life. The combination of molecular pharmacology,
neurogenetics, cell biology, and biophysics will ultimately drive the utmost hope of a cure
for medulloblastoma. With the advancement of modern research, medulloblastoma, once a
dreaded and hopeless entity, is looming to be a potentially curable disease.
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Abstract

More than 90 years have passed since Baily and Cushing first introduced a histogenetic
classification for tumours of the cranial nervous system (CNS). More recently, our knowl-
edge of the genetic and molecular basis of tumorigenesis has caused a major paradigm shift
towards defining tumours genetically, thus allowing greater diagnostic accuracy and prog-
nostication to better guide tumour management. Correspondingly, successes in integrated
management and improved survival rates have shifted attention towards overall quality
of life studies, where psychosocial sequelae and adjustment implications are of particular
interest to mental health professionals. To date, research relevant to this field has focused
on the identification of neuropsychiatric symptoms at manifestation of illness. Such studies
indicate that mood, cognition and psychosocial functioning are important factors in early
diagnosis, mediating health outcomes, especially following radical and risk-adapted anti-
neoplastic treatment. In addition to psychological burden, the neuropsychiatric aspects
of childhood CNS tumours, including posterior fossa syndrome and cerebellar cognitive
affective syndrome, are increasingly recognised as crucial causes of poor outcomes. The
chapter ahead will initially address the shifting landscape of neuro-oncology, and then
provide an overview of the neuropsychiatric aspects of CNS tumours in childhood, high-
lighting the underlying neurobiological and pathogenic mechanisms, whenever possible.

Keywords: childhood CNS tumours, cerebellar cognitive affective syndrome, posterior
fossa syndrome, cerebellar mutism, neuropsychiatric presentation, neuropsychiatric
outcomes

1. Introduction

Central nervous system (CNS) tumours are one of the most common cancers among children
and adolescents, with an incidence rate of 5.57 per 100,000 population [1]. Among children
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(aged 1-14 years) they account for 26% of all childhood cancers, and are thus second only to
leukaemia (29%); in adolescents (aged 15-19 years) they remain the second most common
cancer (17%), following lymphoma (21%). Overall, CNS tumours represent the leading cause
of cancer mortality in all individuals aged <20 [2]. However, a multitude of advancements in
early diagnosis and risk-adapted treatment has resulted in increased survival; the importance
of psychological and neurocognitive outcomes is thus more apparent than ever. Of course,
childhood neuropsychiatry remains a nascent discipline and therefore it is prudent to begin
with an overview of the current landscape of neuro-oncology.

The most utilised classification system for brain tumours— the 4th edition of the “World Health
Organisation (WHO) Classification of Tumours of the CNS’ (2007) —was recently updated in
2016 [3]. It marks a conceptual milestone, finally enhancing the century-old principle of his-
togenesis-based nosology; this is largely due to the addition of molecular markers into CNS
tumour classification. Evidently, we are entering a new era of neuro-oncology, with promise
of superior clinical, experimental and epidemiological methods that may bring “personalised”
or ‘precision medicine’, within reach [3, 4].

Previously, tumours of the CNS were exclusively recognised by their morphological resem-
blance to constituent cells, including astrocytes, oligodendrocytes and ependymal cells.
However, this system had three major deficiencies: first, differentiation can co-exist within
the tissue of a single tumour; second, the accuracy of the prognosis was suboptimal; and most
crucially, inter-observer differences were very apparent among neuropathologists [5].

With regards to diagnostic concordance, the discovery of a codeletion of chromosome 1p
and 19q in oligodendroglioma signalled marked progress; it likely contributed to the inspira-
tion behind the molecular underpinning of “WHO 2016’ [6]. Indeed, oligodendroglia-like cells
in various neuroepithelial tumours have always been a diagnostic challenge due to diverse
differentiation and biological behaviour; alternatively, the 1p/19q codeletion correlated with
the classic oligodendroglioma morphology as well as the clinical, radiological and biological
characteristics, i.e., gliomas harbouring 1p/19q are a coherent single entity, and thus provide
superior inter-observer reliability [5].

Moreover, these molecular stratifiers provide prognostic and predictive information: for
example, Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2, respectively) mutations are
found almost exclusively in infiltrating astrocytomas and oligodendrogliomas [7, 8]; con-
versely, a medulloblastoma with genetic alterations in the wingless (WNT) pathways sug-
gests excellent long-term survival rates [9]. As these tumour sub-classifications are informed
by transcriptomes with similar biological behaviour, they will likely respond to correspond-
ing targeted treatments, an approach that will drive many other successful anti-neoplastic
therapies in the future [10, 11].

1.1. CNS tumour classification

The new nomenclature in CNS tumour classification empowers a clinician to pragmatically and
scientifically construct a diagnosis by combining the histopathological name with the genetic
determinant (if unavailable, ‘NOS’ suffix is used, i.e., not otherwise specified): conventional



Neuropsychiatry: Aspects of Childhood Cranial Tumours
http://dx.doi.org/10.5772/intechopen.75679

histology determines the initial stratification (e.g., ‘diffuse glioma’); and secondly, a molecular
defined genotype is added to denominate the subset, e.g., IDH-mutant (note: the genotype fol-
lows a comma and includes an adjective). Therefore, examples read as follows: ‘Diffuse astro-
cytoma, IDH-mutant’; ‘Medulloblastoma, WNT-activated” and so forth. Of note, the WHO
grading system remains informed by histology only; thus each tumour is graded between I and
IV (note: Roman numerals), in accordance with the degree of anaplasia, mitotic activity with
microvascular proliferation and/or necrosis [8].

1.2. Medulloblastoma

Medulloblastoma (MB), a small blue cell malignancy of the cerebellum, is an embryonal tumour
and represents the most common malignant brain tumour of childhood. Asides from its impor-
tance in paediatric neuro-oncology, MB will be discussed frequently in this chapter due to its
relevance in childhood and adolescent neuropsychiatry. The ‘medulloblastoma’ —originally
named in 1925 for its anatomical and histopathological traits [12] —is nowadays defined by a
genetic biomarker: namely, either “‘WNT-activated’, ‘SHH-activated’, ‘group 3’ or ‘group 4.
Nevertheless, diagnosis is gleaned from genome-wide transcriptomic and DNA methylation
patterns, in addition to these distinct clinicopathological and molecular features. The wingless
(WNT) and Sonic Hedgehog (SHH) subgroups are named for the signalling pathways thought
to play prominent roles in their individual — and eponymously titled - pathogenesis, i.e., these
MB subgroups are underpinned by WNT or SHH-activating mutations [5]. In contrast, MB
group 3 and MB group 4 have few mutations but exhibit multiple DNA copy number altera-
tions [13]. MB typically develops in children aged between 4 and 9 years, with a higher rate
in boys. This predilection for onset in childhood is illustrated by the US incidence rate of 6
per million in children (1-9 years), a rate 10 times higher than that seen in the adult popula-
tion [14], a statistic underpinned by histological and genetic differences, with more mutations
observed in medulloblastoma of childhood when compared to that of adult-onset [15].

The subgrouping of MB has been useful in facilitating direct treatment strategies and reduc-
ing long-term intellectual and neuro-endocrine impairments associated with existing multi-
modal therapies [16]. The subgroups also add prognostic and predictive value; for example,
in contrast to adult WNT-activated MB, children in this subgroup have an excellent overall
prognosis (>90%) [17, 18]. Therefore, individualised and reduced intensity risk-adapted thera-
pies are in development [19]. Moreover, SHH pathway inhibitors have had success in treating
SHH-activated disease in early-phase trials [20]. Of note, the prognosis of SHH-activated MB
is dictated by the presence of TP53 mutations, half of which are underlined by germline muta-
tions and thus associated with secondary tumours [21, 22]. Evidently, genetic counselling is
paramount for all families of children with MB with SHH-activation [23].

There are other high risk clinical factors in MB, and include: metastatic disease; large-cell, ana-
plastic (LCA) pathology; incomplete surgical resection; and MYC amplification [16]. Of note, the
histological subtypes of MB have not been dramatically changed in“WHO 2016’. However, large
cell and anaplastic variants have been married to reflect their typical co-occurrence; this single
entity (LCA) has a very poor prognosis. Furthermore, molecular and histological subtypes co-
exist in many cases, e.g., "WNT-activated’ MB almost always has classic histology (Figure 1).
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Figure 1. Molecular subgroups of medulloblastoma: A comparison of the various subgroups of medulloblastoma,
adapted from Taylor et al. [10] with permission.

Evidently, the molecular era has sparked a rapidly propagating area of research which will
further optimise CNS tumour diagnosis, treatment and outcomes. The latter is inextricably
linked to psychological well-being; thus, it is crucial that psychiatric illness and neurocog-
nitive deficits are investigated, recognised and addressed in order that a truly optimal and
holistic clinical outcome is achieved. Therefore, the many guises of neuropsychiatry and its
management will be the main focus of the remaining chapter.

1.3. Neuroanatomical correlates

The differential of a suspected CNS tumour can be narrowed by designating its location as ‘supra-
tentorial’ or ‘infratentorial’, depending on whether it originates above or below the tentorium cer-
ebella/cerebellar tentorium (Latin for ‘tent of the cerebellum’); the tentorium is an extension of the
dura matter that separates the cerebellum from the inferior portion of the occipital lobes [24]. A
cancer’s ‘tentorial topography’ varies across the lifespan: toddlers (aged 2-3 years) and adults are
most likely to have supratentorial tumours; conversely, an infratentorial origin is more common
in young children (aged 4-10); however, in older children and teenagers (i.e., aged 10-18 years)
supratentorial and infratentorial tumours may occur with equal frequency [25] (Figure 2).

The supratentorial region—specifically the supra or (para)sellar area—hosts three main
paediatric cancer types: craniopharyngioma, optic pathway/hypothalamic glioma and
germ cell tumours. Several studies have shown that supratentorial tumours generally
result in greater morbidity than infratentorial tumours in surviving children and adults [4].
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Figure 2. Illustration of the tentorium; including supratentorial and infratentorial view. Adapted from The American
Brain Tumor Association with permission.

Supratentorial tumours are most commonly associated with the non-specific symptoms of
raised intracranial pressure, seizures and papilledema. Any centrally localised neoplasm
will also present vaguely (bar visual symptoms); headache, nausea and vomiting are com-
monly reported [26].

In the infratentorial region, the common tumours are MB, low-grade cerebellar astrocytoma,
brain stem glioma and ependymoma; the commonest posterior fossa tumours of childhood
are brainstem glioma, MB, ependymoma and cerebellar astrocytoma. When presenting as
posterior fossa tumours, MB (and other cancers) cause vague symptoms such as nausea, vom-
iting, headache and papilledema. Additionally, they may present with gait disturbance and/
or incoordination, i.e., signs that are also seen in brain stem and spinal cord tumours. Of note,
back pain is a common manifestation of spinal cord tumours, whereas cranial nerve palsies
and pyramidal signs would suggest brain stem tumours [26].

At times, clinical suspicion may be strengthened by comparatively specific signs and symp-
toms of infratentorial lesions: for example, brainstem involvement can cause extra-ocular
muscle impairment, facial paresis, swallowing difficulties, hemiparesis, quadriparesis, ataxia
or dysmetria; similarly, ataxia, dysmetria, headache, nausea, vomiting, neck pain or extra-
ocular muscle impairment can correspond with posterior fossa involvement [27].

MB typically develops in the midline, within the vermis; however, paediatric MB is also char-
acterised by growth into the fourth ventricle [28]. Radiologically, MB is hyperdense on CT but
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hypointense on T1-W MRI and T2-W MR [29] usually demonstrating homogeneous enhance-
ment with gadolinium administration [30].

2. Neuropsychiatric presentation of brain tumour

Unsurprisingly, a child with a brain tumour rarely presents to a psychiatrist at the manifesta-
tion of illness. Nevertheless, neuropsychiatric presentations in children with brain tumours
can, and do, come to the attention of psychiatrists, albeit infrequently. The psychiatric and
behavioural presenting symptoms of CNS tumours and/or subsequent iatrogenic sequelae
include internalising presentations (mood and anxiety disorders), mutism, pseudobulbar
symptoms, somatic problems, externalising presentations (such as aggression), eating disor-
ders, psychosis, and hyperkinetic disorders. The clinical course is multi-faceted: the symptoms
may appear early as the presenting complaint; later, following a confirmed (tumour ) diagno-
sis; as a complication of anti-neoplastic therapy; or as an ‘adjustment disorder’. Nevertheless,
there is a relative paucity of studies that describe the neuropsychiatric symptoms associated
with this cohort of patients [26].A literature review was conducted by Zyrianova et al. [26]
to address childhood CNS tumour presentations of a ‘neuropsychiatric’ nature; the many
possible combinations of symptoms—from psychiatric to physical/neurological —largely
depended on the location and extent of the tumour [26]. Interestingly, the location of the
lesion strongly correlated to neuropsychiatric prognosis. Supratentorial, right-sided cerebel-
lar and vermal lesions all demonstrated the poorest outcomes [31-34]. Specifically, lesions of
the vermis were associated with dysregulation of affect [33].

In certain cases, neurobehavioural disorders are known to increase the risk of develop-
ing a childhood brain tumour. For example, children with Autism Spectrum Disorder are
more likely than the general paediatric population to develop a CNS malignancy [34].
Furthermore, mere behavioural (and ‘mental’) symptoms existed pre-morbidly in a quar-
ter of children with a subsequent diagnosis of thalamic tumours in a case series [35]. A
retrospective case note review of 200 children with brain tumours demonstrated that neu-
rological symptoms (present in 88% of patients) were only twice as common as ‘educa-
tional or behavioural problems’; moreover, the latter represented the initial presentation
in 10% of cases [36].

2.1. Case series

There are no large-scale studies that specifically assess the presenting symptoms of childhood
brain tumours in a psychiatric context. Nevertheless, several case reports/small case series
have highlighted specific psychiatric symptoms that heralded a brain cancer, as follows:

* An intracranial germinoma presented in an adolescent male as a first episode psychosis.
This followed a 3-month history of negative symptoms, daytime somnolence, ‘distorted
thought processes” and memory loss; the only positive symptoms were ‘sporadic visual
sensations’ at the edge of the visual field [37].
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* A left temporal lobe tumour presented as psychosis in an 18-year-old girl. It was character-
ised by withdrawal, paranoia, ideas of reference and derealisation. Of note, her neurologi-
cal examination had been normal [38].

* A case series of three paediatric patients illustrated cerebral malignancies which had imi-
tated neuropsychiatric diagnoses, namely one case of Giles de la Tourette Syndrome(GTS)
and two cases of obsessive-compulsive disorder (OCD) [39]. The first patient, initially di-
agnosed at 18 months with a malignant hypothalamic tumour (with local spread), devel-
oped vocal and facial tics in childhood. Surgery successfully resolved the tics; nevertheless,
compulsions, such as ‘rocking’, ‘skin picking’ and hyperphagia emerged post-operatively.
The second case, parietal malignancy in a male child, was heralded by a worsening of a
pre-morbid obsessive-compulsive syndrome, although eye signs and seizures ultimately
developed. The third case, a 4-year-old boy with pre-morbid diagnoses of OCD, GTS and
attention deficit hyperactivity disorder (ADHD), developed a severe depressive illness and
worsening (‘incapacitating’) motor and verbal tics prior to a diagnosis of midbrain glioma.

* Anorexia, including cognitive distortions—’feeling fat and ugly’—preceded the diagnosis
of a ‘lobular mass within the pituitary fossa’ in a 14-year-old girl. Although she had demon-
strated possible seizure activity (i.e., ‘eyes would roll back into her head” and ‘staring’ were
reported), the patient had initially presented to an eating disorder specialist unit [40]. Of
note, a review article in 2005 described 54 previously published case reports about ‘eating
disorders in brain damage’ (the majority of these cases were brain tumours) [41]. Many of
these cases, among all age groups, described the typical presentation of an eating disorder,
i.e., the classic behaviours and expected cognitions. However, almost all the subjects had
co-existing positive neurological signs and/or complications, including headache, seizures,
visual impairment, diabetes insipidus and hypopituitarism.

2.2. Posterior fossa syndromes

Of particular relevance to neuropsychiatrists are lesions within the posterior fossa (PF), a
portion of the intracranial cavity that contains the cerebellum and brainstem. Over half of
childhood tumours are located in the PF [42]. These lesions account for the largest number
of cancer deaths in children and may initially present with neuropsychiatric signs and symp-
toms [43]. Within the PF, in addition to the co-ordination of balance and motor functions,
the cerebellum has a role in functions such as cognition, emotion and language [44]. Indeed,
the independent role of the cerebellum in higher order brain function is expansive: internal
architecture and wide connectivity co-ordinate and integrate this crucial regulation of neuro-
psychiatric functions. Such orchestration is only possible due to the cerebellum’s connections
to prefrontal cortex, subcortical limbic structures, and catecholamine-containing brainstem
nuclei [45]. Similarly, the brainstem —once almost exclusively known for its involvement in
vital functions (breathing, heart rate, sleeping)—is increasingly recognised for affective and
cognitive functioning. A recent critical review of the literature published (between 1950 and
2012) on the affective and cognitive symptoms that follow brainstem lesion has revealed neu-
ropsychiatric symptoms in almost half the cases: apathy, emotional lability, irritability, mania,
executive dysfunction, memory impairment, and inattention were among the symptoms
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listed; moreover, the authors hypothesised that the brainstem constitutes an inherent part of
the cerebello-cerebral network that subserves cognition and affect. Therefore, isolated brain-
stem damage can cause symptoms that resemble the cerebellar cognitive affective syndrome
(CCAS) [46]. Furthermore, children with midline tumours with brainstem invasion are at
increased risk of posterior fossa syndrome (PFS) [47].

Of note, CCAS consists of neuropsychological and lingusitic deficits but does not include
verbal mutism or neurological/motor symptoms. Conversely, posterior fossa syndrome (PES)
is a sprawling spectrum of neuropsychological, neurological and lingusitic symptoms [47].
Thus, lesions in the brainstem, but mostly those involving the fourth ventricle and cerebel-
lum - or their surgical removal — can engender a variety of clinical outcomes. Confusingly,
the literature has a formidable tapestry of definitions. Excluding both CCAS and ‘Cerebellar
Syndrome’ (i.e. isolated cereballar signs), it is ‘Cerellar Mutism’ (a verbal mutism also known
as ‘Transient Cerebellar Mutism’ or TCM) that is the defining hallmark of the relevant
post-operative syndromes: (the aforementioned) Posterior Fossa Syndrome (PFS); the less
expanisive ‘Cerebellar Mutism Syndrome’ (CMS) — which is limited to mutism, ataxia, hypo-
phonia and irritability; and finally, the self-explanatory ‘Mutism and Subsequent Dysarthri’a
(MSD). Importantly all of the aforementioned syndromes (i.e. CM or TCM, CMS, CCAS, MSD
and Cerebellar syndrome) are subsumed by the term Posterior Fossa Syndrome, i.e. they can
be a presentation of PFS (Figure 3) [48].
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Figure 3. Symptomatic spectrum and relationship between the PFS, CCAS and related conditions. Adapted with
permission from the Posterior Fossa Society [48]. Entire Figure = PFS, Left Half (Excluding CM) = CCAS, Inner Circle
(Light Grey) = CMS, Dotted Area =MSD, Core (Dark Grey) = CM or TCM, Stripped Area = Cerebellar Signs or Cerebellar
Syndrome.
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The reader is also informed that in 2016 a new definition, ‘Post-operative pediatric CMS’
(POP-CMS), was devised by experts (‘Iceland Delphi group’) in the feld: “Post-operative pedi-
atric cerebellar mutism syndrome is characterized by delayed onset mutism/reduced speech and
emotional lability after cerebellar or 4th ventricle tumour surgery in children. Additional com-
mon features include hypotonia and oropharyngeal dysfunction/dysphagia. It may frequently
be accompanied by the cerebellar motor syndrome, cerebellar cognitive affective syndrome and brain
stem dysfunction including long tract signs and cranial neuropathies. The mutism is always
transient, but recovery from CMS may be prolonged. Speech and language may not return to
normal, and other deficits of cognitive, affective and motor function often persist”[49].

The Posterior Fossa Society has provided further guidance for clinicians when following this
definition:

1. Reduced speech: “speech production that is severely reduced and limited to single words or
short sentences that can only be elicited after vigorous stimulation”.

2. Cerebellar motor syndrome: “impairment of gait (ataxia), extremity coordination (dysmetria),
disordered eye movements, poor articulation (dysarthria), impaired swallowing (dysphagia)
and tremor”.

3. Cerebellar cognitive affective syndrome: “a pattern of behavioural abnormalities that includes
impairments of executive function (planning, set-shifting, abstract reasoning, verbal fluency,
working memory), often with perseveration, distractibility or inattention; visual-spatial disor-
ganization and impaired visual-spatial memory; personality change with blunting of affect or
disinhibited and inappropriate behaviour; and difficulties with language production includ-
ing dysprosodia, agrammatism and mild anomia”.

4. Long tract signs: “symptoms such as urinary retention/incontinence and hemiparesis, which
are frequently observed in this patient population” [48].

Of note, like many of its predecessors, the hallmark of POP-CMS is CM (see discussion on
CM below).

POP-CMS as a definition represents the foundation for more consistent research. However,
its validity requires more testing and it may be subject to further revision. Therefore, for
the remainder of the chapter, we will use the terms which are more established in the
literature.

2.3. Cerebellar mutism

The term ‘cerebellar mutism’ refers to a muteness which results from lesions of the cer-
ebellum as opposed to the cerebrum or lower cranial nerves. A severe dysregulation of
volitional motor functions of speech creates a recognizable clinical signature: an absence
of speech (verbal mutism) is seen, rather than an absence of non-verbal sounds (i.e. whin-
ing, laughter, crying) [49]. Although most commonly seen after resection of posterior fossa
tumours, there are reports of non-surgical cases of paediatric CM, including trauma, vascu-
lar incidents, infections and inflammatory syndromes [48, 50, 51]. CM has been reported to
resolve after as little as 6 days or as long as 52 months [52]. Indeed, a hallmark of CM is its
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idiosyncratic temporality: the onset is typically delayed, often emerging 24-48 hours post-
operatively. The duration is variable, albeit self-limiting and usually resolving in weeks; the
resolution often occurs rapidly, i.e. over days. However, many patients experience dysar-
thria throughout the recovery period and then suffer long-term speech and language dys-
function; this includes ataxic dysarthria, dysfluency and slowed speech rate [26]. Crucially,
the duration of CM (i.e., whether 4 weeks or 4 months) will correlate with the functional
prognosis. An absence of speech after PF tumour surgery was first described as “akinetic
mutism” (AM) by Daly and Love in 1958 following the removal of a cerebellar tumour in
a child [53]. However, a 1985 case series reporting on six children with cerebellar lesions is
credited for the first reports of CM [54]. A complete absence of speech and up to 3 months
of dysarthria was described following each posterior fossa craniectomy (‘or a complication
thereof’). The authors concluded that ‘transient muteness may result from acute bilateral
cerebellar injury”’ [55].

Since then, over 400 cases of CM have been reported in the literature. Law et al. [52] com-
pared three groups of children—PF tumours with CM, PF tumours without CM, and healthy
controls—to examine the clinical and neuroanatomical predictors of CM. The results of this
study concluded that there was a statistically significant positive correlation between tumour
size and the likelihood of developing CM. It also found that a greater proportion of children
with CM were left-handed, compared to those without CM. However, medulloblastoma and/
or brainstem invasion appear to pose the greatest risk of CM, while cerebellar hemisphere
involvement is associated with highest risk of permanent motor and non-motor-speech
related deficits [54]

In 2011, Di Rocco et al. [56] carried out a study on 34 children with PF tumours with the
aim of determining whether there was a correlation between pre-operative language impair-
ment (PLI) and post-operative development of CM. In their study, 11 out of 34 children had
PLL all 11 of these patients were among the subjects that ultimately developed CM (20.6%).
Other pre-operative findings in this study included behavioural disorders (sleep, hyperki-
netic and somatic complaints). As well as a number of neuropsychological deficits [56]. The
children with pre-operative behavioural problems continued to experience these difficulties
post-operatively. The primary status of CM as a neuro-surgical sequela is thought to be due
to bilateral perturbation of the dentate nuclei and their efferent pathway. As we will discuss,
the pathophysiological mechanisms of delayed onset and resolution of CM are hypothesised
to be due to axonal damage, oedema, perfusional defects and metabolic disturbances [54].

In 1994, Crutchfield et al. [57] were the first to appreciate the role of the dentato-thalamo-cor-
tical (DTC) pathway as an anatomical substrate in CM. They illustrated a phenomenon called
bilateral crossed cerebello-cerebral diaschisis (BCCCD): a cerebellar lesion causes a lack of
excitatory impulses from the cerebellum and hypoperfusion, decreased oxygen consumption,
hypometabolism and functional inhibition subsequently occur in anatomically connected
supratentorial structures [58].

Essentially, symmetrical dentate nuclei that are located in the paravermal regions of lobules VI
and VII of the cerebellum give rise to a cerebello-cerebral connection (see Figure 4), a complex
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system required for initiating voluntary movement and higher cognitive functions, including
speech [54]. A literature review by Gudrunardottir et al. [54] highlights evidence that bilateral
lesions of the dentate nuclei and their connections (i.e., a bilateral interruption of the DTC
pathway) are the principal causes of CM [59-62].

Under normal circumstances, the cerebral cortex and cerebellum are in circuit via afferent and
efferent signalling. Impulses originating within the cerebral cortex travel along axons via the
cortico-ponto-cerebellar pathway to deliver input to the cerebellum, i.e., ultimately synaps-
ing on the Purkinje cell layer of the cerebellum. Axons from these neurons form inhibitory
synapses on the deep cerebellar nuclei, from which excitatory projections carry efferent sig-
nals travel throughout the CNS—to the spinal cord, brainstem and cerebral cortex—i.e., areas
known for co-ordination of movement. The efferent pathway which finally communicates
with the cerebral cortex is the DTC pathway. The tract is comprised of axons originating within
the dentate nuclei (DN). The DN act as relay stations and send efferent signals back to the cere-
bral cortex via the DTC pathway; this tract travels through the ipsilateral superior cerebellar
peduncle, and after decussation in the midbrain tegmentum, synapses within the contralateral
ventrolateral nucleus of the thalamus. From the thalamus, second order axons terminate in
the primary motor cortex as well as secondary and tertiary association areas within the frontal
and parietal lobes. Thus, via the DTC pathway/tract, cognition and behaviour are likely modu-
lated, a theory supported by the cognitive, linguistic and behavioural-affective impairments
seen with an injury of the cerebellum and/or proximal DTC tract [63, 64].

Indeed, it is this vulnerable (i.e., peri-operatively) efferent white matter DTC tract that, if dam-
aged, may be responsible for CM: therefore, any direct (i.e., trauma) or indirect (i.e., oedema)
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circulatory disturbance may cause hypoperfusion and metabolic related hypofunction in both
cerebellar hemispheres, and a loss of function (diaschisis) in the areas mediated by the DTP
[65]. CM thus results from a lesion anywhere along this path: bilateral thalamotomies; SMA
lesions; bilateral oedema in the brachium pontis; and finally, superior cerebellar peduncles
are also potential lesions. Nevertheless, bilateral injury to the dentate nuclei is the most fre-
quently implicated cause [54].

Clinically, anatomical correlates of cerebellar lesions are relatively distinct: anterior lesions
cause ataxia and hypotonia; while those in the posterior induce appendicular ataxia, hypo-
tonia and tremor [66] (see Figure 4). The origin of the hemiparesis and lower cranial nerve
dysfunction seen in the PFS is not known, although brainstem injury and/or damage to the
dentate nuclei/DTC pathway are hypothesised [54]. In addition to its role in balance and
co-ordination, the cerebellum is integral to higher cognitive processses (the cerebellar hemi-
spheres) and regulation of affect (the vermis) [66]. The left cerebellar hemisphere is designated
spatial and executive responsibility, and the right is tasked with language [64, 67]. The disrup-
tion between the right cerebellum and left frontal cortex likely contributes to the linguistic
difficulties observed in CM. Interestingly, a study also found that all left-handed patients with
MB had a 100% risk of developing CM post-operatively. It is possible that such correlates will
pave the way for pre-op clinical profiles to inform post-operative rehabilitation, across the
allied health spectrum [68]. As discussed, the dentate nuclei, the vermis, and the right cer-
ebellar hemisphere are all important in cognitive performance; accordingly, damage to these
structures, informed by MRI, can be used to predict the degree of post-operative neurological
and neuropsychological impairment in children following PF tumour resection [69].

Of note, mutism that occurs immediately after surgery is indicative of bulbar dysfuction from
damage to cranial nerve nuclei in the nuclie, rather than CM [70]. However, in typical CM,
‘secondary processes’ initiated by the tumour resection, are the likely underlying pathophysi-
ological mechanism, and four have been described in literature: (1) dynamic perfusional distur-
bances, (2) oedema, (3) transient disturbances in neurotransmitter release, and (4) axonal injury.

First, dynamic perfusional disturbances in the cerebellum and the cerebrum are suspected
causes of CM due to the delayed onset (i.e., possible vasospasms), type of disturbance (i.e.,
transient ischemia) and resolution (i.e., normalisation of blood flow). Surgical manipulation
of the cerebellum [71], intra-operative coagulation of perforating vessels [72] and arterial
embolic occlusion [73] are the suspected catalysts of such disturbances; cerebello-cerebral
diaschisis is implicated when the proximal DTC pathway is damaged [54]. In fact, two small
single proton emission computed tomography (SPECT) studies demonstrated a cerebellar
hypoperfusion in mute patients which resolved as speech returned [72, 73]. Two other pos-
sible mechanisms of recovery are neuronal plasticity and reassignment of speech function
within the cortical processing network.

Secondly, the latency of CM reflects post-operative swelling, with imaging studies (CT, MRI
and DTI) demonstrating mutism occurring with bilateral oedema in the superior cerebel-
lar peduncles and/or the pons or mesencephalon after PF tumour resection. Indeed, cor-
ticosteroids may prove useful in the context of this mechanism. Thirdly, dysregulation of
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neurotransmitter release has been postulated by Siffert et al. [74] in their concept that the
cerebellum and its connections are tantamount to a ‘modulatory system’, controlling motor
and non-motor functions. Finally, imaging studies imply that pathogenesis of CM could be
from surgical manipulation, traction and release of tumour compression, resulting in axonal
distortion and/or injury [63, 75].

CM risk is increased by several tumour-related factors: brainstem involvement [76]; (iatro-
genic) brainstem compression; and midline (vermal and fourth ventricle) location [77]—i.e.,
MB is by far the most common cause of CM in the paediatric population. To illustrate this,
two large studies found that the incidence of CM in children with medulloblastoma was 24%
[78], and 44% if brainstem was involved [76]. Radical tumour removal [77] and young age
at diagnosis [76] have inconsistent evidence [78], although some reports these as risk factors
for CM [79]. Conversely, theories such as hydrocephalus, post-operative CNS infection (like
meningitis), gender, length of vermal incision, type of neurosurgeon (paediatric vs. adult) and
oedema/swelling have been refuted over recent years [80].

The prognosis and course of recovery in CM is variable, albeit largely unfavourable, even in
spite of the resolution of mutism: two-thirds of patients will still suffer motor-speech deficits
even after 12 months [81]; one-third will have persistent dysarthria; the remainder show a resid-
ual phonological impairment (including adynamic spontaneous speech production, impaired
verbal fluency, word-finding difficulties and grammatical disturbances) [58]. Dysarthric features
are more protracted and less amenable to recovery in children with associated combined proce-
dural memory and defective neurocognitive functions present at diagnosis.

With regards preventing CM, surgical mitigation is a possibility: piecemeal removal (to
protect the vermis) [82]; sparing of (cognitively significant) right cerebellar hemisphere
[69], and finally, using a specific (telovelar) approach to access the fourth ventricle and
avoid splitting the vermis [83]. In support of this approach, a series of telovelar cases
showed no incidence of mutism; splitting the vermis reduced rates in one hospital and
at another site similar surgical practices (e.g., less aggressive retraction) resulted in fewer
cases of CM [84, 85].

2.4. Posterior fossa syndrome

Once regarded as an isolated deficit, CM is now well recognised as the predominant feature
of the more expansive ‘posterior fossa syndrome’ (PES; see below). Although CM and PFS
appear to have separate anatomical substrates, topographical proximity ensures posterior
fossa surgery can result in any combination of the shared phenomena.

In the relevant literature, across almost four decades, CM has been confused with other terms,
including TCM, CMS [86] and MSD [87]. Furthermore, some authors use two or more of these
terms interchangeably, including CM and PFS [48].

The essence of PFS is the constellation of four core symptoms: mutism, ataxia, behavioural
disturbance and emotional lability; they occur in about 25% of children after the surgical
resection of a posterior fossa tumour (Figure 5).
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Figure 5. Posterior fossa syndrome. Reprinted with permission from Lanier et al. [84].

2.5. Posterior fossa syndrome cases

In a review of PFS, Lanier and Abrahams [88] summarised proposed theories/risk facors
for PFS: 1. involvement of the vermis, 2. brainstem involvement, 3. bilateral edema within
the cerebellar peduncles post surgery, 4.aggressive surgery of the cerebellum, 5. transient
impairment of the DTC pathways, 6. midline location of the tumor, 7. focal vasospasms,
8. neurotransmitter dysfunction and 9. hydrocephalus. As expected, most overlap with those
already discussed with regards to CM. These authors also presented a case series of PFS
from their own institution, the Massachussetts General Hospital for Children. Three cases of
resected medulloblastoma are described with regards boys aged 7-13 years. Post-operatively,
two of the four cases suffered from mutism and another two cases had paucity of speech (e.g.
monosyllabic) and dysarthria, respectively. All four cases had evidence of ataxia, emotional
lability and behavioural symptoms. Of the mutism cases, both fully resolved with complete
return of speech and good emotional stability; however, both had ongoing ataxia and one later
died of a tumour recurrence. The third case (post-op paucity of speech) had screaming episodes
with “screeching” and subsequently developed depression. At follow-up 5 years later, although
in school he continued to have social and emotional difficulties. The final case (post-op dysar-
thria) initially had serious emotional dyscontrol with self-harming behaviour; this resolved with
low dose risperidone. At her 5 year follow-up, she had no speech or behavioural issues, although
balance remained problematic. Of note, three of these cases required psychotropic medication
(low dose risperidone or lorazepam) to manage the emotional lability and behavioural issues.
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In 1995, Pollack et al. [89] described a case series of children with open resection of infraten-
torial tumours. Following review of case records, 12 of these patients manifested with
post-operative mutism. There was considerable variation between the clinical presentation,
(i.e., pseudobulbar, neurobehavioural symptoms); however, a “stereotypical response” was
observed in 11 cases; these patients were “curled up in bed and whining inconsolably, with-
out actually uttering intelligible speech”. All the children achieved full recovery within 4
months of surgery, bar one exception with persistent mild dysarthria. This finding is sup-
ported by a case series of children with cerebellar astrocytoma and vermal lesions who were
surgically treated for their respective PF tumours [90]. Positive findings were seen in a num-
ber of the children with vermal lesions: post-operative mutism in six; behavioural distur-
bances in five, e.g., irritability, avoidance of others; and severe autistic behaviours in one.
Similar to the study by Pollack et al. [89], almost all subjects achieved full or almost full
recovery within a month.

2.6. Cerebellar cognitive affective syndrome

Another syndrome, cerebellar cognitive affective syndrome (CCAS), has been reported fol-
lowing acquired cerebellar lesions, such as infarction and inflammation [91, 92]. Some authors
consider PFS to represent the acute manifestation of CCAS [92]. CCAS is primarily charac-
terised by a deficit in emotional regulation that causes personality change; thus, a flattening
or blunting of affect, and disinhibited/inappropriate behaviour are commonly seen. The syn-
drome also manifests as impairment of executive function (planning, set-shifting, verbal flu-
ency, abstract reasoning and working memory difficulties) and visuospatial cognition. Finally,
language deficits, including agrammatism and dysprosody are recognised features. This syn-
drome, described originally by Schmahmann et al. [93], is neurobiologically underpinned
by the cerebellar organisation of higher order function, and more specifically, the associated
modulatory role in mental and social function, operative early in childhood [26]. Hopyan et al.
[91] compared cognitive control of emotions in cerebellar tumours against healthy matched
controls. In their study, they tested the ability to identify happy and sad emotions in music.
Contrary to their hypothesis, this study demonstrated largely normal emotional identification
in both groups, but the control group performed better at emotional regulation tasks. The fact
that in the study, childhood acquired cerebellar tumours disrupted cognitive control of emo-
tion, rather than identification of emotion, provides support for a hypothesis of CCAS as a
disorder not so much of emotion, but more so the regulation of emotion by cognition. A case
series of 19 patients with cerebellar lesions also succeeded in illustrating cases of emotional
dyscontrol in cerebellar tumours: an acute syndrome of inattention, dysphoria and emotional
distress followed surgery of midline PF [92].

A case series by Hargrave et al. [94] described a slightly different manifestation of emo-
tional dyscontrol in paediatric patients (aged 3-11) with pontine glioma. In 36% of the
cases, outbursts of inappropriate laughter (i.e., “pathological laughter”) were observed in
wakefulness and sleep. Of note, symptoms improved in all cases following treatment but
often returned in cases of tumour recurrence. Beckwitt-Turkel et al. [95] compared PFS
symptoms before and after paediatric PF surgery in a naturalistic study. PFS was associated
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with midline and vermis involvement (and not lateral involvement) and was character-
ised by mutism, apathy and dysphoria. These symptoms presented early post-operatively,
although affective and behavioural disturbances appeared at a later stage, with all symp-
toms, bar depression, resolving over time. In 2010, Larysz et al. [96] looked at a group
of 34 children (mean age 12.3 years) with PF tumours (14 cerebellar, 20 extracerebellar)
to establish whether neuropsychological deficits related to tumour location: neoplasms in
the brainstem and vermis had a better outcome than those in the cerebellum. This finding
was consistent with Riva et al. [97] whose sample showed an association between non-ver-
mal tumours with language dysfunction; in the same sample, vermal tumours were more
likely to present with neurobehavioural changes (emotional lability, irritability, weepiness,
impulsiveness and shyness).

2.7. Psychological and adjustment disorder

In 2013, an article published by Pastore et al. [98] compared the neuropsychological profiles
and behavioural symptoms in pre-school children with brain lesions: 18 of the 55 patients
were brain tumour survivors and the remainder had traumatic, vascular or infectious
lesions. The brain tumour group had high levels of internalising problems (77.8%); specifi-
cally, a combination of anxiety and/or depression and/or somatic symptoms and withdrawal
were present in about half of the sample. However, the group with traumatic brain injury
and non-cancerous brain lesions presented with externalising behaviours and aggression.
These findings are consistent with those from a study of paediatric brain tumour survivors,
in which the child behaviour checklist indicated that internalising behaviours (depression/
anxiety) were the most common (48.4%) psychological disorder, while externalising behav-
iours were present in just 11.8%. Furthermore, those aged 7-13 were most predisposed to
psychological problems, whereas social maladjustment was more frequent in those older
than 13. These findings were relevant as they indicated the long-term psychosocial outcome
of these individuals [99].

Campen et al. [100] found a high rate of depression and adjustment disorders (30.4%) in 56
children treated for MB, particularly if they were older and male. Importantly, the multimodal
therapy in MB —which is generally a protracted process —influences the neurodevelopmental
maturation that is implicated in the pathogenesis of depression. Therefore, their low mood
is not just explainable as an expected psychological burden; rather, it is also engendered by
neurobiological mechanisms such as a disruption of hippocampal cell formation and the
saturation of the limbic system. Therefore, Campen et al. found a significant difference in
age at diagnosis between those who developed depression, anxiety and adjustment disorder
(median 9.5 years) and those who did not (median 5.9 years), with a median time to first psy-
chiatric symptom of 7 months. Similarly, a study of children treated for craniopharyngioma
highlighted a high rate of psychiatric morbidity in the study population; 100% of subjects
experienced depression; 75% suffered poor frustration tolerance and 40% had anger dyscon-
trol [22]. Likewise, a case series of 20 subjects described poor neurobehavioural outcomes
in post-operative paediatric craniopharyngioma: 85% of subjects had some degree of inter-
nalising (apathy, poor motivation) and externalising (irritability, hyperactivity, aggression)
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behaviour, as well as neuropsychological deficits, social maladjustment and poor school per-
formance [23]. Finally, a study of paediatric and adult survivors of childhood brain tumours
in 2013 revealed that more than 1 in 10 had reported suicidal ideation on at least one occasion,
as documented in their medical records. The older patients, with greater co-morbidities (i.e.,
seizure disorder) were at highest risk [24].

2.8. Clinical guidelines

Around 9000 new primary brain and CNS tumours (CNST) are diagnosed every year in the
UK, suggesting that a GP will diagnose a case every 3-5 years. Presenting complaints range
from well recognised symptoms (i.e., headaches, new-onset seizures) to the more insidious,
such as personality change. A combined retrospective and prospective study of 104 consecu-
tive paediatric patients with brain tumours found that the median time from symptom onset
to diagnosis was 3 months. However, diagnosis of CNST (whether primary or secondary) can
be performed with the GP retaining clinical responsibility, i.e., ordering necessary diagnostic
neuro-imaging tests [101].

‘NICE alert symptoms’ (e.g., neurological, headache, fatigue, back pain, bruising, lymph-
adenopathy, lump/mass/swelling, urinary symptoms, hepatosplenomegaly) and any new
pattern of recurrent attendances to the GP are ominous warning signs for childhood CNST
[102]. Ansell et al. [103] advised that ‘the key to identifying the one child among many who
merits prompt investigation is recognition of unusual symptoms, or specific symptom pat-
terns’; these included head tilt, odd head movements, odd posture, back or neck stiffness and
unsteadiness without obvious cause [103]. In concert with clinical acumen and intuition, the
GP must respect the value of a parent’s instinct that their child ‘is not right’, regardless of a
specific problem per se [104].

The 2015 NICE guidelines, entitled ‘Suspected Cancer: Recognition and Referral’, features a
section on ‘Brain and CNS cancer’ that informs clinicians about which specific symptoms in
children and adolescents require investigation and/or neuro-oncological referral. Based on
these symptoms, the positive predictive values (PPV) of having CNST varied in range: from
<0.013% (for vomiting or headache, with loss of appetite) to 0.15 (for vomiting, in combina-
tion with unsteadiness) for patients aged 0-14 years old; and, from 0% (for primary headache)
to 0.03% (for undifferentiated headache) for patients aged 5-17 years; and from 0.0029% (for
pain) to 0.0238% (for seizure) for patients aged 15-24 years [101].

Adult referral was recommended for those symptoms with a PPV of 3% or above, i.e., the
advantages of a suspected CNST pathway referral outweighed any disadvantages. However,
in childhood cancer, such a threshold was deemed too stringent for the following reasons: (1)
the high levels of treatability of these cancers, (2) early diagnosis can reduce mortality and
morbidity, and (3) the number of life-years gained.

Referral at lower levels of risk than 3% is therefore permitted in children and adolescents.
Accordingly, GPs/physicians/psychiatrists ‘should consider a very urgent referral (for an
appointment within 48 h) for a suspected brain or central nervous system cancer in children
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and young people with newly abnormal cerebellar or other central neurological function’.
Furthermore, referral should be for urgent specialist assessment (and not a cancer pathway)
in order to circumnavigate any issues with weekend cover, differences in local service con-
figuration, etc.

The guidelines point out that trade-off between net health benefits and resource utilisation are
not supported by published economic analysis. It is likely that the above recommendations
will result in an increase in MRI scanning with a subsequent reduction in GP attendance,
because of fast-tracking medical clearance or diagnosis. In fact, the guidelines predict that
such action will actually constitute a small decrease in overall costs [101].

An evidence-based clinical guideline, ‘Diagnosis of Brain Tumours in Children’, was devel-
oped in 2010 by Wilne et al. [105]; it was informed by a systematic literature review, meta-
analysis and cohort study [36]. As a result, six main categories of symptoms were identified:
headache, nausea and vomiting, visual abnormalities, motor abnormalities, growth, devel-
opment and behavioural abnormalities. Within the category of behavioural symptoms, leth-
argy and withdrawal were important neuropsychiatric signs of childhood CNS tumours.
The importance of lethargy in diagnosing paediatric CNST has been highlighted by other
studies [106, 107]. In fact, the prominence of lethargy in a series of ‘sudden death from
obstructive hydrocephalus due to intracranial lesions’ prompted the authors to conclude
that persistent lethargy should be considered a neurological symptom instead of a non-
specific clinical sign [108].

The relevance of such symptoms in childhood CNST was also highlighted by an earlier study
by Wilne et al. [36], in which ‘behavioural and educational’ symptoms were the presenting
feature of brain tumours in children in 10% of cases, and were apparent in 44% of the patients.
The behavioural symptoms included: lethargy (majority), irritability, personality change,
aggression and emotional lability; and the educational symptoms included deterioration in
reading and writing (majority), memory difficulty, poor concentration, global deterioration
and decrease in school attendance.

Nevertheless, lethargy remains an unspecific symptom with many faces: it is prominent
among physical syndromes relating to malignancy, infection, and inflammation; it is also
a core psychiatric symptom in both affective (i.e., depression) and psychotic disorders (i.e.,
negative syndrome of schizophrenia). Despite such diagnostic opaqueness, the guidelines pro-
duced by Wilne et al. [105] —which recommend CNS imaging if lethargy or withdrawal per-
sists for 4 weeks or more—have demonstrated promising results in initial UK studies. These
successes include a reduction in median symptom interval, time between symptom onset, and
ultimately, the diagnosis of brain tumours in children [105].

In addition to knowledge about when to suspect a brain tumour, it is important for those
practicing in primary and secondary care to be familiar with the most comprehensive and
current guidelines for childhood neuropsychiatric presentation of brain tumours, as outlined
below [26].
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3. Summary

3.1. Red flags

Recommendations for detecting malignancy in a childhood neuropsychiatric case:

¢ Childhood cancer is rare and may present initially with symptoms and signs associated
with common conditions, e.g., headache, nausea and vomiting. Repeated presentation with
the same problem and with no clear diagnosis should raise the suspicion and facilitate fur-
ther assessment and referral.

® Psychiatric symptoms are best to be considered dynamically and in combination with other
signs and symptoms that are listed here. It is very rare for a childhood cranial malignancy
to present with only psychiatric symptoms.

¢ Common psychiatric symptoms:
o internalising behaviour,
o withdrawal,
o social problems,
o somatic complaints,
o externalising problems,
o depression and/or anxiety
o hyperactivity.
* Rare psychiatric symptoms:
o eating disorder and
o first episode of psychosis.
¢ Also watch for:
o atypical psychiatric symptoms,
o unexplained behavioural and/or mood changes,
o unexplained deteriorating school performance or developmental milestones,
o personality change,
o disinhibited or inappropriate behaviour,
o pathological laughter,

o emotional lability,
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o especially emotional reactions disproportionate to significance or severity of trigger,
o flattening or blunting of affect,

o impairment of working memory,

o agrammatism and dysprosody of speech,

o impaired executive function and

o poor attention.

* Psychiatric symptoms (including behavioural) with a headache (i.e., advised to di-
rectly enquire about presence of a headache) constitute a red flag. Persistent headache
that can occur at any time of the day or night requires a neurological examination.
Younger children and those with communication difficulties may not be able to re-
port headache, thus watch for behavioural representation, e.g., pointing at, holding or
squeezing head.

* Headache and vomiting that cause early morning waking or occur on awakening are classi-
cal signs of raised intracranial pressure and an immediate referral should be made. In cases
of persistent vomiting, exclude pregnancy where appropriate. Psychiatric symptoms (in-
cluding behavioural) with neurological signs warrants a neurological examination. How-
ever, a normal neurological examination does not exclude a brain tumour.

* Neurological and motor symptoms:

o new-onset seizures—including focal (with/without loss of awareness) and generalised
onset

o altered consciousness,
o cranial nerve abnormalities,
o regression in motor skills,
o gait abnormalities and/or abnormal motor co-ordination,
o focal motor weakness and
o swallowing difficulties.
¢ Visual symptoms and signs including:
o papilledema,
o reduced visual acuity,
o reduced visual fields,
0 new-onset nystagmus,
o new-onset paralytic squint,

o optic atrophy,
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o abnormal fundoscopy
o proptosis.
* Visual assessment including fundoscopy:
o acuity,
0 eye movements,
o pupil responses,
o visual fields in school age children and older and
o optic disc appearance.
¢ Growth and developmental abnormalities:
o growth failure and
o delayed, arrested or precocious puberty.
¢ Diabetes insipidus presenting with polyuria and polydipsia.
¢ Persistent back pain can be a symptom of cancer.
In children aged younger than 2 years, any of the following symptoms may suggest a CNS
tumour and require following:
e Immediate referral:
0 new-onset seizures,
o bulging fontanelle,
o extensor attacks and
o persistent vomiting.

¢ Urgent referral:

(@]

abnormal increase in head size,

o arrest or regression of motor development,
o altered behaviour,

o abnormal eye movements,

o lack of visual following and

o poor feeding/failure to thrive.

o Urgency contingent on other factors: squint.

Following the diagnosis
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¢ Screening for internalising problems in children and adolescents with brain tumours.
* Baseline and follow-up screening/assessment for ADHD symptoms prior to treatment

o Externalising problems are less common than internalising problems but, if missed, will
have significant implications for educational abilities.

¢ In those for whom the symptoms represent an adjustment reaction, there is an improved
outcome if a truthful, complete and consistent approach to communication is taken.

When considering posterior fossa tumour resection

* The complication of cerebellar mutism is rarely mentioned to parents during the consent
for surgery of a posterior fossa tumour. It is a common syndrome and, reassuringly, to the
authors” knowledge there have been no reported cases of a child with cerebellar mutism
not returning to some functional speech.

4, Conclusion

The era of molecular informed neuro-oncology has set a foundation for precise diagnosis
and tailored anti-neoplastic therapy. Such changes may lead to great improvements in over-
all survival of paediatric patients and so inadvertently marks an auspicious time for neuro-
psychiatry, which has never been more relevant. In concert with an optimal medical model,
neuropsychiatric informed care is required to ensure a truly holistic and integrated approach.
In their ability to weave together so many disparate perspectives—psychiatric, neurological,
cognitive, psychosocial and many more—these specialists will be invaluable in leading mul-
tidisciplinary rehabilitation programs. Contemporary studies indicate that mood, cognition
and psychosocial functioning are important factors in early diagnosis, as well as mediating
health outcomes following radical and risk-adapted anti-neoplastic treatment. In addition
to psychological burden, the neuropsychiatric aspects of childhood CNS tumours, includ-
ing posterior fossa syndrome and cerebellar cognitive affective syndrome, are increasingly
recognised as crucial causes of poor outcomes. Current research highlights the necessity for
routine psychological and psychiatric screenings of children with suspected brain tumours
and at follow-up of childhood brain tumour survivors. Thus, we provided a review of the
available neuropsychiatric guidelines for identification of brain tumours in primary, second-
ary and tertiary health services. However, further progress is still required in these areas and
in the sphere of public awareness. In the future, neuropsychiatric intervention should aim to
complement the anticipated challenges of neuro-oncological management, e.g., a left-handed
child treated for medulloblastoma would have intensive neuropsychiatric screening and lin-
guistic rehabilitation.

As our understanding of the neuroscience relevant to childhood neuro-oncology expands,
neuropsychiatric input will be invaluable at crucial stages of care, including at time of diag-
nosis, pre- and post-operatively. Earlier intervention will consolidate a child’s resilience
through a multi-axial combination of psychometrics, psychoeducation, psychosocial support,
psychotherapy and psychopharmacological intervention. Specifically, neuropsychological
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profiling will enrich the clinical pre-operative prognostication and determine treatment goals
post-operatively.
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Abstract

Craniopharyngiomas (CPs) have had a prominent place in neurosurgery due to both the
technical difficulty and controversy regarding the optimal treatment of these benign
tumors. Harvey Cushing famously described craniopharyngiomas in 1936 as “the most
forbidding of the intracranial tumors.” Seventy years later, Rutka still wrote: “There is no
other primary brain tumor that evokes more passion, emotion, and as a result, contro-
versy than does the CP.” Craniopharyngiomas comprise 1-2% of all brain tumors and
occur in a bimodal distribution, with 40% of cases occurring between age 5-15 years and
60% occurring at ages >55 years. The differential diagnosis for craniopharyngioma can
include a variety of entities, including pituitary macroadenoma, metastasis, Rathke’s cleft
cyst, colloid cyst, glioma, meningioma, germinoma, abscess, sarcoid, or aneurysm. Imag-
ing characteristics usually include a solid cystic lesion, speckled with calcifications in 50—
80% of craniopharyngiomas (especially pediatric patients), as well a presentation with
hypopituitarism and diabetes insipidus, which influence clinical thinking toward
establishing this diagnosis.

Keywords: craniopharyngioma, endoscopic, radiation, QOL, molecular

1. Clinical case vignette

A 42-year-old woman presented, as a transfer from an outside hospital, with increased forget-
fulness, fatigue, as well as intermittent double vision leading to accidents. In addition, she
complained of increased thirst and urination. She was concurrently taking lithium and loraz-
epam for psychiatric reasons. Imaging with CT revealed a large suprasellar mass extending
into the third ventricle (Figure 1). The patient had laboratory studies performed (Table 1) and
underwent a formal ophthalmology examination, which revealed red desaturation and a
depressed visual field consistent with compressive optic neuropathy.
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Figure 1. A-C. 4.0 x 3.3 x 4.0 cm, suprasellar mass with cystic and solid components extending into the third ventricle.
No calcifications or hydrocephalus is seen.

Laboratory study Result

Urine specific gravity 1.020

Prolactin 13

Thyroid function tests TSH 0.17, T4 4.9, T3 71, Free T4 0.8
Luteinizing hormone <0.1

Follicle stimulating hormone <01

IGF-1 201

Table 1. Patient’s laboratory findings.

2. Overview

Craniopharyngiomas (CPs) have had a prominent place in neurosurgery due to both the
technical difficulty and controversy regarding the optimal treatment of these benign tumors.
Harvey Cushing famously described craniopharyngiomas in 1936 as “the most forbidding of
the intracranial tumors.” Seventy years later, Rutka still wrote: “There is no other primary
brain tumor that evokes more passion, emotion, and as a result, controversy than does the
CP” [1]. Craniopharyngiomas comprise 1-2% of all brain tumors and occur in a bimodal
distribution, with 40% of cases occurring between age 5-15 years and 60% occurring at ages
>55 years.

The differential diagnosis for craniopharyngioma can include a variety of entities, including
pituitary macroadenoma, metastasis, Rathke’s cleft cyst, colloid cyst, glioma, meningioma,
germinoma, abscess, sarcoid, or aneurysm. Imaging characteristics usually include a solid
cystic lesion, speckled with calcifications in 50-80% of craniopharyngiomas (especially pediat-
ric patients), as well a presentation with hypopituitarism and diabetes insipidus, which influ-
ence clinical thinking toward establishing this diagnosis.
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3. Subtypes of craniopharyngioma

Craniopharyngiomas are benign lesions which arise from the neuroepithelium in the sellar
region. They are classically subdivided into two distinct entities based on both genetic and
morphologic differences. Adamantinomatous CP (aCP), primarily seen in childhood, occurs
more commonly than papillary CP (pCP), which is more often seen in adults [2]. In histologic
sections, adamantinomatous CP is poorly circumscribed, often multi-cystic and calcified, and
is associated with P-catenin and epidermal growth factor receptor (EGFR) overexpression.
Papillary CP, on the other hand, is well-circumscribed, less calcified, characterized by solid
components, and displays less adherence to surrounding structures [2]. Furthermore, pCP is
made up of fibrovascular stroma lined by well-differentiated squamous epithelium [2, 3].

In terms of histologic appearance, aCP usually shows nests and trabeculae of epithelium in
fibrocollagenous stroma, with peripheral cells showing nuclear palisading, loose central cells
termed “stellate reticulum,” and abundant keratin, cholesterol crystals, necrosis, and inflam-
mation. Papillary CP is well circumscribed, composed of the cores of fibrovascular stroma
lined by well-differentiated squamous epithelium that may separate to form pseudopapillae
which resembles squamous papilloma and without xanthogranulomatous inflammation. In
molecular staining of these tumors, the lack of expression of CK8 and CK20 keratin suggests a
craniopharyngioma, which differentiates them from Rathke’s cleft cyst or pituitary pars
intermedia. More recently, VE1 staining has also been utilized to identify BRAF mutations
which can help to differentiate between Rathke’s cleft cyst and craniopharyngioma [4].

4. Origin of craniopharyngioma

Craniopharyngiomas were long thought to arise as an embryonic malformation from the
anterior superior margin of the pituitary from residual Rathke’s pouch. Due to their embryonic
origin, they may even co-opt the blood supply of the wall and floor of the ventricle. More
modern studies have demonstrated that aCP can arise due to paracrine actives of $-Catenin
mutated cells, whereas pCP can arise via metaplastic transformation [2].

5. Clinical presentation

A triad of symptoms, involving visual impairment, neurological decline, and cognitive com-
promise, is generally seen in patients presenting with CP. The extent of morbidity associated
with CP is closely related to both the specific tumor location and its size. Hypothalamic disease
in patients can present as obesity (>50%), diabetes insipidus, thermoregulation disorder, som-
nolence, sleep apnea, and arrhythmia. Hypothalamic lesions, in particular, are associated with
increased rates of neurocognitive decline, and the importance of these neuropsychological
issues is evident in that fact that many of these patients continue to report cognitive issues at
follow-up, preventing return to previous performance at work or school. Clinically significant
hypopituitarism, usually involving several anterior pituitary hormones, occurs in the majority
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of patients presenting with CP. In nearly 90% of patients who are present with hypopituita-
rism in the long term, there is a significantly higher mortality risk related to both cardiovascu-
lar and cerebrovascular mortality, with an especially higher risk in females compared to males.
The evidence from multiple cohorts of patients suggests that the increased exposure to sex
hormones also manifests as cardiovascular risk greater in females compared to males [5].

6. Surgical treatment

Surgical resection of craniopharyngiomas is challenging due a number of different consider-
ations, primary of which is the importance of the surrounding neurovascular structures. Risks
of surgery include iatrogenic infarction, damage to the optic chiasm, cerebrospinal fluid (CSF)
leak, anosmia, CN III-VI palsies, seizures, and a relatively high rate of incomplete resections
and recurrences. Anatomic considerations play an especially important role when assessing
the appropriate surgical approach. The location of CP can be described in relation to the optic
chiasm, as either prechiasmatic (which displaces the chiasm posteriorly) or retrochiasmatic
(which displaces the chiasm anteriorly) [6]. While prior classification schemes designed for
transcranial surgery described CP in relation to the optic chiasm and the third ventricle,
Kassam et al. developed a novel classification based on the infundibulum which was used for
the expanded endoscopic approach. Craniopharyngiomas are grouped as pre-infundibular
(Type I), trans-infundibular (Type II), or post-infundibular (Type III) locations and occasionally
are located in the intraventricular region only (Type IV) [7]. Major variables that can also affect
the outcome in these patients include the tumor configuration, patient’s age, and medical
comorbidities, as well as the surgeon and center experience and availability of essential facili-
ties such as intra-operative imaging, ICU care, and multidisciplinary medical management
under endocrinology and radiation oncology.

The risk of recurrence is significant in patients with CP, especially if gross total resection (GTR)
is not achieved. Regardless of improved surgical techniques, post-mortem studies performed
by Bartlett et al. demonstrated tumor remnants that can remain attached to vital structures
such as the optic chiasm, hypothalamus, and/or critical vascular. These remnants can act as a
nidus for tumor growth post-surgery, leading to the relatively high rates of recurrence (about
33% within 36 months of surgery) observed in CP patients [8] (Figures 2 and 3).

Figure 2. (A) Type IV supra-infundibular craniopharyngioma with intraventricular extension and (B) post-operative MRI
demonstrates near-total resection of tumor with the opening of the lamina terminalis.
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Figure 3. Recurrent cyst at 6 months follow-up. (A) Sagittal and coronal T1; (B) and (C) coronal T1 after transcortical
approach involving septostomy with fenestration of the lateral ventricles and third ventriculostomy.

7. Modern case series

Surgical resection can involve an open craniotomy or—alternatively—an endoscopic trans-
nasal approach. A series of open surgical resection employing the frontolateral approach for
extensive craniopharyngiomas greater than 4 cm in size reported by Gerganov et al. demon-
strated a gross total resection rate (GTR) of 87.5% by microscopic inspection and 62.5% when
based on post-operative MRI. Visual improvement was achieved in a significant number of
patients (37.5%) in this study. Side effects included new hormonal dysregulation (56.2%) and
new diabetes insipidus (75%) [9]. The rate of GTR resection in adults employing this approach
is comparable to rates achieved in pediatric patients and compares well with studies
employing various other open techniques [10-13]. A complex transpetrosal approach was
described by Al-Mefty et al. for CP located in the post-infundibular space [14].

A modern endoscopic series reported by Koutoursiou et al. of 47 adults and 17 children
demonstrated comparable GTR, near-total, subtotal, and partial resection rates of 37.5,
34.4, 21.9, and 6.5%, respectively. Major complications reported in this series included
CSF leak (23.4% initially and about 10% after the introduction of the modern endonasal
flap) and again recurrence rates of 34.4% [15]. An analysis of the reported endoscopic
series by Laws et al. found that endoscopic approaches for craniopharyngiomas are suit-
able especially if tumors are found to have a median intrasellar and subchiasmatic loca-
tion, with no parasellar solid component and no growth along the pituitary stalk [16].
However, tumors that extend to the optic chiasm and the third ventricle may also be
undertaken using the endoscopic approach if performed by experienced teams [17]. For
patients requiring re-operation due to recurrence, the endoscopic approach was also
shown to be effective, with no significant increase in the rates of complications according
to some authors [18]. The endoscopic transsphenoidal approach offers a number of advan-
tages including a surgical view in the axis of the tumor and the optic chiasm. Laws also
suggest that while resection of craniopharyngioma is commonly associated with hypopi-
tuitarism, the transsphenoidal approach may offer the advantage of the reduced risk of
permanent diabetes insipidus [19].
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However, the endoscopic approach has certain disadvantages in that it is not well suited for
masses that are postchiasmatic or for lesions with prominent lateral extensions [16]. In situa-
tions of a recurrent craniopharyngioma after craniotomy, the trans-nasal approach may offer
the distinct advantage of a previously untouched approach to the lesion, and an endoscopy
enables the surgeon to assess the anatomy of the subchiasmatic and retrochiasmatic regions
more closely. If preservation or restoration of vision is the primary goal, this should be strongly
considered. Endoscopic approaches also offer the advantage of reducing morbidity associated
with brain retraction typically employed during transcranial approaches [16].

A comprehensive literature review performed by Komotar et al. claimed higher rates of GTR
with endoscopic surgery compared to open resection (66 vs. 48%), higher likelihood of visual
improvement (56 vs. 33%), although with a higher risk of CSF leak (18.4 vs. 2.6%). However, it
is important to note that the paper suffers from systematic methodological flaws and selection
bias since the mean follow-up time for the patients who underwent open resection in this
study was 65 months, as opposed to 25.1 months for the endoscopically treated group [20].
More recent series comparing the two approaches were not able to establish similar significant
differences in treatment outcomes.

In conclusion, the endoscopic approach may be most appropriate in certain patients who present
with intrasellar and Type I lesions, whereas an open resection, employing a frontotemporal
craniotomy, may be more suitable for intra-infundibular or post-infundibular lesions. In patients
presenting with cystic CP, stereotactic management is appropriate to aspirate the cystic compo-
nent of the mass before pursuing other avenues of treatment (e.g., radiation therapy).

8. Radiation therapy for craniopharyngioma

For much of the intervening decades since neurosurgery for CP was described, the debate
largely revolved about the optimal treatment strategy, whether aggressive surgical resection or
conservative surgery offered patients the best option. Among the two fundamental schools of
thought regarding the optimal approach to treat craniopharyngioma, one advocated for GTR
for all patients with radiation reserved for salvage therapy due to anticipated adverse effects of
radiation [21]. The alternative management suggested was that of a subtotal resection or
biopsy and cyst decompression in combination with adjuvant radiation therapy. Advantages
of this approach include lower morbidity and improved quality of life [22]. Although the
surgical goal remains maximal tumor resection with minimal morbidity, it is estimated that
33% of patients will present with some form of recurrence within the first few years. It is
especially clear that radiation therapy is a key element of treatment for these patients with
recurrent craniopharyngioma.

In a comprehensive review of a published series of CP patients, Yang et al. were able to demons-
trate that subtotal surgery in conjunction with post-operative radiation results in improved
survival in patients with CP [23]. This approach employing rather conservative surgery has the
advantage of reducing the risks of hypopituitarism and hypothalamic injury. The results from
various meta-analyses were corroborated and further expanded with evidence obtained from a
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large single-center series [24]. Conservative resection with adjuvant radiation was found to be a
superior strategy in treating patients. Schoenfeld et al. reported a cohort of patients in which
there was no significant difference between GTR and subtotal resection (STR) with radiation
therapy (XRT) in terms of overall survival or progression-free survival at 2 years [25], with less
endocrinological side effects observed in the STR group.

The key to progression-free survival appears to be conservative surgery with subsequent radia-
tion therapy. Radiation therapy can include various regimens employing conventional external
beam radiation therapy, stereotactic radiosurgery, or proton beam therapy. Although radiation
offers patients the possibility of treatment with reduced morbidity and mortality, side effects of
radiation include enlargement of a cystic tumor, fatigue, skin effects, increased intracranial
pressure, and transient or permanent optic neuropathy. Moreover, radiation may have long-
term effects such as hypopituitarism in 30-50% of patients, cranial nerve palsies, cerebrovascular
diseases, and secondary malignancies. Fortunately, radiation therapy offers excellent outcomes
with progressive-free survival between 5 and 10 years of 90% and 100%, respectively [26].

9. Future directions

As with many other cancers, targeted molecular therapies offer the promise of effective treat-
ment without the need for extensive surgery or radiation. Genetic studies of aCP and pCP
identified genetic characteristics of each subtype, that may eventually be targeted by specific
molecular therapies for CP. Genomic analysis of aCP revealed mutations in CTNNB1 (8-
catenin) in nearly all cases and BRAF mutations in most pCPs. These signaling pathways are
currently being interrogated for targeted molecular therapies. Inhibitors of the BRAF proto-
oncogene employing modern drugs such as Dabrafenib or Vemurafenib, or by prescribing
MEK inhibitors, such as Trametinib, are already being studied as therapies for pCP. Inhibition
of similar molecular pathways in melanoma, amelanoblastoma, hairy cell leukemia, and pleo-
morphic xanthoastrocytoma has already demonstrated the clinical promise of these therapies
[27, 28]. Multicenter phase-2 clinical trials at the National Cancer Institute are currently under-
way evaluating BRAF/MEK inhibition in the treatment of craniopharyngioma [27].

Regardless of the therapeutic strategies that are utilized, it is evident that craniopharyngiomas
continue to present a distinct oncologic challenge that still needs to be overcome. Quality of life
is a key consideration in this disease, and long-term follow up, involving a multidisciplinary
team, is a necessary element of care of these patients. The combination of minimally invasive
surgery and radiosurgery will, in the near future, result in a minimally morbid approach to
this disease to allow patients improved quality of life.

10. Conclusions

Since Cushing’s early writings, describing surgery for craniopharyngioma, our strategies to
treat this challenging disease have evolved with modern technology to include endoscopic and
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radiation therapy. The widespread availability and adoption of these techniques have led to
endoscopic treatment and radiation therapy becoming indispensable facets of treatment of
cranjiopharyngioma. As our molecular understanding of craniopharyngioma continues to
grow, there is considerable hope for the development of effective targeted therapies.
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Abstract

Glioblastoma is the most aggressive brain tumor. Gene therapies, such as cytokine-based,
suicide gene, and oncolytic virus therapies, are different types of treatments from chemo-
therapy such as using temozolomide as a standard treatment. However, overall survival
was not prolonged in some clinical trials because of the low efficiency of gene transduc-
tion and viral infection. Neural stem cells (NSCs) have tumor trophic migratory capacity
and can be cellular delivery vehicles of cytokines, suicide genes, and oncolytic virus. NSCs
can be differentiated from embryonic stem cells. In addition, mesenchymal stem cells can
be another cellular delivery vehicle. Recently, induced pluripotent stem cells (iPSCs)
have been established. iPSCs are multipotent; hence, they can efficiently differentiate to
NSCs and can possibly overcome ethical and practical issues in clinical application. In this
study, current topics about stem cell therapy for malignant glioma are reviewed.

Keywords: malignant glioma, gene therapy, stem cell

1. Introduction

Malignant glioma is the most aggressive brain tumor that accounts for approximately 30%
of all brain tumors [64]. It is incurable by a conventional standard therapy (maximal tumor
resection, adjuvant chemotherapy, and irradiation) because brain tumor stem cells have infil-
trative growth and resistance to irradiation and tumoricidal agents [63].

Gene therapies, such as cytokine-based, suicide gene, and oncolytic virus therapies, are differ-
ent types of treatments from chemotherapy, such as using temozolomide, an alkylating agent,
as a standard treatment for glioblastoma [15, 25, 56]. Some clinical trials have been previously
conducted; however, prolonged overall survival was not attained. This result was caused by
the low efficiency of gene transduction and viral infection [56].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Figure 1. Viral vectors are tools commonly used to deliver genetic material into tumor cells. However, the efficiency of
gene transduction by the viral vectors is not high enough to cover the invaded area of malignant glioma. Replication-
competent virus is used for oncolytic virus therapy. Genetically modified oncolytic virus can selectively replicate in
tumor cells. Viral particles are released and spread to surrounding tumor cells. Some stem cells have tumor trophic
migratory capacity, which can be possible cellular delivery vehicles of cytokines, suicide genes, or oncolytic virus to
tackle malignant gliomas. Stem cells have the possibility to cover the large invaded area of malignant glioma.

Recent studies demonstrated that neural stem cells (NSCs) and mesenchymal stem cells
(MSCs) have tumor trophic migratory capacity [45, 62]. NSCs and MSCs would be possible
cellular delivery vehicles of cytokines, suicide genes, or oncolytic virus to tackle gliomas
[45, 62]. NSCs can be differentiated from certain types of stem cells. Embryonic stem cells
(ESCs) are established from the inner cell mass in human embryos; however, ESCs have
ethical issues [73]. MSCs can be easily harvested from the adult bone marrow and the fatty
tissue. However, further investigation is needed for the affinity of MSCs to the human brain
[31]. Induced pluripotent stem cells (iPSCs) were established from human adult fibroblasts
in 2007 [65, 67]. iPSCs have multipotency; hence, they can efficiently differentiate to NSCs.
iPSCs can possibly overcome ethical and practical issues in clinical application [6, 66].

In this study, current topics about stem cell therapy for malignant glioma are reviewed
(Figure 1).

2. Gene therapy using viral vector

The characteristics of gene therapies are summarized in Table 1.

2.1. Cytokine-based therapy

Viral vectors such as retrovirus and adenovirus with genes encoding immunostimulatory
cytokines have been used to treat malignant glioma. This therapy can increase the proliferation
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Gene therapy Characteristics Types
Cytokine based ~ Cytokine based therapy can increase IL-2, IL-4, IL-12, IL-18, GM-CSF, IEN-y, B7-1, and
therapy the proliferation of cytotoxic T cells and TGF-@ antisense

natural killer cells, enhancing anticancer
immune response.

Oncolytic virus ~ Genetically modified oncolytic viral vectors First generation: HSV1716: y34.5 gene deleted HSV-1

therapy can selectively replicate in tumor cells.
Viral particles are released and spread to
surrounding tumor cells.

Second generation: G207: a doubly mutated HSV-1,
which has deletion of both y34.5 loci and insertional
inactivation of UL39

Third generation: G47 delta: a new type of oncolytic
HSV-1 derived from G207, with an additional
deletion of ICP47 and the promoter region of US11

Suicide gene Suicide genes can change a nontoxic Suicide gene/prodrug
therapy prodrug into a toxic substance that triggers

apoptosis of tumor cells. HSVtk/ganciclovirl

* CD/5-flucytosine

CD: cytosine deaminase, GM-CSF: granulocyte—-macrophage colony-stimulating factor, HSV: herpes simples virus,
IFN-y: interleukin interferon-gamma, IL: interleukin, TGF-f:transforming growth factor-beta, tk: thymidine kinase.

Table 1. Characteristics of gene therapies.

of cytotoxic T cells and natural killer cells, enhancing anticancer immune response. Cytokines
delivered by viral vectors such as interleukin (IL)-2, IL-4, IL-12, and IL-18, granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), interferon-gamma (IFN-v), costimulating factor
such as B7-1, and enhancer of immunogenicity such as transforming growth factor-f anti-
sense have been previously investigated. These studies demonstrated the local augmentation
and ability of the immune response against glioma cells [53, 71, 74].

Recently, tumor suppressor genes are also used for gene therapy to treat malignant gli-
oma. p53, which is known as a common mutagenic target in the development of malignant
glioma, was evaluated using a replication-deficient adenoviral vector [32]. Phosphatase
and tensin homolog (PTEN) negatively regulates PI3K. PTEN gene alterations are also
associated with poor prognosis of malignant glioma. PTEN expression induced by adeno-
viral vector also showed an antitumor response in some experiments [1]. A clinical trial
using an adenoviral vector with INF-f3 has also been conducted. However, the efficacy
of that clinical trial in patients is limited. Therefore, improvement of the vector is cer-
tainly necessary to deliver the genes [14]. On the contrary, some studies suggested the
advantages of the combination of cytokine-based and standard chemotherapies. In the
future, combinatorial gene therapy might be effective in the treatment of malignant glioma
[11, 33, 44, 76].

2.2. Oncolytic virus therapy

Replication-competent viral vectors have been previously used for oncolytic virus therapy.
The transduction efficiency of replication-competent viral vectors is higher than that of repli-
cation-deficient viral vectors [2]. Genetically modified oncolytic viral vectors can selectively

215



216  Brain Tumors - An Update

replicate in tumor cells. Viral particles are released and spread to surrounding tumor cells.
Oncolytic viral vectors cannot replicate in normal cells. Herpes simplex virus (HSV)-1 is the
most famous oncolytic virus that has lower immunogenicity and stronger tumoricidal effects
than adenovirus [22, 70].

HSV1716 is v34.5 gene deleted HSV-1, constructed from wild-type strain. The y34.5 gene
of HSV-1 encodes ICP34.5. ICP34.5 gene counteracts the double-stranded RNA-dependent
protein kinase (PKR)-mediated block to virus replication in post-mitotic cells. HSV1716 effec-
tively kills tumor cells because tumor cells have weaker defenses mediated by PKR pathway.
The safety and toxicity of HSV1716 in patients have been demonstrated in a phase I clini-
cal trial for recurrent malignant glioma. Moreover, major neurological manifestation was not
noted [55]. However, HSV1716 has the risk of being converted to the wild-type strain HSV-1
because HSV1716 has only single gene deletion [18, 52].

G207 is a doubly mutated HSV-1, which has deletion of both y34.5 loci and insertional
inactivation of UL39. Ribonucleotide reductase (RR) encoded by UL39 is crucial for virus
replication by catalyzing ribonucleotide formation. The lack of viral RR expression in G207
specifically targets tumor cells because tumor cells have high RR activity. In addition, G207
did not have the risk of being converted to the wild-type strain HSV-1. G207 was safe when
it was inoculated into patients with recurrent malignant glioma in phase I or Ib clinical trials.
Treatment-related toxicity or serious adverse events and evidence of HSV-1 encephalitis were
not shown [39, 40, 42].

G47 delta is a new type of oncolytic HSV-1. G47 delta has an additional deletion of the gene
encoding ICP47. G47 delta has the ability to enhance major histocompatibility complex class I
antigen and immune response. In addition, this deletion causes promoter shift for the unique
short 11 gene, which blocks the effect of IFNs and increases viral replication in tumor cells. A
phase I/11a clinical trial using G47 delta, which enhances specificity, and safety was conducted
for recurrent or progressive glioblastoma in 2009 [72]. A phase II clinical trial using G47 delta
was initiated from 2015 in a physician-led clinical trial.

OncoVEXSMSF s a first-in-class oncolytic vaccine approved by the FDA in 2015. It helps
stimulate host immune response. ICP34.5 and ICP47 were deleted from HSV-1, and the gene
encoding GM-CSF was inserted. A phase I clinical trial using OncoVEX™ < was conducted
for patients with breast, head and neck, and gastrointestinal cancers and malignant melanoma
who had unsuccessful prior therapy. In the clinical trial, the virus had a good safety profile
[24]. A phase II clinical trial for patients with unresectable metastatic melanoma showed 26%
response rate [60]. Moreover, a phase III clinical trial showed significant prolonged overall
survival for unresectable metastatic melanoma [27, 54].

Reovirus (Reolysin), which is a naturally occurring nonpathogenic, double-stranded RNA
virus, has oncolytic activity and was also approved by the FDA. It was evaluated in phase I-III
clinical trials in squamous cell carcinoma of the lungs and non-small-cell lung, pancreatic, and
ovarian cancers. Its favorable toxicity profile, deficiency of viral shedding, and therapeutic
effect have been shown in those clinical trials. A phase III trial of Reolysin combined with
paclitaxel and carboplatin for treatment of head and neck squamous cell carcinoma was com-
pleted in 2014 [43].
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The 55-kda protein from the E1B region of an adenovirus binds to and inactivates the p53
gene. ONYX-015 is an adenovirus modified to selectively replicate and kill cells that harbor
p53 mutations [20]. A phase I clinical trial was conducted for patients with recurrent malig-
nant glioma. ONYX-015 showed promising safety profile; however, there was no significant
therapeutic benefit [10].

Oncolytic virus therapy has been centered on various types of cancers and is expected to be
applied for brain tumors. However, diffuse infiltration capacity of oncolytic virus to cover a
large area invaded by malignant glioma might be one of the issues to solve.

2.3. Suicide gene therapy

Suicide genes can change a nontoxic prodrug into a toxic substance that triggers apoptosis of
tumor cells [8, 69]. Herpes simplex virus thymidine kinase (HSVtk) + ganciclovir and cytosine
deaminase (CD) + 5-flucytosine is the most famous combination. This therapy has a bystander
killing effect, which results in the killing of a larger portion of cells than is transduced with
the suicide gene [57]. In the 1990s, some clinical trials were conducted using viral vectors
and fibroblasts that produce retrovirus for gene transduction. However, this therapy did not
prolong the overall survival of patients with glioblastoma. This was considered to be caused
by the vector’s low efficiency of gene transduction [9]. Toca 511, a retroviral replicating vector
that delivers yeast CD, showed good results under the Toca FC administration in experimen-
tal brain tumor models, leading to a clinical trial [51].

2.4. Some types of stem cells
24.1.ESC

ESCs are derived from inner cell mass that can differentiate to triploblastic tissues. It has
high telomerase activity that can persistently divide [30, 59]. Because the generation of ESCs
involves the destruction of the preimplantation stage embryo, their use was controversial. In
addition, ESCs can possibly lead to teratoma formation after transplantation. ESCs are also
affected by immune rejection accompanied with ethical concerns because a fertile ovum is
used. The first clinical trial that used ESCs was conducted in patients with severe subacute
spinal injury in 2009. In that study, oligodendrocyte progenitor cells derived from ESCs were
transplanted. Other clinical trials using ESCs have been previously conducted for some dis-
eases such as age-related macular degeneration and Stargardt disease. However, it has not
been applied for brain tumor [59, 80].

2.4.2. MSC

MSCs can be harvested from fetal Wharton’s jelly adult bone marrow, synovialis, fatty tis-
sue, placenta, heart and liver. MSCs can be established by patients themselves. MSCs are not
affected by host immune rejection [75]. Therefore MSCs tend to be easily linked to clinical
applications. For example, endocapillary cells, myocardium, skeleton muscle, liver cell, neu-
ron, glial cell, insulin-producing cell and epithelial cell can be differentiated from MSCs. MSCs
have been previously used for clinical trials such as head injury and cerebral infarction [23, 30].
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2.4.3.iPSC

iPSCs can be established directly from adult cells. Four specific genes (Oct3/4, c-myc, Sox2,
and Klf4) encoding transcription factors could convert adult cells into iPSCs. iPSCs hold great
promise in the field of regenerative medicine. iPSCs can also overcome some problems such as
ethical concerns and immune rejection. Recently, iPSCs can be established without c-myc and
can prevent teratoma formation [46, 49]. An episomal vector is used for the transduction to pre-
vent chromosomal insertion that cannot be accomplished by viral and plasmid vectors [50, 77].
In addition, iPSCs can be cultured under the feeder-free condition, and laminin-511 supports
the stable culture of iPSCs [19]. The efficiency to culture iPSCs has been rapidly improved.

The first clinical trial for macular degeneration using autologous-induced stem cell-derived
retinal cells has been completed in Japan in 2015. The feasibility of using iPSCs has been
shown [38]. A clinical trial for Parkinson’s disease is expected to use iPSCs in the near future
[12, 13, 16, 26, 48].

All types of stem cells have two important effects. First is the trophic effect, that is, supplying
various nutrients and tissue-protective cytokines, and the second is the repairing effect, that s,
identifying the damaged area and differentiating to an organized tissue after homing [23, 30].

2.5. Gene therapy using stem cells as delivery vehicle
2.5.1. Cytokine-based therapy

IL-4-producing NSCs showed powerful antitumor effects compared with that of the virus-
mediated delivery of IL-4 [7]. In addition, NSCs and MSCs that produce IL-2, IL-7, IL-12,
and IL-23 have been evaluated for brain tumor [15, 17, 47, 61, 78, 79]. TNF-related apop-
tosis-inducing ligand (TRAIL) triggers caspase-8-dependent apoptosis. The tumor-specific
therapeutic effects of TRAIL-producing NSCs, MSCs, and ESCs-derived astrocytes have been
shown in experimental gliomas [29, 58].

2.5.2. Oncolytic virus therapy

Some studies showed the advantages of stem cells (NSCs and MSCs) to deliver replicating HSV
and adenovirus because stem cells suppress the host immune response of the virus. In addition,
stem cell therapy has become a promising approach because it can deliver viruses at further
distance within the invaded malignant glioma [3, 5, 21, 68]. Actually, MSCs with replicating
adenovirus showed that MSCs can suppress the immune response against the virus, which
makes it possible to prolong viral activity and survival [4]. Some similar researches using NSCs
with conditionally replicating HSV and adenovirus in preclinical studies were conducted [21].

2.5.3. Suicide gene therapy

Some reports showed that suicide gene therapy with HSVtk or CD using NSCs as cellular deliv-
ery vehicle could significantly prolong survival in animal models of brain tumor [28, 34, 37].
MSCs with HSVtk or CD were also used for the treatment of malignant glioma. Both NSCs
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and MSCs could migrate even to the contralateral tumor [35, 41]. Mouse iPSC-derived NSCs
with HSVtk have been previously reported and showed equivalent results as described above.
However, the study using human iPSC-derived NSCs has not been reported, yet [36]. One pilot
trial using NSCs with CD has been recently completed, but results are not yet available.

3. Future directions

The treatment concept of gene therapy was appropriate for malignant glioma; however, viral
vectors are not enough to cover the large invasion area. The migration ability of stem cells has
been expected. Some types of stem cells can be established recently. However, a comparative
analysis on which type of stem cell has the strongest migration ability and the tumoricidal
effect is needed. In brain tumor, NSCs may be considered as the most effective cellular vehicle
because of their affinity to the brain. iPSCs are attractive tools because NSCs could be effi-
ciently differentiated from iPSCs. Gene therapy using stem cells as cellular delivery vehicles
is expected to be further developed in the future.
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Abstract

Gliomas develop genetic traits to rapidly form aggressive phenotypes. Hence, man-
agement of gliomas is complicated and difficult. Besides genetic aberrations such as
oncogenic copy number variation and mutations, alternative mRNA splicing triggers
prooncogenic episodes in many cancers. In gliomas, we found alternative splicing at
the KCNMA transcription process. KCNMA1 encodes the pore forming a-subunit of
large-conductance calcium-activated voltage-sensitive potassium (BK . ) channels. These
channels play critical role in glioma invasion and proliferation. We identified a novel
KCNMA1T mRNA splice variant with a deletion of 108 base pairs (KCNMAIv) mostly
overexpressed in high grade gliomas. We found that KCNMA1 alternative pre-mRNA
splicing enhanced glioma growth, progression and diffusion. The role of KCNMA1 and
its splicing as a critical posttranscriptional regulator of BK ., channel expression is pre-
sented in this chapter. Our research implies that high grade gliomas express KCNMA1Iv
and BK_, channel isoform to accelerate growth and transformation to glioblastoma
multiforme (GBM). We demonstrated that tumors hardly develop in mice injected with
KCNMAT1v transfected cell line expressing short-hairpin RNA (shRNA) compared to
mice injected with KCNMAIv transected glioma cells. We conclude that targeting the
KCNMAT1 variants may be a clinically beneficial strategy to prevent or at least slow down
glioma transformation to GBM.
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1. Introduction

1.1. KCNMAT1-encoded BK_, channels in glioma

Brain tumors are the most common type of solid tumors. In the United States, an estimated
20,000 new primary brain tumor cases are reported [1]. The most common form of malig-
nant glioma is glioblastoma multiforme (GBM). The treatment of brain tumors is highly com-
plicated due to their highly aggressive phenotypic and genotypic changes [2]. The median
survival among GBM patients is only 15 months or less [3]. GBM contains heterogeneous sub-
populations of glioma and other mixed supporting cells that are cancerous cells. They have the
intrinsic ability that adapt in the brain tumor microenvironment and invade the normal brain.
Gene expression profiling studies have identified many genes that have distinct expression
patterns among different histological types and grades of gliomas [4]. The response of “normal
cells” to malignant transformation involves changes in gene expression and is thought to be
regulated by transcription [5]. The potassium ion channels are implicated in the malignant
transformation to a higher grade in several cancers [5-7]. For example, we reported that low-
grade gliomas might undergo certain epigenetic changes to develop into a GBM [8].

The physiological features of BK_, channels also known as maxi K or BK channels are well
described [6-9]. These channels are unique since its activity is triggered by depolarization
and enhanced by an increase in uM range of cytosolic calcium (Figure 1). The BK ., channels
provide a crucial link between the metabolic and electrical states of cells. The BK_, channel
overexpression was observed in biopsies of patients with malignant gliomas compared with
nonmalignant human cortical tissues and the level of expression correlated positively with
increased malignancy [7]. Studies have shown the importance of BK ., channels in brain tumor
biology [5]. Lastly, BK , currents in glioma cells are more sensitive to intracellular [Ca*] com-
pared to BK,, channels in healthy glial cells [9, 10].
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Figure 1. BK  channel is a tetramer of four monomeric pore-forming alpha-subunits encoded by KCNMA1. The seven
transmembrane channels SO to S6 are voltage-sensing domains, S1 to S4 channels form pore domain, S5 is a selectivity
filter, and S6 is a extracellular N-terminal segment. The cytoplasmic C-terminal domain has RCK1 and RCK2 (with
calcium bowl) segments.



Role of an Alternatively Spliced KCNMAT Variant in Glioma Growth
http://dx.doi.org/10.5772/intechopen.74509

2. Diverse role of KCNMA1 in glioma

KCNMA1-encoded BK ., channel plays a pivotal role in cancer cell proliferation. Amplification
of KCNMA1 was observed in breast, ovarian, and endometrial cancer with the highest preva-
lence in invasive ductal breast cancers and serous carcinoma of ovary and endometrium (3-7%)
and gliomas. KCNMA1 amplification was significantly associated with high tumor stage, high-
grade, high tumor cell proliferation, and poor prognosis. Due to the large number of protein
interactions and activating factors influencing BK.., channel function, intracellular Ca*, mem-
brane voltage, pH, shear stress, carbon monoxide, phosphorylation states, and steroid hormones,
it is generally difficult to predict its direct role in a given tissue. However, in many diseases
including cancers, defective regulation and/or expression of BK ,, channels have repeatedly been
associated with altered cell cycle progression [11], cell proliferation [11], and cell migration [11].
These altered cell functions are implicated in development of malignancy [11].

3. KCNMAT1: STRING analysis

In order to understand the possible interactions of KCNMA1 with other genes and molecules,
we used the tool STRING 9.1. It is a database consisting of known and possible protein—
protein interactions with a gene of interest. The gene may have a direct (physical) or indirect
(functional) association with other molecules. With this tool we can easily identify possible
interaction of KCNMA1 with other associated molecules. We can derive detailed information

Lot
=
L

Figure 2. STRING 9.1 software-derived possible association of KCNMA1 with top 20 most interacting genes.
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of the protein being investigated as well as its associated molecules, crystal structure of the
proteins with its PDB ID, and combined score [confidence score, neighborhood score, fusion
score, homology score] on the basis of some parameters like experimental results, text-mining,
co expression, databases, and co-occurrence (Figure 2).

4. Possible KEGG pathway following activation and suppression of
KCNMAL1 in glioma cells

Glioma cell line U-87 MG was obtained from the American Type Culture Collection
(Manassas, VA) and cultured in MEM supplemented with 10% FBS and 0.1 mM nonessential
amino acids. Cells were maintained at 37°C in 5% CQO,. In order to study the biological signifi-
cance of up- and down-regulation of KCNMA1 on associated genes, we performed microar-
ray using the Affymetrix Human Genome U133 Plus 2.0. Array analyses of U-87 MG cell lines
where KCNMAT1 was either overexpressed or suppressed showed significant changes in genes
involved in cell proliferation, angiogenesis, cell cycle, and invasion (Figure 3). Class com-
parison tests indicated significant changes in global expression patterns. Twenty genes highly
downregulated by suppression but upregulated by overexpression of KCNMA1 or vice versa
are shown in Figure 3. This data support our rationale that KCNMA1 plays a critical role in
the above cellular processes.

Array analyses of U-87 MG cell lines where KCNMAT1 was either overexpressed or suppressed
showed significant changes in genes involved in cell proliferation, angiogenesis, cell cycle,

usr KCNMA1 KCNMA1
Control Up Down

Up-reguiated
genas by
KCHMA1

Down-regulated
genes by
KCHMAT

Figure 3. High-grade glioma cells, U-87 MG were transfected to make stable cell line over-expressing KCNMA1. In
addition, we transfected U-87 MG cells with shKCNMAT; this suppressed basal KCNMAL1 expression. A microarray
was performed on these cells. The heat map shows the differential expression of genes that were directly or indirectly
affected by upregulation or down regulation of KCNMA1. We found 8102 and 7259 significant features at p < 0.05,
respectively, for overexpression and suppression of KCNMA1. From these, features having at least a signal value of 255
were selected to reduce false positives (false discovery rate < 0.0079).
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Figure 4. Cluster analysis of 62 genes altered by twofold in opposite directions by expressing KCNMAT gene up and
down in U-87 cells. These transcripts were identified from the significantly altered genes by ANOVA at p <0.05.

and invasion (Figure 4; see arrows). Cluster analysis of 476 transcripts that are altered in
opposite directions by expressing KCNMAI gene up and down in U-87 cells. These tran-
scripts were identified from the significantly altered genes by ANOVA at p < 0.05, and the
fold-change thresholds such that one of KCNMA1 up or down altered the gene expression by
twofold and the other altered it at least by 1.5-fold in the opposite direction.

5. KCNMAL1 splicing in glioma

The KCNMAL1 encodes the pore-forming a-subunits of large-conductance Ca*-activated K+
(BKCa) channels. More than 20 variants of this gene are associated with alternative splicing
at ten or more different sites [12, 13], while majority of the splice sites are located in the large
cytoplasmic domain. This domain is called the C-terminal half of the channel that contains
multiple Ca* binding sites [14-16]. Gating properties and kinetics with regard to the voltage
and Ca? dependence of gating are altered by alternative splicing in these regions [17-19].
Expressions of different BK . isoforms have been implicated in auditory processing [20] and
alter the sensitivity of BK_, to modulation by phosphorylation [21] and other processes [22].
However, the role of BK ., isoforms in cancer is now being investigated [23]. More specifically,
KCNMAL1 is altered in a wide variety of cancers, and their overexpression liked to increased
malignancy in gliomas [4-7]. The BK _, protein isoform transcribed by its alternatively spliced
mRNA in cancer cells is known as likely to respond differently to changes in intracellular
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calcium ([Ca*]i) and membrane potential. We and others have demonstrated that BK , chan-
nels are overexpressed in gliomas [4-9] and play an important role in glioma invasion and
migration [24, 25].

BK_, channels show a variety of electrophysiological properties due to alternative splicing
of their a-subunits. In glioma cells, Liu et al. [6] reported that BK ., channels exhibit distinct
electrophysiological properties due to alternate splicing of its a-subunits. These BK ., variants
showed higher Ca* sensitivity in glioma cells compared to BK ., channels present in normal
glial cells. The amplified sensitivity to intracellular [Ca*i] was shown in a novel splice isoform
(gBK) of hSlo, the gene that encodes the a-subunits, specifically expressed in glioma [6]. We
have recently shown (submitted for review) that KCNMAT1 that encodes a-subunit (pore form-
ing) of BK ., channel undergoes specific splicing at mRNA to form a variant (KCNMA1v) that
encodes for a novel BK ,, channel isoform only in glioblastoma multiforme (GBM). Other types
of Ca?*-activated K+ channels such as intermediate (IKCa) and small (SKCa) [10] have been char-
acterized in human glioma cells, but their roles in brain tumor biology are yet to be explored.

The alternative RNA splicing might increase protein expression levels and functions. In can-
cer, it was shown that abnormal mRNA splicing often leads to tumor-promoting splice vari-
ants that are translated into activated oncogenes or inactivated tumor suppressors [26, 27].
Interestingly, the brain appears to have maximum alternative splicing of exons [28]. The pres-
ent knowledge suggests that alternative or aberrant pre-mRNA splicing results in oncopro-
teins with diverse functions in the development, progression, and dispersal of glioma cells
[29, 30]. Further, genomic studies have shown that gliomas often have splice isoforms than in
normal brain [30]. For instance, KCNMA1 was shown to undergo alternative pre-mRNA splic-
ing at several sites in humans and mice [31, 32] to generate physiologically diverse BK . chan-
nels. These altered BK ., channels respond differently to calcium/voltage changes. Often, these
channels show abnormal regulation of cellular signaling pathways in glioma cells [13, 19].
Hence, the cause-effect of KCNMAL splicing in functional modification of BK_, channels in
brain tumors is a matter of great interest.

We have described an unknown KCNMAT mRNA splice variant with a deletion of 108 base pairs
of exon 22 (KCNMA1v) between the S9 and 510 protein subunits (C-terminus) overexpressed
in high-grade gliomas. This serendipitous finding prompted to study the role of KCNMA1lv
as a critical posttranscriptional regulator of BK . channel isoform expression and altered chan-
nel function in gliomas (submitted for review). The complex interaction between various ions
and their respective ion channels at the invadopodia of the malignant gliomas is speculated to
explain some of the invasive properties of gliomas [24, 25]. The role of various ions and their
respective ion channels in glioma is recently well documented [33]. Among many ion channels,
BK_, channels have many known spliced variants. Liu et al. have initially described a spliced
variant, glioma BK (gBK), channel in human glioma cells [6]. Inherited and acquired changes
in pre-mRNA splicing have been shown to play a significant role in human disease develop-
ment (pre-mRNA splicing and human disease [29]. Venables et al. [34] showed that alternative
splicing of pre-mRNA increases the diversity of protein functions in ovarian and breast cancer
samples. Specifically, they found that expression of FOX2 was downregulated in ovarian cancer
and its splicing is altered in breast cancer samples affecting cell proliferation.
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However, studies on the association of changes in gene splicing pattern and malignancy are
rare. However, few studies have shown the presence of BK_, channels at the invadopodia
of the malignant gliomas that lead to speculation that these channels may help the invasive
properties of gliomas. A recent study found a clinical relevance where the investigators found
T cells derived from GBM patients who were sensitized to the gBK peptide could also kill
target cells expressing gBK. This study shows that peptides derived from cancer-associated
ion channels maybe useful targets for T-cell-mediated immunotherapy [23]. Several sites of
alternative pre-mRNA splicing of KCNMAT1 have been described, and majority of them are
located within the intracellular C-terminal domain of the channel [19]. In the past a novel
splice variant of KCNMA1 (gBK) with an additional 34-amino-acid exon at splice site 2 in the
C-terminal has already been described in gliomas [6].

In addition to the above studies, we present herein the cloning, functional characterization,
and splicing of a novel KCNMAI splice variant. KCNMA1 encodes the alpha-subunit of
human BK.., channels and is known to form BK.., channel isoforms. Here, we report hitherto
unknown KCNMAT1 splice variant, which has a 108-base-pair deletion at the splice site on
one of its exons, which we termed as KCNMAIv. More importantly, KCNMAIv expression
correlates positively with the relative degree of malignancy of the glioma cell lines (under
publication). Moreover, we found that KCNMATv was expressed only in high-grade glioma
samples and not in normal brain tissues as evidenced by examination of human biopsy speci-
mens (under publication). Expression of KCNMA1v in HEK (null type) revealed that the phar-
macological and biophysical properties of the variant were consistent with the properties of
wild-type KCNMAI gene in glioma cells suggesting that KCNMATv is likely to encode the
principal wild-type BK ., channels (under publication). Although we have not separated wild-
type and splice variant isoform for sequence and structure analysis, the biological properties
of both wild-type and isoform protein appear to be similar. However, when overexpressed in
glioma cell line (under publication), the variant showed distinct biological properties such as
enhanced Ca” sensitivity at physiologically relevant [Ca*]i levels (under publication).

Progression of brain tumor from localized, slow-growing tumors to more aggressive brain
tumors capable of invading the surrounding brain most likely involves a series of stepwise
biological events [35]. For example, miR-182 was found to be a valuable marker of glioma
progression and that high miR-182 expression is associated with poor prognosis [36]. Such
a multistep process of tumorigenesis has been proposed to involve a series of mutational
events which ultimately lead to development and progression of neoplasia [35]. Aberrant
pre-mRNA splicing is an important factor in tumor progression and has been proposed to
result in the loss of a normal pathway of differentiation, which could lead to tumor progres-
sion. Several studies have implicated BK ., channel expression to oncogenic cell transforma-
tion [37, 38]. Increased activity of BK_ channels appeared to be required for the mitogenic
stimulation of non-transformed cells and may play a role in cell proliferation [39]. Consistent
with the above studies, we show that KCNMAIv-induced effects promote proliferation in gli-
oma cell lines when the variant was overexpressed. The upregulation of KCNMA1v in glioma
cell lines provides an opportunity to determine variant-specific changes that enhance glio-
magenesis in vivo. The overexpression of KCNMATv resulted in increased proliferation in
glioma cell lines. It has also been suggested that cell invasion into narrow brain spaces may
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require tumor cells to shrink and squeeze through tight interstitial space [40]. Cell shrinkage
requires the efflux of K* and CI" ions [41], and BK ., channels may serve as pathway for regu-
lated K* efflux [42]. Consistent with these findings, the overexpression of KCNMA1v increased
the invasion potential of glioma cells (under publication). The role of BK . channels in cell
migration was already described [43]. The changes in proliferation and migration of cells
over-expressing KCNMATv were mostly attributed to increased levels of KCNMAT and BK
channel protein expression in transfected cells. Additionally, overexpression of KCNMAIv
in glioma cells may assist them to diffusely invade the normal brain. Due to this phenom-
enon, GBM patients typically show high propensity to recur as the cancer cells express-
ing KCNMA1Iv might survive surgical and therapeutic treatment. The xenograft tumors in
mice likewise demonstrated increased growth, which correlated well with Ki-67 expression
(under publication). The overexpression of KCNMA1Iv resulted in increased angiogenesis in
the tumor xenografts, supporting the angiogenic role of KCNMAIv. The observation that the
overexpression of KCNMAIv in human gliomas correlates with increased angiogenesis in
high-grade gliomas further supports that KCNMA1 splicing event is an important biological
process for glioma progression. Consistent with this observation, we found that glioma cells
over-expressing KCNMA1Tv secreted significantly the high level of angiogenic factor VEGF
(under publication).

6. Conclusion

Further investigation into the mechanisms and cellular events caused by KCNMA1 splic-
ing may lead to the development of future therapies for this highly deadly disease. Splice
variants that are found in high-grade gliomas have clear diagnostic and prognostic values
besides providing potential targets for anticancer drug development. Clinical outcome
of KCNMA1v expression in high-grade glioma is expected to reveal the variants’ clinical
importance. This analysis is being performed in our laboratory. In conclusion, the results
presented here might suggest that quantifying the levels of KCNMAIv could be useful to
identify biological process that increases the malignancy and affect prognosis of high-grade
glioma patients.
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