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Preface

The book Central Nervous System Tumors represents the contribution of many
experts in the field, each with his own specialty and interests. The management of
patients with tumors of the central nervous system (CNS) is complex and involves
the expertise of many disciplines including neuro-oncology, neuroradiology,
neurosurgery, radiation oncology, neuropathology, and more. Many of our patients
are quite debilitated and require the aid of physical and occupational therapy,
spiritual counseling, pain management, and palliative care. Our field has changed
greatly over the past several years as we gain a better understanding of the mecha-
nisms of tumorigenesis and the genes involved. Many of them can be targeted with
new pharmaceuticals, and immunotherapy is a very active area of research. We rely
heavily on new breakthroughs from basic science research labs around the world.

I am grateful for the wonderful and exciting contributions from the many authors
that have helped with the publication of this book, and I remain hopeful for the
future of the field with the many new advances that are sure to come in the years
ahead. I also would like to thank our IntechOpen colleagues for their help and
support in bringing the most up-to-date findings to its readers.

Dr. Scott George Turner
Associate Professor of Neurology,
Department of Neuro-Oncology,
University of California,

Irvine, Orange, CA
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Chapter1

Introductory Chapter: The Current
State of the Treatment of CNS
Malignancies

Scott George Turner

1. Introduction

The management of patients with malignancies of the central nervous system
(CNS) has presented a challenge for many years. For benign tumors such as pitu-
itary adenomas or low-grade meningiomas, surgery is often adequate to ensure a
good outcome, whereas for high-grade gliomas, maximal surgery followed by radia-
tion and chemotherapy is the standard of care. Newer modalities such as immuno-
therapy and tumor-treating fields have shown benefit, and have been added to the
armamentarium that neuro-oncologists employ to care for patients with challenging
high-grade tumors.

2. WHO classification

In 2016, the World Health Organization (WHO) revised its classification scheme
for tumors of the central nervous system. The 2000 [1] and 2007 [2] classification
schemes relied on histologic findings, including immunohistochemistry, to determine
tumor type based on similarities to the cell of origin, as well as tumor grade. The 2016
[3] changes combined the histologic findings with genetic information in order to bet-
ter characterize these tumors and to establish data on prognosis. An updated classifi-
cation scheme is coming this year [4] and builds on the 2016 version, incorporating
updated molecular and genetic biomarkers.

3. Pediatric CNS tumors

CNS tumors are the most common solid tumors in children. The ones most com-
monly found in the posterior fossa are medulloblastoma, juvenile pilocytic astrocy-
toma, ependymoma, diffuse pontine glioma, and atypical teratoid-rhabdoid tumor
[5]. Medulloblastomas [6] are characterized by molecular features and histopathol-
ogy, and there are four subtypes: WNT-activated, SHH-activated, and Group 3 and
Group 4 non-WNT/non-SHH. Each subtype has its own molecular and histologic
characteristics, and all are considered WHO Grade 4. Ependymomas [7] occur in
both adults and children and can occur in the brain and spinal cord. The majority
occur in the posterior fossa and can be WHO Grade 2 or 3. A supratentorial RELA-
fusion-positive variant was first described in 2016. Astrocytomas, oligodendroglio-
mas, craniopharyngiomas, gangliogliomas, primitive neuroectodermal tumors,
and meningiomas are most often found supratentorially. Often these are low-grade,
slow-growing tumors that can be treated with surgery alone.
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4, Adult CNS tumors

Meningiomas [8] arise from the meninges and are most often benign, Grade I
tumors, though there are rare higher-grade meningiomas that can invade into the
brain tissue. As mentioned above, ependymomas can occur in both children and
adults. A myxopapillary variant is commonly found at the filum/cauda equina and
is more common in adults. The new 2021 WHO classification has changed this sub-
type from a Grade 1 tumor to Grade 2 due to its more aggressive clinical course. The
two glands within the brain also can develop tumors: Pituitary adenomas [9] arise
from the pituitary gland within the sella turcica and can cause endocrinopathies
and visual field loss. Tumors of the pineal gland [10] can lead to symptoms from
hydrocephalus, among others. However, the most common primary CNS tumor
is also the most aggressive, glioblastoma multiforme, which are classified as IDH
mutant or wildtype with very different survival outcomes. Maximal surgical resec-
tion correlates with better survival [11], and surgical advances have led to improved
outcomes. Following surgery, post-operative radiation and chemotherapy are the
standard of care. Only temozolomide chemotherapy [12] and Optune tumor-treat-
ing fields [13] have been shown to improve overall survival in these patients, though
new therapies are being investigated.

Neuro-oncology remains a very exciting field with new therapies being devel-
oped based on our better understanding of the genetics and molecular character-
istics of these tumors. Targeted therapies [14] and immunotherapy [15], including
vaccines, are being developed. This is truly a very exciting time for the field, and I
am sure that, as our understanding of the most aggressive types of primary brain
tumors grows, we will make even greater strides toward successfully treating these
deadly malignancies.
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Chapter2

Pediatric Brain Tumors: From
Modern Classification System to
Current Principles of Management

Ahmad Ozaiv, Erum Khan, Vivek Bhat, Arjumand Farugqi
and Anil Nanda

Abstract

Central nervous system (CNS) malignancies contribute significantly to the
global burden of cancer. Brain tumors constitute the most common solid organ
tumors in children and the second most common malignancies of childhood
overall. Accounting for nearly 20% of all pediatric malignancies, these are the
foremost cause of cancer-related deaths in children 0-14 years of age. This book
chapter provides a state-of-the-art overview of pediatric brain tumors. It discusses
their morbidity and mortality and introduces the WHO 2021 classification of CNS
tumors, which is critical to therapeutic decision-making. It then describes the
modern understanding of tumor grading and its clinical implications, followed by
the general principles of diagnosis and management. The chapter then discusses,
in detail, those brain tumors which have the highest disease burden in children,
including medulloblastoma, astrocytoma, ependymoma, schwannoma, menin-
gioma, amongst others. The landscape of treatment of pediatric brain tumors has
been rapidly evolving, with several effective therapies on the horizon.

Keywords: CNS tumor, oncology, neuro-oncology, pediatric oncology, malignancy,
neurology, neurosurgery, neuroradiology, brain tumor

1. Introduction

Central nervous system (CNS) malignancies contribute significantly to the
global burden of cancer. The average annual age-adjusted incidence rate (AAAIR)
of all CNS tumors, as estimated in the US population was 23.79 according to
the most recent report of the Central Brain Tumor Registry of the United States
(CBTRUS) [1]. Amongst individuals aged 15-39 years, CNS tumors constitute the
third most common tumor overall, while amongst individuals aged 40 and above,
they are the third most common cause of cancer death.

Brain tumors find an overwhelmingly high representation in the pediatric age group.
They constitute the most common solid organ tumors in children and the second most
common malignancies of childhood overall, accounting for nearly 20% of all pediatric
malignancies [1]. The CBTRUS 2020 report estimated that the AAAIR of CNS tumors
amongst children aged 0 to 14 was 5.83 per 100,000 individuals. The annual age-
adjusted mortality rate (AAAMR) of CNS tumors in this age group was determined to
be 0.71 per 100,000, leading to brain tumors being the biggest cause of cancer death

9 IntechOpen
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amongst O to 14 years of age. Despite the advances of the last few decades in imaging,
molecular diagnostics, surgical techniques, and adjuvant therapy, unfortunately, less
than required improvement has occurred in rates of survival in the pediatric age group.

Girardi et al., in a systematic review published in 2019, determined that little
data from low and low-middle-income countries (LMICs) is available regarding
long-term survival from pediatric brain tumors [2]. This sobering data stands
amidst the backdrop of studies demonstrating that the nations with lower economic
development deliver a significantly poorer quality of care [3].

Adult survivors of pediatric brain tumors face significant challenges. Several
factors come together to drastically impact their neurocognitive and psychosocial out-
comes. These include but are not limited to, the clinical features of the tumor itself,
its treatment especially radiotherapy to a developing brain, access to support systems
and quality of rehabilitative services, individual factors, amongst others [4].

The pediatric landscape is significantly different from the adult landscape with
regard to brain tumors. Pediatric brain tumors have differing common sites of
origin, histology, genetics, which lend themselves to dissimilar diagnostic and thera-
peutic considerations. As a rule of thumb, two-thirds of tumors in adults arise from
sites above the tentorium cerebelli, while two-thirds of tumors in children arise from
structures below the tentorium cerebelli. Several genetic syndromes also include
pediatric brain tumors as one of their clinical manifestations. These include but are
not limited to tuberous sclerosis, Li-Fraumeni syndrome, Turcot syndrome, Type 1
and 2 Neurofibromatosis, Gorlin syndrome, Cowden syndrome, amongst others.

Brain tumors that have the highest disease burden in children include medul-
loblastomas, astrocytomas, ependymomas, schwannomas, meningiomas, amongst
others. Their details, along with their specific epidemiology, will be discussed in
greater depth in further sections.

2. Classifying brain tumors: an evolving paradigm

The classification of tumors in the central nervous system (CNS) is the critical
factor driving treatment decisions, given the wide variation amongst different
tumors in response to each anti-cancer modality. For instance, some like midline
pontine gliomas do not respond well to chemotherapy and are only partially ame-
nable to radiotherapy.

Several classification schemas for CNS tumors exist. These range from those
solely based on histology alone to those relying primarily on genetic and epigenetic
features. While microscopic diagnosis finds utility in its low cost and accessibility,
its insufficiently high inter-rater reliability along with the advancements in molecu-
lar biology have led to it not being the sole basis for classification [5].

Other simpler classification systems divide tumors based on the major site of
origin. Supratentorial tumors are those which are located above the tentorium
cerebelli and therefore may involve cerebral hemispheres. In children, these com-
monly include high-grade gliomas, low-grade gliomas, embryonal tumors, atypi-
cal teratoid/rhabdoid tumors, meningiomas, choroid plexus tumors, and pineal
tumors. In contrast, infratentorial tumors are located below the tentorium and,
therefore, originate from the brainstem, the cerebellum, and the 4th ventricle. In
children, these commonly include medulloblastomas, cerebellar astrocytomas,
ependymomas, brainstem gliomas, atypical teratoid/rhabdoid tumors, and rarely
choroid plexus tumors. The sellar region is a region at the base of the skull around
the sella turcica where the major tumors of note in children include pituitary adeno-
mas, craniopharyngiomas, gliomas, and germ cell tumors.
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3. The WHO 2021 classification of CNS tumors

The World Health Organization (WHO) has developed and published updated
versions of the most widely used classification system for CNS tumors for decades.
The WHO 2007 classification schema was the last iteration to primarily be based
on histology [6]. Very recently, the WHO 2021 classification (WHO CNS5) has
been published, which functions as an integrated histo-molecular classification
system [7].

3.1 Key updates in the WHO 2021 classification

The WHO CNSS5 classification, a broad overview of which is given in Figure 1,
adheres to the landmark recommendations made by the cIMPACT-NOW group,
especially the ones made at the Utrecht Meeting in 2019. The Consortium to Inform
Molecular and Practical Approaches to CNS Tumor Taxonomy—Not Official WHO
(cIMPACT-NOW) is an influential group of neuro-oncologists and neuropatholo-
gists which was established in 2016 to provide recommendations regarding the
upcoming WHO classification [8]. Based on the cIMPACT-NOW recommendations,
WHO CNS5 makes new categories, merges a few ones, and introduces new entities.
These updates include the following:

L. Greater integration of histology has been done with immunohistochemical,
ultrastructural, and molecular features of tumors.

II. Arabic numerals (1, 2, 3, and 4) for tumor grade have replaced Roman
numerals (I, II, III, and IV) to have CNS tumor grading consistent with other

systems and prevent typographical errors.

I1I. Grading of tumors is to be done within tumor types (rather than across
different tumor types).

IV. Gliomas have been separated into pediatric-type and adult-type, with several
subcategories. This change carries several key clinical implications.

V. The term ‘glioblastoma’ is reserved for IDH wild-type tumors and only refers
to grade 4 tumors

VI.IDH-mutant astrocytoma will be graded based on histo-molecular
features

VII. Layered reporting of medulloblastoma is recommended:
a.Integrated Diagnosis (combining histology and biology)
b.Histological Diagnosis
c.CNS WHO Grade
d.Molecular Information

VIIL. Ependymomas have new sub-categories including Posterior Fossa A
Ependymoma, Posterior Fossa B type Ependymoma, etc.
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Central Nervous
System (CNS) —
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Figure 1.
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A broad overview of the World Health Organization (WHO) 2021 classification of central nervous system
(CNS) tumors. This original figure has been drawn from [34], published online ahead of print, 2021 Jun 29,
noab106, where the full classification is available.

3.2 Modern understanding of tumor grading and its clinical implications

CNS tumor grading has been long-known to be linked closely with clinical-
biological features, and this has been augmented with recent works in genomics and
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methylomics. Tumor grading guides treatment decisions and the four WHO tumor
grades have been historically essential in determining prognosis.

Previously, WHO used to assign a grade to one tumor type (e.g. anaplastic
astrocytoma to grade 3), and grading was done across tumor types. With WHO
CNSS3, this has been radically shifted to grading within tumor types, similar to non-
CNS tumors where the latter had been the norm for decades. This approach, while
enhancing flexibility while grading, also highlights the pathobiological similarities
within tumor types, rather than simply trying to crudely approximate clinical
behavior across entities [7].

The current grading paradigm is a combination of histological and molecular
featusres, rather than solely being based on microscopic features alone. Key
examples of this are reflected in the Update 3 and 5 of cIMPACT-NOW [8]. The
newly introduced integrated grading system continues to retain some features from
prior WHO classification editions. For instance, meningiomas can only go from
grade 1-3, and therefore it is not possible to have a ‘CNS WHO Grade 4 Meningioma’.
Additionally, because these malignancies were traditionally graded based on their
natural history as well, therefore, current therapeutic options lead to a conflict
between the grade and the expected outcome. For instance, a medulloblastoma can
be assigned a CNS WHO grade 4, yet a WNT-activated medulloblastoma has good
survival outcomes when given effective therapies [7].

4. Clinical features of pediatric brain tumors

Pediatric brain tumors are usually suspected based on their specific clinical fea-
tures. Details regarding the clinical presentation of some common tumors are given
in their respective sections. However, in general, these tumors find their manifesta-
tion in two major ways, one due to raised intracranial pressure, and the other due to
the specific location of the tumor involving adjacent neural structures [9].

In children, raised intracranial pressure may be due to the tumor mass itself, or
secondary to hydrocephalus, or maybe a consequence of cerebral edema. Acutely,
this may manifest as headache, nausea and vomiting, altered sensorium, irritabil-
ity, papilledema, hypertension, abnormal breathing, seizures, etc. In the long-
term, this may manifest as macrocephaly, loss of appetite, delayed psychomotor
development, personality changes, etc. [10].

Brain tumors also may manifest through the involvement of adjacent structures.
Focal neurological deficits such as arm or leg weakness in case of cerebral tumors,
ataxia and torticollis in posterior fossa tumors, endocrinopathies such as preco-
cious puberty, obesity in case of sellar/parasellar tumors, vision impairment due to
cranial nerve involvement, etc. [10].

5. Principles of diagnosis and treatment of pediatric brain tumors

An experienced, multidisciplinary team is essential for the management of pedi-
atric CNS tumors, consisting of pediatrician, neuro-radiologist, neuro-oncologist,
neurosurgeon, radiation oncologist, physiatrist, and other ancillary services.
5.1 Diagnosis

Brain imaging is the mainstay of diagnosis. Computed tomography (CT) and

magnetic resonance (MR) imaging are both often required. While the former allows
a better assessment of bony involvement and tumoral calcifications, the latter helps
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to closely delineate the tumor and the involved anatomy of the region, along with
helping predict the type of tumor. MR imaging with gadolinium contrast is often
the single most valuable diagnostic test for CNS tumors.

MR Angiography (MRA) is useful for visualizing blood vessels, which helps
determine the surgical approach. MR Spectroscopy allows for non-invasive
determination of tissue properties of intracranial structures, helping differentiate
between neoplastic and non-neoplastic lesions. MR Perfusion helps visualize blood
flow to the involved areas [11].

Advances in imaging in the last few decades have led to increasing utilization
of additional imaging methods. Diffusion tensor imaging (DTI) for evaluating the
involvement of white matter tracts, can be combined with functional MRI to help
in preoperative surgical planning. Positron emission tomography (PET) helps to
visualize small metastases which may be missed, along with helping differentiate
between normal postoperative changes and residual tumor.

Preoperative biopsy serves as the confirmatory tool in determining the presence
and the type of tumor. Additionally, in some cases, the preoperative biopsy is not
performed and diagnosis is made only based on MR imaging, for instance in diffuse
pontine glioma. In other cases, the imaging allows narrowing down to few differen-
tials, the surgery is begun and intraoperative frozen section is viewed to arrive at a
tentative diagnosis, after which the definitive surgery is completed.

In addition, coupled with the advent of histo-molecular classification, immu-
nohistochemistry, molecular genetics, and molecular profiling arrays, have all
become a key tools of management, especially in well-resourced regions globally.
Methylome profiling, which refers to the utilization of broad arrays to find out
genome-wide methylation patterns in the DNA, has taken on a greater role as well in
helping determine an integrated diagnosis and, thereby, provide effective targeted
treatment. The WHO CNSS5 provides for the specific methylation signatures for the
vast majority of CNS tumors.

Finally, electroencephalography (EEG), audiological and ophthalmological test-
ing, pituitary hormone profile, etc. also are useful tools in the clinician’s armamen-
tarium. Lumbar puncture and CSF analysis also serve as an adjunct in some cases,
for instance, in the detection of tumor markers in germ cell tumors of the CNS.

5.2 Treatment approaches

3 major anti-cancer approaches, in various combination treatment protocols,
are the pillars of treatment in pediatric brain tumors: surgery, radiotherapy, and
chemotherapy. As discussed prior, these three approaches have extremely varying
efficacy in different tumor types and grades.

5.2.1 Surgery

When undertaken with curative intent, surgery often serves as a major player in
reducing the bulk of the tumor. It is extremely valuable in tumors with low grade
e.g. a CNS Tumor Grade 1 Meningioma. However, its utility is reduced in tumors
that lie close to critical structures such as diffuse pontine glioma.

Surgery may be done through the conventional open approache or a microsurgi-
cal approach or an endoscopic endonasal approach. The latter may prove invaluable
for selected tumors, as in tumors of the sellar/parasellar region [11]. When resect-
ing a tumor, the surgery may be classified based on the residual tumor into subtotal
resection, gross total resection, supra-maximal resection, etc. While the subtotal
approach leaves behind residual neoplastic tissue to avoid damage to critical struc-
tures, a supramaximal resection aims at reducing the tumor burden as much as
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possible grossly. Global consensus continues to evolve into the exact definition of
these terms and the varying utility of these different resections in different tumors.

Newer methods are pushing the boundaries of safe and effective surgery.
Combined with MR Angiography, DTI, and fMRI, along with intraoperative neuro-
monitoring, surgery can be performed in challenging locations, such as those close
to eloquent areas. Furthermore, awake surgery with intra-operative stimulation
may be utilized for tumors in eloquent areas in older children [11]. Additionally,
5-Amino Levulinic Acid (5-ALA) based techniques are allowing better intraop-
erative visualization of residual tumor, thereby assisting in enhanced resection,
especially in high-grade gliomas.

A small surgical procedure to insert a ventriculoperitoneal shunt remains a key
measure for alleviating hydrocephalus, which is a common complication of brain
tumors in the pediatric age group, especially those of the posterior fossa.

5.2.2 Chemotherapy

It finds less value in the brain than in other organs due to the blood-brain barrier
which prevents adequate permeation of drugs administered. However, it is still a
useful adjuvant approach for several common pediatric tumors, such as medul-
loblastoma. Notably, intrathecal chemotherapy based on methotrexate and cytara-
bine is significantly useful in intracranial lymphomas/leukemias [12]. The Ommaya
Reservoir is a useful tool for repeated chemotherapy administration as well as
repeated CSF withdrawal for either diagnostic and/or therapeutic purposes [13].

5.2.3 Radiotherapy

It has been a cornerstone of preventing recurrence after surgery and in treating
tumors that are not amenable to resection. It may be given as teletherapy, in the
form of conventional beam radiotherapy, or can be given as brachytherapy, via
surgical delivery of emitters into the brain. Radiotherapy is especially valuable in
tumors with rapidly dividing cells and/or those having high tumor grade. However,
radiotherapy carries significant risks in the growing brain, where it can adversely
impact neuronal development and hamper long-term cognitive outcomes. Proton
therapy, albeit significantly more expensive, is slowly replacing conventional
photon beam therapy [11].

5.2.4 Newer approaches

In addition, other therapeutic approaches have been coming up but are yet to
become the standard of care for most tumors. Immunotherapy has been less than
successful in pediatric brain tumors [14]. Meanwhile, targeted biological therapies
have found greater utility in specific tumors, such as the role of BRAF-inhibitors in
tumors with BRAF V600E mutation [15].

5.2.5 Supportive care

Amidst all of this, the role of supportive care, including physiotherapy and
rehabilitation cannot be understated. Brain tumors rob children of the joy of their
life and their devastating symptoms cause immense stress to both children and their
guardians. Corticosteroids for managing cerebral edema, opioids for pain manage-
ment, antiemetics, anticonvulsants for prophylaxis and treatment of seizures,
baclofen for management of spasticity, adequate nutritional support, psychosocial
care, etc. all help enhance the quality of life of brain tumor patients [11].
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5.3 Summary

Having covered the general principles of management, this chapter now pro-
ceeds to examine specific brain tumors that have a high burden amongst children.

6. Medulloblastoma

Medulloblastoma (MB) is an embryonal tumor of the cerebellum having discrete
origins from the neuronal stem or progenitor cell populations during early life. The
peak age of diagnosis is 6-8 years. MBs are rarely seen in infancy or during adult-
hood [16].

6.1 Epidemiology and genetics

Medulloblastoma is the most common childhood malignancy of the brain
accounting for 20-30% of all pediatric tumors and 64% of all intracranial embry-
onic tumors [17, 18]. The overall annual incidence rate is approximately 5 cases per
million, which does not vary substantially across ethnicities or geographical regions
[19, 20]. The male to female ratio is 1.8:1 [21, 22]. A wide range of syndromes like
Gorlin syndrome, FAP syndrome, ataxia-telangiectasia, Bloom syndrome, Fanconi’s
anemia, Li-Fraumeni syndrome and Xeroderma pigmentosum have been implicated
in MB pathogenesis [23].

Four subgroups of MB have been defined based on the age of onset, genetic
alterations, and prognosis. These are the WNT subgroup MB (10% of MB), the SHH
subgroup MB (10-15% of MB), the Group 3 MB (25% OF MB), and the Group 4 MB
(50% of MB) [23]. Activating mutations of CTNNB1 stabilize Beta-catenin leading
to the constitutional activation of WNT signaling in 85-90% of the WNT subgroup
MB, which has a good prognosis in children [24, 25]. Germline/somatic mutations
in genes of the SHH signaling pathway (PTCH1, SUFU, SMO, GLI1/2, and MYC)
lead to its constitutional activation in SHH subgroup. MYC activation is character-
istic for Group 3 MB. Several mutations are implicated in Group 4 MB with no clear
majority, including transcriptional repressors like PRDM6 and histone modifiers
like KDM6A and KMT2C [26].

6.2 Clinical features

The various manifestations of MB are largely attributed to an increase in ICT and
cerebellar dysfunction. These include nocturnal or morning headache, nausea, vomit-
ing, and altered mental status. These symptoms evolve over a period of a few weeks to
months. Specific cerebellar symptoms include ataxia, visual disturbances (eg. strabis-
mus), impacted fine motor skills (eg. clumsy handwriting) that reflect in the patient’s
school performance [26]. These commmon clinical features may be accompanied by
syndrome-specific presentations. If spinal drop metastasis has occurred, presenting
features may include back pain, gait disturbances, bladder and bowel abnormalities.
The tumor grows rapidly, worsening the symptoms. If accelerated growth occurs
before 18 months, macrocephalus can delay diagnosis in a subset of children owing to
the non-fusion of skull sutures [9].

6.3 Diagnosis

The diagnosis of MB is based on clinical features, radiology, and histopathology.
CSF cytology for microscopic metastasis and molecular analysis for prognostication
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are done. MRI shows a midline mass involving the vermis or the fourth ventricle, rarely
seen laterally encroaching the cerebellar hemispheres [27, 28]. T1-weighted imaging
finds a hypodense to isodense lesion and T2/FLAIR yields a hyperdense tumor. On
diffusion-weighted imaging, the lesion shows reduced diffusion due to high cellularity
and nucleus-to-cytoplasm ratio [29]. Imaging the spine is more fruitful in detecting
drop metastasis than CSF analysis. MB subgroups show characteristic localizations.
For instance, the WNT subgroup is usually located in cerebral peduncle/cerebellopon-
tine angle, the SHH subgroup in cerebellar hemispheres, the Group 3 and Group 4 MBs
usually located along the midline with extension into the 4th ventricle [30-32].

Medulloblastoma is a round blue cell tumor, having characteristic microscopic
appearance. Histopathology and molecular diagnosis distinguish it from other
posterior fossa tumors like ependymoma, pilocytic astrocytoma, and other embryo-
nal tumors. These reveal a combination of patterns including classic, desmoplastic/
nodular, MB with excessive nodularity, large cell, and anaplastic [33]. A combina-
tion of histologic and genetic variants is integrated for diagnosis.

6.4 Treatment and prognosis

The treatment approach includes a combination of maximal safe surgical resec-
tion, radiotherapy, and systemic chemotherapy [34]. Though gross total resection
remains the mainstay of surgery, patients with minimal residual tumor can be
expected to have similar outcomes. The morbidity of a complete resection should
be adequately assessed by the surgeon against leaving a part of the tumor [35, 36].
Since MB usually pushes the vermis in a posterior direction, there are high chances of
damaging it with tumor removal. Telovelar and transvermian approaches are used to
preserve vermis and deep cerebellar nuclei as much as possible. Neuronavigation and
neuroimaging are useful in identifying the anatomy correctly to avoid entry into the
brainstem and preserve the large draining veins to prevent significant bleeding [37].
Complications following resection include cerebellar mutism syndrome or posterior
fossa syndrome possibly due to splitting of the inferior vermis [38].

Adjuvant radiation therapy is initiated 3—4 weeks after surgery. It should involve
the entire craniospinal axis and is termed craniospinal irradiation [39]. Focal radia-
tion to surgical bed is not inferior to entire posterior fossa radiation, hence it should
be preferred due to less exposure. Outcomes that are based on genomic drivers and
prognostic indicators warrant an individualized approach [36]. Proton beam and
volumetric arc/ intensity-modulated radiation therapy are being evaluated [39].

Histological subtypes have varying sensitivity for chemotherapy in patients
<3 years old and > 3 years old groups. Conventional chemotherapy was found suf-
ficient for patients after gross total resection but not with metastasis or incomplete
resection [40]. However, adjuvant chemotherapy and radiotherapy have better
outcomes in patients who have undergone partial resection [41].

The overall survival rate is approximately 75% [40]. Age, disseminated or meta-
static disease, residual disease after resection, MYC amplification, and large cell
anaplastic pathology are all associated with poor prognosis. Infants and children
less than 3 years of age have a poor prognosis with a 40-50% survival rate [42].

7. Craniopharyngiomas and pituitary tumors
Craniopharyngiomas (CPs) are benign tumors that develop along the hypothal-
amo-hypophyseal tract, constituting 6-9% of pediatric brain tumors [43]. They

arise from remnants of the Rathke’s pouch - the craniopharyngeal duct epithelium
and may be sellar or suprasellar [44].

17



Central Nervous System Tumors

7.1 Epidemiology and genetics

The incidence of CPs worldwide has been estimated to be 1.33-1.56 per million
children per year worldwide [45]. In the United States, the incidence is approxi-
mately 2.0-2.3 per million children per year [1], while Japan has a much higher
incidence of 3.8 per million children per year [20].

There are two histologic subtypes of CPs - papillary CP (PCP) and adaman-
tinomatous (ACP). Both subtypes have highly specific mutations - ACPs are
characterized by somatic mutations in CTNNBI (encoding f-catenin) that increase
p-catenin stability, leading to the activation of the WNT pathway, while PCPs are
characterized by BRAF V600E mutations. PCPs are mostly restricted to adults, so
our discussion here will be restricted to ACPs [44].

7.2 Clinical features

Childhood CPs most commonly occur in the age groups of 6-10 years, followed
by 11-15 years [46]. The diagnosis of CP is usually delayed, even by a few years,
after symptom onset [47]. Symptoms reflect the location of the tumor, and usually
progress with time, due to slow growth.

Features by which these tumors of the sellar region clinically present include:

* Headache is seen in approximately half of all CP patients [47, 48].

* Endocrine deficiencies due to disturbances of the hypothalamo-hypophyseal
tract - diminished growth hormone (GH), gonadotropin, thyroid-stimulat-
ing hormone (TSH), or adrenocorticotropic hormone secretion (ACTH),
in that order of frequency [44]. In children, this most commonly manifests
as growth failure. Central diabetes insipidus is also common. At least one
endocrine deficit as the first symptom is reported in nearly 87% of all
cases [44]

* Visual deficits - symptoms are present, or deficits are unearthed on formal
ophthalmologic examination, in 70-80%. The classical bitemporal hemianopia
is seen in about half the cases [43].

* Others - depression, regardless of any hormonal deficiency, may occur [48].
Diencephalic syndrome leading to cachexia is a rare manifestation [44].

7.3 Diagnosis

A simple rule of thumb is that nearly 90% of pediatric CPs demonstrate calcifica-
tion, approximately 90% of tumors are predominantly cystic, and about 90% take up
the contrast in the cyst walls [47] CT remains the gold standard for the identification
of calcifications [44]. The mixed solid and cystic components appear hypodense com-
pared to surrounding cerebral parenchyma. Fluid within the cysts will be of slightly
greater density than cerebrospinal fluid due to the higher protein content. CT can also
illustrate secondary skull base changes useful for surgical planning [43].

MR Imaging and MR Angiography provide greater clarity regarding the
relationship of the tumor with vascular structures. MR spectroscopy (MRS) can
identify characteristic elevated peaks of lactate or lipids, to differentiate them
from gliomas and pituitary adenomas [43]. Finally, an endocrinological evalua-
tion also reveals deficient hypothalamic function, which is particularly relevant
preoperatively [43].

18



Pediatric Brain Tumors: From Modern Classification System to Current Principles of Management
DOI: http://dx.doi.org/10.5772/intechopen.100442

7.4 Treatment and prognosis

Each case must be decided on its own merit [43] as there is no consensus.
Surgery is indicated in almost all cases. Two broad approaches are used - aggressive
surgery at diagnosis, or more conservative surgery with radiotherapy [48].

The choice of surgical approach i.e. endoscopic or open or combined depends
on the surgeon’s level of comfort, and the location of the tumor. Teams that prefer
limited surgical resection only use surgery to alleviate visual or other neurologic
deficits, and prevent further progression, with RT used for long-term control.
Proton beam therapy for CP has shown great promise [47]. For cysts specifically,
repeated aspiration and/ or injection of a sclerosant, or local radiation may be
attempted [44, 47, 48]. These may help in postponing RT, particularly in younger
children [44].

Postoperative sequelae include panhypopituitarism and hypothalamic obesity,
which can be challenging to treat [48]. Others include neurocognitive deficits, sleep
disorders, and exacerbated visual deficits [48]. Patients remain at greater risk of
ischemic stroke, and secondary malignancy owing to radiation exposure.

Overall, the survival rates are high, around 90%, but due to postoperative
sequelae, quality of life is impaired [49]. With recent advances clarifying the patho-
genesis of adamantinomatous CPs, there is hope for the development of targeted
therapies [50].

8. Astrocytoma

Astrocytoma is a tumor arising from the astrocytes, which are a type of glial cells
found in the central nervous system (CNS).

8.1 Epidemiology and genetics

According to the WHO CNSS5 classification, astrocytomas (IDH mutant) are
categorized under the broad heading of adult-type diffuse gliomas. Meanwhile
diffuse astrocytomas (MYB or MYLB-1 altered) are classified into pediatric type
diffuse low-grade gliomas; circumscribed astrocytic glioma encompasses pilocytic
astrocytoma, high-grade astrocytoma with piloid features, pleomorphic xantho-
astrocytoma, subependymal giant cell astrocytoma, choroid glioma and astroblas-
toma (MN1-altered) [34]. Astrocytomas do not have any racial or ethnic inclination
and are usually sporadic.

8.2 Clinical features

Clinical features include headache, seizures, and focal neurological deficit, as
discussed in previous tumors [51]. In few cases, these tumors may be associated
with Li-Fraumeni syndrome and Lynch syndrome.

8.3 Diagnosis

Contrast-enhanced MRI is the mainstay of diagnosis. High-grade gliomas are usually
associated with hypointensity on T1-weighted imaging and heterogenous contrast-
enhancement. They have increased choline and reduced N-acetyl aspartate on magnetic
resonance spectroscopy due to their higher vascularity as well as increased metabolism
[52]. Histologically, astrocytomas include cells with irregular, hyperchromatic nuclei
and glial fibrillary acidic protein (GFAP) in the cytoplasm, and increased mitotic
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activity. Molecular testing plays a key role in the diagnosis, treatment, and prognosis of
the patient [52, 53]. IDH mutation testing and, 1p/19q codeletion testing is done.

8.4 Treatment

Treatment in most cases is a combination of surgery followed by radiotherapy.
Surgery for astrocytoma has benefitted greatly from recent advances, including
5-ALA based resection, awake surgery, intraoperative stimulation, and neuronavi-
gation, allowing for tumor resection close to eloquent structures and critical vessels.

9. Ependymomas

Ependymomas are a subset of glial tumors arising from radial glial cells in the
subventricular zone, located in or adjacent to the ependymal lining. Most com-
monly, they are associated with the fourth ventricle [54].

9.1 Epidemiology and genetics

Ependymomas account for 10% of all brain tumors making them the third most
common intracranial pediatric malignancy, with a sex ratio of 1.77:1 [54]. The
annual incidence rate amongst children is 0.46 per million in the United States [1].

WHO classifies ependymomas according to a combination of histopathological
and molecular features into supratentorial ependymomas with ZFTA, RELA, YAP1
or MAML2 mutation, posterior fossa ependymomas with H3K27-mutation, EZHIP
mutations, and spinal ependymomas with NF2, MYCN mutations. Molecular
classification of myxopapillary ependymoma and subependymoma do not add to
clinical utility, hence they are studied as separate entities [7].

9.2 Clinical features

The age and the site of origin determine presentation. Failure to thrive, leth-
argy, and irritability like non-specific clinical features are observed in very young
children. Posterior fossa tumors present with increased intracranial pressure, nerve
palsies, neck pain, and/or ataxia. Supratentorial tumors present with limb weak-
ness, bowel bladder dysfunction, paraesthesia, and pain [55].

Seizures with or without focal neurological deficits are also commonly seen in
supratentorial tumors. This may be due to the surrounding edema and mass effect.
Spinal cord tumors involve ascending or descending tracts and manifest as specific
anatomical lesions. Very rarely, CSF seeding may accompany both infratentorial
and supratentorial ependymomas [56].

9.3 Diagnosis

The imaging modality of choice is an MRI scan of the brain and spine to evaluate
for leptomeningeal dissemination [57]. T1 hypointensity and T2 hyperintensity with
heterogeneous enhancement on T1 sequences post-gadolinium enhancement is seen in
both spinal and intracranial tumors. Cysts and calcification can be observed, usually
with supratentorial tumors. Spinal ependymomas can be differentiated from astrocy-
tomas by a sharp margin and central location. Leptomeningeal spread can be suspected
by smooth enhancement along the surface of the spinal cord, nerve root thickening, or
irregular thecal sac, and confirmed by cytological assessment post lumbar puncture.
Testing for the mutations discussed prior can be done if resources are available.
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9.4 Treatment and prognosis

Pediatric ependymomas are treated with surgery and radiotherapy [58]. The
surgeon’s decision about the extent of resection is the most important prognostic
factor. Posterior fossa tumors may limit the extent of resection due to involvement
of lower cranial nerves and brainstem, thus incomplete resection warrants a second
look surgery since overall survival for incomplete resection is much lower than
gross total resection [59].

Postoperative radiotherapy is recommended for children as young as 18 months
but dose modifications to reduce toxicity should be done [60]. Hypofractionated
stereotactic boost in addition to conventional radiotherapy, especially for incom-
plete surgery, is being studied and shows promise [59]. To avoid radiation exposure
to children, chemotherapy use has been investigated but its role remains equivocal
[61]. Though long-term follow-up studies of radiotherapy toxicity are pending, the
higher progression-free survival with radiotherapy has led to the abandonment of
radiotherapy deferral strategies for children below 12 months [62].

Patients with intracranial ependymomas usually have a significant risk of recur-
rence and decreased 5-year overall survival, nearing approximately 50-70% [62].

10. Germ cell tumors

According to the W.H.O. CNS tumor 2021 classification, germ cell tumors are
classified into mature teratoma, immature teratoma, teratoma with somatic-type
malignancy, germinoma, embryonal carcinoma, yolk sac tumor, choriocarcinoma,
and mixed germ cell tumor [34].

10.1 Epidemiology and genetics

The incidence of all types of CNS germ cell tumors (GCT) is greater in males of
10-14 years of age. These tumors also possess a racial inclination towards Asians
and Pacific Islanders [63]. Although GCTs can arise anywhere in the CNS, the
pineal gland is most commonly involved, followed by the suprasellar/ neurohy-
pophyseal area and the basal ganglia. A bifocal tumor is one where both the pineal
gland and the neurohypophyseal region are involved [64].

10.2 Clinical features

Obstructive hydrocephalus can result from the compression of the cerebral
aqueduct by the tumor, often manifested as headache [65]. The damage to the
optic nerve due to the mass effect of the tumor can cause visual field defects and
decreased visual acuity [66]. Neurophypophyseal tumors can often lead to hypo-
pituitarism, diabetes insipidus [66]. GCT of the basal ganglia can present with
hemiparesis. Intracranial hemorrhage is also a complication of GCTs [66]. Due to
the involvement of the optic nerve, often the ophthalmologists are the first ones to
interact with the patients of CNS GCT, and play a crucial role in the diagnosis.

10.3 Diagnosis
The tumor markers associated with CNS GCTs are the following: beta subunit of
human chorionic gonadotropin (f -HCG), alpha-fetoprotein (AFP), and placental

alkaline phosphatase, which are raised in different types of GCTs differently. In
choriocarcinoma, the f-HCG value is >500 mIU/mL, while in germinoma with
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syncytiotrophoblastic giant cells, B-HCG is <100 mIU/mL. $-HCG is also increased in

mixed germ cell tumors. AFP is raised in yolk sac tumors and mixed germ cell tumors.
The findings on imaging include a typical pineal mass on MRI or CT, usually

with calcifications, and signs of obstructive hydrocephalus on CT. Germinomas

are generally of uniform intensity with blurred margins. Pineal teratomas appear

as heterogeneous well-demarcated masses with occasional calcifications, irregular

cysts, or fatty tissue and thus show a peculiar pattern on both CT and MRI [64]. For

GCTs occurring in the basal ganglia, enhancement is minimal, and the only detect-

able abnormality is an occasionally increased signal intensity on FLAIR [64].

10.4 Treatment and prognosis

According to the Japanese Pediatric Brain Tumor Study Group, patients with
CNS non-seminamatous GCT may be divided into three categories (based on their
prognosis): good (mature teratoma and pure germinoma), intermediate (e.g. imma-
ture teratoma), and poor (e.g. choriocarcinoma, yolk sac tumor). The 5-year overall
survival rate varies as per the histologic type from 10 to over 98%. As for non-
seminomatous germ cell tumors, the group reported a 5-year survival rate of 67%
with platinum-based chemotherapy followed by surgical resection and craniospinal
irradiation together with focal boost [67, 68].

11. Brain stem gliomas

Brainstem gliomas constitute 10-20% of all pediatric CNS malignancies and
can be broadly divided into focal brainstem gliomas (FBGs) and diffuse intrinsic
pontine gliomas (DIPGs) [1, 69].

11.1 Epidemiology and genetics
11.1.1 FBG

FBGs usually arise in the midbrain or the medulla and are well-circumscribed,
low-grade tumors — usually being pilocytic or diffuse astrocytomas. These may
be associated with Neurofibromatosis 1 (NF1). Characteristic mutations include
chromosome 7q34 duplications, resulting in a KIAA1549-BRAF fusion, in pilocytic
astrocytomas, and a BRAF V60OE mutation in fibrillary astrocytomas, the majority
of pleomorphic xanthoastrocytomas, and nearly half of the gangliocytomas [69-71].

11.1.2 DIPG

DIPGs constitute 80% of all pediatric brainstem tumors and are diffuse, high-
grade, and infiltrative. 80% of these have H3K27 mutations on two histone H3
genes, identified primarily through autopsy studies [69]. EGFR mutations are also
common [72]. Histologically, these are usually high grade, although a significant
proportion may appear low grade, which is ultimately irrelevant for prognosis.
11.2 Clinical features

11.2.1 FBG

These usually present insidiously over many years [69-71]. Isolated cranial nerve
deficits, neck stiffness, and pain, contralateral hemiparesis are common [69-71].

22



Pediatric Brain Tumors: From Modern Classification System to Current Principles of Management
DOI: http://dx.doi.org/10.5772/intechopen.100442

Medullary tumors may cause dysphagia or apnea, while cervicomedullary tumors
may present with ataxia and/ or lower motor neuron signs. Hydrocephalus is uncom-
mon, except in posteriorly extending tumors and tumors of tectal origin [69-71].

11.2.2 DIPG

Patients typically present around the age of 7 years, with a short history,
sometimes for less than a month [69, 73, 74]. The classical triad of (1) cranial
nerve palsies, most commonly VI and VII - facial asymmetry and diplopia (2)
long tract signs - upgoing Babinski, and hyperreflexia, and (3) cerebellar signs -
ataxia, dementia is seen in over 50% [73]. Symptoms and signs of raised ICT are
seen in less than 10% at diagnosis and are more typical in the end stages of the
disease [73].

11.3 Diagnosis
11.3.1 FBG

On MRI, these usually have well-defined borders, no edema, iso- or hypointen-
sity on T1, and hyperintensity on T2 weighted images, with homogeneous contrast
enhancement [69-71]. MR Spectrography can support the diagnosis, with the esti-
mation of choline-to-N-acetylaspartate (Choline:NAA) ratios differentiating high
grade from low-grade tumors. Diffusion Tensor Imaging (DTI) can also provide
estimates of long tract disruption [69].

11.3.2 DIPG

DIPGs are typically hypointense on T1 and hyperintense on T2 weighted MRI
[69, 73]. Contrast enhancement is variable. A diffuse expansion of the pons is
typical. This may involve adjacent areas, such as the cerebellum and midbrain; the
medulla is usually spared [69-71]. There is usually an exophytic component, and
the tumor may surround the basilar artery. However, a serial assessment may be dif-
ficult due to their heterogeneous signal characteristics and interobserver variability.
Here too, MR spectrography with Choline:NAA ratio estimation can support the
tentative diagnosis and may provide prognostic information [71].

11.4 Treatment and prognosis
11.4.1 FBG

In surgically accessible regions, resection is performed. While complete resec-
tion is curative, it should not be performed at the cost of neurologic deficit, as even
incomplete resection has excellent long-term outcomes [75].

Chemotherapy is preferred for inoperable tumors, symptom progression, or
persistence after surgery. Tumor growth can at least be stabilized, delaying or even
eliminating the need for RT in young children [69-71]. Two popular, effective
combinations are that of vincristine and carboplatin, and another of 6-thiogua-
nine, procarbazine, lomustine, and vincristine (TPCV) [69]. TPCV has improved
progression-free survival, but carries long-term risks associated with alkylator use
[69]. Radiotherapy is an option for surgically inaccessible tumors but should be
reserved for older children given the potential for significant morbidity [69-71].
Long-term overall survival approaches 100% [70], but chronic disability is com-
mon, resulting from both tumor expansion and RT [70].
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11.4.2 DIPG

Surgery is usually not recommended [71]. The mainstay of treatment is frac-
tionated radiotherapy alone [73]. There is still uncertainty regarding the mode of
RT to be delivered, with future trials comparing fractionated and conventional
RT encouraged [76]. Monotherapy or combination chemotherapy have proven
ineffective.

With greater clarity regarding the genetic make-up and microenvironment of
these tumors, immunotherapy and molecular targets, such as anti-GD2 chimeric
antigen receptor (CAR) T-cell therapy and histone deacetylase (HDAC) inhibitors
are showing promise [71, 73].

The prognosis remains dismal, with less than 3% surviving at 5 years
[71]. Long-term survivors usually have neurological deficits and cognitive
impairment [76].

12. Meningiomas
Meningiomas arise from arachnoidal cap cells in CNS.
12.1 Epidemiology and genetics

They are rare in children, representing only 2-3% of pediatric CNS tumors
[77]. Their incidence is markedly greater in syndromes like Neurofibromatosis
2, Schwannomatosis, Gorlin syndrome, and familial meningioma syndrome
[77, 78]. Exposure to irradiation in childhood predisposes to the development of
meningiomas [77, 78].

12.2 Clinical features

Mostly, they present in the second decade of life [78]. The most common
presenting symptoms are headache, seen in almost half, followed by seizures,
seen in almost 30%. Focal findings such as visual deficits, cranial nerve signs
may also be present.

12.3 Diagnosis

CT and MRI demonstrate a well-defined, extra-axial, dural-based mass, that
displaces the normal brain. It is isointense or hypointense to gray matter on T1 and
isointense or hyperintense on T2-weighted images [77]. Contrast enhancement is
strong and uniform on both CT and MRI [78]. On histology, most are WHO Grade I.
The best-characterized mutation is that of the NF2 gene, with other molecular
mechanisms in the pediatric age group poorly characterized. Tumors in this age
group are genetically distinct from their adult counterparts [78].

12.4 Treatment and prognosis

Symptomatic meningiomas require resection. The extent of initial resection is
a prognostic factor, so total resection must be done where possible. Adjuvant RT
is recommended for WHO Grade III tumors, while inoperable WHO Grade I and
Grade II tumors require a case-by-case consideration [78]. The 5-year survival is
approximately 90%. Those who undergo gross-total resection, those without NF2,
and those with lower-grade tumors have higher survival rates.
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13. Schwannoma

Schwannomas or neurilemmomas are tumors originating from schwann cells
around the axons of the cranial nerves. They are encapsulated and do not transform
into malignancies [79].

13.1 Epidemiology and genetics

Though schwannomas are more commonly seen in adults between the ages of
50-60 years, 89% of nerve sheath tumors are schwannomas even in children [79],
the incidence of which is 0.44 cases per 100,000/ year [80, 81]. Most (90%) of the
schwannomas are sporadic and others occur as part of syndromes like NF2 and
Carney complex. Inactivation of gene NF2 coding for the merlin protein (schwan-
nomin) has been implicated in both sporadic and syndromic schwannomas. Spinal
schwannomas may have SMARCBI mutations [82].

13.2 Clinical features

These tumors grow slowly and may present much later with location-specific
symptoms. Vestibular schwannomas may present with headache, imbalance, tin-
nitus, cranial nerve deficits and motor weakness. Spinal schwannomas may present
with pain, paresthesia, and/or motor weakness [83].

13.3 Diagnosis

MRI is preferred over CT for diagnosis since plain radiographs are not specific.
They usually show an oval or round mass with an isointense or hypointense signal
on T1 and hyperintense, heterogeneous signal on T2 images [82]. Classically, micro-
scopic findings include Antoni A and Antoni B areas, with Verrocay Bodies.

13.4 Treatment and prognosis

The benign course of these tumors may allow for observation and serial MRI
scans for periodic assessment. Biopsy to confirm histology before resection is
recommended. Surgical approaches include the retro-sigmoid, middle fossa, or
translabyrinthine approach [84]. Stereotactic radiosurgery may be of benefit if
complete resection cannot be done. Usually, these tumors have an excellent progno-
sis, however, postoperative complications which are more common in the pediatric
population may worsen it [85].

14. Other tumors
14.1 Choroid plexus tumor

Choroid plexus tumors arise from neuroepithelial tissue that makes CSF in the
ventricles, and therefore their distribution corresponds to the amount of the cho-
roid plexus present in different ventricles [86]. Nearly 50% occur in the lateral ven-
tricles, 40% in the 4th ventricle and merely 5% in the third ventricle. Meanwhile,
multifocal occurrence is seen in around 5% of tumors. Overall, they are merely 1%
of all pediatric brain tumors, but make up 15% of tumors in children aged <1 year.
Headache and/or hydrocephalus are two common clinical presentations [87].

They are of two major varieties:
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14.1.1 Choroid plexus papilloma (CPP)

These are likely hamartomas and therefore appear similar to normal choroid
plexus tissue histologically. Classified as WHO grade I in general, they contain
uniform cellularity with little/no atypia and KI-67 index <2%. Atypical CPPs have
higher mitotic count (>2 mitoses/high power field) and are classified as grade II
[86]. They are calcified and enhance with contrast. On MR imaging they have flow
voids due to their vascularity, with enlarged choroidal arteries on MR angiography.
Asymptomatic tumors can be monitored conservatively and only resected if pro-
ducing symptoms or enlarging. Surgery is the modality of choice for symptomatic
and/or large CPPs. Adjuvant radiotherapy is usually not required and prognosis is
excellent, with 10-year survival exceeding 80% [88, 89].

14.1.2 Choroid plexus carcinoma (CPC)

These are rarer than CPPs and can be a part of manifestation of Li-Fraumeni
Syndrome. They are aggressive tumors, with their invasion making gross total
resection insufficient. Radiotherapy is useful but prognosis is poor with median
survival of <3 years [87].

14.2 Atypical teratoid/rhabdoid tumor

These are highly aggressive tumors which occur in children <3 years of age,
with nearly two third occurring in the cerebellum, and nearly a fourth being
supratentorial.

These have specific diagnostic criteria, of which the characteristic ‘Rhabdoid
Cells’ are not a part. The criteria are (A) loss of INI1 nuclear staining (correspond-
ing to biallelic inactivation of SMARCB1) and (B) loss of BRG1 staining (cor-
responding to inactivation of SMARCB4) [90, 91]. On MRI, they are hypo-intense
on both T1 and T2, with several cysts and hemorrhages, leading to a heterogeneous
appearance. Leptomeningeal enhancement may be visualized. Surgery has little role
here. Combination chemotherapy followed by radiotherapy is utilized but is chal-
lenging to implement given the very young age of patients at the time of diagnosis.
Therapy has to be closely matched to the child’s age, AT/RT’ location, and disease
extent [92]. Prognosis is unsatisfactory, with nearly 30% 5-year survival [93].

14.3 Neuronal and mixed neuronal-glial tumors

Neuroepithelial tissues in the CNS give rise to mixtures of glial and/ or neuronal
differentiated tumors. These are rare tumors in children.

14.3.1 Ganglioneuromas

These account for 0.3-1.4% of all CNS tumors, usually occurring in adoles-
cents [94]. Focal motor seizures are the most common presentation involving the
temporal lobe [95]. They are diagnosed by MRI and gross total resection is usually
preferred for better survival rates [94].
14.3.2 Desmoplastic infantile ganglioglioma or desmoplastic infantile astrocytoma

They are supratentorial cystic tumors usually affecting children less than 2 years

[96]. Frontal and parietal lobes are the most common locations which present as
head enlargement, seizures, vomiting, and headache are observed. Diagnosed with
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MRI, they are slow-growing tumors. They have a good prognosis after complete
removal, rarely requiring radiotherapy and chemotherapy [97].

14.3.3 Dysembryoplastic neuroepithelial tumor

These tumors cause early-onset epilepsy in children with an incidence of 0.03
person-year per 100,000 and have slight male predominance [98]. The mesial tem-
poral lobe is the most common location identified on imaging. Favorable outcomes
are reached in 70-90% of cases after complete resection [99].

14.3.4 Papillary glioneuronal tumor

Characterized by papillary architecture and bipartite (astrocytic and neu-
rocytic) cellularity, these tumors mostly occur near the lateral ventricles [100].
Imaging shows them as circumscribed lesions with frequent cystic alterations.
Patients are either asymptomatic or complain of mild symptoms. Their benign
course rarely warrants complete resection [101].

14.3.5 Rosette-forming glioneuronal tumor

Usually seen in children above 6 years of age, with a female predominance, their
location in the 4th ventricle is one of the defining features [102]. Headache, nausea/
vomiting, ataxia, and visual disturbances are common manifestations. MRI reveals
solid or cystic or mixed solid and cystic masses rarely with calcifications. Full resec-
tion prevents recurrence [102].

14.3.6 Myxoid glioneuronal tumor

These are extremely rare tumors. They present as seizures and other focal
deficits. A histopathological feature of myxoid stroma, somatic next-generation
sequencing showing PDGFRA gene mutation, and MRI findings help in diagnosis.
They have a benign course [103].

14.3.7 Diffuse leptomeningeal glioneuronal tumor

These tumors have variable neuronal components including neurocytes and
ganglion cells [104]. The median age of presentation is five years with slight female
predominance [105]. MRI shows meningeal enhancement in spinal cord and basilar
[106]. Symptoms mimic meningitis and hydrocephalus. Chemotherapy and radio-
therapy are first-line options [107].

14.3.8 Gangliocytoma

These account for 1-5% of all pediatric CNS tumors [108]. Majority of them
occur in the temporal lobe, causing epilepsy, varied neurological signs/symptoms
including cranial nerve deficits, focal weakness, and hydrocephalus [109]. Gross
total resection yields a good prognosis.
14.3.9 Multinodular and vacuolating neurvonal tumor

Very few cases have been reported diagnosing this new entity. Non-specific clinical

features like chronic headache, paresthesias, and cognitive impairment are reported.
MRI is used for diagnosis and studies of treatment modalities are yet unavailable [110].
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14.3.10 Dysplastic cerebellar gangliocytoma or Lhermitte-Duclos disease

This is a rare entity in children that mimics low-grade glial tumors or infectious
diseases. A slow-growing pattern and late clinical manifestations allow for conser-
vative treatment and outpatient follow-up for asymptomatic children [111].

14.3.11 Neurocytomas

Depending on their location, these are divided into central, extraventricular,
and cerebellar. They often mimic oligodendrogliomas and the confirmation of diag-
nosis rests on immunohistochemistry, histology and genetic studies. Safe maximal
resection is considered the ideal option for a good prognosis. Adjuvant radiotherapy
benefits incomplete resection [110].

14.4 Hemangiomas

Infantile CNS hemangiomas are rare benign tumors composed of endothelial
cells. They are seen in about 1% of children with cutaneous hemangiomas and have
a female predilection [112, 113]. They may be associated with PHACES (posterior
fossa malformations, hemangioma, arterial anomalies, coarctation of the aorta/
cardiac defects, and eye abnormalities) syndrome, and are more common in the
posterior fossa [112]. GLUT1 represents a reliable marker. They have a rapid, early
stage of proliferation followed by one of involution that usually extends from 1 year
of age to 5 to 7 years of life [112]. Many are asymptomatic or undiscovered, but oth-
ers can present with seizures, focal deficits, or symptoms of raised ICP [112].

During the proliferative phase, CT and MRI show a well-circumscribed lobular
homogeneous soft-tissue mass with intense and persistent enhancement, with Doppler
showing features of fast flow. In the involuting phase, they enhance to a lesser degree,
have fewer radiographic signs of fast-flow vascularity, and appear heterogeneous. The
final involuted phase is represented by fibrofatty tissue [112]. Imaging can establish
continuity between the CNS tumor and the extra CNS component. Corticosteroids
represent the mainstay of treatment. Interferon-alpha and propranolol may also be
used [112]. For biopsy, or mass effect alleviation, excision may be tried.

15. Conclusions

Pediatric brain tumors have an immense disease burden, given their status as
the most common solid organ tumors of children. The WHO 2021 Classification is
alandmark change in the approach to diagnosing and treating these tumors. The
landscape of their treatment has been rapidly evolving, with effective therapies on
the horizon. In current clinical practice, surgery, radiotherapy and chemotherapy
continue to be the mainstay of management.
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Abstract

Management of childhood cancers in India has seen a new high in last few
decades due to collaborative efforts of Physicians and organizations- both gov-
ernmental and non-governmental. However, care is still heterogenous in this vast
country. The problems span from a lack of data to programs for tackling cancers
at the community level and lack of awareness among parents and physicians on
childhood cancers, along with a nihilistic attitude and stigma attached to cancers
even in this digital era. In this article, we describe the milestones in the development
of Pediatric Oncology as a specialty, of cancer registries, of diagnostic armamen-
tarium, access to affordable drugs, and, palliative care for children with cancers in
India, that perhaps reflects care in other developing countries.

Keywords: childhood cancers, patterns of cancer care, cancers in India,
pediatric cancer care, cancers in developing nations

1. Introduction
1.1 Epidemiology of childhood cancers in India

Pediatric cancers have never been an area of attention of cancer control in India,
as majority of cancers occur in adults. Globally, it is reported that up to 85% of pedi-
atric cancers occur in the developing world with a 5-year survival rate of less than
10%. On an average, in India, pediatric cancers account for less than 5% of all cancer
cases. Nearly 45,000 new cancer cases are diagnosed in children every year in India.
The main focus in pediatric care has been on control and reduction of infectious
disease related mortality, which is in striking contrast with the developed world [1].

More than 0.2 million cases of childhood cancers are diagnosed across the globe
every year. In the developed world, majority of these are cured, with a 5- year sur-
vival rate of 95%. However, the first step towards the control of childhood cancers
in developing countries like India is to find out the incidence of cancers, to take
directed measures in terms of control and treatment facilities. The main sources of
such data are cancer registries [2].

Compared to the West, with average incidence of 75 to 150 childhood cancers
per million children, the average incidence of childhood cancers in India is high.
The age standardized incidence of cancers in India in the age group 0-14 years is
highest in the Chennai Urban registry (124/million children) and lowest in the
Ahmedabad rural registry (38/million children). The reasons for higher incidence
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in urban areas as compared to rural areas are not clear. However, cancer contributes
to only 2% of cancer related deaths in childhood as per available data. It was never
a priority, in comparison to infectious diseases control, the main cause of mortality
among children in India. Another contrast with developed world is the preponder-
ance of cancers in boys, except in North-East India. The main reason is probably
gender bias in seeking healthcare. However, the reasons for disproportionately
higher rate of Hodgkin’s disease in male children, up to 20 times more incidence
than in females, are not known [3, 4].

1.2 The challenge: the great divide and an unmet need

One decade ago, the estimated gap between the developed and developing world
in the survival rates in pediatric cancers was about 60-70% - a great divide. The
reasons are many.

Because of high prevalence and mortality due to infectious diseases in children
in India than cancer mortality - 58% of all deaths in the age group of 5-14 years,
and half of these are due to diarrhea and pneumonia - and improved outcomes of
infectious diseases by simple medication that can be delivered at peripheral centers,
the emphasis has been high in this domain.

The Pediatric Hematology and Oncology (PHO) chapter of Indian Academy of
Pediatrics (IAP) was established in 1987, with a focus on capacity building through
training initiatives across all aspects of childhood cancers. Its flagship program was
the Indian National Trainining Program in Practical Paediatric Oncology.

In order to foster collaborative efforts in childhood cancers, both in terms of uni-
formity of care as well as shared databases, Dr Bharat Agarwal, Dr Purna Kurkure
and Dr Anupam Sachdeva formed Indian Paediatric Oncology Group InPOG in 2008.
The emphasis now was clearly on clinical trials and research.

The Indian Pediatric Hematology Oncology Group (IPHOG) was formed in 1987
at the 24th Annual Conference of the Indian Academy of Paediatrics at Madras, with
an intention of identifying and overcoming the barriers and to bridge the gap, by
addressing factors leading to the decreased survival of children with cancers.

Some of the identified barriers were: delayed diagnosis, nihilism about child-
hood cancers, abandonment of treatment, lack of experience, inadequate infra-
structure to treat emergent toxicities, expectation of cure, and, unwillingness to opt
for retreatment at relapse [5].

Practical solutions that are already being followed by some institutions in India
are as follows:

i. Educating primary care providers, especially pediatricians, about the diag-
nosis of childhood cancers and early referral to specialized centers

ii. Twinning, a process of collaboration between a hospital in a developing
country with another in the developed world

iii. Establishing a reliable blood component support system

iv. Training nursing staff and other valuable trained human resources like
social workers

v. Measures to prevent abandonment after diagnosis of cancer in a child by

providing logistic support in the form of transportation and free shelter to
the family as well as employment with modest wages to parents
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vi. A systems for reminding and follow up with the parents of a child shortly
after missing the scheduled visit

vii. Fellowship and other training programs in medical colleges with well-estab-
lished pediatrics departments

viii. Countering nihilism and misinformation by untrained or improperly trained
health care workers, emphasizing curability in the majority

2. Cancer registries

Cancer registration, an essential part to decipher patterns presentation, care and
outcomes research, was started in India only in 1960s, in a small way. Until 1964,
data was gathered through cancer surveys to estimate the incidence and trends. This
was grossly inadequate for any conclusions and meaningful planning of need based
services.

The first registry in India was started in Bombay (current Mumbai) in 1964
followed by Pune in 1973 and then in Aurangabad in late seventies [6]. However,
cancer registration as a complete coordinated program was started only in 1982,
with the Indian Council for Medical Research (ICMR) taking steps towards estab-
lishing the National Cancer Registry Program (NCRP).

The beginning was humble with three population based and three hospital-
based registries, which is now expanded to 36 population based and over a hundred
hospital-based cancer registries.

We have come a long way in these 6 decades. The existing registries cover about
only 15% of the country’s population [7]. We still lack population-based regis-
tries in some of the bigger states like Andhra Pradesh, Uttar Pradesh, Odisha and
Rajasthan, where we depend on hospital-based registries. Cancer registration is not
mandatory in our country. Collection in population-based registries is also through
active methods, involving lot of time and manpower.

To overcome these hurdles, ICMR, through the establishment of National
Centre for Disease Informatics and Research (NCDIR), initiated a program
called, Cancer Atlas, to fill in these gaps, by abstracting information directly
from pathology labs in Hospitals and Medical colleges, where, up to 85% of the
cancer cases are confirmed microscopically. Another welcome step is that cancer
case reporting is now mandatory in the states like Kerala, Karnataka, Gujarat
and Manipur.

Relying on Population Based Cancer registries may be grossly insufficient
to estimate the burden of cancer in children. Lack of awareness among public,
particularly parents, to recognize and report symptoms likely to be from cancer
in children, lack of accessible pediatric cancer services in many parts of the
country, financial constraints of the family, resulting in dropout from treatments
or even death before being seen at a specialized facility for treatment, are some
glaring lacunae. As such, the burden estimated may not reflect the actual sce-
nario in Indian society. India shares this common problem with other countries.
The same is detailed in UICC’s outreach program for childhood cancers called
“My Child Matters”™.

To help in this aspect, a few Voluntary and non-governmental organizations
(NGO) are reaching out to maintain databases of pediatric cancers in India, such as
the Jiv Daya Foundation from Dallas, USA, that funds a cloud based program called
“Indian Pediatric Oncology Database” [8].
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2.1 Pediatric oncology as a sub-specialty

Although India is making rapid strides in the development in several areas like
agriculture and space technology, there is glaring deficiency and disparity in deliv-
ering much needed primary medical care. While this is in part due to the difficult to
reach terrain of this vast sub-continent, the main reasons appear to be a reluctance
of the well trained doctor to serve remote areas due lack of basic civic amenities.
Lack of political will, compounded by lack of awareness of the curability and pes-
simism about cancer in both law makers themselves, as well the medical fraternity
further worsen the problem (Table 1).

This pessimism is predominant in pediatric cancers as there are insufficient
points of care. Most cancers are under diagnosed due to lack of adequate diagnostic
facilities, and, when diagnosed, are treated by pediatricians with limited knowledge
about oncology, or adult oncologists with limited knowledge about pediatric cancers.

2.2 Specialized childhood cancer centers

The first pediatric oncology center was established in 1970, at the Cancer
Institute, Chennai, by Professor V Shanta, a great visionary in the field of cancer
education and training. Another landmark is the establishment of first dedicated
Pediatric Oncology Unit in Mumbeai at the Tata Memorial Hospital, in the 1990s,
by Prof. Shripad Banavali. This center also pioneered the training program and
award of a sub-specialty doctoral degree pediatric oncology. The main advan-
tage of such dedicated centers is access to advanced diagnostic services like
Immunophenotyping, PET CT, cytogenetics, blood component therapy and trained
nurses manning clinics catering to venous access devices [19].

In early 2000, pediatric oncology developed as a specialized branch in Indjia. It
is the combined responsibility of academicians in various pediatric departments
to build and develop a sustainable pediatric oncology program. The reasons are
obvious: it is still not sustainable for a pediatric oncologist to restrict practice to just
pediatric oncology, in the community. The earnings from care of only childhood
cancer patients being meager, most practice non-malignant hematology as well
as general pediatrics. Medical Oncologists with a training in pediatric oncology hap-
pily practice both adult and pediatric oncology.

2.3 Development of pediatric cancer society — and ISMPO

The Indian Association of Cancer Chemotherapists was founded in the early 60s
by surgeons who practiced adjuvant chemotherapy for their operated patients. Most
of its members were eminent cancer surgeons like Dr. Roy Choudhury of Kolkata
and Dr. N C Mishra of Lucknow. It was renamed as the Indian Society for Medical
and Pediatric Oncology at an annual conference of the Society in Ahmedabad,
Gujarat, in late 80s (personal communication, Professor Pankaj M Shah — Former
Director, Gujarat Cancer and Research Institute). Cancer oriented pediatricians
still band together as the pediatric oncology sub chapter of the Indian Academy of
Pediatrics.

Along with ISMPO, several other Oncology Networks like ICON (Indian
Cooperative Oncology Network), and INPOG (Indian National Pediatric Oncology
Group) help of pediatric oncologists in collaborating across the nation and with
experts abroad to share ideas, knowledge, and expertise.

Childhood cancer care in India - then and now.

There is a drastic improvement in the outcomes of childhood cancers over the
past two decades ago. The reasons are many, including dedicated training programs,
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establishment of pediatric cancer centers, and, most importantly adoption and
collaboration of treatment protocols from the developed world.

One such example of collaboration is adoption of the acute lymphoblastic
leukemia and lymphoma protocols developed by Prof Ian Magrath of the National
Cancer Institute, USA, specifically for the developing world [MCP 841 & MCP
842 protocols]. With the guidance from Prof. Magrath’s International Network for
Cancer Treatment and Research (INCTR), the outcomes of the patients on this
protocol improved by three times from 20 to 60%. The protocol also paved the way
for adequate platelet transfusion protocols mandating intramuscular l-asparaginase
as well as immunophenotyping of acute lymphoblastic leukemia and lymphoma
into cALLa positive and T cell leukemias [20, 21].

2.4 Volunteers and non-governmental agencies

There are several volunteer groups and non-governmental organizations
(NGOs) that provide much needed help to the patient and family who travel to a
city from the moffusil. The St. Jude’s Children Homes specialize in establishing
homes in or near the premises of major childhood cancer treatment centers, in
cities, for housing the child with family as a unit, throughout the course of its treat-
ment. Several organizations also provide technical, logistic and financial assistance
with travel, food, shelter, paperwork as well as drugs.

2.5 Awareness programs for pediatricians

The Pediatric Oncology sub-chapter of the Indian Academy of Pediatrics
created a training program for pediatricians, called NTP-PPO (National Training
Program — Practical Pediatric Oncology). Over the years, through this program,
nearly 50 workshops have been conducted and about 2000 pediatricians have
been trained to identify, diagnose, and refer children with cancers to appropriate
centers. Pediatricians are also trained in management of febrile neutropenia,
venous access and maintenance chemotherapy. Since most of them practice in
the community, their services are often of paramount importance in ensuring
continuity of care.

There are other programs for intensive pediatric oncology training, such
as a one-year program by IAP and 2-year Fellowship by the National Board of
Examinations, which works under the aegis of Ministry of Health and Family
Welfare, Government of India [22].

2.6 Overcoming delay in referral

Delay in referral is a big hindrance for timely management of pediatric cancers.
Some delay is due to logistics: not so easy to negotiate monsoon inundated roads
in remote rural areas. A sheer lack of awareness even among radiologists and
orthopedic specialists is one reason for delay in diagnosis of Ewing’s Sarcoma and
Osteosarcoma, which are often treated as tubercular osteomyelitis [22].

2.7 Access to medicines - generics
There are several early obstacles in access to essential medications for cancer

patients in India. Several attempts were made by the government to bridge this gap.
One such successful attempt was providing access to generics. The other big step is
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inclusion of some of antineoplastic drugs like imatinib in the Essential Medicines List
(EML). In many states, such as Andhra Pradesh, Tamil Nadu, Rajasthan and Kerala,
the government has evolved schemes like the Arogyasri, which ensure that the entire
treatment of all childhood cancers is completely free for all those below the poverty
line by all modalities. The state of Andhra Pradesh has even included free hemato-
poietic stem cell transplantation in its program for children below poverty line. The
recently introduced Health Scheme of the Government of India, Ayushman Bharat,
will hopefully be of help to children with cancer in states where this is operational. A
major drawback of both these schemes is the large amount of paperwork and prior
sanction that is needed for preauthorisation, for the mode of treatment as well as for
every new cycle. Another drawback is the limitation both in the choice of regimen as
well as the cost of drugs. A final drawback is lack of subsidy for the tests needed to
prove the diagnosis and stage the disease. Since there is no health insurance cover for
the child from the ‘middle class), the financial impact on the parent’s pocket is unusu-
ally heavy - leading to abandonment [23].

2.8 Development in palliative care

Pediatric palliative care is in a naive state in most parts of the world, and so is in
India. With very few dedicated pediatric palliative care centers and many cultural
barriers, provision of palliative care is still mostly rudimentary [24].

A bright example for such development in India is collaboration between
Nawaj Mehdi Jung (MN]) Hospital in Telangana State with the Canadian branch of
International Network for Cancer Treatment and Research in 2007 [25]. Such an exer-
cise to prevent and treat pain in the children diagnosed with cancer irrespective of
the end point resulted in enrolment of more pediatric patients, reduction in dropouts
from treatment and those lost to follow up, with an increase in survival. In India, itis
estimated that 1.6 million pediatric patients with various ailments are in need of pedi-
atric palliative care. However, it will be a difficult task to train enough personnel to be
able to serve this population. A first step towards such goal is the initiation of training
program in MN]J hospital. In 2010, the Indian Association of Palliative Care (IAPC)
established a separate pediatric palliative care unit in the state of Maharashtra, in
collaboration with the International Children Palliative Care Cetwork (ICPCN) [26].

3. Conclusions

India, along with other low and middle income countries, has been the hub
spot for leading the developments in management of pediatric cancers. Together,
these countries account for nearly 90% of all diagnosed childhood cancers across
the globe. In India, majority of population is from rural areas, where, awareness
about symptoms of childhood cancer symptoms, the knowledge of diagnosis and
even referral among physicians is low, contributing to avoidable delays in institut-
ing treatment, with resultant inferior cure rates. Prohibitive costs in private sector
coupled with unavailability of facilities in public sector, render outcomes to be very
poor even in cancers like Hodgkin’s lymphoma that are otherwise curable by simple
protocols. Although there are policies at national level addressing the prevention
and control of cancers as a whole, there is no special emphasis on pediatric cancers.
However, there is light at the end of tunnel in the form of several schemes, like
coverage of pediatric cancers under the newly -launched Ayushman Bharat scheme,
a universal health policy initiated by central government, and several central
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government schemes providing funds for treatment of childhood cancers. However,
this is just a beginning and there is a long way to go to build patient centric care for
children with cancer, spread of heath literacy among the public and developing
centers with skilled staff where patient and family are treated with dignity.

India, which is the fastest growing nation among developing countries in terms
of human resources, development and cancer incidence in children should lead by
example by improving quality of care and accessibility to Cancer care to children,
in particular. Finally, it is especially important to remember that pediatric oncol-
ogy departments as standalone units cannot serve and deliver comprehensive care
required by a child. Collaboration between pediatricians, radiologists, surgeons,
anesthetists, neurosurgeons, urologists, psychiatrists and other subspecialties
would help in achieving the quality of care.
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4. Common Childhood cancer in India and their characteristics

There is severe paucity in the data of exact incidence, prevalence, morbidity,
mortality, and survivorship data of pediatric cancers in India. However, based on
the available registry data, both population based and hospital based, the most
common malignancies diagnosed in India in children are Leukemias, Lymphomas,
CNS tumors, Retinoblastoma and Malignant Bone Tumors (Figure1).
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Abstract

The current neuronavigation techniques increase safety and surgeon confidence
during neurosurgical procedure performance. However, its real usefulness remains
in integrating multimodal information from advanced magnetic resonance imaging,
as tractography (DTI), functional studies that evaluate motor and sensitive lan-
guage, motor function (BOLD techniques with different paradigms), and nuclear
medicine. At the operating room, the fusion of sonographic information acquired
in real-time with the predefined plan increase the chance to achieve gross-total
resection of primary brain tumors. Combining these different image modalities
with brain mapping and motor stimulation information in selected cases is possible,
increasing surgery safety. In this review, we present our experience with multi-
modal neuronavigation to treat brain tumors in pediatric patients.

Keywords: Neuronavigation, fMRI, BOLD, PET/CT, Brain tumor, Cancer

1. Introduction

Gliomas are primary tumors of the central nervous system. They are derived
from glial cells. They are the most common cause of solid tumors in the intracranial
space in children [1]. Nearly 70,000 new cases of malignant primary and benign
brain tumors of the central nervous system (CNS) are diagnosed in the United
States each year. Of these, approximately 28% are gliomas, and 36% are meningio-
mas. Gliomas represent 80% of the primary malignant brain tumors. The incidence
rates of brain tumors have increased in the last three decades. For all CNS tumors,
of which brain tumors account for approximately 88%, the average annual inci-
dence rate adjusted for age (2006 to 2010) for women (22.8 per 100,000) is higher
than for men (19.1 per 100,000) [1, 2].

According to the World Health Organization (WHO) classification of brain
tumors, they are divided into gliomas of the low and high degree of malignancy.
Low-grade gliomas - I and II, are represented by pilocytic astrocytoma, diffuse
glioma, and gemistocytic astrocytoma. They have a benign clinical course with a
long survival time. High-grade gliomas, anaplastic astrocytoma (grade III) and
glioblastoma multiforme (grade IV), are characterized by a rapid growth rate,
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Postoperative
CT scan

Figure 1.
Intraoperative cevebral edema during emergency suvgery in a patient with neurological deterioration secondary
to a brain tumor bleeding.

extensive white matter infiltration, and poor short-term prognosis [3, 4]. Therefore,
the histopathological diagnosis and its proper classification are crucial for treating
patients. Diffuse astrocytoma (WHO grade II) is characterized by slow growth and
infiltration of neighboring brain structures Figure 1 [5-7].

In pediatric patients, the central nervous system’s tumors represent the second
cause of cancer mortality after leukemia. The magnetic resonance imaging tech-
nique renders the integration of different structural images (FLAIR, diffusion,
perfusion, SPGR, TRUFFI), functional aspects (DTI, BOLD), and metabolic profile
(spectroscopy). They evaluated peritumoral edema by diffusion and perfusion
sequences [8, 9]. The use of sequences that provide functional information allows
the early identification of the risks associated with neurosurgical treatment and
each case’s functional prognosis [10]. Some reports show a characteristic uptake
pattern for the degree of malignancy of different neoplasms. In the case of primary
tumors of the CNS, significant alterations can be observed in the uptake of glucose,
methionine, and tyrosine. One of the technological resources that have changed the
treatment of patients with CNS neoplasms is neuronavigation.

2. Characteristics of Magnetic Resonance Imaging Studies for
Neuronavigation

The radiological evaluation of brain tumors makes it possible to identify the
structural, functional, and metabolic characteristics of neoplastic lesions and, for
prognostic purposes, their relationship with healthy brain tissue by combining
diverse image acquisition techniques.

The MRI imaging modalities currently used in presurgical planning for brain
tumor resection are functional magnetic resonance imaging (fMRI), diffusion
tensioner (DTI) imaging, diffusion tension tractography, and BOLD [2].

2.1 Diffusion Tensor Images (DTT)

The diffusion tensor images allow the visualization and characterization of white
matter tracts [11-13]. DTI images have been used to study the architecture of white
matter and the integrity of normal and diseased brains. This magnetic resonance
technique is based on the general principle that the anatomical microstructure
directs water diffusion, being an echo-planar technique that maps the diffusion
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speed [14]. In brain tissue, diffusion rates are slower due to the typical parenchyma
components that impede water movement. In specific pathological processes, water
diffusion is restricted, which reduces the apparent diffusion coefficient (ADC), as
in acute infarcts secondary to cytotoxic edema, abscess, lymphoma [12, 15]. Fiber
tracking is the only non-invasive method to visualize the course, displacement, or
interruption of white matter’s main tracts according to the DTI technique. Multiple
studies have shown that fiber tracking can reconstruct white matter’s major fiber
structures in the brain. Identifying the tracts is done by defining a rectangular
interest volume (VOI) in the registered standard T1 anatomical datasets. A fast
acquisition gradient echo sequence prepared with 3D magnetization weighted in T1
is used to acquire the images. T2-weighted images are acquired, inversion recovery
images attenuated by T2 fluid, and 3D images weighted in T1 postcontrast are
scanned. Intraoperative examinations are performed immediately when the operator
considers that the lesion has been resected or intraoperative exploration was neces-
sary to correct the cerebral displacement. For DTI, applies a sequence of echo-planar
images weighted by spin-echo diffusion of a single shot (echo time, 147 millisec-
onds, repetition time, 9400 milliseconds, matrix size, 128 x 128, the field of view,
251 x 251 mm, the thickness of cut, 3 mm, bandwidth, 1502 Hz per pixel, diffusion
encoding gradients in 12 directions with b values of 0 and 1000 s/mm?, and voxel
size, 1.9 x 1.9 x 3 mm) [12, 13, 16]. The 3D segmental reconstruction of the tumor is
performed based on the high-resolution 3D postcontrast anatomical data set.

In the case of tumors with high uptake of contrast medium - glioblastoma mul-
tiforme, metastasis, the edge of the outermost lesion that enhances post-contrast,
for example, glioblastoma, and the edge of hyperintensity or mixed hypointensity
in the lesion, such as the non-malignant entity, cavernoma, represented the limit of
segmentation. In non-enhancing lesions such as low-grade glioma, the T2-weighted
image is used to determine the tumor’s edge. For this reason, most tumors that do
not have post-contrast enhancement have optimal visibility in this sequence. The
existence of significant edema, which cannot be clearly distinguished from the
low-grade glioma, was ruled out based on the findings of inversion recovery images
with T2 fluid. The segmentation of the tumor is performed by cutting in a mode of
3D anatomical data. After profiling all the sections that contained the lesion, the
three-dimensional reconstruction of the lesion was performed [13].

The techniques of DTT and tractography have overcome this obstacle and are now
widely used to study the white matter in vivo. Diffusion images calculate the local
direction of white matter from water diffusion measurements. Tractography takes this
a step further to evaluate the functional connection between several different areas
inside the same or contralateral hemisphere. The identification of water molecule’s
movement in all directions is known as isotropic diffusion. In the central nervous
system, anisotropic diffusion is used to define water’s movement in a parallel sense in
the withe matter tracts defined by axons’ groups. Thus, creating maps of movement
of water that define the structure and orientation of with matter tracts [2, 3].

Three-dimensional visualization of white substance fibers, such as the cortico-
spinal (pyramidal) tract, corpus callosum, cerebellar peduncles, optical radiation,
and arcuate fascicle, is of great value at the preoperative evaluation and intraopera-
tive navigation Figure 2 [4].

2.2 Perfusion
There are three main techniques for perfusion imaging: T2 * enhanced
dynamic magnetic susceptibility enhanced perfusion in T1-enhanced dynamic

contrast, and arterial spin marking techniques, involving repetitive serial images
through the tumor during blood passage been marked with contrast material.
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Figure 2.

3Dgrecomtructi0m for white matter tracts with DTI-MRI technique. (A) Thalamic high-grade glioma and his
relationship with the pyramidal tract. (B) Parasagittal meningioma and its relationship with corpus callosum
and pyramidal tract. (C) Supratentorial Ependymoma and its velations with Corpus callosum. (D) Fourth
ventricle tumor and middle cevebellar peduncle displacement.

Theoretically, the degree of a signal drop is proportional to the concentration
of gadolinium in the tissue, obtaining relative curves of concentration - time.
Dynamic contrast images weighted in T1, where the main focus is estimating
tumor permeability, allow the contrast to filter into the extravascular space and
reach equilibrium during multiple contrast bolus passes through the tumor bed.
An arterial spin is a form of perfusion without the use of intravenous contrast;
a powerful magnetic gradient is applied to the blood inlet to reverse the mag-
netization, effectively labeling the blood that flows upward, have impeded its
application for long periods of imaging and decrease in spatial resolution com-
pared to gadolinium [16]. Different types of tumors and grades differ in their
perfusion characteristics. For example, there is a strong correlation between the
degree of astrocytoma and the relative measurements of cerebral blood volume
(CBV) [17]. However, low-grade astrocytomas tend to have a high cerebral blood
volume, associated with the process of angiogenesis and dense capillary net-
works that characterize these tumors.

2.3 Magnetic resonance spectroscopy

It provides an analysis of the different metabolites in a delimited area within
the brain and may be useful in the initial diagnosis of brain tumors. It can be
done with a single voxel technique, in which a single spectrum is produced for
a tissue volume, or a multivoxel technique, in which a greater volume of tissue
is evaluated [18]. The primary metabolites evaluated include N-acetyl aspartate
(NAA) (typical neuronal marker), choline (cell membrane marker), creatine
(energy marker), lactate (metabolic acidosis), and lipids (tissue breakdown and
cell death). The spectral patterns of intracranial neoplasms vary significantly
due to differences in tumor types and grades. However, most CNS tumors
manifest with elevated choline-creatine and co-NAA ratios caused by increases
in cellularity (choline elevation) and a relative decrease in normal neurons
(reduction of NAA).
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2.4 Functional MRI Images

Functional MRI (fMRI) mapping of eloquent language cortex in patients with
brain tumors after surgery is feasible and may serve as a useful reference assessment
for preoperative neurosurgical planning [19].

Functional magnetic resonance imaging (MR) is an advanced tool for studying
brain functions in healthy subjects and neuropsychiatric patients, identifying and
locating specific metabolism and neural activity phenomena [20].

BOLD is a measure of changes in oxygenated and deoxygenated blood propor-
tion during a particular paradigm’ execution. The most commonly mapped func-
tions during functional MRI studies include motor, auditory, somatosensory, visual
perception, and language production and comprehension. When evaluating motor
centers, typical tasks include tapping with fingers, pouting with lips, and flexing
and extending toes [21]. Patients with mild to severe motor paresis of the hand may
clench their fists instead of tapping with their fingers.

Several reports mention that a silent area around a brain tumor could recover his
eloquence after the surgical resection of malignant tissue [22]. There is a latency of
several seconds in the signal change observed in BOLD images, making the tempo-
ral resolution of functional MRI poor compared to other techniques such as DES
or electroencephalography [23]. Because of the “delay of hemodynamic response”
given the time required for the production and diffusion of vascular signal

Figure 3.

The utility of fMRI and tractography for surgical planning. An 8-years-old boy presents at the emergency unit
with a history of intermittent language disturbances and right-hemiparesis. fMRI (language paradigm) and
DTI (Pyramidal tract, Corpus callous, Arcuate fascicle) images weve performed. A 3D reconstruction at the
Brainlab neuronavigation station was performed. (A) Pyramidal tract veconstruction and his relationship
with a neoplastic lesion (Yellow) and language aveas visualized with fMRI (Red). (B) Arcuate fascicle
reconstruction and language arveas and their relation to the neoplastic lesion. (C) 3D reconstruction of arcuate
fascicle (Yellow), language areas (Red), and neoplastic lesion (Cyan,).
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substances to dilate the vascular bed and cause a deoxygenated hemoglobin wash.
Another consideration is that BOLD fMRI does not directly measure neural activity
but changes in the region’s hemodynamic properties. So, the variability between
functional localization among subjects may result from physiological differences in
the BOLD signal without differences in neuronal activity per se. It has been found
that several pharmacological agents may influence the BOLD signal [24].

2.5 The utility of fMRI and DTI in presurgical planning

The use of fMRI in conjunction with DTI for presurgical planning is currently
the most established clinical application of these neuroimaging techniques. The aim
is to provide the surgeon with functional information about the tumor’ area and its
connections to adjacent areas. The regions of interest can be defined anatomically.
However, the advance of functional imaging techniques allows us to define white
matter tracts more precisely. Some reports mention that it is reliable in healthy ones
but maybe inaccurate in those who harbor brain injuries Figure 3 [21].

3. Nuclear medicine for imaging brain tumors

In Mexico, PET positron emission tomography equipment began with opening
the PET-Cyclotron Unit of the National Autonomous University of Mexico in 2002.
We use nuclear medicine to determine the degree of malignancy of the lesions,
evaluate the response to treatment, identify early recurrence, and radiotherapy
planning.

By obtaining functional information of cellular and biological processes like glu-
cose metabolism, protein synthesis, the PET with 18 fluoro-deoxy-glucose (FDG)
PET was initially used to detect and distinguish tumors of a low and high degree
of malignancy. 18 Fluoro-ethyl-tyrosine (18 F FET) evaluates the metabolism of
amino acids. It provides well-contrasted images in both high and low-grade tumors.
It is beneficial to take biopsies guided by image to establish a primary brain tumor
diagnosis in the planning of radiotherapy treatments and distinguish between
tumor recurrence or radionecrosis after initial therapy Figure 4 [4].

It has a sensitivity of 94% and specificity of 88% for the diagnosis of brain
tumors. Although the 18-FDG and 18-FET quantitative parameters allow the

Preoperative surgical planning by MRI and PET/CT 18F-FET fusion in a recurrent glioma

Figure 4.
MRI and PET/CT 18F -FET fusion for brain tumov recurrence resection.
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distinction between low and high-grade tumors, only the 18-F FET values can
distinguish between tumor and non-tumor lesions, confirming the superiority of
18-F FET over 18 FDG for the characterization of brain lesions. Since 18-FDG is
unreliable for predicting the neoplastic nature due to absorption by inflammatory
lesions, amino acid tracers such as FET have been developed in recent decades to
increase specificity. However, to date, only a few studies limited to small population
of patients compared the diagnostic value of 18-FDG and 18-FET. Goldman and
Pirotte thoroughly reviewed the clinical management, images, and PET role [25].

Planning

RM - Gd

Surgery

Postoperative
PET-CT 18F-FET

Figures.

The utility of Multimodal Neuronavigation for brain tumor resection. A 15-years-old givl was veceived with

a history of left hemiparesis and tonic—clonic seizuves. MRI was pevformed, and a low-grade glioma was
suspected. DTI sequences were obtained. A PET-CT 18F-FET was obtained, and fusion with structuval and
DTI images was performed at the Brainlab workstation. (A) Structural MRI, 18F-FET PET-CT, and DTI for
pyramidal tract weve fused during neuronavigation planning. (B) Right, Transoperative 3D ultrasonographic
images were obtained and fused with the previous neuronavigational plan. Left, Histopathological analysis
reveals a diffuse glioma. (C) At 48 months of follow-up, a new 18F-FET PET-CT was performed, no metabolic
activity was detected.
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On average, glioblastoma multiforme and medulloblastoma had a uniform and
intense uptake throughout the tumor, while brainstem gliomas had a low uptake
in less than 50% of the tumor and ependymoma had a low uptake throughout the
tumor. When more than 50% of the tumor had uptake, the apparent diffusion
coefficient was lower, which agrees with the increase in cellularity. In refractory/
recurrent brain gliomas, the low correlation between uptake and enhancement is
associated with decreased patient survival. It may reflect concurrent tissue deg-
radation in the disease sites that received treatment and the development of new
malignancy sites characterized by increased uptake of 18-F-FDG [26, 27].

The PET/MRI fusion tool in evaluating postoperative and radiooncological
treatments provides information for tumor response, progression, and necrosis by
radiation, affording the patients’ oncological and functional prognosis Figure 5.

4. Neuronavigation principles

Neuronavigation systems provide intraoperative guidance to the surgeon.
Nevertheless, its real advantage is also to help them plan a proper surgical approach
to avoid injury and incorporates functional data provided by preoperative images
of magnetic resonance imaging, nuclear medicine, intraoperative sonographic
studies, and in some places, magnetoencephalography (MEG) to prevent damage to
eloquent areas during brain surgery [1].

Image-guided neuronavigation uses the principle of stereotaxy. The brain is
considered a geometric entity divided into three imaginary spatial planes that
intersect, orthogonal to each other (axial, coronal, and sagittal). Theoretically, any
point within the brain is designated by a specific series of coordinates in each plane.

Neuronavigation platforms provide the unique opportunity to translate the
two-dimensional information obtained from several imaging techniques — CT scan,
MRI, fMRI, PET-CT, into 3D information in the patient’s brain of a computational
interface at the operating room [16]. The predefined targets on the navigational
plan increase the chance to perform a safe and functional gross total resection of
malignant primary brain tumors.

Its main objective is to facilitate the extensive resection of the lesion, minimize
the risk of neurological sequelae, and favor the prognosis of survival. After register-
ing the patient, the system’ accuracy is checked by identifying constant anatomical
references or craniometric points. The contour of the lesion and the functional data
are fused on the reference structures. In some cases, it is possible to transfer the
images to the surgical microscope’s eyepieces during surgery.

The intraoperative accuracy of neuronavigation can be affected by changes in
intracranial volume caused by tumor resection, brain inflammation, and cerebro-
spinal fluid flow Figure 1. Nevertheless, transoperative images can be combined
with ultrasound, tomography, or magnetic resonance images. The intraoperative
images offer the possibility of evaluating the residual tumor volume as the surgery
progresses Figure 6.

4.1 DTI and fMRI in functional neuronavigation

Neuronavigation is currently applied in brain surgery, and it is a regular techno-
logical resource to increase safety in most neurosurgical procedures (27).

The functional navigation was described as a technological tool for brain tumor
resection. It results from the merging of structural, DTI, and BOLD information
concerning a malignant tumor’s localization. It allows us to know the precise loca-
tion of functional areas in the human brain [28].
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Figure 6.

3D intraoperative ultrasonographic reconstruction increases the usefulness of multimodal neuronavigation for
brain tumor resection. A 17-years-old boy with a history of neurofibromatosis type 1 arrives at the emergency
department with a headache and left hemiparesis. On an MRI study, a glioblastoma multiforme was suspected.
(A) MRI T1-enhanced Gd images acquired for surgery planning at (B) Brainlab workstation. (C) 3D
ultrasonographic acquisition to fusion with predefined neuronavigation’s plan to achieve a gross total resection.
(D) Immediate postoperative CT Scan.

Clinical articles have suggested that the brain shift observed after the opening
of the dura and cerebrospinal fluid depletion is the main disadvantage for neuro-
navigation precision. Nevertheless, several reports suggest that intraoperative MRI
use can solve this consequence of brain displacement satisfactorily [29]. In our
country, these facilities are not available. To solve it, we correct the brain shit with
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three-dimensional ultrasound (3D-US) scans before the dural opening, after the
dural opening, and at the end of the resective surgery. Taking advantage of merg-
ing this new 3D-US information with previously developed navigation plans with
information on the different modalities of structural, functional, and metabolic
information tumor and the neighboring tissue. In order to preserve and restore the
functional status of each patient. Some limitations to consider for applying these
techniques are the biological variability among individuals, the displacement of
deep brain structures, and the previously mentioned brain-shift.

5. Neuronavigation and intraoperative electrical stimulation

Prof. Hugues Duffau considers the brain as an entirely eloquent organ; every
millimeter of the cerebral cortex represents, sometimes a well-recognized function,
and others the association area for several complex functions as language and his
diverse characteristics that sometimes define a person, visuospatial perception,
auditive integration, and so forth.

In the pediatric patient, the patient’s age determines a more complex scenario
because the stage of neurodevelopment at the time of brain tumor surgery deter-
mines the functions’ profile to evaluate. Some functions depend on the correct
integration of cortical and subcortical areas in the developing brain. Thus, the
extensive evaluation and integration in neuronavigation devices of structural,
functional, and metabolic imaging techniques are essential to reduce the chance to
produce functional sequels.

Undoubtedly, DTI has contributed substantially to the intraoperative identifica-
tion of withe matter tracts. Perhaps the most studied are those related to motor
function. It has been widely described that subcortical continuous monopolar
stimulation can help identify the pyramidal pathway with a comprehensive concor-
dance with its counterpart visualized by DTI.

Transoperative electrical stimulation is one more of the resources available to
promote extensive glioma resection. The purpose is to preserve the patient’s func-
tionality while attempting to dry out as much of the injury as possible [30].

In our experience, the integration of neuronavigation with intraoperative
electrical stimulation and brain mapping considerably reduces the risk of lesions
secondary to brain tumor resection.

Monopolar continuous stimulation seems to be the most useful and reproduc-
ible procedure for the pyramidal tract’s subcortical characterization. With the aid
of DTI, it is possible to identify the modifications preoperatively in the trajectory,
density, and resultant distortion secondary to a CNS malignancy. The neuronavi-
gation plan defines precisely the location of the pyramidal tract. In the operative
field, the neuronavigation tools and the intraoperative monopolar stimulation can
effectively identify its location at subcortical, thalamic, and peduncular regions.

Recently advances suggest that intraoperative acquisition of DTI images can
reduce the risk of sequelae.

6. Conclusions

The current neuronavigational technologies allow us to reach deep regions inside
the human brain without an increased risk of disability.

The interrelation of different radiological information modalities — structural,
functional, and metabolic, in the planning phase of the case and during the surgi-
cal procedure permit us to increase the gross-total resection rate for brain tumor
resection.
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The integration of neurophysiological information into the neuronavigational
platform during the neurosurgical procedure reduces complications by monitoring
and stimulating withe matter tracts related to language and motor functions.

All multidisciplinary effort is directed to increase surgical techniques’ safety to
benefit the quality of life of children who suffer from brain tumor disease.
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Abstract

Brain tumor resection in pediatric patients constitutes a real challenge. In order
to improve survival and to preserve neurological function, we will further on
describe our experience with awake craniotomy and functional mapping for brain
tumor resection in pediatric patients. Although our experience with this technique
was relatively short, we did not observe complications, and a gross total resection
was successfully achieved in all cases. In the postoperative period we did not find
any new deficiency in our patients. We observed functional recovery - motor and
sensitive aphasia, motor strength improvement in hemiplegic patients, and recov-
ery of neurodevelopmental milestones during follow-up. In our experience, the
use of awake craniotomy and brain mapping for brain tumor resection in pediatric
patients is truly safe and reliable.

Keywords: Awake craniotomy, Brain mapping, Brain tumor, Cancer

1. Introduction

The last year, the Instituto Nacional de Pediatria at Mexico is commemorating the
50th anniversary of its foundation. Throughout the years, the Pediatric Neurosurgery
Department has consolidated itself as an emblematic service in our hospital among
the civilian population and has become the reference center in Mexico to treat brain
tumors and complex neurosurgical diseases.

The Centro Médico Naval is the referral center for the treatment of complex
neurosurgical diseases in the health services of the Secretaria de Marina of Mexico.
We serve military personnel and their families, as well as civilian population under
certain public health circumstances, as COVID-19 pandemic. The Neurosurgery
Department is equipped with the ultimate technological devices for brain tumor
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treatment, such as neuronavigational systems (Brainlab and Medtronic Systems),
intraoperative imaging devices (O-arm), neurophysiological equipment for brain
mapping and subcortical stimulation.

This review describes our protocol in both centers for Awake craniotomy and
brain mapping for brain tumor resection in pediatric patients.

In recent years, the collaborative work performed by an experienced group of
neuroscientific specialties - Neuroanesthesiologist (LAE, NOG), Neuropsychologist
(BAM, RAS, CA), Neurophysiologist (LMC/DMR), and a specialist from the
Intensive care unit (SLL) and pediatric oncologist (AN); allows us to treat brain
tumors located in eloquent areas in young brains.

2. Neuropsychological evaluation

Most neurological diseases have variable expressiveness; the severity of symp-
toms that define the disorder varies between individuals. The variability of symp-
tom expression should be identified, and the expected effects of treatment defined.
The neurological pathology is complex and comprises a set of unique conditions,
therefore it is required a multidisciplinary team of professionals and specialists in
pediatric neurosurgery and neuropsychology.

Neuropsychological pediatric evaluation faces certain peculiarities. The
brain’s functional systems are in development. Thus, certain functions are not
able to be properly evaluated. The neuropsychological evaluation tries to obtain
a capacity profile which contains weak and strong points. When certain neuro-
psychological abilities (behavioral and cognitive) are selectively impaired, they
may be compatible with the neurological alteration detected. The purpose of an
evaluation depends mainly on the reference reason, and this, in turn, depends on
the patient’s age, academic grade and cognitive development. Neuropsychological
tests are essential for establishing a cognitive disorder; in a patient with a brain
tumor, it is crucial to have several chronologically ordered evaluations. All
improvements can also be monitored by repeating a series of tests, and changes
in symptomatology can be detected early. Furthermore, the intervention’s effec-
tiveness can be documented, and neuropsychological rehabilitation interventions
can be scheduled.

Concerning tumors, the tumor growth site does often relate to neuropsycho-
logical deficits (e.g., left hemisphere tumors often affect language). However, due
to compression and displacement effects, more widespread damage and overall
neuropsychological impairment may occur [1].

It is essential to mention that neuropsychological functions result from a
complex functional system that cannot be located in restricted areas of the cerebral
cortex or isolated cells. With the use of such specific MRI techniques as blood
oxygenation level dependent imaging (BOLD), we know that those functions must
be organized into systems of areas that work harmoniously, each of which plays its
part within the complex functional system, being located in entirely different areas
often very distant from each other in the brain.

Neuropsychological functioning is related to tumor malignancy and behavior;
neuropsychological performance assessment may be more sensitive in predicting
early tumor recurrence than imaging techniques [1].

In recent years, there has been an increase in the need for neuropsychological
evaluations in people who have suffered from known organic diseases and psy-
chiatric pathologies where brain dysfunction is suspected. Interestingly, in most
western countries, there has been a crescent incorporation of neuropsychologists
into hospital services.
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The neuropsychological assessment’s primary objective is to identify a pos-
sible alteration of functions which are regulated by the cerebral cortex and
powerful neuropsychological interventions during sequelae early identification
and treatment [2].

When someone faces the need to perform a neuropsychological evaluation, they
deal with people who retain a very diverse set of skills depending on their personal-
ity characteristics, disease topography, brain edema. These conditions prevent the
talk of a rigid evaluation protocol and a set of tests established in advance; they
require, on the other hand, a certain level of knowledge to determine in each case
the most appropriate evaluation tests [2].

The neuropsychological evaluation has been used during surgeries such as
epilepsy and deep brain stimulation to identify adverse outcome risks. The results
of this evaluation represent the starting point for neuropsychological treatment and
rehabilitation [3].

In a pediatric patient with a brain tumor, the neuropsychological evaluation is
performed to determine the patient’s overall cognitive status, specifying the skills
preserved in contrast with those affected by brain edema and destruction of tissue
secondary to the tumor [4, 5].

To set up the overall cognitive status of the patient before surgery, it requires the
application of specific instruments, including standardized batteries, or a set of tests
which adapt to the specific problems and needs of each patient; allowing to establish:

a.Preserved and altered cognitive functions, i.e., a baseline against which to
evaluate postoperative function.

b.The ability of patients to cooperate with transoperative and postoperative needs.

The role of the Neuropsychologist in CNS surgery is divided into different
stages. The preoperative evaluation aims to locate, if possible, the focus by asso-
ciating cognitive deficits in a particular brain region. Set a baseline for measur-
ing changes. Predict cognitive risks after surgery and, in conjunction with the
neurosurgeon and family members, assess the procedure’s risks/benefits in their
quality of life. It is useful as a guide to the neurosurgeon to decide which areas of
the brain are at risk and adjust, from there, educational and cognitive rehabilitation
programs. Finally, the evaluation can help diagnose psychiatric disorders and their
potential impact on cooperation in the operating room. Several reports note that
much of the success of awake patient surgery is due to the patient’s active participa-
tion in the intraoperative process. During functional testing, patient cooperation
allows the team to make real-time surgical decisions to achieve maximum tumor
resection with minimal functional deterioration to ensure a better quality of life.

There is no protocolized structure for neuropsychological exploration and
monitoring that these patients need; there is not enough information about
candidates’ psychological profiles and eligibility criteria. The transoperative
evaluation is based on the literature on the Wada test’s use, mainly evaluating
language and memory in the dominant hemisphere.

The evaluation depends on the patient’s cooperation and what can be applied; if
possible, it should include the functions of speech and language:

* Verbal fluency
* Denomination

* Verbal understanding
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* Repetition of sentences

* Oral reading (if possible)
Memory evaluation should include:
* Guidance

* Sequencing

* Image remembrance/recovery

* Repetition of digits

* Calculation

Already standardized test subtests measure these areas such as Wechsler Scales,
Luria test, Woodkock test, a word list with a letter. These tests are appropriate for
the child’s age and the evaluation context.

Postoperative evaluation allows monitoring of its evolution, possible sequelae,
and the creation of stimulation programs to achieve its full potential.

It has been estimated that there are transient changes in cognitive functioning
within the first three months of post-surgical recovery, which are relatively permanent
within the following six months after the intervention. However, the most significant
changes can occur up to one year after the intervention.

3. Neuroanesthesiological evaluation

Several anesthetic considerations for awake craniotomy should be granted to
avoid injuries in brain surgery. The primary goal is to carry out the lesion’s resection
with maximum preservation of neurological functions [6, 7]. This type of manage-
ment in pediatric patients is limited by anxiety and insufficient understanding,
limiting their cooperation during the procedure [8].

The awake craniotomy technique had been developing since the second half of
the 19th century when local anesthetics (LA) became widely available. With proper
local analgesia, Prof. Horace Horsley was able to perform a craniotomy in awake
patients. The benefits were not recognized until 1951, when Prof. Wilder Penfield
published LA value for craniotomy in patients with epilepsy to facilitate the resection
of epileptogenic focuses [9].

Prof. Penfield argumented that patients with functional neurological pathology
should be operated on awake modality and at the same time performing complex
and motor activities.

It was initially designed for patients undergoing functional neurological surgery.
It is currently offered in pathologies that involve eloquent or motor areas, where
real-time monitoring of superior or motor functions is required during tumor
resection [10].

The anesthesiologist should know the problems faced during the brain tumor
resection in the awake patient, should be aware that at any time, surgery can be
switched to a classic craniotomy under total endovenous anesthesia [11].

Scenarios that may be confronted during both phases, asleep or awake, are sei-
zures or movements typical of the patient, result of the suboptimal neuromuscular
blockage, or movements in the presence of anxiety or insufficient analgesia. These
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symptoms can result in severe damage, from lacerations to the scalp, skull fractures,
including cervical spine injuries [9]. This technique aims to provide the neurosur-
geon tools to perform the lesion’s resection with maximum preservation of eloquent
or motor anatomical areas, preserve the patient’s integrity, minimize neurologi-

cal damage and not to increase the deficit already installed [7, 8]. This technique
involves inducing general anesthesia and maintaining airway control with a supra-
glottic device, it also includes invasive monitoring (catheter placement and urinary
catheter), administration of scalp blockage, patient positioning, including fixing
the skull to Mayfield’s head clamp to opening the dura mater [9, 10].

The technique consists of awakening the patient, ousting the supraglottic device,
and performing cortical mapping or delimitation of the lesion and resection. At the
end of the resection, general anesthesia is again continued, the supraglottic device
is reinserted, and the dura mater, skull, and skin are closed.

The main objective of anesthetic management is to ensure adequate patient coop-
eration, maintain comfort throughout the procedure concerning the chosen position
for surgery, prevent and treat nausea, vomiting, seizures, and maintain systemic and
neurological homeostasis to provide adequate ventilation, hemodynamic stability,
and brain relaxation [11].

Optimal tumor resection is maximum mass removal without significant neu-
rological deficits, such as damage to motor or language function. Therefore, it is
now considered the treatment of choice for brain tumor surgery in eloquent areas.
Compared to craniotomy under general anesthesia, an awake craniotomy may pro-
vide a higher degree of tumor removal without postoperative neurological deficits
and better survival rates in these patients [12].

The pediatric patient represents a tremendous challenge for the awake craniotomy
technique’s success. The cognitive level and emotional maturity will determine their
cooperation during the procedure. It is well known that the patient under the age
of 16 does not yet have an adult’s maturity, and therefore requires more significant
psychological support. In the literature, few patients from 8 to 15 years of age have
demonstrated this procedure’s feasibility [11]. Patients under the age of 10, chosen
for this procedure, must demonstrate a rigorous level of maturity and motivation,
so the child’s degree of development will determine the possibility of exercising this
technique [10].

Multidisciplinary assessment (Pediatric neurosurgeon, Neuroanesthesiologist,
Neuropsychologist, and Neurophysiologist) is indispensable to mitigate the patient’s
stress. Some authors prepare the patient psychologically using videos and teaching
material to explain the procedure. The previous visit to the operating theater can be
an excellent option to gain the child’s trust and confidence [12, 13].

The Neuroanesthesiologist should know the surgical and neurophysiological needs
required for this procedure. We have a wide variety of anesthetics that can be useful
but should be individualized to each patient. Propofol, remifentanil, dexmedetomi-
dine, and scalp nerve blockage provide the right conditions for intraoperative brain
mapping. Proper patient selection, adequate perioperative psychological support, and
correct anesthetic management at each stage of surgery are all crucial for the safety,
satisfaction, and success of the procedure. All of them must allow analgesia and a
required sedation level according to the surgical moment [10]. It should be empha-
sized that certain anesthetics may affect the neurophysiological evaluation [12].

The neuroanesthesiologist should describe the procedure to follow, including
position, scalp nerve blockage, possible discomfort, motor, and language testing. It
would help to relieve the patient’s anxiety and discomfort and to ensure the surgery’s
success [13, 14].

There are different craniotomy techniques in an awake patient, but Sleep-
Awake-Sleep (SAS) is the most convenient in pediatric patients for its cognitive
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characteristics. Regardless of the technique chosen, the Neuroanesthesiologist or
the person designated for the case must always maintain visual and verbal com-
munication throughout the procedure. The communication at each stage should
be clear, and according to the patient’s age, questions and tasks should be planned
to consider, explain what the sensation may be, explain the noises of the room
and maintain an adequate distraction of the patient to avoid anxiety. Heavy traf-
fic within the room should also be avoided, limit staff access, and minimize room
noises that confuse the patient which may cause anxiety. (4) Cooperation will
depend on the total absence of pain, leading to an outstanding surgical experience;
this is based on the anesthetics offered during the procedure, including efficient
regional anesthesia with scalp blockage [15].

The premedication should be personalized according to each patient’s needs;
short-lived anxiolytics such as midazolam is preferred. It does not affect neurocog-
nitive functions and limits confusion or delirium during the procedure. Minimum
doses (100-200mcg/kg) are beneficial for controlling anxiety in young patients
with normal preoperative neurological functions. However, in the case of mapping
and resection of epileptogenic lesions, any suppressive medication of epileptiform
and anticonvulsant activity, including benzodiazepines and barbiturates, should be
avoided [16].

Analgesia during awake craniotomy is achieved by blocking nerves in the scalp
with local anesthetics. Therefore, the patient’s hemodynamic and physiological state
may be more stable in awake craniotomy than in general anesthesia [13].

The first phase of surgery may be performed with total intravenous anesthesia
and a supraglottic device. There are current reports of possible adverse effects of
general anesthetic agents, including inhaled agents and opioids, on cancer progno-
sis, such as increased recurrence or metastasis after surgery [14].

Anesthesiologists should provide sufficient sedation and analgesia during the
initial craniotomy; a combination of remifentanil and propofol has been considered
the standard protocol for sedation of the first stage of awake craniotomy due to
ease of use and reliability. The state of drowsiness but with a quick response, is
considered the optimal level of sedation in awake craniotomy. Schneider’s model is
recommended for propofol’s controlled infusion into awake craniotomy to maintain
patients’ spontaneous ventilation [17].

Dexmedetomidine, an alpha-2 agonist, is a propofol alternative for sedation in
such procedures, minimally interferes with neurophysiological monitoring, and it
also has a minimal respiratory depressant effect. Concomitant dexmedetomidine
with scalp blockage provides sufficient conditions for performing awake crani-
otomy, compared to the propofol-remifentanil combination and the increased risk
of respiratory depression [13].

Complications of awake craniotomy include seizures (3-30%), respiratory
depression or airway obstruction (7-16%), hypertension (17-24%), nausea and
vomiting (0-9%), cerebral edema (7-14%) [18, 19]. In expert hands, the failure of
awake craniotomy occurs in less than 2% of cases, regardless of the proper anes-
thetic technique carried out [18, 20].

Monitored anesthesia care involves keeping the patient awake under spontane-
ous breathing with low doses of sedative to resection the lesion by avoiding an acute
transition from sleep to wakefulness, leading to hypoactive or hyperactive delirium
and decrease mapping reliability [19]. The team’s skill and experience are required
to achieve optimal sedation, maintaining spontaneous breathing with the patient
drowsy but easily reactive [21, 22].

Advantages: Lower requirements for anesthetic agents, lower opioid use, better
cooperation during intraoperative testing, shorter surgery duration, and shorter
hospital stay.
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Disadvantages: Oversedation leading to airway obstruction with respiratory
depression, carbon dioxide (CO2) retention, and consequent cerebral edema; or sub-
optimal sedation that leads to the patient’s likelihood of anxiety and movements [21].

The SAS technique is preferred in cases of requiring more profound sedation
during the craniotomy until before the resection of the tumor, and its objectives are
to provide comfort for the patient and the surgical team during the pre-awakening
phase, protection of painful sensations, to avoid ventilation distress, and to dismiss
postoperative memories about the awake phase throughout the surgery [19].

Advantages: Provides the opportunity to control brain edema through hyper-
ventilation, to avoid intraoperative movements of the patient, to lower frequency
of seizures and agitation. Used during the implementation of this technique in new
hospitals or during the surgical team’s learning curve [8].

Disadvantages: In high-risk patients with comorbidities, difficult airway
predictors, or a high risk of bleeding; the SAS technique is controversial [21].

3.1 Anesthetic depth monitoring in awake craniotomy

Researchers compared the Patient State Index, Masimo’s PSi, an electroen-
cephalogram (EEG) parameter obtained from SedLine’s brain function monitoring
system® with Medtronic’s Bispectral Index (BIS™) for anesthetic depth monitor-
ing, found that PSi 1.0 was less affected by monopolar Bovie device [23].

Both can be used to monitor anesthetic depth trends in the Sleep-Awake-Sleep
phase, to achieve an early and gentle awakening of total intravenous anesthesia [24].
The use of processed electroencephalography indices improves anesthetic titra-
tion in the intraoperative period. Processed EEG monitors deliver raw stroke data,
numerical anesthesia/sedation depth index, and 2D spectrogram. Deep sedation is
associated with poor short- and long-term outcomes in critical patients; cognitive
and psychological complications, increased hospital stay and mortality [25].

The use of processed EEG systems as an objective guide to sedative dosing, may
decrease medical complications of excessive sedation, such as depressed cardiac
contractility and hypotension. BIS’s use provides a decrease in the use of sedation,
analgesia, decreased agitation, and fewer failures in extubation.

Processed electroencephalogram can help optimize drug doses in individuals
with different pharmacogenomics and sedative clearance; global knowledge of
the technology and processed EEG traces is required to avoid misinterpretations,
significantly when muscle activity interferes with the processing algorithm [26].

Some pathological states, such as seizures or altered EEG states (Suppression of
iatrogenic bursts or seizure coma), may be revealed by processed EEG and thusa
complete EEG may be requested [27].

PSi values can range from 0 to 100; higher values indicate a lower degree of seda-
tion as follows: 0-24 outbreak suppression with varying degrees of suppression, 25-49
general anesthesia, and > 50 mild sedation [23]. The algorithm uses specific frequency
band performance power combined with symmetry and synchronization changes in
multiple cortical regions [24]. Without a doubt, processed EEG systems are an excel-
lent tool to optimize sedation and plan proper awakening in awake craniotomy.

4. Electrocorticography and brain stimulation for brain tumor resection
in the awake pediatric patient
Neurophysiological brain cortical mapping is a valuable tool for brain tumor

resection by optimizing the extent of resection and minimizing or avoiding a
neurological deficit. In the context of resection of supratentorial malignancies,
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the gross-total resection improves survival, and by the usage of brain mapping,
the functional outcome and quality of life are safeguarded in the postoperative
period [28].

4.1 Principles

Stimulation can be bipolar or monopolar. In bipolar stimulation, the cathode
and anode are at the level of the selected tissue. It is made using a grid of electrodes,
deep electrodes, or an intraoperative manual stimulator (Figure1).

The electric field produced is confined to a small area, usually half the distance
between the electrodes, having a low risk of distal activation. Stimulation does not
occur unless the electrodes are set directly over the tract, activating the axon’s initial
part and its Ranvier nodes, where the most sodium channels are contained. Bipolar
stimulation in cortical mapping and the technique described by Penfield and
Ojemann, are the most commonly used [29, 30].

The standard stimulation paradigm for cortical stimulation described by
Penfield, is based on applying a rectangular two-phase pulse with a frequency of
50 Hz on trains lasting 3 to 5 seconds. Pulse duration remains constant at 0.3 ms,
starting with an intensity of 1 mA, which increases from 1 mA waiting for a
response to stimulation, to a maximum of 15 mA. When using the depth elec-
trodes, the pulse intensity is diminished to a range of 0.5-2.5 mA. In contrast, in
monopolar stimulation, a single electrode administers the stimulus, and another
reference electrode, usually inserted into the temporal muscle, receives it. The
stimulus field is diffuse, and the volume of brain tissue is more significant, with
the possibility of activating numerous axons in the motor pathways at a distance
of 20 to 25 mm from the stimulation point. It is generally used for subcorti-
cal tracks and is known as the High-Frequency Train Technique or Taniguchi
Technique [31].

This technique can be used for subcortical functional monitoring in patients
under the effect of general anesthesia. A five-pulse monopolar train is typically
administered at frequencies between 300 and 500 Hz, with a repetitive frequency
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Figure 1.
Principal characteristics of electrodes for brain mapping and bipolar stimulation.
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of 1to 3 Hz, including a pulse duration of 0.5 milliseconds and a range between
stimuli of 2 to 4 milliseconds (Figure 2). This method is used to assess motor
pathways and can also produce motor responses at lower intensities. It is not
affected by the preoperative motor state, and the possibility of post-stimulation
discharges is low.

The register is carried out through the potential evoked motor with electrodes
placed in the contralateral limb muscles, such as the abductor pollicis brevis,
the flexor, and forearm extender, which are usually good options for the upper
extremity. In contrast, the abductor hallucis brevis is the best muscle in the
case of the lower limb. For facial muscles, we have as options the orbicularis
of the mouth and eyes, and the genius, which allow us to register the language
articulation.

4.2 Indications

The intraoperative functional mapping in awake patients is directed to those
with neoplastic or epileptogenic diseases located adjacent to the motor, visual,
somatosensory, or language areas. We require patient cooperation to detect the
change or deficit of their cognitive functions by stimulation during the procedure.
Monitoring cortical and subcortical regions, allows us to resect brain tumors near
eloquent cortical and white matter tracts, respectively, at the same surgical event.
The limitation is that we have little time to perform the cognitive tasks necessary for
transoperative assessment. It could represent an anesthesiological challenge because
of the technical difficulty of performing a craniotomy in the awake patient and the
high risk of transoperative seizures.

(A) Grid Stimulation
(50/60 Hz, 0.3 ms pulse duration, 10 mA amplitude)
10~

-0k
(B) Depth Stimulation

(50/60 Hz, 1 ms pulse duration, 2.5 mA amplitude)
0
-2.5
(C) High Frequency Stimulation

(500 Hz, 0.5 ms pulse duration, 2 mA amplitude)
2[ L
0

L 1

03 TIME / s L

STIMULATION AMPLITUDE / mA

Figure 2.
Stimulation techniques.
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4.3 Procedure

General Considerations. Patients are premedicated with midazolam. The
surgeon performs local anesthesia with a mixture of 1:1 bupivacaine at 0.5% and
lidocaine at 1%; 1:100000 epinephrine for infiltration upon placement of the
Mayfield’s head clamp. Sedation is performed by means of propofol (above 100 ug/
kg/min) and remifentanil (0.05-2 ug/kg/min). Once the craniotomy is completed,
the dura mater and the muscle are infiltrated with lidocaine, and no sedation is
offered. At all times of the mapping, propofol and icy ringer solution should be
ready to use to suppress post-stimulation discharges. Once the mapping is finished,
sedation is carried out with dexmedetomidine (1 ug/kg/min) and remifentanil
(0.05 ug/kg/min) [32].

In the case of monitoring asleep patients, the purpose of mapping is exclusively
to monitor motor response, so that short-acting opioids, such as remifentanil,
supplemented with propofol or dexmedetomidine, are used. Almost all agents
inhaled at high doses suppress motor responses, so it is suggested to use at low doses
(less than 0.25 MAC), with nitrous oxide being the least suppressive. Propofol,
commonly used for mapping, can suppress the motor response between 30 and
60% at levels of 1 to 2 mg/ml, so it is suggested at lug/ml doses. Other agents, such
as ketamine, opioids, benzodiazepines, have minimal effect on motor responses.
The most commonly used scheme is a short-acting opioid with propofol or
dexmedetomidine.

Other factors to consider in surgery include temperature, blood pressure, oxygen
saturation, and CO2. Hypothermia (less than 35 degrees) or hyperthermia (greater
than 38 degrees) can increase the motor response latency, decrease amplitude or
suppress it altogether. Hypercapnia (greater than 70 mmHg) and hypocapnia (13 to
30 mmHg) can alter mapping and promote cerebral edema.

Due to late myelinization, larger intensities of 15 mA and a longer stimulus
duration of 500 ms are recommended in pediatric patients. It is suggested that the
minimum age for evaluating language should be ten years old and for motor evalu-
ation a minimum of 5 years. In case the patient does not cooperate and needs to
remain under general anesthesia, the monopolar subcortical stimulation technique
is recommended, where a stimulus is administered with a train of five monopolar
pulses at frequencies typically between 300 and 500 Hz, with a repeat frequency
of 1to 3 Hz including a pulse duration of 0.5 milliseconds, and an interval of 2 to 4
milliseconds between stimuli.

4.4 Functional mapping

Once the craniotomy is performed and exposed to the cerebral cortex to map,
the bipolar stimulation already described is carried out:

Pulse Biphasic
Frequency 50 Hz
Pulse duration 0.2-03. ms
Stimulus duration 3-5s
Language 5s
Negative almost 10 s
Current intensity Increase 0.5-1 mA
Maximal current intensity 10-15mA
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Brain Anatomic stimulation Clinical response

function

Motor Primary motor cortex (Brodmann 4): precentral Contralateral muscle contraction.
gyrus, 10 mm anterior to the central sulcus and
posterior region of central sulcus.

Supplementary sensitive-motor area: dorsal Limb movements vocalization and
region of the superior frontal gyrus. contralateral cephalic movements.
Silent primary motor cortex: inferior or medial The negative response inhibits the
frontal gyrus. motor response in the awake patient.
Supplementary motor cortex: mesial surface of

the superior frontal gyrus, paracentacral lobule

and cingulum gyrus.

Sensitive Sensitive primary cortex (Brodmann 3,1,2): Contralateral paresthesias o
poscentral gyrus. dysesthesias.

Language Expressive language (Broca’s area): posterior Negative response or language
region of the inferior frontal gyrus in dominant disturbances when the patient is asked
hemishere. to read, count numbers, or repeat
Posterior region of medial frontal gyrus, and sentences.
anterior region of superior temporal gyrus in
dominant hemisphere.

Sensitive language (Wernicke’s area): posterior Negative response; alterations in
temporoparietal area or temporal basal area of understanding. Visual confrontation
language (Inferior temporal gyrus, fusiform or and nomination pictures.
hippocampal gyrus).

Visual Primary visual cortex (Brodmann 17): occipital Contralateral phosphenes and
cortex. disturbances in perception of shapes,

colors, or lines.
Secondary visual cortex (Broadmann 18) and Visual illusions.
secondary association cortex (Brodmman 19).

Hearing Primary auditive cortex (Brodmann 22) Hearing distortion.

Posterior peri-Syilvian region. Complex listening experiences.
Table 1.

Cortical areas to stimulate during functional mapping.

The stimulus should be applied at least three times; it is considered positive
when at least 2 out of three times an answer is found. Responses can be either posi-
tive (regional movements, dysesthesias, phosphenes) or negative (motor inhibition,
language alteration, anomia) (Table1).

Language tasks such as nomination, articulation, reading, counting, and
comprehension are evaluated. It is stimulated with a pulse duration of 0.25 ms on
trains from 4 to 60hz, usually used from 1.5 mA and increased to 6. The stimula-
tion is applied from one to two seconds during the completion of the task. The
point is stimulated at least three times. A positive point is considered when a
66% language error is observed, such as the absence of language, anomia, and
paraphasia. Some authors [30, 33, 34] have established the 10-20 mm concept as
a safe margin, i.e., the distance from the resection edge to the mapped language
site, in order to determine the risk of language deficits during the postoperative
period. Usually, if this distance is greater than 1, the risk of language deficit in the
frontal lobe is low.

4.5 Functional mapping considerations

The limitation of the technique is associated with several factors:
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a.Patient’s condition. Previous deficit. These include a pre-existing deficit;
usually the most accurate responses are obtained in patients with preserved
motor and language functions. Any significant variation in sensation, motor
paresis, or alterations of language or anomia, will not allow an appropri-
ate check-in in those areas. Patient’s age. Reduced myelination in pediatric
patients, so motor responses are typically more challenging to activate than the
standard parameters used in adults. Due to incomplete functional maturation,
the motor and language areas can be identified with confidence after 5 and
10 years old, respectively. Some suggested strategies to improve motor moni-
toring include pulse duration as large as 500 microseconds and increasing load
intensity (more than 25 mA); this has been observed in children between 5 and
7 years old, but as they grow and enter adolescence, they get thresholds similar
to adulthood. One option for pediatric patients who cannot perform awake
functional mapping, is to use other techniques such as primary motor cortex
localization using the reserve phase technique, which indirectly allows us to
locate the motor area (Figure 3).

b.Effect of different types of brain injuries. Pre-existing injuries, i.e., brain
edema, hemorrhage, herniation syndromes, can increase stimulation thresh-
olds. The restoration of local homeostasis improves the stimulation threshold.
Moreover, modification in the functional expressiveness of cortical areas due
to the mass effect secondary to neoplasms. In patients with cortical malfor-
mations such as dysplasia, an abnormal somatotopic organization is observed
and induces several secondary mechanisms, leading to a compensatory
reorganization known as neural plasticity [35].

Figure 3.

Reverse-phase. An electrode grid is applied to identify the motor and somatosensory primary cortex.

A) Parietal lobule exploration. B) Neurophysiological typical response for somatosensory cortex stimulation.
C) Electrode-grid relocation to identify primary motor cortex. D) Reverse-phase demonstration.
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4.6 Technical limitations
4.6.1 Lack of standardization

Negative mapping does not protect and creates a questionable problem concerning
the reliability of the stimulation. There is a lack of consensus on stimulation para-
digms and techniques. Significant variations were observed, not only in stimulation
environments, but also in proven functions and protective margins preserved in resec-
tion. An example is deficit in language functions after functional mapping. In the sur-
vey, several centers where the functional mapping is practiced, only half responded
that they regularly tested the four commonly checkable functions (speech production,
comprehension, denomination, reading), creating the possibility of false-negative
results related to unproven function. It may explain why 41% of centers reported
persistent postoperative language deficiencies despite the preservation of language
areas, and 56% of this group mentioned the failure to identify crucial language sites
[28]. Variability in mapping thresholds has been observed not only at the popula-
tion level but also in individual patients. One maneuver to facilitate the response in
eloquent areas could be to increase the current at each cortical site, regardless of the
adjacent post-estimate discharge threshold, instead of mapping the entire exposed
cortex into a single current level. Besides, their findings highlighted the need for ECoG
during electrocortical stimulation mapping, both to identify when post-stimulation
discharges occur and to verify stimulation by recording stimulation artifacts [36].

4.6.2 Post-stimulation

Post-stimulation discharges can evolve into seizures during the surgical proce-
dure, which is why the anesthesiologist should always be ready with propofol as well
as the surgeon with an icy ringer solution. These stimuli thresholds are not signifi-
cantly higher than those used to stimulate sensory, motor, or linguistic responses.
However, post-stimulation discharges have been reported during awake craniotomy
at 12% [37, 38].

4.6.3 Anesthesiologic challenge

From an anesthetic perspective, cortical functional mapping with an awake
patient imposes essential demands on the anesthesiologist ability to facilitate sleep-
awake-sleeping procedures and avoid inadequate or excessive sedation. Pain, emesis,
and emotional intolerance to the technique are rarely observed, and, of course,
seizures can occur. Failure of the functional cortical mapping technique leads to a
lower macroscopic total resection incidence and increased postoperative morbidity.

4.7 Intraoperative electrocorticography
4.7.1 Objectives and limitations of intraoperative electrocorticography

Epilepsy surgery involves complete resection of the epileptogenic area (the
alleged site generating epileptic seizures, removal or disconnection is neces-
sary in order to prevent further seizures) with minimal postoperative deficits.
Electrocorticography (ECoG) allows the epileptogenic zone to be delimited using
flexible electrodes placed before and after resection, and to use the electrodes to
stimulate and delimit the eloquent area. However, sampling is limited by reduced
registration time during surgery [39].
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So ECoG is not sufficient to define the epileptogenic zone; many preoperative
studies are required, such as video-EEG, functional and structural MRI including
PET, SPECT, and sometimes invasive recording with grid placement. The ECoG
intraoperative utility as a single element for defining the epileptogenic zone in a
reliable way, is based on the assumption that interictal discharges are trustworthy
markers of the epileptogenic zone. This assumption has proven unreliable in many
cases. One of the most significant transoperative electrocorticography limitations is
that primary epileptiform discharges may not be identified from secondary ones by
propagating to a distant area. More importantly, ECoG’ in patients with refractory
epilepsy to medical treatment has shown interictal multifocal activity, making focus
identification a difficult task.

Interictal activity may be affected by anesthetic agents use, as some of those
agents decrease activity while others increase them. It is said that the log is reliable
when a pattern of awake interictal poly points is observed with a tip frequency
exceeding one per minute. Some activation maneuvers, such as hyperventilation
or some intravenous anesthetics such as methohexital, etomidate, propofol, and
thiopental, have been used.

Unfortunately, the activation induced by these agents could be expanded to
previously silent areas. Opioids, such as remifentanil and alfentanil, increase the
activity in the epileptogenic zone. Remifentanil has been reported to suppress tips
in the normal brain.

Other attempts have been made to locate the epileptogenic area using repetitive
cortical electrical stimulation and evaluate its susceptibility to start a discharge
and reproduce the patient’s usual seizure. Although early researchers expected
post-stimulation discharges originating in the epileptogenic area to have distinctive
characteristics (lower post-discharge thresholds and longer durations), this is not
true. The use of electrical stimulation to induce the patient’s usual seizures has also
shown not to be useful.

Three types of electrodes are used to register intraoperatively, often in combination:

The first type consists of silver wires insulated with a carbon ball or a distal sil-
ver ball/silver chloride located on the cortical surface. These electrodes are arranged
in an electrode clamping device mounted on the skull at the edge of the craniotomy
and attached to the recording device inputs. Although flexible and precise electrode
placement, particularly along the resection cavities, is an excellent resource of this
type of electrode; the exact distance between electrodes can be problematic, limit-
ing the ability to engrave in a bipolar assembly. Therefore, recording in a reference
montage is preferred. Also, electrode placement is limited only to the cortex areas,
so it is impossible to register from the lower and medial surfaces. These electrodes
can be sterilized and reused.

The second type of electrode is disposable and consists of silver stainless steel,
or platinum disc electrodes embedded in silicone sheets. These blades are arranged
in advance as strips containing 4 to 8 electrodes, with a separation of 10 to 15 mm,
or larger grids containing 64 electrodes or more. These electrodes can be placed on
the exposed cortical surface and allow the flexibility to slide under the craniotomy
margins to cover the cortex uncovered surfaces. Because the distances between
electrodes are standardized, it is possible to make recordings in both bipolar and
referencing assemblies. However, due to the potential for cancelation of common-
mode activity under two adjacent electrodes in a bipolar recording, referencing
assembly remains preferred and universally accepted as being more reliable.
Functional stimulation can also be performed through band and grid electrodes.

Finally, a four-contact depth electrode can also be used to be inserted into the
brain’s deeper structures. It is not uncommon for these various electrodes to be used
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simultaneously, with ball electrodes used to register over the lateral cortex or along
the resection margins, while electrode strips are placed in the cortical areas. The
recording electrodes can be referenced to several locations, including the mastoid,
cervical, and bone flap region.

The ECoG can be registered using digital or analog instruments, although digital
has become more used. As the activity recorded on the cortical surface is signifi-
cantly higher than the one recorded on the skin surface, the recording parameters
must be adjusted. Sensitivities between 10 and 50 mV/mm are the most commonly
used. Other recommended recording parameters include a 0.5 Hz low-frequency
filter and a 70 Hz high-frequency filter.

The usefulness of electrocorticography in anteromedial temporal lobectomy
allows delimiting the degree of resection of the hippocampus. The most significant
cause of seizure recurrence after temporal lobectomy is the incomplete resection
of the affected hippocampus. Therefore, the resection of the hippocampus guided
by electrocorticography has been the only procedure with a predictive value. Its
usefulness has also been seen in patients with refractory epilepsy to extratemporary
location medical treatment, where the need for all patients to require an invasive
chronic record is controversial.

In patients with a high concordance between neuroimaging (MRI, PET, and
SPECT) and the clinic of seizures, although EEG may not be conclusive in identify-
ing the ictal area, it is indicated to perform the resection of the epileptogenic focus
in a single surgical time guided by electrocorticography.

Electrocorticography is very useful in the resection of structural lesions that
generate seizures, such as low-grade astrocytomas or malformations, and the sur-
rounding epileptogenous cortex. Patients who had only the lesion resection, have a
probability of being free of crisis by 50% and increasing to 87% when electrocorti-
cography is offered.

Electrocorticographography has been very useful in cortical dysplasia resec-
tion, where sometimes the image is not very clear, especially in type I cortical focal
dysplasias, and where electrocorticography helps define the edges of the margins of
the resection.

Finally, ECoG should be used during functional mapping to detect post-stimulus
discharges that can occur over a wide threshold range (2 to 15 mA), usually lasting
seconds, but some downloads last more than 90 seconds. Post-stimulus discharges
have been present in 12% of patients undergoing cortical functional mapping; 65%
of these discharges involve more than one electrode, and 10% become epileptic
electrographic activity.

5. Clinical experience

Since 2017, we have performed awake craniotomies and brain mapping for
brain tumor resection in 8 and 5 cases, respectively. The average age of patients
was 12.2 years old with a range of 10-15 years old. No gender predominance was
observed (Male/Female ratio 1). The neuropsychological evaluation was performed
in all cases. A series of neuropsychological tests were applied to meet the matu-
rity and neurological performance in all cases. Before considering each case asa
candidate for an awake craniotomy, an assay was conducted by the neurosurgeon
and the neuroanesthesiologist to gain the patient’s confidence. In all cases, the
technique was completed. In some cases, conversion to total-endovenous anesthesia
was necessary. Intraoperative seizures were not observed during brain mapping or
stimulation of eloquent areas in the neighborship of brain tumors.
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In order of frequency, the most common histopathological diagnosis was diffuse
glioma (n = 3), supratentorial glioblastoma multiforme (n = 2), dysembryoplastic
tumor (n = 2), and Primitive Neuroectodermal Tumor (PNET) (n=1).Inall
cases, gross total resection was achieved. In malignant gliomas, the overall survival
was 32 months. In this group, all patients received adjuvant chemotherapy and
radiotherapy. In the cases of diffuse glioma, we have not observed fatalities so far.
Currently, the overall survival is 38 months. In the case of PNET, adjuvant therapy
and radiotherapy with a linear accelerator were indicated. The free of disease period
was 18 months, a new surgical treatment was indicated to improve survival, but
in the postoperative period, the patient’s family declined the second-line chemo-
therapy, and the patient died after 28 months— Case 1 VIDEO.

In all cases, during follow-up, we observed a clinical improvement of
neurological deficits. In the two cases of epilepsy secondary to brain tumor
activity — dysembryoplastic tumor, the cortical mapping and brain stimulation
in eloquent areas improved the seizure control and functional recovery in the
postoperative period. In one of these cases, after the tumor’s gross-total resec-
tion, a new ECoG helped us identify epileptic activity isolated from the brain
tumor. Histopathological analysis revealed cortical dysplasia. After removing the
epileptic foci by corticectomy, the new ECoG register showed regular electrocor-
ticographic activity — Case 2 Currently, the two patients with dysembryoplastic
tumors are seizure-free (Engel’s class Ia).
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6. Conclusions

The SAS technique is a reproducible, safe, and probably the most convenient
technique for awake craniotomy in pediatric patients with brain tumors. It is
imperative to maintain good communication with the patient from pre-anesthetic
assessment, explaining the most confident procedure. SAS will provide the most
outstanding comfort before awakening and during neuropsychological and motor
tests, recognizing that the neurological evaluation during and after the surgical
procedure will be the best indicator of the patient’s condition and success.

Cortical functional mapping allows us to delimit lesions that require resec-
tion, such as an epileptogenic zone or a tumor from eloquent regions. For this
purpose, with a mature and cooperative patient, surgery may be performed with an
awake patient. This technique is reserved for patients without severe neurological
deficits in order to preserve the language, somatosensory, or motor functions. If
the patient does not cooperate, as are pediatric patients below eight years old, the
cortical functional mapping for motor functions could be performed with general
anesthesia.

Electrocorticography is widely used in epilepsy and brain tumor surgery. Its
usefulness has also been seen in patients undergoing temporary mesial lobectomy
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to determine the hippocampus degree of resection. Another utility is in resective
surgery for structural lesions that cause seizures (tumors, cortical, vascular malfor-
mations), in order to delimit the surrounding epileptogenic zone and expand it.

Finally, electrocorticography must be accompanied by the mapping procedure to
identify post-stimulation discharges.

7. Clinical cases

Case 1. An 8-year-old boy presented at the emergency department with a two-
month history of headache, left-sided weakness (1/5), and generalized seizures.
MRI study shows a premotor right brain tumor (A). An awake craniotomy was
performed, and gross total resection was achieved. VIDEO. (https://bit.ly/3vXzr2S)
(C). The pathology service reports a Primitive Neuroectodermic tumor. The patient
receives chemotherapy (Iphosphamide - Carboplatine - Etoposide) and radiother-
apy 54 Gy (Lineal-accelerator). During follow-up, a recurrence was suspected (D),
and a new surgical treatment was performed (E).

Case 2. A 4-year-old female presented to the neurosurgery department with
a history of symptomatic epilepsy since she was 3 years old. A few months later,
autism disorder was detected. Partial motor seizures with hand-forearm-shoulder
involving and secondary generalization were observed. An MRI study was
performed, and a neoplastic lesion in the primary motor cortex was identified.

A comprehensive case review was performed. Because of the history of autism
disorder, the patient was dismissed as a candidate for awake craniotomy. However,
she was considered a candidate for surgical treatment by total endovenous anes-
thesia. The primary motor cortex was identified with the reverse-phase technique
in the operating room, and transoperative electrocorticography was performed.
The gross-total resection was achieved for the brain tumor, and a subpial resection
was completed after the identification of epileptic foci identified by a new ECoG.
A) Preoperative MRI. B) ECoG to define the epileptic activity. C) ECoG after brain
tumor resection. D) ECoG identifies epileptic activity in the rostral region of pars
triangularis. E) After subpial resection of epileptic foci. F) Follow-up MRI.
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Chapter 6

The Distribution and Significance
of IDH Mutations in Gliomas

Nu Thien Nhat Tran

Abstract

In 2009, the discovery of isocitrate dehydrogenase (IDH) mutations in
gliomas is a powerful example of understanding of the relationship between
tumor genetics and human diseases. IDHs, catalyze the oxidative decarboxyl-
ation of isocitrate to a-ketoglutarate with production of NADH/NADPH, is the
key enzymes in the Krebs cycle. IDH mutations, which occur early in gliomagen-
esis, change the function of the enzymes, causing them to produce 2-hydroxy-
glutarate, and to not create NADPH. Gliomas with mutated IDH have improved
prediction of patient outcomes compared to its with wild-type IDH. Thus, the
WHO Classification of Tumors of the Central Nervous System was revised in
2016 to incorporate molecular biomarkers (including the IDH mutations) —
together with classic histological features — in an integrated diagnosis, in order to
define distinct glioma entities as precisely as possible. The aim of this chapter is
to review the findings on the epidemiology and significance of IDH mutations in
human gliomas, from discovery to the current knowledge about their molecular
pathogenesis.

Keywords: IDH mutation, gliomas, Isocitrate dehydrogenase, significance, therapies

1. Introduction

Isocitrate dehydrogenase (IDH) is a key enzyme in the Krebs cycle and plays
an important role in energy metabolism. This enzyme is involved in a number of
cellular processes, such as mitochondrial oxidative phosphorylation, regulation
of cellular redox status, glutamine metabolism as well as lipogenesis or glucose
sensing.

In 2008, Parsons et al. discovered a link between IDH mutations and gliomas.
After that, further studies showed that IDH mutations are not only common but
also closely related to the diagnosis, treatment and prognosis of gliomas. Therefore,
the WHO classification of Tumors of the Central Nervous System of 2016, gliomas
are subdivided based on combined classical histological with molecular markers
(including the IDH mutations). This reclassification is expected to guide treatment
decisions and improve outcome prediction.

The aim of this chapter is to review the findings on the epidemiology and sig-
nificance of IDH mutations, from current knowledge about molecular pathogenesis
to the value these mutations in gliomas.
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2.IDH enzymes
2.1 Normal enzymes
2.1.1 Genetics and classification enzymes

IDH is a small molecule protein which is mainly distributed in the liver, heart
muscle and skeletal muscle. In humans, there are three isozymes of IDH, which
differ in subcellular localization, structural organization, allosteric regulation,
catalytic mechanism and cofactor requirement. These are IDH1, IDH2 and IDH3.

These isozymes are encoded by five separate genes. IDH1, encoded by IDHI gene
on 2g33.3, is configured as a homodimer with two enzymatically active sites and
most of its activity is detected in the cytosol and in peroxysomes, Main function of
IDH1 is believed to be the synthesis of NADPH, required for reducing reactions and
for lipid synthesis [1-3].

IDH2, which is found in mitochondrial, encoded by the IDH2 gene on 15¢26.1,
in [4]. Similar to IDH1, this enzyme is structured as a homodimer. Recent findings
show that the IDH2 may be the main catalyst for the oxidation of isocitrate (ICT)
to a-ketoglutarate (a-KG) in the citric acid cycle (TCA) in [5]. IDH3 is composed
of three subunits encoded by IDH3A (subunit alpha), on 15q25.1-q25.2, IDH3B
(subunit beta) on 20p13 and IDH3G (subunit gamma), on Xq28 [6-8].

IDH3 is a multi-tetrameric enzyme (2a1p1y) with a — subunits being catalytic
and the p- and y- subunits being believed to be regulatory [9, 10]. Since IDH3 muta-
tions do not occur with a significant frequency in glioma [11] this chapter focuses
on the roles of IDH1 and IDH2 in glioma biology and uses IDH to refer to both IDH1
and IDH2 but not IDH3 (Figure1).

2.1.2 Mechanism and function of IDH enzymes

IDH exists in NADP-dependent forms [2]. Both IDH1 and IDH2 exist as homodi-
mers, share considerable sequence similarity (70% identity humans). IDH1 is highly
expressed in the mammalian liver (IDH1 provides NADPH for peroxisomal fat and
cholesterol synthesis) with only moderate to absent expression in other tissues,
whereas IDH2 is highly expressed in heart, muscle, and activated lymphocytes [13].

The main function of IDH is to catalyze the oxidative decarboxylation of ICT to
a-KG. This reaction also produces a molecule called NADPH, which is necessary for

m— Fatty acids

T

Isocitrate Isocitrate
NADP
NADP
TCA - NADPH
NADPH
e \ 7 )
Mitochondria  tamate

Figure 1.
IDHa is localized in the cytoplasm and peroxisomes, wheveas IDH2 is founded within the mitochondrial
matrix [12].
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multiple cellular processes. The NADPH is involved in the breakdown of lipids for
energy, and also protects cells from potentially harmful molecules called reactive
oxygen species.

By providing mitochondrial NADPH for NADPH-dependent antioxidant
enzymes, IDH maintains a pool of reduced glutathione and peroxiredoxin [14].
These molecules protect mitochondria from ROS-mediated oxidative damage, ensu-
ing lipid peroxidation and DNA damage, and from stress induced by heat shock,
cadmium, excess fructose, or tumor necrosis factor-a (TNF-a) [13, 14]. These data
suggest that IDH is important for cell stress responses, mitochondrial bioenergetics,
and macromolecular synthesis to support cell survival and growth.

2.2 Molecular pathogenesis of IDH mutations

IDH1 mutations almost occur at Arginine 132 resulting in amino acid exchange,
including R132H (most common, 88%), R132C, R132L, R132S, and R132G. IDH2
mutations typically occur at R140 or R172. Of IDH2 mutations, R172K is most com-
mon. IDHI and IDH2 mutations are mutually exclusive [15].

2.2.1 Engymatic properties of mutant IDHs

Mutations in IDH are neomorphic gain-of-function mutations, which affect
cofactor binding affinity and conformation of the enzymes’ active center. When
mutated, the enzymes’ binding affinity to ICT decreases, while affinity to NADPH
increases. Mutations result in a dominant gain-of-function that catalyzes the
NADPH-dependent reduction of « -KG to D-2-hydroxyglutarate (D-2HG or
R-2HG) but not further carboxylated [16]. D-2HG is a competitive inhibitor of
multiple a -KG-dependent dioxygenases, including histone demethylase. As a
result, D-2HG makes histone methylation and blocks cell differentiation. Therefore,
D-2HG is called oncometabolite.

All IDH mutant enzymes produce D-2HG; their allelic frequency, enzymatic
property, and association with overall prognosis, however, are markedly different.
For example, while the IDH2Arg140 mutation is exclusively found in myeloid malig-
nancies [17], the IDH1Arg132 and IDH2Arg172 mutations are common in gliomas.

In addition, due to essential roles of IDHs in producing cytoplasmic and
mitochondrial NADPH, tumor cell survival may also be dependent on basal IDH
activities to maintain cytoplasmic and mitochondrial redox homeostasis.

2.2.2 Mutant IDH engymes control cellular growth

A large body of evidence indicates that IDH mutation inhibits cell prolifera-
tion [18-20]. Theoretically, D-2HG inhibits ATP synthase, resulting in decreased
mTOR (mammalian target of rapamycin) signaling and cell growth. Moreover, by
inhibiting the FTO (fat mass and obesity-associated) demethylase activity, D-2HG
promotes cell-cycle arrest, thereby increasing N6-methyladenosine modification of
MYC/CEBPA (CCAAT/enhancer binding protein alpha) transcripts for destabiliza-
tion and, thus, decreasing proliferative signaling [20].

There is a study in mice indicating that IDH1R132H homozygous expression
in neural progenitor cells (NPCs) results in extensive cerebral hemorrhage and
perinatal lethality [21]. On molecular levels, high-level accumulation of D-2HG
inhibits prolyl-hydroxylation and subsequent maturation of collagen. Immature
collagens accumulate, resulting in an aberrantly formed basement membrane and
the initiation of an endoplasmic reticulum (ER) stress response. As a result, mice
developed hydrocephalus and grossly dilated lateral ventricles.
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Collectively, these studies provide strong evidence that IDH mutation targets
various signaling pathways to inhibit glial cell proliferation.

2.3IDH mutation involvement human cancers

Mutations in IDHI and IDH2 have recently been discovered in CNS cancers like
gliomas, and a number of types of leukemia, including acute myeloid leukemia.
This discovery has been extended to prostate cancer, intrahepatic cholangiocarci-
noma, colon cancer, and thyroid cancer as well since 2009.

Mutations targeting IDH in different types of tumors share four distinct
biochemical features. First of all, IDH mutations are almost somatic and rarely
germline. In addition, predominantly all reported cases have been frameshifts or
deletions, whereas nonsense mutations have not been observed in cancer.

Second, the vast majority of IDH mutations (Mut) are heterozygous with a wild-
type (Wt) allele [22, 23]. The existence of wild type-mutant (Wt-Mut) and mutant-
mutant (Mut-Mut) dimers in addition to wild type-wild type (Wt-Wt) dimer ina
cell heterozygous for IDH mutation has been reported [24]. An illustration of the
three dimer types allele is provided in Figure 2.

From what has been mentioned so far, the most likely model is as follows:
substitution of two arginine residues on both monomers inactivates both forward
oxidative decarboxylation and reverse reductive carboxylation reactions while the
presence of one arginine fully inhibits the forward oxidative decarboxylation reac-
tion but changes the product of the reverse reductive carboxylation reaction to be
D-2HG instead of ICT.

It is conceivable that the Mut-Mut dimer is totally, while the Wt-Mut dimer
increases the production of D-2HG from 2KG through the reverse reaction and
does not interconvert ICT and 2KG. Since D-2HG is thought to inactivate 2KG
utilizing enzymes, it is possible that it also inhibits the Wt-Wt dimer form and that
might explain the dominant negative effect of heterozygous arginine substitution
(Figure 3) [24, 25].

Third, nearly all IDH mutations cause a single amino acid replacement,

Arg132 in IDH1 (into one of six amino acid residues -His, Cys, Leu, Ile, Ser, Gly

— A
Wt monomer coded by
IDH-Wt allen

IDH - Wt allen + )

—a  \

Mut monomer coded
by IDH-Mut allen

IDH - Mut allen

Figure 2.
The three dimer types formed in a cancer cell heterogygous for IDH mutation.
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NADP* m NADPH + H*

ICT > 2KG
NADP* v NADPH + H*
NADP* n NADPH + H*

2KG — D-2HG

'

NADP* NADPH + H*

ICT < :*_,-\ < » 2KG
NADP* NADPH + H*

Figure 3.
The model gains of function and dominant negative effect exerted by heterozygous IDH mutation. (D)-2HG
(d) 2-hydroxyglutarate, ICT: isocitrate, Mut: mutant, Wt: wildtype.

and Val), as well as Argl72 in IDH?2 (into one of four other residues -Lys, Met, Gly
and Trp), and Argl40 in IDH2 to either Gln or Trp. Rarely IDH1 mutations also
are reported, including R100A in adult glioma, G97D in colon cancer cells and a
pediatric glioblastoma. The synthesis of cancer-associated IDH mutations in the
functional region of the enzyme suggested that these mutations might give the
mutant protein with a new and possibly oncogenic enzymatic activity.

Lastly, the mutual exclusivity seen in mutant IDHI and IDH2 alleles in most
cases. Obviously, in a cancerous cell transformed by one of these mutant alleles, the
forward oxidative decarboxylation reaction catalyzed by the remaining wild-type
isoform would still be important for that cell to be able to produce NADPH. In other
words, cancerous cells that have mutant IDH2, would still need the wild type IDH1
isoform to catalyze the forward oxidative decarboxylation reaction to produce
NADPH. Only rarely, individual tumors have been found to sustain mutations in
both the IDHI and IDH2 genes [26].

IDH mutations also exhibit three distinct clinical features. First, they existin a
highly restricted tumor spectrum. For example, they occur frequently in low-grade
gliomas and secondary glioblastomas (GBM), but rarely in primary GBM. Likewise,
they are often found in genetically normal AML. Second, the IDH mutations occur
at an early stage in tumor formation, and occur the earliest known mutation in
glioma. Finally, in glioma, AML and intrahepatic cholangiocarcinoma, IDH muta-
tions alone or in combination with other genetic mutations (in the case of AML) are
associated with better prognosis.

2.4 IDH mutations in human gliomas

Glioma stem cells are small numbers of tumor cells that act as stem cells in glial
cells. According to the “seed and soil” theory put forward by Paget, if the tumor
microenvironment is soil, then glioma stem cells are seeds.

The IDH mutations enhance function in glial tumor cells, leading to the
accumulation and secretion of large amounts of the oncometabolite, D-2HG,
which ultimately inhibits the catalytic activity of a-KG-dependent dioxygenase,
damaging the key steps in angiogenesis, hypoxic stress, and mature differentiation
of cells. These processes are closely related to the occurrence and development of
tumors. However, researches showed that D-2HG is a weak competitive inhibitor
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of a-KG. Thus, it can only be observed to inhibit the differentiation of glioma stem
cells when the accumulation of D-2HG is high. Therefore, the formation of gliomas
requires not only seeds (glioma stem cells) but also soil (tumor microenvironment).

It was found that the IDH mutations could promote tumorigenesis microenviron-
ment by increasing the expression of VEGF and making it suitable for glioma stem
cell growth.

Interestingly, VEGF is initiated transcription by HIF-1a, and hypoxia can cause
an increase in VEGF. IDH mutants can modulate VEGF to promote tumor microchip
formation by inhibiting HIF-1a degradation. Moreover, quick growth of tumors will
rapidly consume the surrounding energy and nutrients. Thus, HIF-1a is a stably
expressed surrounding tumor. IDH mutations make tumor microenvironments
easier to form.

With the appropriate soil, glioma tumor stem cells grow rapidly and continue to
invade the surrounding tissues, ultimately accelerating the growth of gliomas.

IDH mutations occur in about 80% of all grade II/III gliomas (low-grade gliomas -
LGG) and secondary glioblastomas, which progress from the less malignant grade 2
diffuse astrocytomas or grade 3 anaplastic astrocytomas. In contrast, IDH mutations
accounted for less than 5% of primary glioblastomas, which arise de novo [27, 28] and
approximately 10% of pediatric glioblastomas [26, 29]. This suggests that LGG and
secondary GBM are minimally overlapping disease subtypes.

In contrast to diffuse gliomas, IDH mutations are rare in many of WHO grade
I gliomas, for example gangliogliomas, subependymal giant cell tumors, pilocytic
astrocytomas, ependymomas and pleomorphic xanthoastrocytoma.

Aggregate data from multiple preclinical and clinical studies have shown that
IDH mutations alone are not enough to turn malignant. IDH mutations occur early in
gliomas formation and often have secondary genetic abnormalities such as mutations
in TP53, chromosomal region 1p/19q co-deletion or loss of nuclear ATRX reactivity.

These changes relate to the histological classification of the disease. For example,
diffuse astrocytomas, mutant IDH, often contain TP53 mutations and lose ATRX.
In contrast, almost histologically confirmed IDH mutant oligodendrogliomas
have 1p/19q co-delection. In particular, the majority of glioma patients with IDH
mutation and 1p/19q co-deletion also had a mutation in the promoter regions of

Type of IDH IDH1/2 IDH1/2 IDH1 IDH1/2 IDH1
Author Yanetal Hartmann Ichimura Parketal Watanabe
[29] etal [26] etal [33] [34] etal [35]

Pilocytic astrocytoma 0% 0% 0% 10%
Diffuse astrocytoma 90% 74% 59% >80% 88%
Anaplastic astrocytoma 73% 65% 52% 78%
Secondary glioblastoma 85% 50% >95% 82%
Primary glioblastoma 5% 3% 5%
Oligodendroglioma 84% 87% 68% 100% 79%
Anaplastic 94% 75% 60% 75%
oligodendroglioma
Oligoastrocytoma 100% 83% 50% 94%
Anaplastic 100% 72% 78% 71%
oligoastrocytoma

Table 1.

Frequency of IDH mutations in different types of gliomas.
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Author Yanetal [29] Hartmann etal [26] Sanson et al [36] Puschetal
[37]
Gene  Amino acid
change
IDH1 R132H 83.5% 89.4% 89% 91.5%
R132C 4.1% 3.9% 3.2% 4.3%
R132S 2.4% 1.5% 1.9% 1.6%
R132G 0.6% 1.3% 4.5% 1.9%
R132L 4.1% 0.3% 1.3% 0.6%
IDH2 R172K 2.4% 2.7%
R172M 1.8% 0.8%
R172W 0.7%
R172G 1.2%

Table 2.
Frequency of specific IDH mutations in gliomas.

the telomerase reverse transcriptase (TERT). These mutations are thought to be
mutually exclusive [30-32], thus aiding in distinguishing diffuse astrocytomas
from oligodendrogliomas (Tables 1 and 2) [38].

3. Clinical indications involving the discovery of IDH-mutated glioma
3.1 Diagnosis

The latest WHO classification of CNS tumors using the integrated phenotypic
and molecular parameters (including the IDH mutation) have re-established the
CNS tumors classification. This classification includes glioblastoma, IDH-wildtype,
IDH-mutant or NOS; diffuse astrocytoma, IDH-wildtype, IDH-mutant or NOS;
anaplastic astrocytoma, IDH-wildtype, IDH-mutant or NOS; oligodendroglioma,
IDH-mutant and 1p/19q-codeleted or NOS; oligodendroglioma, IDH-mutant and
1p/19q-codeleted or NOS; anaplastic oligodendroglioma, IDH-mutant and 1p/19q-
codeleted or NOS.

There are wo features make IDH mutations easily detectable, reliable as bio-
markers. First, nearly all tumors carry IDH mutations located at specific residues,
such as Arg132 in IDH1 or Argl40 and Argl72 in IDH2, which are located in a single
exon 4 and can be simply identified through PCR-based amplification and sequenc-
ing. Second, antibodies specifically recognizing mutant IDHIR132H protein have
been developed, thus it may be identified through conventional immunohistochem-
istry (IHC). Based on these hypotheses, to determine IDH mutations, currently,
different methods are available to diagnose this status. They analyze either the
nucleotide sequence of the gene (as the direct method) or the altered structure of
the protein (as the indirect method).

Practical guidelines are available for detection of IDH mutations with molecular
genetics techniques. In this regard, crucial aspects are the availability of tumor tis-
sue, the tumor cell content and the quality of the respective genomic DNA (gDNA).
Among them, conventional Sanger sequencing is a relatively inexpensive method
and therefore is widely used in laboratories. As a consequence, it becomes the “gold
standard” for the detection of IDH mutations. Beside, alternative methods to assess
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the IDH mutation status exist. They include derived cleaved amplified polymorphic
sequence (dCAPS), PCR-based restriction length polymorphism assays, cold PCR
high resolution melting (HRM), post-PCR fluorescence melting curve analysis
(FMCA) and SNaPshot assays. These are new methods and unapproved for clinical
use in determining IDH status.

As the indirect method to confirm IDH status, immunohistochemistry of the
IDH1 mutant proteins is used. IHC using IDH1 R132H mutation-specific antibody
detects IDH1 mutation. However, this method can miss about 10% of gliomas car-
rying an IDHI mutation and all gliomas with an IDH2 mutation [39]. It is conceiv-
able that, when the IHC is negative for IDH1 R132H, the tumor can carry the IDH1
mutation in another location or the IDH2 mutation. In this case, subsequent genetic
analysis is recommended.

All of the above methods have in common the need for tissue samples. Thus, sur-
gery or biopsy of the tumor is necessary. This is a diagnostic difficulty. Therefore,
recently, studies on non-invasive methods are being carried out, in which diagnosis
by magnetic resonance spectroscopy (MRS) and amide proton transfer-weighted
(APTw) have been shown to be promising [40-42]. In IDH mutant gliomas, D-2HG
accumulates to sufficient levels as a brain metabolite, which renders its visibility on
MRS. Therefore, this may provide crucial longitudinal data for the determination of
disease progression and therapy response.

Identification of IDH status allows differential diagnosis between gliomas and
non-neoplastic CNS lesions (astrocytoma or therapy-induced changes), between
gliomas and non-glial CNS tumors, and within glioma subtypes. As discussed
above, IDH status may be used to differentiate primary from secondary glioblasto-
mas. In addition, IDH status associated with 1p/19q co-deletion became the key in
the diagnosis of oligodendroglioma.

3.2 Prognostic

Generally, IDH mutations are associated with a better outcome than other types
of mutations [43-45]. In 2008, Parsons et al. reported that mutations in IDH1
occurred in most secondary GBM, and were related with better overall survival
(OS) [46]. Similar trends were reported in variety studies using different datasets
[29]. For example, in a prospective translational cohort study of the German Glioma
Network, patients with anaplastic astrocytoma carry IDHI wild-type exhibited a
worse overall survival rate than patients with glioblastomas with IDHI mutation
[47] IDH-mutated astrocytomas harboring ATRX mutation also were shown to
form a subgroup of astrocytomas with a favorable prognosis [48].

Furthermore, in the SongTao study, IDH mutations were associated with
prolonged PFS together with MGMT promoter methylation and 1p/19q codeletion
and a higher rate of objective response to temozolomide in secondary glioblastomas
[43]. Even in primary glioblastomas, IDH1/2 mutations define a subgroup of tumors
of long-term survival patients [49].

In 2009, using a large clinical dataset, Yan et al. reported that GBM patients with
IDH mutations tended to prolonged median OS compared with patients carrying
IDH wild-type GBM. Similar findings were also observed in patients with anaplastic
astrocytoma.

The median OS was 65 months for gliomas patients with IDH mutant, compared
with 20 months for those with IDH wild-type. Furthermore, the progression-free
survival (PFS) was also improved among GBM patients with IDH mutations
compared with other patients [29].
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Extensive meta-analysis (2,190 cases) confirmed IDH mutation as a prognostic
biomarker of gliomas [44]. Many other studies have shown that IDH mutations are
an independent prognostic marker for improved PFS and OS in patients with grade
III gliomas [47, 50-52].

Several studies have explained that the favorable prognosis of IDH mutant glio-
mas is due to their increased sensitivity to chemotherapy and radiotherapy [47, 53].
IDH mutant gliomas likely harbour defects in multiple DNA repair pathways, which
render them vulnerable to radiotherapy- or chemotherapy-induced DNA damage
[54, 55]. These findings indicate that IDH mutation could serve as an important
predictive factor for treatment response among glioma patients.

3.2.1 Novel therapies

Glioma is the most frequent brain tumor and has a notably high mortality and
disability rate. For its complex pathogenesis, the surgical and drug-assisted treat-
ments do not seem to be effective. Therefore, it is of great significance to find new
targets for diagnosis and treatment. The detection of IDH mutations in gliomas
offers bases to research new therapies.

Some studies indicated that IDH-mutated gliomas maintain the IDH-mutated
allele even after acquiring oncogenic driver mutations [56, 57]. This may show that
IDH-mutated gliomas may remain vulnerable to the targeted therapies developed
specifically for IDH mutations even at progression or after malignant transformation
to higher grade glioma. The therapeutic effects may be further enhanced by combin-
ing different targeted therapies or with traditional chemotherapeutics or radiation.

3.2.2 IDH-mutated inhibitors

Since the neomorphic activity of IDH mutants is correlated with malignant trans-
formation, direct targeting of the mutant enzymes becomes a heavily pursued strategy.

Over the past decade, several attempts have been made to find and develop
small molecular compounds that directly inhibit the IDH-mutated enzymes. Some
synthetic inhibitors reported as AGI-5198, ivosidenib (AG-120) and vorasidenib
(AG-881), demonstrated effective and safe in treating IDH-mutated myeloid
malignancies and solid tumors, including glioma [58-60]. BAY1436032, another
IDH-mutant inhibitor, had shown tumor-suppressing effects as experimental
therapeutics for the treatment of AML and astrocytoma in animal models [61, 62].
Recently, ivosidenib and vorasidenib have been approved by the Food and Drug
Administration as a therapeutic option for IDH-mutated AML.

Despite the promising success of the IDH-mutated inhibitors, a number of stud-
ies have indicated the potential limitations of their application. As discussed above,
IDH-mutated enzymes enhance sensitivity to chemotherapy and radiotherapy. So
that, using these inhibitors reduces D-2HG production and relieves the burden on
the multiple DNA repair pathways, resulting in chemoresistance. For example,
AGI-5198 might increase their resistance to genotoxic therapies, such as radiation
and chemo agents [63, 64].

Overall, targeting IDH-mutated activity is a straightforward strategy and has
shown efficacy gliomas in humans. However, whether inhibition of mutant IDH
and subsequent reduction in D-2HG production are sufficient to halt tumor growth
in gliomas and other solid tumors remains unclear. In addition, whether these drugs
will cross the blood brain barrier for admission to IDH mutant glioma cells is a ques-
tion that requires further studies.
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3.2.3 Targeting redox homoeostasis

Redox homeostasis has been reported to be greatly affected by IDH mutations,
notably elevated levels of oxidative stress. Targeting redox homeostasis may be
effective in gliomas with IDH mutations. In fact, in IDH-mutated gliomas, the
synthesis of NAD is largely compromised. As a result, tumor cells rely on a path
of salvation to create NAD. Consequently, the IDH-mutated gliomas cells can be
extremely sensitive to the blockade of the salvage pathway.

In addition, one study demonstrated that levels of glutamate, glutamine and
glutathione decreased in tumor regions in patients with IDH-mutated glioma,
compared with levels in contralateral regions. Furthermore, the glutathione level
negatively correlates with the level of D-2HG, suggesting that glutathione is
required for IDH-mutated cells to maintain redox homoeostasis [65]. An animal
preclinical study has shown that inhibiting glutamine metabolism using the gluta-
minase inhibitor CB-839 leads to impaired redox homoeostasis and makes IDH-
mutated glioma sensitivity to radiotherapy [66].

Since the disruption of redox homoeostasis results in potent cytotoxicity accom-
panied by tumor suppression, current therapeutic compounds are mostly at the
preclinical stage and show considerable systemic toxicity. Nevertheless, developing
the next generation of therapeutic compounds with both potency and selectivity
will be of great help for targeting redox imbalance in IDH-mutated malignancies.

3.2.4 Immunotherapies

With evidence that IDH mutation is an early event in tumorigenesis and is pres-
ent homogenously in all glioma tumor cells at specific codons. These mutations are
ideal immunotherapy targets.

In fact, there are increasing evidences that the IDH mutation might play critical
roles in altering the immunological microenvironment of the tumor, as shown by
an inhibition of tumor-infiltrating lymphocytes, cytotoxic T cells and natural killer
cells [67, 68]. Additionally, the presence of IDH mutation correlates with a decrease
in the expression of PD-L1 (Programmed Death-Ligand 1). Decreased expression of
PD-L1 in IDH-mutated gliomas implies a stronger T cell activation, because PD-L1 is
a cellular surface protein that modulates the immune system and promotes self-
tolerance through inhibition T cell activity [69].

The combination with the IDH-mutated inhibitors shows an improvement in
the efficacy of PD-1-resistant derived immunotherapy, which induces intracellular
CD4 + T-cell proliferation. The result is a reduction in tumor size and a prolonged
survival. Further studies are currently under investigation, promising to bring
positive results.

3.2.5 Vaccines

Vaccination is the most effective measure of disease prevention and control.
In many low-grade glioma patients, the spontaneous immune response to IDH1
mutation has been found [70]. The use of the self-immune response to tumor
treatment has also been a heavily researched subject in recent years and provides
evidences that is worth the wait. For example, in animal experiments, it was found
that the vaccine not only was able to prevent from IDH1 mutant cells growing in
the brain, but also did not destroy the normal physiological function of the IDH1
enzyme [70].

Specifically, a phase 1 clinical trial is ongoing to confirm the safety and
therapeutic efficacy of the IDH1 R132H mutant peptide vaccine (NOA-16)
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in newly diagnosed grade IIT and IV gliomas with IDH1 mutation. The first
reported results demonstrated the safety and immunogenicity of NOA-16, with
80% of patients having mutation-specific T cell immune responses, and 87%
of the patients displaying humoral immune responses; no deaths have been
reported [71].

It is difficult to completely remove gliomas by surgery and drugs, so they often
recur. Moreover, the recurrent gliomas after clearance generally tend to be more
resistant and invasive. Vaccines can play a maintenance role in these cases. So find-
ing a suitable vaccine will greatly benefit patients and help them escape the magic
spell of glioma recurrence.

3.2.6 Other therapies

In addition to the treatments outlined above, there are other methods base on
vulnerability of IDH-mutant cells to NAD+ depletion, hypoxia-inducible factor-1?
(HIF-1?) pathway of IDH mutation or mammalian target of rapamycin (mTOR)
signaling pathway. These are all new methods, are preclinical models and promise
to bring about a change in treatment for gliomas with IDH mutations.

It is generally known that trials of IDH mutant inhibitors, vaccines, immu-
notherapies and so on in IDH mutant gliomas and recurrent gliomas have been
conducted. Meanwhile, old drugs for other tumors have also been developed to treat
gliomas with IDH mutations, such as azacitidine, nivolumab, and temozolomide.

In summary, targeting the distinctive vulnerabilities of IDH-mutated glioma has
been shown to be successful, as cancer cells are less likely to compensate for the loss
of essential biological pathways. However, development of further studies is needed
for more convincing evidence to apply these novel therapies to treatment.

4. Conclusion

The discovery of the IDH mutation not only adds to the landscape of glioma
genetics but also supports diagnosis and prognosis. For IDH-mutated gliomas,
numerous attempts have been made to define selective and effective therapeu-
tics that target the biological signatures, with the aim of improving standard
treatments.

From the above mentioned biological bases, IDH mutation is an important
target for the prevention and treatment of gliomas. However, due to the short and
uncertain clinical trial duration, most clinical trials of vaccines, IDH inhibitors
or other methods are still underway. Much research still needs to be completed.
However, we believe that the great potential of these new treatments offers hope in
patients with gliomas.

Finally, a major obstacle in IDH-mutated glioma is that the critical oncogenic
drivers of this disease remain controversial. One of the main questions remains
the molecular pathogenesis of WHO grade II and III gliomas without IDH muta-
tions, which often do not show changes in genes typically associated with gliomas.
In-depth investigation of critical molecular pathways will be of great importance to
develop highly potent and selectivity treatment.
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Chapter7

CNS High Grade Glioma

Liam Chen

Abstract

Since the publication of the 2016 edition of the WHO Classification of CNS
Tumors, advances in neuropathology have enhanced our understanding of the
molecular underpinnings of CNS tumors, providing new elements to refine their
classification and improve pathological diagnosis of these neoplasms. This chapter
will review the highlights of the updated recommendations which provide guid-
ance for how even in the absence of histopathological characteristics of the highest
malignancy grade, molecular markers can be used to reach a diagnosis of glioblas-
toma, IDH-wild-type or astrocytoma, IDH-mutant, grade IV. These changes have
important implications for the management of patients with CNS tumors in current
neuro-oncology practice.

Keywords: astrocytoma, oligodendroglioma, glioblastoma, IDH-mutant glioma,
molecular pathology

1. Introduction

The 2016 WHO classification divided the glial tumors into these categories:
diffuse astrocytic and oligodendroglial tumors, other astrocytic tumors, ependy-
mal tumors, and other gliomas [1]. It for the first time broke a nearly century-old
tradition of classifying CNS tumors based merely on concepts of histogenesis and
histological features by incorporating well-established molecular parameters into
the classification of different gliomas. Further refinements of the classification
were subsequently proposed by the Consortium to Inform Molecular and Practical
Approaches to CNS Tumor Taxonomy — Not Officially WHO (cIMPACT- NOW)
[2-8]. The chapter will review the highlights of the published cIMPACT-NOW
updates and discusses their implications for the management of patients with
CNS tumors in current neuro-oncology practice. We will focus on the adult high
grade CNS glioma. Infant and pediatric high grade gliomas are beyond the scope
of our discussion, but viewers can refer to some of a few excellent reviews [9, 10]
published recently.

2. Grading of CNS tumors

The taxonomy and grading of neoplasms have evolved over time as clinical
studies have become more sophisticated. Moreover, as the field of bioinformat-
ics has exploded, and statistical analysis has become more powerful, pathologist,
clinicians and scientists have employed these tools to better stratify nervous system
tumors. In most cases, tumor classifications and grading schemes are based on
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WHO Grade Features Prognosis*

I

Usually circumscribed * Good

Low proliferation

Potential for complete resection

I

Infiltrative e Fair (usually >5 years)

Relatively low proliferation

Increased risk of recurrence or progression to

higher grade

111 Histologic evidence of malignancy * Poor (usually 2-3 years)

Brisk mitotic activity

Often require adjuvant chemo and/or radiation

therapy
vV * Histologic malignancy, brisk mitotic activity, ¢ Dismal (usually 1 year)
and necrosis
* Rapid pre- and post-surgical progression
* Prone to CSF spread
Table 1.
WHO grading system.

retrospective studies of patients with a given tumor. Data from different pathologic
features such as number of mitotic figures per 10 high powered fields (HPF) (400x
magnification), nuclear anaplasia, presence or absence of necrosis, growth pattern,
and specific histology are analyzed using complex multivariate analysis models to
determine which factors represent statistically significant independent risk factors
for aggressive behavior. In many cases, two or three of the most important features
are used to determine different grades of a given tumor. For example, one criterion
of the grading scheme of anaplastic oligodendroglioma, IDH-mutant and 1p/19q-
codeleted, requires a mitotic count. Based on a series of studies, neuropathologists
and physician collaborators determined that tumors with greater than 6 mitoses
per 10 HPF were shown to have a worse prognosis, and were thereby designated
“anaplastic” oligodendroglioma, WHO Grade 3. The current WHO grading scheme
of CNS neoplasms is summarized in Table 1. Obviously, this is a gross oversim-
plification, especially considering the prognosis of tumors, given the advances in
chemotherapy, radiotherapy, and diagnosis.

3. Astrocytoma, IDH-mutant

IDH-mutant astrocytoma is a diffusely infiltrating astrocytoma with a muta-
tion in either IDHI or IDH2 gene. This tumor most commonly affects young adults
and occurs throughout the CNS, but is preferentially located in the frontal lobes.
This is similar to the preferential localization of IDH-mutant and 1p/19q-codeleted
oligodendroglioma and supports the hypothesis that these gliomas develop from
a distinct population of precursor cells [11]. Seizures are common presenting
symptom. MRI studies usually show T1-hypodensityh and T2-hyperintesnsity, with
enlargement of the areas involved early in the evolution of the tumor. Gadolinium
enhancement is not common in low-grade diffuse astrocytoma, but tends to appear
during tumor progression as diffuse astrocytomas have an intrinsic capacity for
malignant progression to IDH-mutant anaplastic astrocytoma and eventually to
IDH-mutant glioblastoma.
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Fibrillary astrocytoma is the classic type of diffuse astrocytoma. Another
variant is the gemistocytic astrocytoma that is characterized by the presence of a
conspicuous proportion of gemistocytic neoplastic astrocytes. The gemistocytes
have plump, glassy, eosinophilic cell bodies and eccentric nuclei. Nevertheless, both
types carry mutations in IDH genes. Glioma-associated IDH mutations impart a
gain-of-function phenotype to the respective metabolic enzymes IDH1 and IDH2,
which overproduce the oncometabolite 2-hydorxylutarate [12]. The physiological
consequences of 2-hydroxyglutarate overproduction are widespread, including pro-
found effects on cellular epigenomic states and gene regulation. Specifically, IDH
mutations induce G-CIMP, by which widespread hypermethylation in gene pro-
moter regions silences the expression of several important cellular differentiation
factors. In this way, IDH mutation and C-CIMP are thought to maintain glioma cells
of origin in stem cell-like physiological states inherently more prone to self-renewal
and tumorigenesis. The vast majority of IDH-mutant diffuse astrocytomas also
harbor loss-of-function mutations in TP53 and ATRX. ATRX encodes an essential
chromatin-binding protein, and its deficiency has been associated with epigenomic
dysregulation and telomere dysfunction. In particular, ATRX mutations seem to
induce an abnormal telomere maintenance mechanism known as alternative length-
ening of telomeres. ATRX mutations and alternative lengthening of telomeres are
mutually exclusive with activating mutations in the TRET gene, which encodes the
catalytic component of telomerase. Interestingly, TERT mutations are found in the
vast majority of oligodendrogliomas and IDH-wildtype glioblastomas [13]. ATRX
deficiency has also been associated with generalized genomic instability, which can
induce p53-dependent cell death. Therefore, TP53 mutations in diffuse astrocytoma
may enable tumor cell survival in the setting of ATRX loss.

Multiple studies have identified homozygous deletion of CDKN2A/B as a marker
of poor prognosis in patients with IDH-mutant diffuse astrocytic gliomas [6]. Thus,

Figure 1.

Negumpathologiml features of high grade gliomas. Hypercellularity, nuclear pleomorphism, significant
proliferative activity (A) and a mutation in IDH1 R132H as detected by immunohistochemistry (B) ave
essential features of astrocytoma, IDH-mutant, grade 3. A hypercellular band of cells tracing the border of
necrotic zones in what is known as pseudopalisading necvosis (C) and/or microvascular proliferation (D) are
required histological chavacteristics for diagnosis of glioblastoma, grade 4.
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IDH-mutant astrocytomas that lack significant mitotic activity, histologic anaplasia,
microvascular proliferation, necrosis and CDKN2A/B homozygous deletion are
referred to as Astrocytoma, IDH-mutant, grade 2. Patients with these tumors have

a median overall survival greater than 10 years. An IDH-mutant astrocytoma that
contains elevated mitotic activity and histologic anaplasia, yet lacks microvascular
proliferation, necrosis and CDKN2A/B homozygous deletion, currently fits into

the designation of Astrocytoma, IDH-mutant, grade 3 (Figure 1A-B). Recognizing
that no validated published criteria exist for mitotic count cut-off values for grad-
ing IDH-mutant astrocytomas, “significant” mitotic from grade 2 tumors. Most
neuropathologists use a threshold of >2 mitoses within the entire specimen, or one
mitosis in very small biopsies, while large specimens may require more. Lastly, IDH-
mutant astrocytomas with microvascular proliferation or necrosis or CDKN2A/B
homozygous deletion, or any combination of these features, correspond to WHO
grade 4.

4. Glioblastoma, IDH-wildtype

By far, the most frequent malignant brain tumor in adults is glioblastoma,
accounting for approximately 15% of all intracranial neoplasms and approximately
45-50% of all primary malignant brain tumors. The annual incidence of glioblas-
toma in the USA, adjusted to the United States Standard Population, is 3.19 cases
per 100, 000 population. It preferentially affects older adults, with peak incidence
occurring in patients aged 55-85 years. A series of environmental and genetic
factors have been studies as potential causes of glioblastoma. To date, the only
validated risk factor associations are an increased risk after ionizing radiation to
the head and neck and a decreased risk among individuals with a history of aller-
gies and atopic disease [14]. Glioblastoma is most often centered in the subcortical
white matter of the cerebral hemispheres. Glioblastoma is particularly notorious for
its rapid invasion of neighboring brain structures. Infiltration occurs most readily
along white matter tracts, but can also involve cortical and deep gray structures.
When infiltration extends through the corpus callosum, with subsequent growth
in the contralateral hemisphere, the result can be a bilateral, symmetrical lesion
(so called butterfly glioma). The symptoms depend largely on the tumor location,
primarily manifesting as focal neurological deficits and edema with increase in
intracranial pressure. As many as half of all patients are diagnosed after an inaugu-
ral seizure. On MRI, glioblastomas are irregularly shaped and have a ring-shaped
zone of contrast enhancement around a dark, central area of necrosis.

Glioblastoma is typically a highly cellular glioma, usually composed of poorly
differentiated, sometimes pleomorphic tumor cells with nuclear atypia and
brisk mitotic activity. Tumor necrosis is a fundamental feature of glioblastoma.
Palisading form, which consists of multiple, small, irregularly shaped band-like or
serpiginous foci surrounded by radially oriented, densely packed glioma cells, is a
histological hallmark of glioblastoma (Figure 1C). The other histological hallmark
is microvascular proliferation (Figure 1D). Glioblastomas are among the most
vascularized of all human tumors. Hypoxia is a major driving force of glioblastoma
angiogenesis and leads to intracellular stabilization of the master regulator HIF1A
[15]. HIF1A accumulation leads to transcriptional activation of over a hundred of
hypoxia-regulated genes encoding proteins that control angiogenesis. Among them,
VEGFA seems to be the most important mediator of glioma-associated vascular
functions; it is primarily produced by perinecrotic palisading cells as a consequence
of cellular stress such as hypoxia and hypoglycaemia. Therapeutic blocking of
VEGFA by monoclonal antibodies is effective to target small, immature vessels and
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lead to vascular normalization accompanied by improved perfusion and oxygen-
ation [16]. On light microscopy, microvascular proliferation typically presents as so-
called glomeruloid tufts of multilayered mitotically active endothelial cells together
with smooth muscle cells/pericytes. Another less common form is hypertrophic
proliferating endothelial cells within medium-sized vessels.

Multiple studies have concluded that a substantial subset of IDH-wildtype
diffuse or anaplastic astrocytomas in adults has an aggressive clinical course,
with overall patient survival time almost equal to the patients with IDH-mutant
glioblastoma, WHO grade 4 [17, 18]. Thus, cIMPACT has reached a consensus that
despite the WHO grade 2 or 3 histology, IDH-wildtype diffuse astrocytic tumors
would follow an aggressive clinical course and considered as an entity equivalent to
glioblastoma if they have the genotype of epidermal growth factor receptor (EGFR)
amplification and/or combined whole chromosome seven gain and whole chromo-
some ten loss (+7/—10) and/or TERT promoter mutation. Although these tumors
possess so-called “GBM genotypes”, there has been a reluctance to designate the
tumor as a glioblastoma in the absence of histological features including palisading
necrosis and microvascular proliferation. cIMPACT has thus reached consensus
on the designation of diffuse astrocytic glioma, IDH-wild type, with molecular
features of glioblastoma, WHO grade 4 as the most appropriate terminology at this
time, since this conveys the histologic, molecular and clinical features of glioblas-
toma that does not alter the long-standing histologic definition [4]. Glioblastoma
is highly resistant to therapy, with only modest survival increases achieved in a
minority of patients, even after aggressive surgical resection, external beam radia-
tion therapy, and maximum tolerated doses of chemotherapy. MGMT promoter
methylation is the only predictive biomarker for the efficacy of and response to
alkylating and methylating chemotherapy agents in glioblastoma [19].

5. Oligodendroglioma

While astrocytoma represents roughly 80-90% of all gliomas, oligodendro-
glioma, the second most common primary CNS tumor, represents only about 5-6%
of all gliomas, with peak incidence in patients aged 35-44 years [20]. Approximately
two-thirds of patients present with seizures. The frontal lobe is the most common
location. They are characterized by cortex and white-matter based proliferations
of neoplastic cells morphologically resembling oligodendrocytes which have a
characteristic “fried-egg” appearance (a delayed fixation tissue artifact seen on
H&E permanent sections, and rarely observed on frozen section), delicate “chicken
wire” vasculature, mucoid/cystic degeneration and microcalcifications. The current
WHO classification of oligodendroglioma requires demonstration of IDHI or IDH?2
mutation, typically by immunohistochemistry using the mutation-specific antibody
against R132H-mutant IDH1 (followed by DNA genotyping when R132H-mutant
IDH1 immunostaining is negative), as well as demonstration of 1p/19q codeletion
by FISH or molecular genetic testing. Mutations in the CIC gene on 19q13.2 and
FUBP1 gene on 1p31.1, among other genes on 1p and 19q, may contribute to the
distinctive biology of 1p/19q codeletion [21]. Unlike IDH-mutant diffuse astrocy-
tomas, oligodendroglioma usually lacks wide-spread nuclear p53 staining, a finding
consistent with the mutual exclusivity of TP53 mutation and 1p/19q deletion [22].
In addition, oligodendrogliomas lack ATRX mutation but virtually always carry
activating mutations in the TERT promoter region, leading to increased expres-
sion of TERT [23]. In this manner, 1p/19q testing can be skipped if an IDH-mutant
tumor appears clearly astrocytic and the ATRX/p53 immunohistochemistry results
are consistent with an astrocytic genotype (ATRX and/or TP53 mutations).
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There is no WHO grade 1 variant of oligodendroglioma. WHO grade 2 oligo-
dendroglioma is defined by a diffusely infiltrating, slow-growing glioma without
evidence of increased mitotic activity (a few mitoses are permitted), endothelial
proliferation, or necrosis. In contrast, WHO grade 3 anaplastic oligodendroglioma
is defined by histological features of anaplasia. In particular, microvascular prolif-
eration and/or increased mitotic activity (there is debate among experts, although
classic studies have indicated a cutoff of >6 mitoses/10 HPF) have been suggested
to be of important indicators of anaplasia in oligodendroglioma. Interestingly,
contrast enhancement has been detected in <20% of WHO grade 2, but in >70%
of grade 3 anaplastic oligodendrogliomas [24]. Thus lack of contrast enhancement
does not exclude anaplastic oligodendroglioma. 1p/19q codeletion has been found
to be associated with better therapeutic response and longer survival in patients
treated with adjuvant radiotherapy and chemotherapy [25]. Not surprisingly,
long-term follow-up data indicate higher median overall survival times (>10 years)
for patients with anaplastic oligodendrogliomas who were treated with combined
radiotherapy and chemotherapy.

Finally, to make matters even slight more complicated, there is a class of tumors
that combines the histologic features of both astrocytomas and oligodendrogliomas.
The existence of these entities is hotly contested; however, as of the 2016 iteration
of the WHO classification, there is a grade II oligoastrocytoma, NOS and a grade
IIT anaplastic oligoastrocytoma, NOS. They usually manifest in adult patients, with
preferential localization in the cerebral hemispheres. Again, NOS indicates that
molecular testing could not be completed or is inconclusive.

6. Diffuse midline glioma, H3 K27M-mutant

By definition, this entity is an infiltrative midline glioma with predominantly
astrocytic differentiation and a K27M mutation in either H3F3A or HIST1H3B/C
[3]. K27M mutations affecting H3.3 (encoded by H3F3A) are about three times as
prevalent as the same mutation in histone variant H3.1 (occurring in HIST1H3B or
HIST1H3C). Notably, these mutations are not exclusive to diffuse midline gliomas.
Over the past few years, a number of tumors that are not diffuse midline gliomas
have been reported with the same H3 K27M mutation, including ependymomas,
pilocytic astrocytomas, pediatric diffuse astrocytomas, and gangliogliomas.
Therefore these mutations cannot be used in and of themselves to define a diffuse
midline glioma, H3 K27M-mutant.

It predominates in children but can also be seen in adults, with the most common
locations being brain stem, thalamus, and spinal cord. Classic clinical symptoms
include the triad of multiple cranial neuropathies, long tract signs, and ataxia, typi-
cally developing over a short period of time (1-2 months). The prognosis is poor,
despite current therapies, with a 2-year survival rate of <10%. Correspondingly, H3
K27M-mutant diffuse midline glioma is WHO grade 4. The mere grading criterion
of an entity based on a specific mutation means the histological features do not
predict the outcome. Indeed, about 10% pontine examples lack mitotic figures,
microvascular proliferation, and necrosis, and thus are histologically consistent
with WHO grade 2. The remaining cases are histologically high grade, with 25%
containing mitotic figures and the remainder containing mitotic figures as well
as foci of necrosis and microvascular proliferation. The use of H3 K27M-mutant
specific immunohistochemistry is useful to identify the mutation and specifically
for diagnosis of diffuse midline glioma, H3 K27M-mutant. The K27M substitution
results in a decrease in H3K27me3 (trimethylated), thought to be due to inhibition
of PRC2 activity [26]. Antibody that has also been used to guide diagnosis of these
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tumors is against H3 K27me3. H3 K27me3 immunohistochemistry, however, should
only be used in conjunction with H3K27M immunohistochemistry, since loss of H3
K27me3 expression is by itself not specific.

7. Other astrocytic tumors

Pleomorphic xanthoastrocytoma is rare (constituting <1% of all astrocytic
neoplasms) and most commonly affects children and young adults, with a median
patient age at diagnosis of 22 years [27]. A superficial location, involving the
leptomeninges and cerebrum is characteristic of this neoplasm. Approximately 98%
of cases occur supratentorially, most commonly in the temporal lobe. Due to the
superficial cerebral location of the lesion, many patients present with a fairly long
history of seizures. On MRI, the solid portion of the tumor is hyperintense on T2
FLAIR images. Postcontrast enhancement is moderate or strong.

The adjective “pleomorphic” refers to the variable histological appearance of the
tumor, in which spindled cells are intermingled with mononucleated or multinucle-
ated giant astrocytes. The term “xanthoastrocytoma” refers to the presence of large,
often multinucleated xanthomatous cells that have intracellular accumulation of
lipids. Granular bodies are a nearly invariable finding. Focal collections of small
lymphocytes are also frequent. The third histological hallmark of pleomorphic xan-
thoastrocytoma is the presence of reticulin fibers. Despite its alarming histological
appearance, pleomorphic xanthoastrocytoma has relatively favorable prognosis
compared with diffusely infiltrative astrocytoma, with 70.9% recurrence-free and
90.4% overall survival rates at 5 years, corresponding to WHO grade 2. Patients
with anaplastic pleomorphic xanthoastrocytoma have significantly worse survival
than those whose tumors show <5 mitoses per 10 HPFs. Necrosis may be present.
BRAF V600E mutations occurs in approximately 50-78% of cases [28]. The fre-
quency of BRAF V600E mutation is lower among anaplastic pleomorphic xantho-
astrocytoma than among WHO grade 2 pleomorphic xanthoastrocytoma, but the
prognostic significance of the mutation is unknown.

8. Ependymal tumors

Ependymomas are tumors that can arise anywhere along the ependymal-lined
ventricular spaces of the neuraxis, including the brain and spinal cord. Like the
other gliomas, this is a heterogeneous class of tumors that ranges from benign
(subependymoma and myxopapillary ependymoma) to malignant (anaplastic
ependymoma). Due to their location, even biologically benign examples can cause
malignant clinical sequelae, including recurrent obstructive hydrocephalus and
even death. The age of the patient seems to affect prognosis, with adults doing
better than children, probably due in part to a predominant spinal cord involvement
in adults. Histologically, these tumors are characterized by solid or pseudo-papillary
proliferations of small to medium sized, hyperchromatic, oval to spindled cells with
conspicuous pseudo-rosettes (cells palisading/lining up like a picket fence around a
central capillary) and/or, less commonly, true ependymal rosettes (cells palisading
around a hollow canal in an attempt to recapitulate the embryonic central canal).
There are three histologic variants of WHO grade II ependymoma: papillary, clear
cell (which tends to be biologically more aggressive), and tanycytic. However, the
criteria for defining anaplastic ependymoma are not as well developed as those of
astrocytomas as no association between grade and biological behavior or survival
has been definitively established.
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Advances in the understanding of the biological basis and molecular characteris-
tics of ependymal tumors have prompted the cIMPACT-NOW group to recommend
a new classification. Separation of ependymal tumors by anatomic site is an impor-
tant principle of the new classification and was prompted by methylome profiling
data to indicate that molecular groups of ependymal tumors in the posterior fossa
and supratentorial and spinal compartments are distinct [8]. A supratentorial
ependymoma characterized by a C11orf95-RELA fusion gene accounts for approxi-
mately 70% of all childhood supratentorial tumors and a lower proportion of such
ependymomas in adult patients [29]. It forms in the context of chromothripsis, a
shattering and reassembly of the genome that rearranges genes and produces onco-
genic gene products. Rarely, C110rf95 or RELA can be fused with other genes asa
result of chromothripsis. RELA fusion-positive ependymomas show constitutive
activation of the NF-kappaB pathway. Immunohistochemistry to assess the expres-
sion of LICAM correlates well with the presence of a RELA fusion in these tumors.
Importantly, RELA fusion-positive ependymomas have been reported to have the
worst outcome among the supratentorial ependymomas [30].

9. Conclusions

Since 2016, ongoing discoveries in molecular pathology have advanced our
understanding of many of the entities organized under the WHO 2016 classifica-
tion. Most of these changes carry important implications for clinical practice and
for the design and interpretation of clinical trials. It is almost certain that our
understanding of the biology of CNS tumors will continue to expand at a rapid
pace. Thus continuation of the efforts of optimal (evidence-based, balanced, rapid)
and timely translation of novel insights into clinical diagnostics, is the ultimate goal
to provide the best possible care to CNS tumor patients.
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Chapter 8

Molecular Classification of Diffuse
Gliomas

Kanwalpreet Kaur

Abstract

In 2016 WHO classification of CNS tumors genotypic and phenotypic
parameters were integrated to define a new nomenclature of diffuse gliomas on the
basis of presence or absence of isocitrate dehydrogenase mutations. This resulted in
more homogenous and narrowly defined categories with better accuracy of prog-
nostic information, thus, playing a crucial role in patient management. Broadly,
astrocytomas are now histologically and genetically distinct with IDH-mutant,
ATRX-mutant, 1p/19q-intact and oligodendroglial tumors has IDH-mutant, ATRX-
wildtype and 1p/19q-codeleted profile. Glioblastoma are now classified into pri-
mary and secondary on the basis of IDH mutations independent of clinical history.

Keywords: Diffuse glioma, astrocytoma, oligodendroglioma, IDH, 1p/19q codeletion,
ATRX, TERT, EGFR, PTEN, CDKN2A, MGMT, H3F3K27M

1. Introduction

In 2016 World Health Organization (WHO) classification of tumors of central
nervous system, there was a paradigm deviation from earlier morphology based
classification of gliomas to a new classification and nomenclature by integrating
the molecular and histomorphological parameters. This approach provided finely
defined diagnostic categories resulting in better correlation with prognostic and
treatment parameters. Now diffuse gliomas whether astrocytoma or oligodendro-
glioma are grouped together on the basis of their shared IDHI or IDH2 mutation
status. Oligodendrogliomas also show 1p/19q codeletion. So, in 2016 diffuse glioma
category comprise of WHO grade II and III astrocyctic tumors, grade II and III oli-
godendroglioma and grade IV glioblastoma, IDH mutant and wildtype. Continuing
evolving knowledge on pathology of glioma led to a pediatric midline glioma with
mutations in histone H3 genes to be also included with these adult diffuse gliomas.
This excludes astrocytoma with circumscribed growth pattern and lacking IDH
mutations i.e. pilocycytic astrocytoma, pleomorphic xanthoastrocytoma, subepen-
dymal giant cell astrocytoma. So, diffuse astrocytoma and oligodendrogliomas are
now nosologically more similar than are diffuse astrocytoma and pilocytic astrocy-
toma and family tree of tumors is being redrawn [1].

This new classification was testament to rapid advancement in the field of
molecular biology and reducing cost, easy availability for masses in the present
times. Now there is possibility of detecting some of these mutations on immuno-
histochemistry. This journey from discovery of isocitrate dehydrogenase mutations
peculiar to gliomas leading to their radical reclassification and new taxonomy based
on the presence or absence of mutations happened over a period of just 8 years [2].
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2. Principle mutations
2.1Isocitrate dehydrogenase mutations

Metabolism in cancer cells is rewired compared to normal cells since challenge is
production more building blocks for proteins, nucleic acids rather than production
of more ATP molecules as cell fuel. But very few tumors show mutations in genes
directly involved in metabolic pathways. Isocitrate dehydrogenase (IDH) is an
enzyme in the tricarboxylic acid (TCA) cycle of aerobic respiration and catalyzes
the oxidative carboxylation converting isocitrate to o« —ketoglutarate (a -KT). It
exists in 3 isoforms i.e. IDH1, IDH2 and IDH3; isoenzymes are multiple forms of an
enzyme catalyzing the same reaction but differ in amino acid sequence and kinetic
properties (Table1).

Only IDH 3 is a part of TCA cycle and dependent on nicotinamide adenine
dinucleotide (NAD) as co factor [3-5].

Isocitrate + NAD* — a-ketoglutarate + CO, + NADH+ H".

IDH 1 is found in cytosol and peroxisomes while IDH 2 in mitochondria,both
using nicotinamide adenine dinucleotide phosphate (NADP) as cofactor. They
both catalyze reversible reaction and prevent oxidative damage by generating
NADPH [2].

Isocitrate + NADP* 2 o -ketoglutarate + CO, + NADPH+ H".

In diffuse gliomas, heterozygous mutations seen in cytosolic IDH1 or mitochon-
drial IDH2 are considered as driver mutations [1-6]. Active site of both enzymes is
formed by many arginine residues which is a polar amino acid. It forms hydrophilic
bonds with isocitrate which is negatively charged. Most common mutation in diffuse
gliomas is heterozygous point mutation at nucleotide position 395 of the IDH1 replaces
guanine by adenine G395A resulting in replacement of arginine by histidine (less
polar amino acid) at amino acid residue 132 of the protein (R132H). However, new
enzyme IDH1-R132H homodimer is not completely inactive despite losing a critical
substrate-binding amino acid residue. It gets a neomorphic activity resulting in reduc-
ing a-KG to D-2-hydroxyglutarate (D-2-HG) and oxidizing NADPH to NADP+ [3-5].

This mutation was first discovered in 2008 when next generation sequencing
was used to study 22,661 protein coding genes in 22 glioblastomas and 5 of them

IDH1 IDH2 IDH3
LOCATION Cytosol Peroxisomes Mitochondria Mitochondria
COFACTOR NADP+ NADP+ NAD+
STRUCTURE Homodimer Homodimer Hetrooctamer
(2 alpha, 1 beta, 1
gamma subunit)
REVERIBILITY OF Reversible reversible irreversible
REACTION
MAJOR ROLE Prevent oxidative Prevent oxidative Catalytic role in TCA
damage by generating damage by generating cycle (citric acid cycle)
NADPH NADPH
GENES IDH 1 gene: 2q33 IDH 2 gene: 15q26.1 IDH3A: 15q25.1-25.2
IDH3B: 20p13
IDH3G: Xq28
Table 1.

Properties of three isoforms of IDH.
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showed expressed IDH mutations all at this same codon [2]. Subsequently, Yan

and colleagues (26) analyzed IDH1 and IDH2 loci of nearly 1,000 central nervous
system (CNS) tumors and found mutually exclusive mutations of IDH1 or IDH2 in
more than 70% of WHO grade II and III astrocytomas and oligodendrogliomas and
in secondary GBMs that developed from these lower-grade lesions [6]. Since then,
numerous studies throughout the world substantiated the similar findings with het-
erozygous mutations in IDH 1 or less commonly in IDH2 been identified in nearly
74% diffuse astrocytoma WHO grade II, 59% anaplastic astrocytoma WHO grade
I1I, all secondary glioblastoma, 76% oligodendroglioma WHO grade II and 67%
anaplastic oligodendroglioma WHO grade III. Most common hot spot mutations
identified are R132C, R132S, R132G, R132L in IDH1 and R172K, R172M, R172W and
R172G in IDH2 [1, 5].

Mechanism of oncogenesis of IDH is still under research. These IDH mutations
result in metabolic dysregulation in tumor glial cells affecting glucose sensing,
glutamine metabolism, lipogenesis, and regulation of cellular redox status. In
normal cells, IDH 1and 2 wild type (wt) are an important source of NADPH. They
are responsible for nearly 65% of total NADPH production in the cytoplasm of IDH
wildtype (IDHwt) glioblastoma [3-5]. Glioma cells overexpressing IDH1-R132H or
other mutations in IDH 1 or 2 had decreased NADPH levels so consequently, levels
of reactive oxygen species (ROS) increased and GSH decreased. Apart from role of
ROS, increased production of D-2-HG also has its implications on the tumor cell.
D-2-HG and a-KG are structurally similar; only differ for the C2-linked oxygen
atom in a-KG, which is replaced by a hydroxyl group in D-2-HG. So D-2-HG causes
competitive inhibition of a-KG-dependent dioxygenases thus exerting its direct
oncogenic effects. Approximately 60 dioxygenases regulate diverse and important
cellular processes by hydroxylating target acceptor proteins by using a-KG as the
donor substrate. Important among these are prolyl hydroxylases that regulate
hypoxia-inducible factor (HIF) 1a, chromatin-modifying enzymes like histone
N-methyl-lysine demethylases and ten-eleven translocations (TET) 5-methylcyto-
sine hydroxylases. The global histone demethylation by D-2-HG causes hypermeth-
ylation at a number of gene loci forming glioma-CpG island methylation phenotype
and affect chromatin modification. D-2-HG also inhibits TET-mediated 5-meth-
ylcytosine hydroxylases levels which affect the expression of many regulatory
proteins and possibly tumor suppressors that also contribute to tumorigenesis [5].

IDH mt gliomas can occur anywhere in the central nervous system but are pref-
erentially located supratentorially in the frontal lobes [1, 7, 8]. Hence it is hypoth-
esized IDH mt gliomas arise from a neural precursor population that is spatially and
temporally restricted in the brain.

Since IDH mutations play a key role in tumourogenesis. Their diagnostic and
prognostic role is well incorporated into routine neuropathology. IDH 1/2 muta-
tions can be detected by Direct Sanger sequencing, pyrosequencing, allele-specific
hybridization polymerase chain reaction (PCR), Real-time PCR, digital droplet PCR
and high-throughput next-generation sequencing. IDH1 R132H accounts for nearly
90% of all IDH associated mutations in gliomas, so a monoclonal antibody has
been developed against the mutant protein, allowing its use in paraffin-embedded
specimens [1]. IHC IDH R132H mutation (clone H09) has shown sensitivity of 94%
and a specificity of 100%. Positive staining is strong cytoplasmic and weak nuclear
in tumor cells. Endothelial cells, perivascular lymphocytes, residual glial cells should
be negative. Weak background staining and staining of macrophages is negative.
Normal brain does not show staining for mIDH1 R132H IHC but granular staining in
the neurons can be seen due to non specific binding to lipofuscin. One caveat to kept
in mind while interpreting IHC is that macrophages can show strong cytoplasmic
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granular staining even in IDH wt tumors. IHC is very useful for small samples where
quantity of DNA extracted is too low for definite results by sequencing since it can
highlight single infiltrating tumor cells [9]. IDH helps to separate gliosis (IDH nega-
tive) from low grade astrocytoma (IDH mt), if there is doubt in grade I and grade
I glioma, IDH presence indicates we are dealing with grade II astrocytoma and also
primary glioblastoma (IDH wt) from secondary glioblastoma (IDH mt). If IHC is
negative, DNA sequencing is a must before calling a glioma IDH wt.

In all studies IDH mt gliomas have shown better improved progression free
survival, longer time for treatment failure and extended overall survival in each
of three treatment arms: radiotherapy, radiotherapy with PCV (procarbazine,
lomustine and vincristine) or radiotherapy plus temozolomide [5]. So in addition
to traditional good prognostic factors i.e. age < 40 years, lower tumor grade, tumor
not crossing midline, absence of neurologic deficit before resection and tumor
<6 cm, IDH mutation status has emerged as most important favorable prognostic
factor in current times. Some studies have reported median survival of 10.9 years in
IDH mt diffuse astrocytomas [1, 2, 6, 10].

Due to role of key role IDH mutations in glioma tumorogenesis, many isocitrate
dehydrogenase inhibitors like hydroxypyridin-2-one, bis-imidazole phenol, tetra-
hydropyrazolopyridine are some of the drug under trails [5].

2.21p/19q codeletion

Nearly 60-80% of oligodendroglial neoplasms show co-deletion of 1p/19q:
unbalanced translocation t(1;19) (q10;p10) after which only one copy of the short
arm of chromosome 1 and one copy of the long arm of chromosome 19 remain
and der (1;19) (q10;p10) is produced. It is hypothesized that translocation creates
two derivative chromosomes, der(1;19) (p10;q10) and der(1;19) (q10;p10), and is
followed by loss of the derivative chromosome containing 1p and 19q [11-16]. IDH
wild type gliomas do not have 1p/19q codeletion.

Polysomy of 1p, 19q or both is also noted in a subset of oligodendrogliomas and
has been associated with a poor prognosis, independent of deletion status [12, 13].
Oligodendrogliomas of grades II and III that have 1p/19q co-deletion also have a high
frequency of TERT promoter mutations, CIC mutations on the remaining chromo-
some 1p allele and FUBP1 mutation on the remaining 19q allele (Figure 1) [14].

1p/19q codeletion are an essential part of molecular diagnostics of oligoden-
droglioma. Fluorescence in situ hybridisation (FISH), Cytogenomic microarray
(CMA), Loss of heterozygosity and next generation sequencing are used to detect
1p/19q co-deletion. FISH is a reliable and validated most commonly used labora-
tory technique among these. Normal cells show a 202G signal (two test and two
control probes, test: control ratio = 1.0). Loss of a test signal yields a 102G signal
pattern (ratio = 0.5) and represents absolute deletion of a chromosome. Presence
of aneuploidy, polyploidy and polysomy affects the interpretation since it become
unclear what percentage of nuclei are displaying genuine co-deleted signals, so a
ratio is calculated dividing total number of test signals by total number of control
signals. Atleast 60 non-overlapping nuclei are counted and ratio < 0.8 should be
both chromosomes for 1p/19co-deletion. Ratio of 0.75-0.90 is considered
borderline [11].

PCR-LOH analysis can be used for borderline cases, it has better specificity
than FISH because it tests for multiple loci in a single assay. But PCR is more labour
intensive, requires more tissue, a higher proportion of neoplastic cells (at least
about 70%) [11].
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Figure 1.
Unbalanced whole-arm translocation between chromosomes 1 and 19 [t(1,19) (q10;p10)] resulting in 1p/19q
codeletion in glioma (11,15,16).

The 1p/19q codeletion confers a favorable prognosis and is predictive of
responses to alkylating chemotherapy and combination of radiotherapy and
chemotherapy [1, 11-16].

2.3 Alpha Thalassemia/Mental Retardation Syndrome X-linked (ATRX)

Another critical marker that defined molecular classification of gliomas is ATRX
gene present on Xq21.1. It is named so since it was first discovered through a study
of assessing patients with the X-linked mental retardation syndrome presenting
with a-thalassemia, severe psychomotor impairments, urogenital abnormalities,
and patterns of characteristic facial dysmorphism. This gene encodes a protein
which belongs to a chromatin-remodeling pathway (ATRX-DAXX) and is required
for genomic stability by the incorporation of H3.3 at telomeres [17]. ATRX inac-
tivation within gliomas can be due to mutations, deletions, gene fusions, or any
combination of these. These mutations induce abnormal telomeres that are charac-
teristic of a telomerase-independent telomere maintenance mechanism termed ALT
(alternative lengthening of telomeres) [18].

Numerous studies have shown that ATRX mutations have a strong association
with IDH mutations but never with 1p/19q codeletion. This property is exploited
as diagnostic marker since ATRX inactivation indicates astrocytic lineage and
rules out oligodendroglioma. ATRX mutations can be detected by direct Sanger
sequencing, pyrosequencing, allele-specific hybridization polymerase chain
reaction (PCR), Real-time PCR and high-throughput next-generation sequenc-
ing. ATRX IHC: clone CL0537 when show loss of nuclear expression >90%
tumor nuclei is indicative of mutated ATRX. Nuclei of non-neoplastic cells
such as endothelia, microglia, lymphocytes and reactive astrocytes are strongly
positive and serve as positive internal control. When tumor cells show retained
nuclear expression of ATRX IHC it indicates wild type ATRX [1, 17-20].
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Low-grade glioma patients with ATRX retention and IDH mutations have lower
progression-free survival and overall survival (OS) than tumors with 1p/19q code-
letion and IDH mutations and longer time to treatment failure than those patients
with IDH mutation and wild-type ATRX (55.6 vs. 31.8 months, respectively). Thus
ATRX mutation infer a favorable prognosis to tumor [1, 19, 20].

2.4TP53

Mutations of TP53 are found in over 60-80% of infiltrative astrocytomas,
anaplastic astrocytomas and secondary GBMs, yet are rare in oligodendrogliomas.
There is a strong association between IDH1 mutation and TP53 mutation in dif-
fuse astrocytomas, and this combination of mutations is helpful in distinguishing
astrocytomas from oligodendroglimas [1].

TP53 mutations can be analyzed by direct Sanger sequencing, pyrosequenc-
ing, PCR, allele-specific hybridization, real-time PCR and high-throughput
next-generation sequencing. P53 IHC is also easily available and widely used.
Immunostain reacts with both the normal and mutant forms of p53. Wild type
P53 is rapidly degraded and has short half-life, hence is not detected by p53
IHC. Mutant p53 degrade more slowly, accumulate within nucleus of tumor
cells creating a stable target for IHC. IHC detection of overexpressed protein is
thus used as a surrogate method for mutation analysis, But it is not sensitive or
specific. Over the last 25 years, studies have shown concordance rates between
p53 THC and TP53 mutation status ranging from 55 to 89% in grade I-IV
gliomas [1, 21, 22].

TP53 alterations are usually missense producing stable full-length protein.
Nonsense, frameshift, or deletion mutations results in incomplete translation
of p53 gene producing a truncated protein product or loss of protein expression.
This anomalous p53 structure may not be recognized during p53 IHC analysis
resulting in false negativity. Some studies considered >10% tumor nuclei
staining as positive for TP53 mutation status while others consider >50% as
positive [21, 22].

2.5 TERT promotor mutations

One of the hallmarks of cancer is its ability to proliferate indefinitely. In nor-
mal somatic cells, the number of cell division is limited by the telomere length
of chromosomes as it decreases with each replicative cycle. Cancer cells often
overcome this limit by activating their telomerase. Telomerase consists of an RNA
subunit and a reverse transcriptase catalytic subunit (TERT), which adds telomeric
repeats to chromosome ends, therefore, maintaining telomere length. TERT gene
on 5p15.33 encodes catalytic active site of telomerase and one of the mechanisms
of telomerase activation in gliomas is somatic mutations in the promoter region of
TERT. Most common mutations are C228T and C250T. The frequency of mutation
was nearly 72% of IDH wt glioblastomas and in 95% of IDH mt oligodendrogiomas
while relatively low in diffuse astrocytomas and anaplastic astrocytomas (19 and
25%, respectively) [23]. ATRX mutations are mutually exclusive of TERT gene
mutations [1].

TERT mutations are detected by sequencing. IDH mutation, with 1p/19q codele-
tion and TERT mutation is characteristic of oligodendroglioma. TERT mutation in
absence of IDH mutation indicates astrocytoma. In IDH wt gliomas, one with TERT
mutation is associated with reduced overall survival compared to those lacking it.
TERT mutation in IDH mt gliomas carries good prognosis [24].
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2.6 EGFR

Epidermal growth factor receptor (EGFR) is a transmembrane receptor tyrosine
kinase, whose ligands include EGF and TGF-a. Most frequently amplified oncogene
in astrocytic tumors. EGFR amplification is seen in nearly 40% of primary/ IDH wt
glioblastoma and rarely in secondary/ IDH mt glioblastoma [1]. There are also spe-
cific EGFR mutations (the vIII mutant), which produce a truncated transmembrane
receptor with constitutive activity. Both EGFR amplification and the EGFRVIII
mutant are mutually exclusive with IDH mutations [25].

2.7PTEN

Loss of large regions at 10p, 10q23 and 10q25-26 loci, or loss of an entire copy of
chromosome 10 is the most frequent genetic alterations in primary glioblastoma. It
is specific for astrocytic differentiation and are rare in oligodendrogliomas [25].

2.8 CDKN2A:

Cyclin-dependent kinase inhibitor 2A (CDKN2A) is a gene located at chromo-
some 9, band p21.3. CDKN2A homozygous deletion is associated with poor progno-
sis among IDH-mutant gliomas [26, 27].

2.9 MGMT methylation

MGMT (O6-methylguanine-DNA methyltransferase) is a DNA repair enzyme
and reverses the damage caused by alkylating agent temozolomide(TMZ) which
adds methyl group at O6 position of guanine and this alkylation forms cross-links
between adjacent strands of DNA. The MGMT protein rapidly reverses alkylation
at the O6 position of guanine thereby averting the formation of lethal cross-links
resulting in TMZ resistance. Promotor methylation of MGMT inactivates the gene
so patients with MGMT promotor methylation are more benefitted with TMZ than
patients without it [28].

MGMT promotor methylation is an essential part of molecular workup of
all grade IIT and IV gliomas. Promoter methylation of O6-methylguanine-DNA
methyltransferase (MGMT) is detected by methylation specific PCR, pyrosequenc-
ing or array based studies. MGMT determination by immunohistochemistry lacks
standardization, reproducibility and, most importantly, correlation with clinical
outcome so it is no longer recommended.

MGMT promotor methylation is commonly associated with IDH mutations and
genome wide epigenetic changes (G-CIMP).

3. Diffuse gliomas

Difuse astrocytoma, IDH mutant, and WHO grade II: Diffuse astrocytoma
composed of well differentiated fibrillary astrocytes in loose microcystic matrix.
They show nuclear atypia in the form of variation in nuclear shape or size with
accompanying hyperchromasia. All show mutation in IDH 1 or IDH2 supported by
presence of ATRX characterized by gemistocytes forming nearly 20% of the tumor
cells is a variant of IDH mt diffuse astrocytoma [1, 29, 30].

Difuse astrocytoma, IDH wild type, and WHO grade II: diffusely infiltrating
astrocytoma without mutations in the IDH genes. It is extremely rare.
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Anaplastic astrocytoma, IDH mutant: Diffusely infiltrating astrocytoma with
focal or dispersed anaplasia, significant mitotic activity and mutation in IDH 1 or
IDH. TP53 or ATRX mutations are found in majority of tumors.

Glioblastoma, IDH wild type/ primary glioblastoma: They are high grade
astrocytoma with nuclear atypia, cellular pleomorphism, mitosis, microvascular
proliferation and necrosis. They lack IDH mutations but show TERT promotor
mutations (80% cases), homozygyous deletion of CDKN2A/CDKN2B (60% cases),
loss of chromosome 10p (50% cases), 10q (70%), EGFR alterations (55% cases) and
PTEN (40% cases) [14, 15]. They account for nearly 90% of all glioblastoma [1].

Glioblastoma, IDH mutant/ secondary glioblastoma: IDH mutations in glio-
blastomas are considered as a marker for glioblastoma that arise by transformation
from lower-grade gliomas, regardless of clinical history. IDH mt/secondary glio-
blastomas differ from IDH wt/primary glioblastoma in preferential frontal location
and lesser extent of necrosis. Radiologically IDHmt glioblastoma exhibited more
frequent non-enhancing tumor component, larger size at diagnosis, lesser extent of
edema, and increased prevalence of cystic and diffuse components [31, 32]. Median
age of IDHmt glioblastoma at diagnosis is 43 years while that of primary IDH wt
glioblastoma is nearly 60 years [1].

Hence in routine histopathology practice, for older patients >55 years old, glio-
blastoma not in midline location and no prior history of lower grade glioma, IDH
wt type designation can be given solely on the basis of negative IDH R132H immu-
nohistochemistry. Sequencing is not required as the probability of an alternate IDH
mutation is <1% [1, 31, 32].

IDH mt glioblastoma manifest longer overall survival and showed more frequent
promoter methylation of MGMT [6].

Oligodendroglioma: Diffusely infiltrating slow growing glioma composed of
monomorphic cells with uniform round nuclei and variable perinuclear haloes with
IDH1 or IDH2 mutation and codeletion of chromosomes arms 1p and 19q.

IDH mutant gliomas which do not show ATRX loss on IHC should be considered
for 1p/19qcodeletion studies even in absence of clear cut oligodendroglial
histology [33].

Rarely tumors with oligodendroglial morphology but lacking IDH mutations
or 1p/19q codeletion are noted. This group belongs to pediatric type oligoden-
droglioma. It is important to rule out histological mimics like dysembryoplastic
neuroectodermal tumor, extraventricular neurocytoma, clear cell ependymoma and
pilocyctic astrocytoma before rendering diagnosis of pediatric type oligodendro-
glioma [34, 35]. They show FGFR1 duplications or rearrangements of MYB related
MYBL1 translocation [33].

Tumors with 1p/19 q codeletion without IDH mutations are usually IDH wt high
grade astrocytomas and must be evaluated for possibility of incomplete deletion of
on 1p and 19q [1].

Diffuse midline glioma: They are Infiltrative midline high grade glioma with
astrocytic differentiation and mutations in histone proteins. Pons, thalamus, spinal
cord are the common locations. Median age is 5-11 years. They are always IDH
wild type and are considered grade IV tumors. In humans, there are main three
histone H3 proteins: H3.1 encoded by HIST1H3B and HIST1H3C, H3.2 encoded
by HIST2H3C and H3.3 encoded by H3F3A and H3F3B. Most common histone
mutation is H3K27M (lysine to methionine substitution in H3F3A gene) which
inhibits trimethylation of H3.3 histone resulting in decrease in H3K27me3. Other
less frequent mutations occur in HIST1H3B or HIST1H3C. This can be detected
by Sequencing for H3F3A and HIST1H3B. However, monoclonal H3F3A K27M
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antibody is also available and intense nuclear staining in more than 80% of cells is

taken as positive. Concordance between immunohistochemistry and sequencing is
nearly 95%. H3 K27M mutated tumors show loss of H3K27me3 staining which can

also be detected by IHC but it is not specific [1, 36].

Not otherwise specified (NOS) designation: It is used in tumors when either
molecular testing is not available (e.g., in low-resource settings), or was performed
but did not yield adequate results (assay failure), or was deliberately not done
(e.g., not testing IDH status in an elderly patient with glioblastoma because of lack
of implications for therapeutic management. But when molecular tests have been
performed but results do not lead to a precise categorization of the tumor within
the framework of the WHO 2016 classification, then term not elsewhere classified
(NEC) isused [1, 26].

Final histopathological report:

* Layer 1: Integrated diagnosis

* Layer 2: Histological classification (i.e. cellularity, mitosis, necrosis, vascular
endothelial proliferations, variants)

* Layer 3: Histologic (WHO) grade (based on morphology)

* Layer 4: Biomarker studies (IDH, ATRX, p53, 1p/19q codel, EGFR)
Example:

* Integrated diagnosis: Diffuse Astrocytoma IDH mt, WHO grade II

* Histological diagnosis: Diffuse astrocytoma, WHO (histological) grade II

* Molecular information:

 IDH: positive (R132H immunohistochemistry; consistent with mutant type)

* ATRX: nuclear expression loss (immunohistochemistry; consistent with
mutant type)

* Pp53: positive, >60% (immunohistochemistry; consistent with mutant type)

Key points
* Astrocytoma= IDH+/ATRX loss / mutated TP53
* Oligodendroglioma = IDH mutant/ATRX retained/1p/19q co-deleted
* Primary GBM: no IDH mutation/ EGFR/ TERT/PTEN/ TP53

* Secondary GBM: IDH +/ATRX loss / mutated TP53

ATRX mutations are strongly associated with IDH mutations and are mutually
exclusive with 1p/19q codeletion.
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| On histology, identify a glial tumour |

/

| IHC: IDH1 R132H, ATRX |

|

IHC: m IDH1 R132H, ATRX loss | | IDH neg, ATRX loss |

| IDH neg, ATRX retained

l

ASTROCYTOMA, IDH-mutant/

IDH mutations by PCR or sanger sequencing,

SECONDARY GBM pt< 55years
| IDH mutant, ATRX loss | IDH mutant, ATRX retained,
with no clear oligodendroglial
| ASTROCYTOMA, IDH-mutant | | Morphology
| 1p/19q codeletion FISH
OLIGODENDROGLIOMA, IDH mt and
1p/19q codeleted
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Chapter 9

Annexin Al-Binding Carbohydrate
Mimetic Peptide Targets Drugs to
Brain Tumors

Michiko N. Fukuda, Misa Suzuki-Anekoji
and Motohiro Nonaka

Abstract

Annexin Al (Anxal) is expressed specifically on the surface of the tumor
vasculature. Previously, we demonstrated that a carbohydrate-mimetic peptide,
designated IF7, bound to the Anxal N-terminal domain. Moreover, intravenously
injected IF7 targeted the tumor vasculature in mouse and crossed tumor endothelia
cells to stroma via transcytosis. Thus, we hypothesized that IF7 could overcome
the blood-brain barrier to reach brain tumors. Our studies in brain tumor model
mice showed that IF7 conjugated with the anti-cancer drug SN38 suppressed brain
tumor growth with high efficiency. Furthermore IF7-SN38-treated mice mounted
an immune response to brain tumors established by injected tumor cells and shrank
those tumors in part by recruiting cytotoxic T-cells to the injection site. These
results suggest that Anxal-binding peptide IF7 represents a drug delivery vehicle
useful to treat malignant brain tumors. This chapter describes the unique develop-
ment of IF7-SN38 as a potential breakthrough cancer chemotherapeutic.

Keywords: carbohydrate mimetic peptides, phage display, annexin 1(Anxal),
blood-brain barrier (BBB), glioblastoma, chemotherapy, SN-38, CPT-11,
geldanamycin (GA), cytotoxic T cell, CD8

1. Introduction

Brain malignancies are difficult to treat due to the blood-brain barrier (BBB),
a layer of endothelial cells that separates the circulation from the brain and protects
the central nervous system from pathogens and toxic materials [1, 2]. Although
brain tumor cells cultured iz vitro respond to several anti-cancer drugs, brain
tumors iz vivo do not due to the BBB. Chemotherapeutic drugs capable of passing
the BBB are small lipopholic molecules of less than 500 Da [3], as exemplified by
temozolomide [4-6]. Numerous investigators have attempted to overcome this
hurdle using brain vasculature surface receptor-mediated proteins [7, 8], tumor-
penetrating peptides [4, 9, 10], or nanoparticles [11, 12]. However, these attempts
have not yet achieved clinically satisfactory results. On the other hand, tumor
vasculature surrounding a brain tumor is chaotic, allowing large molecules and
nanoparticles to overcome the BBB by passing through gaps between endothe-
lial cells [13]. However, as this approach relies on passive diffusion, drugs must
be administered at the maximum tolerable dose, causing adverse side effects.
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Thus, efficient treatment of brain tumors requires both tumor vasculature targeting
and penetration by a therapeutic to overcome the BBB. In this chapter, we describe
the carbohydrate mimetic 7-mer peptide IF7, which serves as a highly specific tumor
vasculature-targeting vehicle. When conjugated to the anti-cancer drug SN-38

and injected into mouse brain tumor models, IF7-SN38 has a potent anti-tumor
effect. IF7-SN38 represents a potential breakthrough chemotherapeutic in brain
malignancies.

2.IF7 peptide: how was it identified?

IF7 is a linear 7-mer peptide with the sequence IFLLWQR [14]. This peptide
is considered a carbohydrate mimetic, as it was identified in studies of cancer
cell surface carbohydrates [15, 16]. Epithelial cancer cells express complex car-
bohydrate antigens, and some serve as ligands for carbohydrate binding proteins
known as selectins. We hypothesized that interaction between selectin and selectin
ligand functions in carbohydrate-dependent tumor cells colonization to the lung
[17], in a manner similar to that seen in selectin-dependent hematogenous liver
metastasis [18, 19].

Our goal, however, was challenging, as chemical synthesis of oligosaccharides
as elaborate as the selectin ligand involved tedious, time-consuming and therefore
expensive steps. To overcome this problem, we used phage display technology to
identify carbohydrate mimetic peptides that might function as an E-selectin ligand.
However, initially when we used E-selectin as the target, we did not obtain a phage
clone. We then took a different approach and screened peptides for ability to bind
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Figure 1.

E—i’lectin binding of linear 7-mer peptide sequences. Phage clones were selected by mouse monoclonal anti-
Lewis A antibody (clone 7LE). Each cloned phage was added to microtiter plate wells coated with E-selectin-
IgG chimeric protein. Phage binding to E-selectin was tested in the presence or absence of 1 mM CaCl,. The best
binder, IELLQAR, was designated I-peptide.
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anti-carbohydrate antibodies that recognize E-selectin ligands or related carbo-
hydrates. Using this approach, we succeeded in identifying a linear 7-mer peptide
from a phage display library. Since carbohydrate antigen specificity is determined
by 3-4 carbohydrate residues of 600-800 Da, we assumed that a 7-mer peptide of
770 Da would mimic a carbohydrate antigen. The phage library screening yielded a
series of peptides with the consensus sequence IXLLXXR [15] (Figure1).

Among those peptides, the strongest binder to E-selectin was IELLQAR, which
we designated I-peptide. Chemically synthesized I-peptide inhibited hematogenous
colonization of the tumor cells to the lung in mouse [15]. However, in E/P-selectin
doubly-deficient mice, tumor cells expressing selectin ligand carbohydrate colo-
nized the lung, and that colonization was inhibited by I-peptide [20]. These results
indicated that I-peptide receptor is not an E- or P-selectin and raised the question of
what receptor I-peptide bound to in lung vasculature?

To identify the I-peptide receptor, we injected mice intravenously with a bioti-
nylation reagent plus I-peptide-displaying phage or controls. We then isolated lung
tissue and immunoprecipitated lysates with rabbit anti-phage antibody or control
IgG. When we resolved immunoprecipitates on SDS-PAGE, we detected two in
vivo biotinylated proteins as 40 kDa and 20 kDa bands on a peroxidase avidin blot
(Figure 2). We isolated respective candidate receptor proteins from lung membrane
fractions using I-peptide affinity chromatography and proteomic analysis and

1 2 3 4 5 6
kDa

240 —
160 —

75 —

50 —
# W < Sfrs
35 —
30 —
<+ Anxal
15 —
IELLQAR-phage + + - -
Control phage - - + +
IP with rabbit IgG + - + -
IP with anti-phage Ab - + - +

Figure 2.

Degtection of I-peptide receptor(s) on the surface of lung endothelial cells by in vivo biotinylation. Mice were
injected intravenously with either PBS (lane 1) or a biotinylation reagent (lanes 2-6), followed by intravenous
injection of I-peptide-displaying (lanes 3 and 4) or control (lanes 5 and 6) phage. After perfusion of mice with
PBS, lungs were isolated and phage was immunoprecipitated with rabbit anti-phage antibody (lanes 4 and

6) or rabbit IgG (lane 3 and 5). Immunoprecipitates were resolved on SDS-PAGE and biotinylated proteins
detected using a pevoxidase avidin blot.
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found them to be the pre-mRNA splicing factor (Sfrs) and annexin A1 (Anxal)
[21]. Recombinant Sfrs proteins showed binding to I-peptide and a series of carbo-
hydrates, whose structures overlapped with selectin ligand [21].

Full-length Anxal is 37 kDa; therefore, we considered the 20 kDa band seen
in Figure 2 to be a fragment of the full-length protein. By the time we identi-
fied Anxal fragments, Oh et al. had undertaken rigorous subtractive proteomics
analysis and identified Anxal as a specific vasculature surface marker of malignant
tumors [22]. Thus, we hypothesized that I-peptide or related peptides could serve
as tumor vasculature-specific drug delivery vehicles via binding to Anxal. We then
rescreened a series of phage clones for tumor-targeting activity and identified an
Anxal-binding, but not Sfrs-binding, phage clone displaying IFLLWQR peptide
(Figure 3). Moreover, tumor targeting was inhibited in the presence of an anti-
Anxal antibody specific to the N-terminal region (Figure 4) [21].

1500 [ Tumor

] Lung 31, 1ELLOAR

2. TIFLLWOR
1000 3. TIILLOAR
4. IDLMQAR
5. ISLLOAR
6. FSLLDAR
500 7. ISLLGAR

8. PLWRPSR
J] ﬂj 9. LLLMQLR
8 5 o ) A 5 Aj . 10. LYLORLR
1T 2 3 4 5 6 7 8 910
Phage clone numbers

Phage counts /100 mg tissues

Figure 3.

In vivo phage targeting specificity to tumor and normal lung. Subcutaneous B16 tumor-bearing mice were
intravenously injected with each phage clone, and phage number in the tumor and lung was determined by a
colony-forming assay. Note that IFLLWQR- or IF7 peptide-displaying phage exclusively targeted the tumor but
not lung tissue.

15001

1 -
il I control IgG

[ anti-Anxa1 Ab

500+
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in 100 mg tissue

Figure 4.

Ingvivo tumor and ovgan targeting by IF7-peptide-displaying phage. IF7-displaying phage were injected
intravenously into subcutaneous B16 tumor-bearing mice. Note that IF7-displaying phage targeted the tumor
but not normal organs. Tumor targeting by IF7 phage was inhibited by pre-injection of mice with rabbit
polyclonal anti-Anxaz (N-19) antibody directed to the Anxa1 N-terminal domain but not by injection with
control rabbit IgG.
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3. Targeting the tumor vasculature by IF7 peptide

Next, to visualize tumor targeting by chemically synthesized IF7 peptide, we
used intravital microscopy, in which tumor was implanted in a dorsal skinfold
chamber [23] visualized tumor vasculature targeting of IF7 under fluorescence
microscopy. Green fluorescent Alexa 488-labeled IF7 was injected intravenously
and green fluorescent signals were recorded over time by video [14]. Fluorescence
appeared in the tumor within 30 sec of injection and increased over time
(Figure 5). Analysis of tumor tissue sections taken 15 minutes after A488-IF7
injection indicated fluorescent signals as a punctate staining pattern over endo-
thelial cells (Figure 6, upper). By 40 min, green fluorescence had moved to the
stroma (Figure 6, lower), suggesting that IF7 passed through endothelial cells and
penetrated the tumor stroma where cancer cells reside. The punctate appearance of
Alexa 488 staining suggests that IF7-bound to Anxal is internalized by endothelial
cells, possibly in vesicles. Anxal on the tumor vasculature surface reportedly local-
izes in caveolae and, when bound by anti-Anxal antibody, the complex is internal-
ized into vesicles transported to the basal surface via transcytosis [24]. Accordingly,
we concluded that IF7 bound to Anxal on the tumor vasculature was transported
from the luminal surface to the basal membrane via transcytosis through endo-
thelial cells and likely released to the tumor stroma. Therefore, we asked whether
IF7-conjugated chemotherapeutics could cross the BBB to deliver a cytotoxic drug
to brain stroma.

To test this possibility we injected A488-IF7 through the tail vein into brain
tumor-bearing mice and then prepared sections of mouse brain tissue 20 minutes
later. Fluorescence microscopy analysis revealed bright fluorescence in tumor
tissue [25]. At higher magnification A488-IF7 fluorescent signals were evident
in cytoplasm and/or nuclei of cancer cells. Micrographs of representative organs
from the same mouse showed no significant fluorescent signals in normal organs.
Brain tumors and representative organs from an animal injected with A488-C(RR)
peptide control showed background fluorescence. These results strongly suggest
that intravenously-injected IF7 crosses the BBB to target and penetrate brain tumor
vasculature and reach cancer cells [25].

Injection

Figure 5.

Intravital microscopy of Alexa 488-conjugated IF7 peptide. Mouse lung carcinoma LL/2 tumors were
inoculated in the skin of nude mice of a dovsal skin-fold chamber [23]. A488-IF7 was injected intravenously
and green fluovescent signals were video-recovded and detected at the indicated times.
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50.0 uym

Figure 6.

Flgorescence micrograms of subcutaneous B16 tumor sections from mice intravenously-injected with A488-1Fy.
Tissue sections taken at 15 (upper) and 40 (lower) min after A488-1F7 injection weve stained by anti-CD34
antibody plus ved fluorescence-conjugated secondary antibody to mark endothelial cells. Note that at 15 min,
green IF7 signals are seen as punctate signals over endothelial cells, whereas at 40 min IF7 signals ave in the
stroma and seen as diffuse green fluorescence.

4. The ANXA1 N-terminal domain is present on the tumor vasculature
surface

Several lines of evidence suggest that IF7 binds to human and mouse Anxal at
the N-terminal domain. First, an IF7 peptide-displaying phage clone failed to bind
full-length recombinant ANXA protein when the N-terminus was blocked by a
His6-tag, whereas IF7 bound to full-length ANXA1 that was C-terminally tagged
with His6 [14]. Second, IF7 bound to full-length ANXA1 but not to an N-terminal
deletion delta 27 mutant [14]. Third, when IF7 peptide-displaying phage was
injected intravenously into a tumor-bearing mouse, phage targeted the tumor
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vasculature, but that binding was blocked in comparable mice injected with an anti-
body raised against the ANXA1 N-terminal domain (Figure 4) [14]. Finally, in vitro
binding assays showed that synthetic IF7 bound to a synthetic peptide representing
the ANXA1 N-terminal domain (designated MC16), which includes 15 amino acids
from Met' to Glu®, plus a C-terminal Cys [25]. IF7 bound to both mouse and human
MC16 peptides.

The molecular weight of full-length Anxal is 37 kDa, but Western blotting
of endothelial plasma membranes and caveolae isolated from tumors detected
a 34 kDaband [24]. Proteomics analysis of this 34 kDa protein suggested that it
may lack the N-terminal domain. To determine whether the Anxal N-terminal
domain is on the tumor vasculature surface, we generated a mouse monoclonal
antibody specific to the human ANXA1 N-terminal domain (or MC16 peptide).
Immunohistochemical analysis of various clinical specimens with anti-MC16 anti-
body revealed positive signals located at endothelial cells lining malignant tumor
tissues in specimens from prostate, breast, lung, liver, ovarian and brain cancers
[25], indicating that the ANXA1 N-terminus is present on endothelial cells in many
human malignancies. Inmunostaining alone did not reveal whether the antigen was
on the cell surface or in the cytoplasm.

We confirmed that the MC16 domain was present on the luminal side of the
plasma membrane by in vivo biotinylation of mouse brain tumors followed by
immunoprecipitation by anti-MC16 antibody and proteomics analysis [25]. Plate
binding assays of precipitates indicated high levels of biotinylated materials bound
by the anti-MC16 antibody in tumor lysates, whereas biotinylated materials in
tumor lysates treated with control antibody or those from normal liver tissue
lysates showed significantly lower levels of biotinylated material. However, when
immunoprecipitates from these tumors were analyzed on a protein gel followed by
an avidin blot, we did not detect biotinylated proteins, whereas proteomics analysis
had revealed predominantly Anxal peptide fragments [25]. We conclude that the
Anxal N-terminal domain is cleaved from the rest of the protein and displayed on
the tumor vasculature surface as a peptide fragment too small to be detected on a
Western blot.

5. Therapeutic activity of IF7 conjugated to the anti-cancer drug SN-38
against brain tumors

Both we and others have reported that IF7-conjugated drugs show efficient
anti-tumor activity in mouse models of tumors other than brain tumors. Examples
include IF7-conjugated geldanamycin (GA) against prostate, lung, and breast
cancers as well as melanoma [21], IF7-SN38 against colon cancer [21], IF7-taxol
against breast cancer [26] and IF7-conjugated10B with boron neutron capture
therapy against bladder carcinoma [27]. Below we focus on our studies of the effect
of IF7-SN38 on mouse brain tumor models.

To target brain tumors, we chose to conjugate IF7 to SN-38, the active compo-
nent of irinotecan (CPT-11), which is used clinically to treat brain cancer [28, 29].
To compare IF7-SN38 dosages we employed a dual-tumor model, in which a single
mouse receives luciferase gene-transfected cancer cells in brain and under the skin
(Figure 7). Growth of tumors in both regions was quantitatively monitored using
an IVIS imager to detect photon numbers produced by luciferase. Once tumors were
formed in the brain and under the skin, the dual tumor model mice were injected
intravenously with IF7-SN38 and tumor growth in both locations was assessed
in vivo by photon number. IF7-SN38 treatment significantly suppressed tumor
growth relative to buffer controls in both brain and under the skin at a dosage of
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Figure7.

Analysis of whether IF7-SN38 overcomes the blood—brain barvier using a dual tumor mouse model. (upper)
schematic showing that single mice established to harbor both brain and subcutaneous tumors are injected with
IF7-conjugated drug through the tail vein. If the drug cannot overcome the BBB, only subcutaneous tumors are
eradicated; if drug overcomes the BBB, growth of both is suppressed. (lower) graphs show that daily injection
of IF7-SN38 (7.0 umoles/kg) suppressed both brain (left) and subcutaneous (vight) tumor growth. Moveover,
CPT-11, the SN-38 pro-drug, suppressed growth of subcutaneous tumors at high dosage (50 pmoles/kg) [25].

3.15 pmoles/kg. Moreover we found using either C6-Luc cells in SCID mice or B16-
Luc cells in C57BL/6 mice, intravenously-injected IF7-SN38 significantly antago-
nized growth of brain and subcutaneous tumors relative to controls at a dosage of
7.0 pmoles/kg. When we performed similar experiments using the SN38 prodrug
irinotecan alone at doses as high as 50 pmoles/kg, irinotecan suppressed subcutane-
ous tumor growth but only minimally suppressed brain tumor growth. Overall,
these results indicate that in the mouse dual tumor models tested here, IF7-SN38
suppresses brain tumor growth as effectively as subcutaneous tumor growth.

For the dual tumor model experiments (Figure 7), we had dissolved IF7-SN38
in Cremophore EL, a non-ionic detergent used clinically to administer taxol, prior
to injection. However, there are concerns about potential inflammatory effects of
this detergent [30, 31]. Thus, we conducted experiments in which we dissolved
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IF7-SN38 in 10% Solutol HS15, a non-ionic surfactant with low toxicity. The
therapeutic effect of IF7-SN38 in 10% Solutol HS15 improved significantly rela-
tive to administration with Cremophore EL (Figure 8A): B16 brain tumors began
shrinking during the first week of daily injections at dosages as low as 2.5 pmoles/
kg, continued shrinking during the second week without drug injection, and then
completely disappeared. Mice survived for more than 3 months after cessation of
drug treatment without showing signs of B16-Luc cell growth in brain or other parts
of their body, suggesting complete remission and potential involvement of host
immune systems.

Relevant to potential immunogenicity, when we injected cells of either one of
two isogenic lines, B16-Luc or LL/2-Luc, subcutaneously into naive C57BL/6 mice,
both lines produced tumors at injected site. By contrast, when either of these lines
were injected into mice that had recovered from brain B16-Luc tumors, LL/2-Luc
tumors grew but B16-Luc tumors did not (Figure 8B). The presence of tumor-
infiltrating lymphocytes, especially CD8" cytotoxic T cells, is correlates with better
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Figure 8.

IF§-SN38 treatment promotes complete remission of B16 brain tumors and a host immune response against
tumor cells. (A) Effect of IF7-SN38 on B16-Luc brain tumors in isogeneic C57BL/6 mice. Drug dosage

was 2.5 pmoles/kg each for IF7-SN38 and control C(RR)-SN38 diluted with 10% Solutol HS15 in water

and administered daily for 7 days. Note that brain tumors continued shrinking after cessation of IF7-SN38
administration in C56BL/6 mice. (B) Growth of two syngeneic cancer lines in naive and brain-tumor-
recovered mice 4 days after subcutaneous injection of LL/2-Luc and B16-Luc cells. (C) Immunohistochemistry
with anti-CD8 antibody of B16-Luc cells at subcutaneous injection sites, 20 hours after B16-Luc cell injection.
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prognosis of various cancers [32, 33]. Inmunohistochemistry of subcutaneous
B16-Luc injection site using an anti-CD8 antibody 20 hours after injection of naive
C57BL/6 mice with B16-Luc cells revealed a minimal number of CD8" T cells at
challenged sites. By contrast, we observed significant CD8" cell infiltration at injec-
tion sites of B16-Luc cells in C57BL/6 mice that had recovered from B16-Luc brain
tumors following IF7-SN38 treatment (Figure 8C). Thus it is likely that IF7-SN38
therapy leads to complete remission in part by promoting immunological rejection
of tumor cells by the host, preventing tumor recurrence elsewhere in the body.

6. Clinical application of IF7-SN38

As described, in mouse the Anxal N-terminal domain is present on the surface
of tumor vasculature as peptide fragments. Nonetheless, such fragments should
serve an IF7 receptor, as either the first 15 amino acid residues of ANXA1 or syn-
thetic MC16 peptide is sufficient for IF7 binding [25]. IF7 binds both human and
mouse MC16 peptides equally, suggesting that our results with IF7 in mouse tumor
models are relevant to humans.

Although IF7-conjugated drugs are effective in various cancer types [14, 26, 27],
their effectiveness against brain malignancies may be particularly high as gene
expression data indicates ANXA1 overexpression in brain tumors [34, 35], a finding
supported by immunohistochemistry with anti-MC16 antibody [25]. Moreover, as
IF7 targets tumor vasculature and overcomes the BBB, IF7-conjugated drug would
accumulate in brain tumor cells, a critical advantage over low molecular weight
drugs like temozolomide, which does not target brain tumors and must be adminis-
tered at high doses (Figure 9).

We found the effective dosage of IF7-SN38 in the mouse brain tumor models to
be 2.5 pmoles (5.35 mg)/kg (Figure 8), which translates into a human equivalent
[36] of 0.43 mg/kg or SN-38 0.079 mg. This dosage is considerably lower than that
currently recommended for CPT-11 (the SN-38 pro-drug) administered to cancer
patients, namely, 120 ~ 200 mg/m? or 2.91 ~ 4.85 mg/kg [37, 38]. Anticipated
doses of IF7-SN38 in humans are also unlikely to be toxic at pharmacologically
active dosage.

Tumors
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General chemotherapeutics

Drugs currently used to treat
brain tumors (temozolomide)
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Figure 9.

Mode of action of chemotherapeutics divected against brain tumors. General chemotherapeutics do not
penetrate brain tumors due to the BBB and thus are administeved to patients at high dosage. Some low
molecular weight chemotherapeutics such as temozolomide penetrates the brain but vequives high dosage,
because temozolomide does not target brain tumors. IF7-SN38 targets brain tumors and overcomes the BBB.
At low dosage, IF7-SN38 becomes concentrated in tumors, including brain tumors, and exhibits therapeutic
activity.
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7. Conclusions and future perspectives

Historically, reagents like IF7 emerged with the advent of carbohydrate mimetic
peptides [15, 16]. The surprising finding that Anxal is an I-peptide receptor led
us to identify IF7 [14, 21]. When IF7 was injected intravenously into brain tumor-
bearing mice, it targeted tumor vasculature by binding the Anxal N-terminal
domain and then crossed the vasculature via transcytosis, to overcome the BBB.
Due to its highly specific tumor vasculature targeting activity, IF7-SN38 eradicated
brain tumors at low dosage, initiating an immune reaction against cancer cells, fol-
lowed by complete remission of brain tumors [25]. A similar host immune reaction
was also found in IF7-conjugated boron neutron capture therapy in a mouse bladder
carcinoma model [27].

IF7-SN38 is, however, susceptible to esterases and proteases. To circumvent sta-
bility issues, we have developed an ANXA1-binding D-peptide, designated dTIT7
[39]. We have found that GA-dTIT7, in which geldanamycin is conjugated to dTIT7
through an esterase-resistant linker, is orally administrable and suppresses brain
tumor growth in the mouse.

Cancer treatments are increasingly expensive due to development of sophisticated
diagnostics and therapies. IF7-SN38 can be chemically synthesized cost-effectively
and is stable as a dry powder. Furthermore, orally-administrable peptide-conjugated
drugs would be advantageous in societies that lack infrastructure required for costly
treatment. Further development of peptide-conjugated drugs could reveal additional
candidates with clinical applications against intractable cancers.
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DNA Damage Repair Genes and
Noncoding RNA in High-Grade
Gliomas and Its Clinical Relevance
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Abstract

Gliomas are the most common malignant tumors originating from the glial cells
in the central nervous system. Grades III and IV, considered high-grade gliomas
occur at a lower incidence (1.5%) but have higher mortality. Several genomic altera-
tions like IDH mutation, MGMT mutation, 1p19q Codeletion, and p53 mutations
have been attributed to its pathogenicity. Recently, several noncoding RNAs have
also been identified to alter the expression of crucial genes. Current chemothera-
peutic drugs include temozolomide targeting hypermethylated MGMT, a DNA
repair protein; or bevacizumab, which targets VEGF. This book chapter delves
deeper into the DNA damage repair pathway including its correlation with survival
and the regulation of these genes by noncoding RNAs. Novel therapeutic drugs
being developed are also highlighted.

Keywords: DDR in glioblastoma, noncoding RNA in gliomas, targeted therapy

1. Introduction and epidemiology

Gliomas are the brain’s solid tumors that arise from the glial cells, which are
the non-neuronal cells of the central nervous system (CNS). Neurons function in
synaptic interactions, whereas glial cells provide protective and structural support
to the neurons. According to the 2020 GLOBOCAN, cancer of the brain and central
nervous system rank at 19th and 12th, respectively [1]. The age-standardized
incidence of these tumors is 3.9 per 100,000 in males and 3.0 in females globally. In
comparison, the mortality is 3.5 per 100,000 in males vs. 2.8 in females worldwide.
These cancers are prevalent in countries with a high human development index
[1]. In 2020 alone, 308102 worldwide brain and central nervous system cases were
reported. More than half were reported from Asia (54.2%) [1]. The number of
deaths reported in the same year was 251329 worldwide, pushing the mortality rate
to 81.57% [1]. The survival rate of gliomas vary based on their grade; the median
survival time for high-grade glioma is 14 to 16 months. It ranges from 3-15 years for
low-grade gliomas [2].

One of the only risk factors identified for the development of high-grade gliomas
is exposure to high-dose of ionizing radiation [3]. However, environmental factors,
toxins, infections, cell phone usage, or head trauma have not been correlated to
the development of gliomas. Only 5% of cases of brain tumors have been linked to
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hereditary genetic syndromes [4]. Some of which are Li-Fraumeni cancer syndrome
(associated with a germline mutation in the TP53 gene), neurofibromatosis, Turcot
syndrome, and Lynch syndrome (constitutional mismatch repair deficiency),
tuberous sclerosis, melanoma-neural system tumor syndrome, Ollier disease and
Rubinstein-Taybi syndrome [4-7].

Gliomas are diagnosed when the patients become symptomatic, exhibiting
recurrent headaches, the onset of seizures, personality changes, weakness in
limbs, or language disturbances [8]. Elevated intracranial pressure is also a com-
mon feature in gliomas [9]. Infantile spasms and seizures have also been noted in
infants [9]. Gliomas are generally diagnosed by computed tomography (CT), and
Magnetic Resonance Imaging (MRI) scans [10]. The current treatment regimen is
based on the tumor grade and includes either or combinations of surgical resection,
radiation, and chemotherapy [11]. The chemotherapeutic drugs used for glioma
treatment fall under the category of alkylating agents that induce double-stranded
breaks in the DNA, thereby inhibiting tumor proliferation [12]. The standard
chemotherapeutic drug used for high-grade glioma is temozolomide (TMZ), and
for low-grade gliomas are carmustine, procarbazine, and lomustine [13]. Metastasis
of malignant gliomas is rare, primarily due to the low survival of the patients and
also due to the blood-brain barriers [14]. However, in certain rare cases of high-
grade gliomas, metastasis to the lung, pleura, lymph nodes, bone, and liver have
been reported [15]. Recurrence post-treatment is reported in most gliomas and can
be attributed mainly to surgical brain injury (SBI) and TMZ chemoresistance [16].

The following sections describe the glioma subtypes, their molecular character-
ization, and their deregulated signaling pathways. This chapter’s primary focus is
on the DNA damage response (DDR) pathway, and noncoding RNAs in high-grade
glioma called glioblastoma multiforme (GBM). The role of noncoding RNAs affect-
ing chemosensitivity and other novel therapeutic drugs being developed for gliomas
are also highlighted.

2. Glioma classification

The Glial cells are classified as astrocytes, oligodendrocytes, and ependymal
cells [17]. The astrocytes function in providing mechanical support to the neurons;
oligodendrocytes are involved in myelin production, a component of the myelin
sheath and ependymal cells play essential roles in the transport of CSF and brain
homeostasis [18]. Based on the cellular origins, gliomas are classified as astrocytoma
(derived from astrocytes), oligodendrogliomas (derived from oligodendrocytes),
and ependymoma [2].

Until 2016, the World Health Organization (WHO) had categorized gliomas
entirely based on histological features and graded them according to their malig-
nancy profile [19]. Table 1 represents this WHO grading of gliomas where grades I
and II are considered low-grade gliomas (LGGs) that are slow-growing with a better
prognosis. The Grade I tumors are mainly diagnosed in children and curable with
just surgical resection. On the contrary, the most aggressive tumors are referred to
as high-grade gliomas (grade III and IV). Grade III tumors are termed ‘anaplastic’ as
they have lost their characteristic cellular features to become malignant. The grade
IV in this category, which accounts for 90% of gliomas, is GBM, the most aggressive
and deadly tumor of all gliomas, with an abysmal survival rate. About 90% of GBM
cases are de novo and develop in older patients [20]. On the contrary, secondary
GBM, which arises from LGG, manifests mostly in younger patients and has a better
prognosis [20].
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WHO grade Astrocytoma Oligodendroglioma  Oligoastrocytoma  Prognosis  Incidence

Low I Pilocytic Good Predominant

grade astrocytoma, in children
subependymal <1year
giant

cell astrocytoma

II Low-grade Low-grade Low-grade Favorable Median age
astrocytoma oligoastrocytoma oligodendroglioma of 35
High Il  Anaplastic Anaplastic Anaplastic Poor Predominant
grade astrocytoma oligoastrocytoma oligodendroglioma in adults
IV Glioblastoma Very poor  Predominant
in adults

Table 1.
Glioma classification based on histology and malignancy scale.

2.1 Molecular classification of gliomas

A more recent WHO classification in 2016 includes genetic screening to
histopathological analysis, which integrates the tumor’s morphological and
genetic considerations [21]. The status of the following molecular alterations has
been incorporated in this classification and are critical to diagnosis and further
treatment.

IDH mutation: The most prevalent genetic mutation is the Isocitrate dehydro-
genase (IDH) mutation accounting for a single point mutation in around 80% of
glioma cases [22]. It is identified to be one of the earliest mutations for gliomagen-
esis and has been implemented primarily to classify gliomas as either IDH mutant
or IDH wildtype. IDH mutation is considered to be a favorable prognostic marker
with increased survival [23]. It is a metabolic enzyme that catalyzes the oxidative
decarboxylation of isocitrate to a-ketoglutarate (a-KG) and produces NADPH from
NADP without the Kreb cycle’s involvement. This mutated IDH produces high levels
of 2-hydroxyglutarate (2-HG) instead of the a-KG which is implicated in glioma
invasion as well in epigenetic alterations leading to a glioma CpG island methylator
(G-CIMP) phenotype (G-CIMP) [24].

Codeletion 1p19q: Post IDH mutation status, the gliomas are further classified
based on this chromosomal co-deletion of 1p19q where the short arm chromosome 1
(1p) and the long arm of chromosome 19 (19q) are lost. It is observed in more than
70% oligodendrogliomas and 50% mixed oligoastrocytomas [25]. Clinically, IDH
mutants with co-deletion 1p19q are linked to better prognosis and chemotherapy
response [26].

TERT promoter mutations: Telomerase reverse transcriptase (TERT) promoter
mutations are reported in several cancers leading to enhanced activity of TERT
resulting in tumor cell survival and its progression [27]. It is present in 55% GBM
and its prevalence is inversely correlated with IDH mutation [27, 28]. This TERT
mutation serves as a prognostic biomarker and is associated with poor survival [29].

MGMT promoter methylation: MGMT (O[6]-methylguanine-DNA methyl-
transferase) is a DNA damage repair protein that removes alkyl groups added to
nucleotides preventing mutation. Chemotherapeutic drugs like TMZ blocks cell
growth by alkylating DNA. Hypermethylation of MGMT promoter regions renders
this enzyme inactive and is reported in 40% GBM cases [30]. IDH mutant-MGMT
promoter methylation cases are associated with increased PFS (Progression-free
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survival) whereas MGMT promoter methylation with TP53 mutation has favorable
outcome irrespective of IDH status [31].

ATRX mutation: The alpha thalassemia/mental retardation syndrome X-linked
(ATRX) is a chromatin remodeling enzyme involved in incorporating histone H3.3
at telomeres and pericentromeric heterochromatin. Loss of function mutations
of ATRX is reported in gliomas which correspond to alternative lengthening of
telomeres (ALT) phenotype [32]. ATRX and TERT mutations occur in 90% dif-
fuse IDH mutant gliomas with both being mutually exclusive which confer better
progression-free and overall survival [33].

H3K27M mutations: H3K27M (methionine substitution of lysine at residue 27 of
histone H3) are mutations that occur in Histone 3 of H3F3A or HIST1H3B/C gene.
These mutations are predominantly present in pediatric cases with IDH-wildtype
and lack 1p/19q co-deletion and are associated with poor prognosis [34]. The
H3K27M mutant protein has a dominant-negative effect on EZH2 protein, a histone
methyltransferase impacting the epigenetic landscape of tumor genes [35].

Besides the above, other somatic and germline mutations are also reported in
gliomas. More than 25 gene loci are linked to an increased risk of development of gli-
omas. Somatic mutations of cyclin-dependent kinase inhibitor 2A and B (CDKN2A,
CDKN?2B), epidermal growth factor receptor (EGFR), pleckstrin homology-like
domain family B member 1 (PHLDB1), and regulator of telomere elongation helicase
1 (RTEL1) are reported in gliomas [36]. In case of GBM, the frequent genetic altera-
tions in the decreasing order are LOH 10q (69%), EGFR amplification (34%), TP53
mutations (31%), p16INK4a deletions (31%) and PTEN mutations (24%) [37].

3. Deregulated pathways in glioblastomas

GBMs are the most fatal of all glial cancers. Secondary GBMs arising from LGG
constitute 10% whereas the remaining 90% GBMs arise de novo. The genomic
alterations of oncogenes and tumor suppressors are the fundamental cause of can-
cer development. These alterations further lead to deregulation of several signaling
pathways aiding in tumor progression manifesting in metastasis and chemoresistant
cancers. GBMs were one of the first tumors to be studied by the TCGA [38] and
some of the key signaling pathways reported to be deregulated are as follows:

RTK/RAS/PI3K pathway: This pathway is majorly involved in growth and pro-
liferation and is dysregulated in 88% of GBM cases. This dysregulation occurs by
amplification and mutational activation of receptor tyrosine kinase (RTK) genes —
EGFR, ERBB2, PDGFRA, MET. A variant of the protein — EGFRVIII that occurs due to
intragenic deletions is also a common feature. Activation of the phosphatidylinositol
3-kinase (PI3K) pathway are achieved by PTEN deletion, activating mutations in
PIK3CA or PIK3R, AKT3 amplification, NF1 mutation, RAS mutation, FOXO mutation.

p53 pathway: Inactivation of the p53 pathway occurs in about 87% of the GBM
cases. TP53, termed as “the guardian of the genome”, is a tumor suppressor gene and
is frequently mutated or deleted in most cancers [39, 40]. The pathway is involved
in several processes like cell cycle arrest, DNA repair, apoptosis, autophagy, dif-
ferentiation, senescence, and self-renewal [41]. Mutations in the TP53 gene lead to
nonfunctional proteins. Several missense mutations, particularly in IDH-wildtype
GBM (primary GBM), have been reported, resulting in accumulating the protein in
the nucleus [42]. Additionally, deletions in ARF (ADP-ribosylation factor) at 55%,
amplification of MDM2 (Mouse double minute 2 homolog)at 11%, and amplifica-
tion of MDM4 (Double minute 4 protein) at 4% contribute to the inactivation of
the P53 pathway [38]. TP53 is the most frequent and the earliest detectable alteration
in the transition from low grade to high-grade [43].
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Rb pathway: This retinoblastoma (Rb) pathway is dysregulated in 78% of GBM
cases and is a vital regulator of the cell cycle and controls progression through the
G1 to S phase of the cell cycle at the G1 checkpoint [44]. The Rb gene promoter
is methylated frequently in secondary than primary GBMs and is associated with
its low gene expression. There are two significant genetic alterations seen in the
pathway— deletion of the CDKN2A/CDKN2B locus on chromosome 9p21 and the
amplification of the CDK4 locus [38]. Such a loss of CDKN2A, RB or CDK4 ampli-
fication disrupts the pl6INK4A-CDK4-RB tumor suppressor pathway. It has been
shown to correlate with decreased expression and survival.

4. Significance of DDR pathway in glioblastoma

Recent studies have implicated the DNA damage response (DDR) pathway in
modulating GBM chemoresistance. GBMs being the most aggressive gliomas with
the least survival rate with treatment options being only radiation and chemother-
apy using TMZ. These tumors ultimately gain resistance, leading to cancer relapse.
This chemoresistant phenotype is attributed to enhanced DDR with alterations
in DNA-repair and cell-cycle genes [12]. DNA repair mechanisms have evolved
to counteract this damage based on the type of damage the DNA experiences
(Figure 1). Some of the commonly observed damage and repair mechanisms are:

1.Methylated O6 or N7 Guanine is repaired directly by MGMT (O-6-Methylgua-
nine-DNA Methyltransferase)

2. Oxidized/Deaminated bases by Base excision repair
3. Bulky DNA lesions or DNA-protein adducts by Nucleotide excision repair
4.Mismatched bases by Mismatch repair

5.Double-strand breaks by Homologous recombination or Nonhomologous end-
joining or Alternate End Joining or Single-strand annealing

6. Inter-strand crosslinks by Fanconi Anemia pathway

5 3/5
’
3
BASE DAMAGE ONA BHEAKS
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v T _— |
Allcylated base DNA glycosylase s XPC complexed with « MutSa * FANCM + FRAP24 || = : N
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Ap POLB « UV-DDB Mutsg « BPA ATR * PEL PNKP and |* XRCCA,XLF and » MRN * Ligasem,
1 = 4 - / CHIP, any
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Figure 1.
Genes involved in the various types of DDR.
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4.1 Frequently mutated genes of DDR pathway in glioblastoma

Besides mutations in IDH, TP53, and TERT promoter in GBMs, the mutation in
genes that function in various DDR pathways have been reported:

MGMT-mediated DNA repair: As previously explained, MGMT is a DNA repair
enzyme involved in DNA damage repair induced by alkylating drugs like TMZ.

It is involved in the repair of DNA lesions. MGMT enzyme reverses O-alkylated
DNA lesions of the alkylated bases [45]. MGMT is mostly hypermethylated in
GBM; ~1.6% of the patient’s mutation is observed (The results are in whole or part
based upon data generated by the TCGA Research Network: https://www.cancer.
gov/tcga).

Base excision repair: BER corrects base damage that does not cause significant
distortions to the DNA helix. The enzymes involved in repair are DNA glycosylase,
AP endonuclease, POL B, DNA ligase 1, or a complex of DNA ligase 3 and XRCC1
[46]. Unlike direct repair by MGMT, there are very few BER machinery components
that showed a mutation in GBM.

Nucleotide excision repair: NER is the pathway chosen to remove bulky lesions.
The damage is sensed by XPC complexed with RAD23B and CETN2. The other
pathway proteins are the UV-DDB complex consisting of DDB1, DDB2, and TFIIH
complex. Endonuclease XPF-ERCC1 and XPG, the replicative proteins PCNA, RFC,
POL 8, POL ¢ or POL k, and LIG1, XRCC1-LIG3 [47]. Of these genes, 5.6% of the
cases had a mutation in POLE [48].

Mismatch repair (MMR): The mismatches incorporated during replication
are recognized by MutSa heterodimer (MSH2/MSH6) or MutSp heterodimer
(MSH2/MSH3). The other proteins involved are POL §, RFC, HMGB1, and LIG1
[49]. Of these, 3.8% of patients had a mutation in MSH6 and 1.6% in the MSH2
gene [48].

Double-strand breaks repair: The Double-Stranded Breaks (DSBs) are majorly
repaired by nonhomologous end-joining (NHE]) [50] and homologous recombi-
nation (HR) [51]. The alternate less-characterized pathway is microhomology-
mediated end joining (MME]) or alternative end-joining (AEJ) [52]. While HR
is restricted to the cell-cycle S and G2 phases, NHE] and MME] are free to get
employed in any cell cycle phase [53]. In response to DSBs, three proteins of the
phosphoinositide 3-kinase-related kinase (PIKK) family are activated — ATM,
ATR, and DNA-PK, downstream they phosphorylate other substrates, activating
them [12]. The additional factors that are subsequently recruited include XRCC4,
XLF, DNA ligase IV (LIG4), ARTEMIS, and PAXX which plays a key role in sta-
bilizing the complex chromatin [54]. Other proteins that facilitate the pathway
are DNA polymerases like POLM and POLL. Multiple proteins in this pathway
are mutated in GBM. The ATR gene is mutated in 4.5% patients followed by 2.9%
in PRKDC (DNA-PK), 2.5% in ATM, 1.9% ARTEMIS, 1.94% in XRCC5 (Ku80)
and POLL [48].

The HR preferentially repairs the DSBs, which occur at the replication fork [55].
The pre-requisite for the homologous recombination repair pathway is the end-pro-
cessing of DSBs by helicases and nucleases to produce single-stranded DNA. ATM,
CtIP, MRN complex(MRE11-RAD50-NBS1) is involved in generating ssDNA [56].
This ssDNA binds with the RecA/RAD51 complex, stimulated by RPA, promotes
DNA pairing and strand exchange in an ATP-dependent fashion [57]. Additionally,
the tumor suppressor proteins — BRCA1, BRCA2, and PALB?2 are involved in HR
[58]. In GBM patients, 3.55% BRCA1, 1.86% MRE11A and RAD50, 1.4% NBN,
and ~ 1% RPA1 mutations have been reported [48].

The MME] pathway is promoted by PARP-1, Ligase III, CtIP, and Mrell. It uses
the same machinery as the HR pathway to form a 3" single-stranded overhang at the
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region of DSB [52, 59]. Mutations in Ligase III (3.49%) PARP1 (3.33%) and CtIP
(2.5%) have been reported in GBM patients [48].

Single strand annealing (SSBR): The single-strand breaks are detected by
PARP1, followed by end-processing by PE1, PNKP, and APTX. FEN1 acts as an
endonuclease to create a gap. POL B, in combination with POL &/, fills the gap and
is ligated by LIG1 [60]. Mutations, although at a much lower frequency, have been
reported in all the components of SSBR, APTX (1.17%), FEN1 and PNKP (0.78%),
and POLB (0.39%) [48].

Inter-strand crosslink repair (ICL): ICLs are resolved by complex FANCM and
FAAP24. MFH stimulates the remodeling of the replication fork. The RPA protein
binds to ssDNA and activates ATR, CHK1, FANCE, FANCD2, FANCI, and MRN
consecutively. Further, excision is carried out by PF-ERCC1, MUS8-EME1, SLX4-
SLX1, FAN1, SNM1A/SNM1B. The polymerase which acts to repair includes POL 1,
POL k, POL v, and REV1 [61]. 4.42% mutations in FANCD?2, 2.26% in FANCI,
1.61% in FANCE, 2.7% and 1.91% in SNM1A and SNM1B, respectively have been
reported in GBM patients [48].

Depending on the type of damage a cell encounters, any of these pathways can
be activated to restore the damage sites. One of the most deleterious repairs found
in cancer cells is MME] which results in large deletions and translocations, desta-
bilizing the genome. In GBM, HR and c-NHE] have higher mutation rates than in
MME], making MME] the preferred pathway for DNA repair. Figure 2 represents
the frequently mutated genes of the various DDR pathways along with their impact
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Figure 2.
Frequently mutated genes of DDR pathway in glioblastomas obtained from GEPIA database.
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on overall survival obtained from NCI - GDC Database [62]. As can be observed,
the mutations in these genes reduce patients’ survival in GBM (14-16 months).

4.2 Altered gene expressions of DDR pathway genes in glioblastoma

The various genomic mutations like the overexpression of oncogenes and under
expression of tumor suppressor genes lead to altered genomic and epigenomic
changes favoring cancer growth. In GBM several genes that encode proteins in
the DNA repair pathway have altered expression. Figure 3 represents some of
the altered gene expressions in the different DDR pathways in GBMs. This data is
obtained from GEPIA database which compares normal patient samples with GBM

tumor samples [63].
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The DDR genes are significantly upregulated and include HR factors - RAD51
recombinase, the chromatin remodelers RAD54B and RAD54L, enzymes in the
HOLLIDAY JUNCTION resolution (EME1/MUS81 complex), NER (ERCC3
(XPB), ERCC4 (XPF). Also, expression of genes encoding DNA glycosylase
NEIL3, Fanconi Anemia factors (FANCD2, UBE2T), the ubiquitin-protein
ligase UBE3B, and two specialized DNA polymerases POLM and POLQ in the
NHE] pathway are increased significantly [64]. Coincident with the least muta-
tion, MME] transcripts show relatively higher expression than other pathways.
Closer observation shows elevated MMR transcripts, but a higher mutation rate
has been observed of some of the genes like MSH2 and MSH6 in GBM. Among
HR gene expression, PDS5B is highly expressed, which is required for proper
segregation.

Additionally, these signatures also suggest the sensitivity of the tumor to
therapeutic drugs. Upregulation of the TOP2A gene, which encodes topoisomerase
I1, might be more sensitive to topoisomerase II inhibitors like etoposide. Similarly,
the decreased expression of NER genes like ERCC3/XPB and ERCC4/XPF can be
more sensitive to cisplatin. Cisplatin acts by causing inter-strand crosslinking, and
its repair requires NER [64]. Targeting RAD51 is also a potential therapeutic option
that can either target the HR pathway or sensitize the cancer cells to irradiation and
chemotherapeutic agents that cause DSBs [65].

4.3 Drugs targeting DDR kinases

In tumors treated with DNA damaging agents, efficient DNA repair systems
become the primary cause for treatment failure. GBM’s ability to resist DNA
insults is directly attributable to its upregulation of DNA repair pathways.
Hence, along with the standard care regimen, DDR kinase inhibitors are being
investigated to overcome chemo- and radio-resistance. Table 2 represents
inhibitors that are being developed to target kinases in the DNA damage
response pathway.

Kinase Inhibitor Phase Reference
ATM KU60019 Preclinical [54]
CP466722 Pre-clinical +temozolomide [66]
AZ32 Preclinical + IR [67]
AZD1390 Phase-I + IR [68]
ATR VE-821 Preclinical +cisplatin [55]
AZ20 Preclinical [56,57]
DNA-PK CC-115 Phase-I + neratinib +temozolomide [58]
Chk2 PV1019 Pre-clinical - + IR + topotecan [59]
CCT241533 Pre-clinical - bleomycin +olaparib +IR [61]
Weel MK-1775 Phase-I monotherapy +IR + temozolomide [60]
PARP Niraparib Phase II monotherapy +temozolomide +bevacizumab [69]
+carboplatin
Veliparib Phase III + IR + temozolomide [70]
Olaparib Phase II monotherapy +bevacizumab +IR + temozolomide [71]
Table 2.

List of drugs developed targeting DDR kinases in gliomas.
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4.4 miRNAs involved in DDR

MicroRNAs are a group of noncoding RNAs ~18-22 nucleotides in length.
miRNA regulates gene expression at both transcriptional and post-transcriptional
levels. It modulates transcription by binding to the 5 UTR of the gene. The bind-
ing of miRNA at 3’ UTR regions (untranslated regions) reduces mRNA stability
or inhibits translation [72, 73]. Dysregulated miRNA expression is one of the
hallmarks of cancer. They have been shown to affect several crucial processes like
proliferation, invasion, and metastasis [74]. Hence, they are potential biomarkers
and targets for therapeutic intervention. The aberrant expression of miRNAs in
GBM is well documented. 256 upregulated miRNAs and 95 downregulated miRNAs
are reported in GBM compared to normal brain tissue [72]. Here, we focus on
the deregulated miRNAs involved in DDR pathways leading to chemoresistant or
chemosensitive phenotype (Table 3).

miRNA Target Activity Reference
MiR-338-5p Ndfipl, Rheb, ppp2R5a Radio sensitivity [75]
MiR-10b p-AKT Decreases sensitivity to [76]
radiation
miR-26a, miR-100 ATM Radio sensitivity [77]
miR-30b-3p HIF1a, STAT3 Chemo resistance [78]
miR-1193 FEN1 Chemo sensitivity [79]
miR-96 PDCD4 Radio resistance [80]
miR-17 ATG7 Chemo and radio sensitivity [81]
miR-21 PDCD4, TPM1, PTEN Chemoresistance [82]
miR-143 N-RAS Chemo sensitivity [83]
miR200a, miR-603, MGMT Chemo sensitivity [84]
miR-181d, miRNA-370-3p,
miR-198, miR-142-3p
miR195 SIAH1,WEE1 RANBP3 Chemoresistance [85]
miR-455-3p LTBR, EI24, SMAD2 Chemoresistance
miR-10a EPHX1 and BRD7 Chemoresistance
miR-222 GAS5, MGMT Increase the DNA damage [86]
effect induced by TMZ
miR-29¢ Spl, MGMT Chemo sensitivity [87]
miR-99 SNF2H/SMARCAS5 Radio sensitivity [88]
miR210-3p HIF1o/HIF2a Chemo resistance [89]
miR-136 AEG-1 Chemo sensitivity [90]
miR-155 p38 Chemo sensitivity [91]
miR-181b MEK1 Chemo sensitivity [92]
miR-29b STAT3 Chemo sensitivity [93]
miR-101 DNA-PKcs, ATM Radio sensitivity [94]
miR-137 CAR, MDR1 Chemo sensitivity [95]
miR-204 FAP-a Reverses chemo resistance [96]
MiR-181a Bcl-2 Radio sensitivity [97]
miR-132 TUSC3 Chemo resistance [98]
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miRNA Target Activity Reference
miR-138 BIM Chemo resistance [99]
miR-221, miR-222 DNA-PKcs Radio resistance [100]
miR-1238 CAV1 Chemo resistance [101]
miR-26a Bax, Bad, HIF-1a Chemo resistance [102]
miR-9 PTCH1 Chemo resistance [103]
miR-124, miR-128, miR-137  EZH?2, BMI1, LSD1 Chemo resistance [104]
miR-151a XRCC4 Chemo sensitivity [105]
Table 3.

Deregulated miRNAs involved in DNA damage response in GBM.

4.5IncRNAs in gliomas

The noncoding RNAs are a diverse group of transcribed RNAs, with long-non
coding RNA or IncRNA being the largest sub-type in this category [106]. Long
noncoding RNA can regulate gene expression by binding to the gene’s promoter
and recruiting activators or repressors, or chromatin modifiers and activating or
repressing transcription, respectively [106, 107]. Alternatively, they can work as
antisense and bind to the transcripts, thereby inhibiting translation or destabilizing
the transcript. They can also act as miRNA sponges, altering gene expression post-
transcriptionally [108]. LncRNA deregulation is involved in cancer development,
progression, and metastasis. It is a potential target for therapeutic interventions.
Their expression pattern in response to chemotherapeutic treatment has prognostic
value and serves as predictive biomarkers [106, 107].

IncRNAs are abundantly expressed in the brain as compared to other parts of
the body [109]. Glioma subclassification has also been done based on the IncRNA
profile into three groups: (i) astrocytic tumor with high EGFR amplification (ii)
neuronal-type tumor (iii) oligodendrocytic tumor enriched with an IDH-1 muta-
tion and 1p19q co-deletion. Such a classification has been shown to correspond to
patient survival where IncRNAs like PART1, MGC21881, MIAT, GAS5, and PAR5
were correlated with prolonged survival. At the same time, KIAA0495 was associ-
ated with poor survival [109]. Table 4 represents the IncRNAs studied in gliomas
that are involved in chemoresistance or chemosensitivity.

4.6 Circular RNAs in gliomas

Circular RNA is yet another group of noncoding RNA produced from pre-mRNA
back-splicing [137]. They inhibit miRNA and upregulate the expression of genes at
the transcriptional and post-transcriptional levels [138, 139]. CircRNAs have also
been shown to bind to different proteins to form circRNA-protein complexes (cir-
cRNPs) that regulate the action of associated proteins, the subcellular localization
of proteins, and the transcription of parental or related genes [140]. circRNAs play
significant roles in tumor growth, metastasis, EMT transformation, and therapy
resistance [141]. circRNAs are the most abundant in the brain and play a crucial role
in the brain’s functioning [142]. In glioma, they are expressed aberrantly and play
a key role in tumor initiation and progression [143]. In GBM, several studies have
identified the upregulated and the down-regulated circRNAs. Identifying these
circRNAs is valuable for further understanding the molecular mechanism of glioma
and developing novel targeted treatments [144]. Table 5 represents the circRNAs
studied in gliomas with their targets.
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IncRNA Target Activity Reference
ADAMTS9-AS2 FUS Chemo-resistance [110]
AHIF HIF1a, p53 Radio-resistance [111]
CASC-2 miR 181a, PTEN Chemo-resistance [112]
CCAT2 miR-424, CHK1 Chemo-resistance [113]
H19 MDR, MRP, and ABCG2 Chemo-resistance, [114]
Stemness in GSCs
HMMR-AS1 HMMR mRNA stabilization, ATM, Radio-resistance [115]
RAD51, BMIL
HOTAIR miR-519a-3p, RRM1 Chemo resistance [116]
LINCO00174 miR-138-5, SOX9 Chemo resistance [117]
LINCO01057 IKKa Radio resistance [118]
MALAT1 miR-203, miR-101, Thymidylate Reduction of cell [119, 120]
synthase (TS) proliferation
MIR155HG PTBP1 Chemo-resistance [121]
NCK1-AS1 miR-137, TRIM24 Chemo-resistance [122]
PCAT1 miR-129-5p, HMGB1 Radio-resistance [123]
PSMB8-AS1 MiRNA-22-3p, DDIT4 Radio resistance [124]
RA1 H2B Radio resistance [125]
SBF2-AS1 miR-151a-3p, XRCC4 Chemo-resistance [126]
SNHG18 Sema5A Radio resistance [127]
SOX20T ALKBHS5, SOX2, Wnt5a/f-catenin Chemo-resistance [128]
TALC miR-20b-3p, Stat3/p300 complex, Chemo-resistance [129]
MGMT
TALNEC2 G1/S transition, mesenchymal Radio-resistance [130]
transformation
TP53TG1 miR-524-5p, RABSA Radio-resistance [131]
TP73-AS1 Metabolism related genes, ALDH1A1 Chemo-resistance [132]
TPTEP1 miR-106a-5p, MAPK14 Radio-resistance [133]
TUSC7 miR-10a MDR1 Chemo resistance [134]
UCA1 Whnt/B-catenin Chemo-resistance [135]
Xist miR-29¢, SP1, MGMT Chemo-resistance [136]
Table 4.
IncRNAs in glioma involved in chemoresistance or chemosensitivity.
circRNA Target Activity Reference
NFIX miR-132 Chemo resistance [145]
circ_0005198 miR-198 TRIM14 Chemo resistance [146]
CEP128 miR-145-5p Chemo resistance [147]
VCAN miR-1183 Radio resistance [148]
circPITX1 MiR-329-3p NEK2 Radio resistance [149]
CircATP8B4 miR-766-5p Radio resistance [150]
CDRlas miR-7, p53 Protects from DNA damage [151]
Table 5.

circRNAs involved in chemoresistance/chemosensitivity in gliomas.

160



DNA Damage Repair Genes and Noncoding RNA in High-Grade Gliomas and Its Clinical...
DOI: http://dx.doi.org/10.5772/intechopen.97074

5. Novel therapeutic drugs being developed for gliomas

The standard chemotherapeutic drugs used for gliomas are alkylating agents
(TMZ, procarbazine, vincristine, carmustine). More recently, GLIADEL wafer
containing carmustine is approved for GBM as an adjunct to surgery and radiation
[152]. Humanized monoclonal IgG1 antibody Bevacizumab targeting VEGF is
used for recurrent GBM [153]. Surpassing the blood-brain barrier makes treating
gliomas difficult [154]. Several inhibitors targeting enzymes like topoisomerase II,
[155], immunotherapeutic agents like a-type-1 dendritic cell vaccine [156], autolo-
gous cytokine-induced killer cell immunotherapy [157], autologous dendritic cell
vaccine [158], and immunomodulatory drugs [159] are in clinical trials phases I and
II. Additionally, many of these drugs in combination with the standard chemother-
apeutic drug are also in trials, including Giladel wafers with dendritic cell vaccine
[160], Lomustine-temozolomide [160, 161], Bevacizumab + radiation therapy +
temozolomide [162], Irinotecan + bevacizumab + temozolomide [163]. The Table 6
lists some of the drugs which are in phase 3 trial for glioma treatment.

Drug Status Activity Reference
Cilengitide Did not improve outcomes avP3 and avp5 integrin [164]
inhibitor
Rindopepimut Did not improve outcomes Targets EGFRvIII [165]
DCVax®-L Feasible and safe, May extend Autologous tumor lysate- [166]
survival pulsed dendritic cell vaccine
Nivolumab Did not improve overall PD-1 inhibitor [167]
survival
Lomustine (CCNU) Might improve survival Nitrosourea Alkylating agent [161]
-temozolomide
Tumor treating fields Significantly improved OS Alternating electric fields [168]
and PFS (with TMZ) targeting microtubules and
septin fibers
Sitimagene Can increase time to death or Adenovirus-mediated gene [169]
ceradenovec re-intervention but did not therapy
improve overall survival
CIK cell Along with TMZ improves Autologous cytokine-induced [157]
immunotherapy PFS, but not OS killer cell immunotherapy
Table 6.

Novel drugs in clinical trials for glioma treatment.

6. Conclusion

Gliomas are the most common malignant brain cancers constituting 80% of
all brain & central nervous system cancers. Even though gliomas represent a small
percentage of all cancers, they account for disproportionally high morbidity and
mortality. Despite the emphasis on new therapeutic interventions, the standard
care regimen has not changed drastically. However, there has been more emphasis
on understanding molecular pathogenesis and its clinical relevance. Emerging
preclinical and clinical data points to a shift towards more personalized therapies,
and targeting the DDR pathway and its related noncoding genes is on the horizon.
Figure 4 summarizes the interplay of noncoding in DDR and drug resistance in
gliomas.
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Figure 4.
Representative genes and non-coding RNAs in glioblastomas.
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Cell Plasticity and Function
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Abstract

Glioblastoma multiforme is one of the most aggressive tumors of the central
nervous system. The current standard-of-care includes maximal resection
followed by chemotherapy, radiation and more recently, tumor treating fields
(TTFs). Despite this multimodal approach, glioblastoma remains refractory to
therapy. Glioblastoma resistance, recurrence and malignancy are believed to be
driven by a subpopulation of glioma stem cells (GSCs) within the tumor bulk which
are characterized by the retention of self-renewal potential as well as the capac-
ity to recapitulate tumor heterogeneity. Within the dynamic intratumoral niche,
GSCs demonstrate a high degree of cellular plasticity, reversibly interconverting
between stem-like states and more differentiated states as a result of environmental
cues/signaling fluctuations. Such plastic adaptive properties are mostly driven by
multiple dynamic, reversible epigenetic modifications. We posit that reversible
post-transcriptional methylation of RNA transcripts at the m°A position may be one
such regulatory mechanism employed by GSCs to efficiently maintain plasticity and
adaptive phenotypic transitions. In this section, we discuss the concept of cellular
plasticity, introduce dynamic m°®a epitranscriptomic mechanisms as potential key
regulators of GSC plasticity and finally propose epigenetic based therapeutics as a
mean of attenuating glioblastoma plasticity to improve patient outcome.

Keywords: glioma stem cell, plasticity, epigenetic landscape, epitranscriptome,
cellular states, glioblastoma

1. Introduction

Glioblastoma is one of the most lethal malignant tumors of the central nervous
system. Its treatment involves maximal resection followed by chemotherapy, radia-
tion and tumor treating fields [1]. Despite this multimodal approach, GBM remains
uniformly lethal, with a median survival of 15 to 16 months [1]. Histologically,
GBM presents as a heterogenous mass with multifocal necrosis, hypervasculariza-
tion, hemorrhage, pleiomorphic cells with notable mitotic activity and pseudo-
palisading nuclei [2, 3]. Recent advances in whole genome sequencing allowed for
better GBM characterization to compliment current medical knowledge.

The Cancer Genome Atlas (TCGA) initiative generated DNA, RNA and meth-
ylation sequencing data on multiple GBMs and lower grade gliomas [4], shedding
light onto GBM specific structural, mutational and methylation alterations. It was
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shown that NF1, IDH, PDGFRA and PARK2 were mutated and that AKT3 and
EGFR were amplified in GBMs [5, 6]. Additionally, the vast majority of GBMs were
shown to activate the RB, p53 and RTK/RAS/PI3K pathways [5]. Using tumor gene
expression signatures, patients could be categorized into discrete subtypes, namely
mesenchymal, proneural and classical [6]. However, subtyping did not directly
relate to long term survival [7]. Tendencies towards survival were only observed
when the data was restricted to patients with lowest simplicity score [7].

The TCGA derived data supplied useful information, but it simultaneously
raised new questions. First, it was noted that 8% of the samples did not discretely
fit within defined TCGA subtypes, but instead scored for multiple subtypes [6-8].
Second, tumors were shown to undergo subtype switching following recurrence
[9]. Third, even with low mutational burden, GBM exhibited significant intra and
inter tumoral heterogeneity. GBM’s aggressiveness and recurrence is believed to be
driven by a small subpopulation of stem like cells within the tumor niche [10-13].
These cells, generally referred to as glioma stem cells (GSCs), possess the ability to
self-renew and can fully recapitulate the tumor bulk with fidelity to parental tissue
properties following xenotransplantation [14]. Recent developments have helped to
catapult GSCs at the nexus of GBM tumorigenesis. It has been shown that the adult
human brain is not an entirely post-mitotic tissue and to possess specific regions
with an enrichment for cells with stem like properties or neural stem cells (NSCs)
[14, 15]. Interestingly, NSC markers such as CD133 and Nestin are frequently
expressed in GSCs [16]. Such homology raised questions on GSCs relation to NSCs.
Thus, “the cell of origin” theory emerged. The theory posited that GSCs, which
are mutated NSCs are the cells of origin of GBM. Spatial studies demonstrated
that GBMs exhibited a growth bias for the subventricular zone (SVZ), a region
known to be enriched with NSCs [14]. Furthermore, multiple studies showed that
de novo GBM tumorigenesis could be achieved by inducing tumor initiating muta-
tions within the SVZ [8]. Together, these findings cemented GSCs as initiators and
drivers of GBM, hence placing them center stage as key targets in GBM therapy.
However, most therapies targeted at GSC continue to fail, likely due to GSCs’ high
adaptability potential and tendency to continuously fuel tumor niche dynamic
heterogeneity by undergoing reversible multilineage differentiation.

The aforementioned complex cell dynamics likely rely on coordinated genetic
and epigenetic processes. Here, we focus on epigenetic processes, more specifically
post transcriptional chemical decorum on mRNA adenosine or mRNA m6A. This
chemical modification has widely been explored in dynamic processes ranging from
neurogenesis, memory formation to various pathophysiological processes including
cancers [17-19]. We discuss what is known at the m6A/plasticity interface in GBM
and finally postulate/propose ways in which epitranscritpomics can function as a
predictive or therapeutic tool to affect clinical outcome.

2. Cellular plasticity in glioblastoma

GBM exhibits a high degree of intertumoral and intratumoral heterogeneity.
Such heterogeneity is sustained by constant, dynamic interconversion between
cellular states. Differentiated glioma stem cells (DGCs) undergo spontaneous
de-differentiation to primordial states or back to GSCs and vice versa in response
to fluctuating microenvironmental cues [20-23]. It is likely that this tumor hijacks
highly conserved genetic and epigenetic programming generally associated with
stemness multipotency and early embryonic development in order to rapidly adapt
to and evade various therapeutic strategies. Therefore, glioma cancer cells leverage
such plasticity to maintain an adaptive, shifting cell state population equilibrium
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that is not amenable to therapy. For example, radiotherapy and temozolamide
induce adaptive, spontaneous de-differentiation of DGCs to GSCs, thereby increas-
ing and replenishing the cancer stem pool [24]. Such a shift in cell population
distribution towards increased stemness forcibly translates to a more refractory
tumor organ.

Recent work shows that GSCs clones are able to readily undergo reversal pheno-
typic transition between clonal populations [21]. The authors also demonstrated the
reversible nature of the cellular equilibria assumed by GSCs in the face of hypoxia
as the cells return to a naive, pre-hypoxia exposure following normoxia [21]. In
a fashion reminiscent of the Waddington landscape, GSCs inherently possess a
high cellular plasticity potential, thus exist in thermodynamically poise cellular
states, and can adaptively differentiate to assume multiple population equilibria in
response to external perturbation [21]. These rapid processes entail myriad cellular
epigenetic regulatory mechanisms, one of which is the dynamic regulation of m6A.

3. The epitranscriptome in glioblastoma

Currently, there are over 170 possible chemical modifications on RNA species
[25]. The majority occurs on highly abundant non-coding RNA species such as
rRNAs, tRNAs and snRNAs and consequently influence RNA stability and RNA
secondary/tertiary structure [26]. Most of these modifications are challenging to
study in mRNA due to their sparsity and relatively higher abundance in rRNA and
tRNA, hence imposing a detection problem in coding RNA [25, 27]. Conversely,
N6-methyladenosine (m6A) is highly enriched in mRNA, but sparse in rRNA and
absent in tRNAs. The occurrence of m6A on mRNA and its effector role on mRNA
stability were established in the 1970s [28, 29]. Since, a set of complexes responsi-
ble for 1) placement of m6A on transcripts (m6A methyltransferases or “writers”)
2) removal of m6A (m6A demethylases or “erasers” 3) “interpretation” or effec-
tor function of m6A marks (readers) have been identified. Readers include the
YTH domain containing YTHDF1-F3 and YTHDC1-C2. YTHDC1 and YTHDC2
bind methylated nuclear transcript, while YTHDF1, YTHDF2 and YTHDF3 bind
methylated cytoplasmic transcript [30-35]. Methyltransferase-like 3 (METTL3),
methyltransferase-like 14 (METTL14) and Wilm’s-tumor-1-associated protein
(WTAP) form a multimeric methyltransferase complex responsible for m6A mark
transcript placement [36-38]. The removal of m6A is mediated by the fat mass-
and-obesity-associated protein (FTO) and alkylation repair homolog protein
5 (ALKBHS5) [39, 40]. The discovery of these m6A RNA demethylases implied
possible reversibility or dynamism inherent to the epitranscriptome. Once placed
on transcripts, m6A has been shown to modulate mRNA stability, splicing and
translation and thus ultimately influence gene expression kinetics and outcome
[32-34]. Following the refinement of m6A detection techniques, m6A has been
widely studied in physiologic processes, such as early development, and in patho-
physiologic processes, ranging from psychiatric disorders to cancers. Here, we
focus our attention to the glioblastoma/m6A interface as it pertains to plasticity.

3.1 m6A writers in glioblastoma

The most common way the m6A code has been probed in GBM is via enzymatic
inhibition or transcript level perturbation of the m6A machinery. The majority of
works on the role of writers in GBM suggest an oncogenic role for METTL3/METTL14.
The methyltransferase METTL3 has been shown to be essential for sustenance of
GSCs, radioresistance and GBM oncogenic signaling [41-44]. Yet, METTL3 and
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METTL14 have been shown in an overexpression-based study to reduce GSCs tumori-
genicity and stemness potential, suggesting a potential tumor suppressive function
[45]. The reasons for these discrepancies pertaining to m6A writers are unclear and
necessitate additional clarifying studies. Ultimately, these results could possibly
reflect GBM heterogeneity/complexity and hence dissuade against generalizations on
m6A in GBM.

3.2 m6A erasers in glioblastoma

So far, the known m6A erasers exhibit oncogenic tendencies in GBM. Inhibition
of FTO demethylase activity has been shown by two independent groups to inhibit
stemness propensity in GSCs [45, 46]. In another study, ALKBHS was shown to be
highly expressed in GSCs and functioned to promote tumorigenicity via FOXM1
transcript stabilization [47].

3.3 m6A readers in glioblastoma

The functional role of the YTH readers in GBM had been unknown until very
recently. Two recent studies show that YTHFD2 promotes GBM aggressiveness,
albeit through different proposed mechanisms [48, 49]. One study finds that
YTHDF2, though previously shown to destabilize transcripts, does however
stabilize MYC and VEGFA transcripts in GSCs in an m6A-dependent manner [48].
The other study shows that the EGFR/SRC/ERK pathway functions to stabilize
YTHDF?2 via protein phosphorylation and YTHDF2 consequently destabilizes
transcripts implicated in cholesterol dysregulation and invasive GBM growth [49].
Again, these differences may suggest context dependence given GBM’s high levels
of heterogeneity and plasticity.

Summary of the role of various components of the m6A RNA methylation
machinery in glioblastoma is presented in Figure 1. Though hinting at plasticity,
most of these studies do not explicitly determine m6A dynamics in the context of
GBM cell state transition.

3.4 Role of m6A in cellular plasticity in glioblastoma

Recent findings in neuroscience pertaining to neurogenesis and gliogenesis
emphasize the centrality of m6A in dictating cell fate/state specification and plas-
ticity events during early brain development. Stem cells of the nervous system,
known as radial glia cells (RGCs) or neural progenitor cells, which are responsible
for neurogenesis and gliogenesis, show m6A dependency [50]. As per one study;,
conditional KO of Mettl3/Mettl14 in embryonic mouse brain resulted in premature
activation of later stage differentiation specific transcripts that are normally kept
low in RGCs [50]. Consequently, m6A depleted RGCs could not undergo appropri-
ate multilineage differentiation and expectedly formed abnormal brain tissue [50].
Another study shows that the process of glial specification relies on m6A [51].
Depletion of Prrc2a, which is a gene coding for the Olig2 stabilizing m6A reader
PRRC2A, results in hypomethylation and cognitive defect secondary to Olig2 tran-
scription factor destabilization [51]. These studies demonstrate the key role of the
m6A code in driving cell fate specification, differentiation and hence plasticity via
transcriptional regulation during neurogenesis. From these data, a corollary can be
drawn that GSCs, which are mutated NSCs, could exhibit significant m6A depen-
dence during differentiation, de-differentiation, tumorigenesis and in response
to external perturbation such as radiation and chemotherapy. However, this m6A/
plasticity axis in GSCs and GBM niche remains poorly understood. Recently, we
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miRNAs direct FTO/AGO1/ILF3 complex on RRACH m6A motifs to induce RNA demethylation and increase
in nascent translation during the transition of GSCs to differentiated progenies.

performed an integrated whole genome meRIP-seq, RNA-seq and ribo-seq analysis

in three patient-derived GSCs and differentiated progenies [52]. This allowed for the
interrogation of transcriptional, epitranscriptional and translational kinetics during
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cell state transition [52]. In the study, we deliberately avoid m6A machinery pertur-
bation and simply attempt to unravel what happens in one of the most basic process
of GSCs plasticity (differentiation) in the context of m6A dynamics. We discovered
that a set of clinically relevant transcripts which experience the greatest increase in
translation efficiency during differentiation also show significant loss in m6A peaks.
This pattern occurred independently of glioblastoma subtypes. We found that these
common, highly translated transcripts during GSC differentiation share a consensus
m6A motif (the RRACH motif) that overlap a specific set of miRNA sequences. In
addition, we discovered a corresponding striking increase in expression of some

of these miRNAs with GSC differentiation. Subsequently, we asked whether these
findings implicate miRNA at the m6A /translation interface during differentiation.
Through a series of mechanistic studies, we propose a mechanism whereby miRNAs
can facilitate the formation of a transcript stabilizing FTO-ILF3-AGO1 complex. This
results in more efficient association with the ribosome, thus promoting an increase
in nascent translation (Figure 2).

4. The epitranscriptome as a therapeutic target in glioblastoma

Though in its infancy, the field of epitranscriptomics holds significant prom-
ise for the development of novel epigenetic therapies against GBM. Currently,
strategies for targeting the m6A machinery in glioblastoma are directed at the
inhibition of enzymatic activity [45, 46]. Recently, targeting of the m6A erasers as
well as YTHDF2 have shown some encouraging results for GBM treatment [48].
Specifically, it was shown that high levels of YTHDF2 correlate with increased
sensitivity to Linsitinib, an inhibitor of the YTHDF2 downstream effector
IGFBP3 [48].

Another emerging avenue is the fusion of m6A machinery components to RNA
targeting CRISPR complexes [53, 54]. The deployment of the m6A machinery-
CRISPR complex can allow for the specific activation or deactivation of specific
transcripts via m6A manipulation [56, 57]. The safe and reversible target specific
stabilization or destabilization of coding and/or non-coding RNA species represents
an exciting frontier in the development of RNA based therapeutics.

However, these findings leave more avenues for inquiry. For example, what role
does the epitrancriptome play in de-differentiation of GSCs, in therapeutic eva-
sion and in microstate transitions of GSCs and differentiated progenies? Are there
specific “m6A codes” associated with specific cellular microstates? And how do m6A
processes work in synergy with other cellular machineries such as miRNAs, long
non-coding RNAs, or well established GBM tumor promoting/suppressing signaling
pathways to maintain plasticity? Are m6A dynamics driving or secondary events in
GBM microstate transitions? Evidently, more work needs to be done to probe the
m6A /plasticity interface in GSCs in order to aid in the discovery of novel epigenetic
therapies targeting GSC plasticity.

5. A systems approach towards an epigenetic landscape in glioblastoma

Recent advancements in single cell RNA sequencing, which include integrated
single cell multi-omics analysis, as well as the application of novel algorithms such
as pseudotime and RNA velocity have allowed for better characterization of the
dynamics within the heterogenous GBM tumor niche [21, 55, 56]. Initial single
cell analysis demonstrated that GBM cancer cells exist in a cell state continuum
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with polarization towards specific fates [55]. Additionally, projection of single cell
transcriptomics onto a fetal neurodevelopmental roadmap identified previously
unidentified glioma stem cell properties and established GSC at the apex of the glio-
blastoma tumor hierarchy [21]. These rapidly cycling apical progenitor cancer stem
cells were found to have a transcriptional profile that overlapped glial progenitor
cells [21]. Furthermore, RNA velocity analysis showed apical stem cell transcrip-
tional adjacency and velocity vector flow towards the more differentiated tumor cell
lineages [21]. Collectively, such findings hint at clear plasticity/fluidity within the
tumor. The integration of epitranscritpomics with single cell multi-omics tech-
nology could help unveil the yet undiscovered mechanism of how dynamic m6A
changes play a role in driving plasticity within the tumor niche.

It has been posited that a stem cell may exist at a high or even maximal cellular
state of entropy and can readily shift states in the face of perturbation [57]. Our
view of the cancer stem cell state in glioblastoma agrees with the theory put forward
20 years ago [58] suggesting that the glioma stem cell is a cellular state or function
rather than an entity and this state of maximum cellular entropy is influenced by
the constantly adaptable microenvironment of the tumor. In this context, distribu-
tion of species would represent heterogeneity, which single cell RNA sequencing
adequately captures. Quantum states would equate probability distribution of
discrete cell state occupancy bias. In other words, if we looked across a large set of
samples and performed, for instance, m6A, ATAC-seq, RNA-seq integrated multi-
omics single cell analysis, it is possible to generate cell state probability occupancy
distribution and ultimately identify discrete, preferred transcriptomic and epi-
transcriptomic cell state occupancies or quanta states. This will allow to construct
an individualized transcriptomic/epitranscritomic landscape and to find patterns
within the seemingly stochastic, chaotic environment that is the tumor.

Can we integrate multiple epigenetic “landscapes” with observed clinical out-
comes and use this information on a training predictive model to identify discrete
favorable and unfavorable cellular microstates? And ultimately can we target
plasticity-based processes to convert the microstate cellular make up of a highly
malignant tumor bulk into a less aggressive cellular composition? It is plausible that
m6A regulatory processes may represent a key target in this endeavor.

6. Conclusion

In this chapter, we introduce GBM in the context of early genetic charac-
terization and suggest that limitations in discrete classification hinted at an
inherent cell state fluidity or plasticity. This plasticity may stand as a key func-
tion utilized by GSCs and differentiated cancer cells to rapidly and constantly
respond to natural and non-natural/therapy induced microenvironmental
fluctuations. Epitranscriptomic dynamic changes are explored as a new frontier
in epigenetic based adaptation mechanisms. Additionally, single cell multi-omic
technology and its yet to occur application to m6A can pave the way for improve-
ment in GBM characterization and patient management. Lastly, we theorize
that the integration of multi-omic cell technology and m6A using massive, high
dimensional patient data can aid in the characterization of plasticity through the
identification of GBM cell states distribution and quantum state occupancy bias.
In the future, such works can be used to develop a Waddington like epigenetic
landscape predicting favorable cell state distribution and thus help in the devel-
opment of plasticity-based therapy to convert glioblastoma into a non-adaptable
therapeutic target.
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Abstract

The chapter focuses on understanding the latest classification of the pituitary
adenomas in light of immuno-histological and molecular signatures as envisaged in
the latest WHO classification guidelines. It further looks into evaluating and
analysing the symptoms of the adenoma locally and at distant organs. Imaging and
hormonal analysis has been discussed in detail for both functional, non-functional
and pituitary apoplexy. Further, the therapeutic options- medical, surgical and their
outcomes have been highlighted.

Keywords: Functional, non-functional, recurrent, approach, outcomes

1. Introduction

Pituitary adenoma (PA) is the third most common intracranial neoplasm
accounting for approximately 15% of all such tumors and is the commonest one,
accounting for 85% of sellar and suprasellar region. These tumors arise from various
cells in the pea sized gland, measuring about 0.5 gms, located in a bony cavity of the
sphenoid bone called sella turcica (Latin for Turkish seat) covered by dura all
around, cavernous sinuses laterally and its anterior and posterior intercavernous
venous channels [1-4].

2. Development and histology

Human pituitary gland is composed of two anatomically and functionally dis-
tinct parts: the adenohypophysis (anterior) and the neurohypophysis (posterior).
The adenohypophysis develops from an evagination of primitive stomatal ecto-
derm, Rathke’s pouch. The neurohypophysis originates from the infundibular
process of the diencephalon [5].

Adenohypophysis is an epithelial gland of endodermal origin and is composed of
acini that contain the six specialized hormone- secreting cells within a reticulin -rich
stroma. It is controlled by hypothalamic hormones that stimulate or inhibit the
release of anterior pituitary hormones. The posterior pituitary is composed of
axonal processes of neurons whose cell bodies are located in the supraoptic and
paraventricular nuclei of the hypothalamus, and pituicytes (modified glial cells).

Pituitary development is complex and includes a highly spatio-temporally
regulated network of integrating extrinsic signaling pathways and homeobox
transcriptional factors. Timely activation of signaling molecules is required for
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evolution of pituitary gland and to determine cell-specific lineages for hormone
production [6].

The factors involved in early organogenesis and maintenance of pituitary pri-
mordium are six homeodomain proteins- (1) paired homeodomain proteins like
Prx 1and Prx 2, (2) LIM homeodomain transcription proteins, (3) SOX transcrip-
tion factors (4) WNT/ beta-catenin and (5) Notch signaling. Transcriptional factors
which play main role in lineage determination, cytodifferentiation and hormonal
production, that target specific hormonal genes.

3. Pituitary specific transcription factors

Three main pathways have been described in cell differentiation in adenohy-
pophysis (Figure 1) and have become a part of tumour classification in the most
recent WHO 2017 classification [7-9]:

1. Pituitary transcription factor 1 (PIT1): has role in differentiation of
somatotroph, thyrotroph, lactotroph, mammosomatotrophs and their
respective tumours.

2.Steroidogenic factor 1 (SF1): is responsible for differentiation of gonadotrophs
and is expressed in gonadotrophic adenomas.

3.T-box pituitary transcription factor (TPIT): is responsible for transcription of
pro-opiomelanocortin, a precursor of adrenocorticotrophic hormone and is
expressed in corticotroph adenomas.

4. Ancillary IHC markers

1. Low molecular weight cytokeratin (LMWCK): are important in differentiating
sparsely vs. densely granulated tumours. In the former, >70% of tumour is
occupied with paranuclear cytokeratin positive fibrous body and less of
secretory granules.

2.Estrogen receptor alpha (ER): is expressed in lactotroph and gonadotroph

adenomas
Pituitary Stem
cell
=
\ \
_Pit-1 Tpit SF-1
Somatotroph stem ce]]‘ ‘ Corticotroph | Gonadotroph
i | .
| \
TEF, GATA-2 GH
= = ER - repressor
Somatotroph| | Mammosomatotroph wm‘
| | e o)
| lactotroph
Figure 1.

Factors involved in lineage specific adenohypophysial cells.
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3.GATA transcription factor 2 (GATA?2): is expressed in gonadotroph and
thyrotroph adenomas.

5. Genes associated with pituitary adenomas

Few genes have been identified as causes of pituitary adenomas-

5.1 Familial pituitary tumor syndromes

191

1.Multiple endocrine neoplasia type 1 (MEN 1)- Mutations in the coding for
menin, reverses functions of tumor suppressor genes. Patients with MEN1
present with anterior pituitary adenomas in approximately 40% of all cases
and have been described in children as young as 5 years. Most of the PAs in
MENT1 are PRL-secreting (42-62%) or non-functioning tumors (15-42%), but
GH- (6.5-9%) and ACTH-secreting (3-4%) adenomas have also been
described. PAs in MEN1 have higher chance of co-secreting multiple hormones
compared to MENI-negative patients, in up to 39% of cases. PAs in MEN1 are
considered more aggressive and at higher risk for resistance to treatment,
especially in children with large prolactinomas [10-12].

2.Multiple endocrine neoplasia Type 2 (MEN-2)- are caused by RET gene

mutations, which codes for a transmembrane receptor with tyrosine kinase
activity acting as a proto-oncogene [12-15].

3.Multiple endocrine neoplasia type 4 (MEN 4)- is caused by CDKN1B gene

mutations, which codes for a cyclin-dependent kinase (p27) that regulates cell
cycle and progression from G1 to S phase of mitosis. MEN4 is a rare genetic
syndrome, accounting for approximately 1.5-3% of patients clinically
classified as MEN1, without genetic defects in MEN1 gene [16-19].

4.Carney complex (CNC)- Carney complex (CNC) describes the constellation of

myxomas, spotty skin pigmentation, and endocrine overactivity due to
germline mutations of the PRKARIA gene and are responsible for more than
70% of cases of CNC. PRKARI1A codes for the type 1 alpha regulatory subunit
of the protein kinase A (PKA) tetramer, inactivation of which leads to
dissociation of the regulatory from the catalytic subunit, aberrant activity of
PKA and phosphorylation of downstream targets, leading to cell proliferation
and tumour formation. Pituitary involvement in CNC is thought to be a
progressive disorder with normal pituitary tissue progressing to somato-
mammotroph hyperplasia and subsequently, to distinct tumour formation.
Thus, multiple adenomas may be present synchronous or metachronous in the
same patient [20-23].

5.Familial isolated pituitary adenomas (FIPA)- Familial pituitary tumors that are

not associated with MEN 1 and CNC have been united under a new term-
FIPA. It is used to describe families with at least two members with pituitary
adenomas, with or without other abnormalities. About 15-25% of patients
with FIPA harbour mutations in the AIP gene. This reaches up to 75% when
families of GH-secreting adenomas are selected. AIP (aryl hydrocarbon
receptor- interacting protein, 11q13) acts as tumor suppressor gene and its
mutation predisposes to growth hormone secreting adenomas [24-27].
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5.2 Sporadic pituitary adenomas

These account for 40% of GH adenomas and are due to mutations in Gs alpha
gene mutations which results in cAMP/PKA signal transduction pathway leading to
neoplastic transformation of somatotroph cells [28].

6. Pathology

All somatotrophic adenomas definitely express PIT-1 transcriptional factor and
GH hormone. These tumors are broadly classified into pure somatotroph adenoma
and Mixed somatotroph adenoma with co-expressing PRL or other hormonal
markers. Based on secretary granules of GH, Pure somatotroph adenomas are fur-
ther divided into two clinically significant and morphologically distinct subtypes:
sparsely granulated (SG) and densely granulated (DG) somatotroph adenomas.
Mixed SA are further classified into Mammosomatotroph adenomas (MSA), mixed
somatotroph-lactotroph adenomas (MSLA) and plurihormonal adenomas.

Similar to other adenomas, SA are soft white to grey macroscopically. MSA are
smaller in size with better prognosis compared to MSLA are larger with more
invasiveness at the time of presentation.(75) SA are often seen arising from GH
expressing pituitary cells in lateral wing of the gland. Extra seller extension of these
tumors gives a characteristic shape of snowman (76).

Microscopically, SA share characteristics of other endocrine tumors: colonies of
relatively large monomorphic cells with eosinophilic cytoplasm and spherical
nuclei. Disruption of dense reticulin meshwork around the nests of cells distin-
guishes PA from normal pituitary cells (Figure 2). Hyperplasia to adenoma pro-
gression of SA were observed in some cases with familial isolated pituitary adenoma
and X-linked acro-gigantism syndrome. (112) DGSAs are the most common and
expresses diffuse cytosolic positively of GH and cytokeratin (CAM 5.2). These are
predominantly seen in older age group with slower growth and excellent response
to somatostatin treatment. SGSA are less common and behave differently with more
aggressive nature like being larger, more invasiveness & proliferation and poor
response to somatostatin response. They show co-segregation of cytokeratin and
growth hormone granules resulting in characteristic fibrous bodies. These bodies
are juxtanuclear keratin aggregates highlighted by cytokeratin immunohistochemi-
cal stain (CAM 5.2). MSA are histologically similar to DGSA and ultra-structurally
distinct a single cell expressing both GH and PRL granules. MSLA are composed of

Figure 2.
Histopathological section of pituitary adenoma exhibit colonies of monomorphic vound cells with disruption of
reticulin meshwork. (H ¢ E 100X, (insert- Reticulin stain) and 200X).
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mixture of two different cells with GH and PRL secreting granules respectively.
Either of the cell population can be densely or sparsely granulated with various
combinations.

7. Radiology of pituitary tumors

‘The Pituitary Body and its Disorders’ was one of the first books written on the
subject of Neuroradiology, based on work done at the Johns Hopkins Hospital, and
consisted of detailed explanation of lesions detected on radiographs [29].

Pituitary imaging is indicated in patients, presenting with symptoms secondary
to derailed pituitary hormones or symptoms indicating pituitary mass, like visual
field deficit or headaches.

The sella turcica, as described earlier in chapter, is located deep within the
cranium and can be demonstrated on a number of projections of skull radiographs.
A right or left true lateral view of the skull demonstrates a clear profile view of sella
and dorsum sellae. In a properly positioned lateral skull supine view, the line
extending from the outer canthus of the eye to the external auditory meatus is
perpendicular to the table. A caudally angled occipito-frontal projection, or
Skull PA Axial (Caldwell View) is taken to demonstrate the floor of sella turcica.

In this view, X-rays pass at an angle of 15 degrees from occiput and exit at the
nasion, with film kept perpendicular to the orbitomeatal line (OML). For
demonstration of dorsum sellae through the foramen magnum, Haas View, another
Skull PA Axial view is taken where the central ray is angled 25 degrees cephalad to
the orbitomeatal line (OML). The patient sits or stands facing an upright Bucky
with the forehead and nose touching the imaging receptor. The neck is flexed to
bring the OML perpendicular to the IR. It has been proven that PA axial radiographs
add wealth of information pertaining to sella, and is complimentary to the sagittal
view [30, 31].

Radiographic signs associated with pathology of pituitary gland and surrounding
structures include i) enlargement with associated distortion of shape of the sella
turcica, usually associated with empty sella syndrome or pituitary tumors, ii)
Erosions in the floor or lateral walls, secondary to aneurysms or chronic increased
intracranial pressure, iii) Sclerosis of the tuberculum or clinoid processes due to
meningioma involving diaphragm sellae, iv) Sclerosis of sellar floor likely secondary
to nasopharyngeal carcinoma or craniopharyngioma, v) Fat or calcifications in the
intrasellar, suprasellar or parasellar region indicate presence of germ cell tumors or
craniopharyngioma, vi) Eggshell calcification may point towards presence of aneu-
rysms, Rathke’s cyst or craniopharyngioma [32-34]. Usually sellar to cranial index
of more than 8 is considered as abnormal and indicative of a sellar lesion on lateral
skull radiograph [35].

With advent of Computed Tomography (CT) and Magnetic Resonance Imaging
(MRI), MRI has become the modality of choice for imaging of pituitary lesions, due
to its better soft-tissue contrast details and its ability to demonstrate pituitary gland
and parasellar anatomy with increased spatial resolution and without artefacts from
surrounding bones. CT is usually reserved for patients with contraindications to
MRI and for those undergoing emergent evaluation.

In normal adults, the anterior pituitary is isointense to grey matter on T1-
weighted and T2- weighted sequences, while posterior pituitary is inherently
hyperintense onT1 weighted sequences, appearing as bright spot, secondary to
antidiuretic hormone neurosecretory granules present within the posterior pitui-
tary. In neonates till 2 months of age and in pregnant women, the anterior pituitary
may be as hyperintense as the posterior pituitary. On post contrast dynamic
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imaging, the enhancement of infundibulum is seen earlier than posterior pituitary,
which turn enhances earlier than anterior pituitary [36].

Radiologically, pituitary adenomas are classified by size; microadenomas are 10 mm
or less in diameter, and macroadenomas are greater than 10 mm in diameter.
Microadenomas usually show signs and symptoms of hormonal excess, and if
suspected, previous biochemical analysis for pituitary hormones is helpful in indicating
a dynamic pituitary scan for their diagnosis. They could be either, prolactinomas,
growth hormone-secreting adenomas or ACTH-secreting tumours. On MRI,
microadenomas are iso to hypointense on T1IW images and usually appear hyperintense
on T2W sequences. Dynamic imaging following bolus injection of contrast, is helpful in
depicting differential uptake of contrast between a microadenoma and normal pituitary
gland and thus increases the detection rate of microadenomas [37, 38].

Pituitary macroadenomas are twice as common as microadenomas and are the
most common suprasellar masses, resulting in visual symptoms. A slow-growing
macroadenoma expands the bony sella and extends into the suprasellar cistern,
giving “figure of 8” or “snowman” like appearance because the rigid diaphragm
sellae. On CT imaging, macroadenomas are isodense to the surrounding brain,
however, scalloping/destruction of the surrounding bones is better depicted on CT.
On MRI, macroadenoma appears isointense to gray matter on T1- and T2-weighted
MR images, and usually demonstrates intense contrast enhancement unless there
are areas of necrotic degeneration or hemorrhagic foci within [39].

Invasive macroadenomas are usually prolactin-excreting tumors, and in such
cases prolactin levels found are more than 1000 ng/dL [40]. It is difficult to
distinguish invasive adenomas from rarer pituitary carcinoma, only on imaging.

Microadenomas may occasionally present with intrapituitary hemorrhage or
tumor cyst without discerning solid component on MRI. Such cystic lesions within
microadenomas are usually off midline unlike Rathke’s cleft cyst, and are sometimes
difficult to differentiate. In such cases, temporal growth of the lesion or associated
hormonal changes give an indication of tumoral lesion. Intralesional hemorrhage
can be picked up as hyperdense focus on CT and show peculiar MRI signal on TIW
and T2W sequences based on the age of bleed.

Non adenomatous tumors of pituitary like, pituicytoma, spindle cell oncocytoma
or granular cell tumors, are usually suprasellar/infudibular in location and some of
them like granular cell tumors appear hyperdense on CT. Pituicytomas show
homogeneous vascular enhancement on post contrast studies and are more vascular
than adenomas, and their posterior location and increased vascularity makes them
amenable for complete resection [41].

8. Classifications

Pituitary adenomas are broadly classified as functioning or non-functioning
adenomas based on hypersecretion of specific hormones [42-47].

Functioning adenoma account for 2/3 of pituitary adenomas and present with
specific clinical sign and symptoms related to excess hormonal secretion. Non-
functioning adenomas account for 1/3 of all pituitary tumors, where they present
incidentally or with clinical signs and symptoms related to degree of mass effect on
adjacent structures with no evidence of hormone excess either clinically or on
biochemical analysis. These are considered to be producing inactive peptides/gly-
coproteins or the hormone secretion was defective. These are further subtyped
as-silent adenomas and null cell adenomas.

The definitions and thus the incidence of such adenomas has seen a sea of
change with the addition of transcription factors and other IHC markers. Null cell
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adenomas are defined as non-functional adenomas that are immune-negative for all
hormones and pituitary specific transcription factors and has led to decrease of their
incidence from 16.5% to <1% and has also led to the emergence of silent
gonadotroph adenomas which were underdiagnosed. Silent adenomas were earlier
described on ultrastructural findings on electron microscopy are now defined as
tumors with no clinical or biochemical features of hormone excess but are positive
for pituitary specific transcription factors. Silent corticotroph adenoma was classi-
cally described and subtyped as- I) densely granulated, II) sparsely granulated and
III) Subtype 3. The immunoreactivity with PIT1 and inconsistent immunoreactivity
to POMC has led to dropping of the word “corticotroph” from subtype 3and has
been classified along with plurihormonal PIT1 adenomas (Table 1).

The new WHO classification of tumors of pituitary was mainly based on mor-
phology and function of tumor cells (Table 2). Diagnostic and prognostic practical
aspects included in new WHO are summarized below:

1.Elimination of term ‘Atypical Adenoma’: This term atypical adenoma was used
for invasive tumors with invasiveness with elevated Ki67/MIB-1 and > 3%
immunostaining for p53. This has been replaced by “high risk adenomas” and
Includes

a. Sparsely granulated somatotroph adenoma
b. Lactotroph adenoma in men

c. Crooke’s cell adenoma

d. Silent corticotroph adenoma

e. Plurihormonal PIT1 positive adenoma.

2.Deletion of the term Oncocytoma, which is now considered a subset of
gonadotroph adenoma.

3. A novel approach for classifying pituitary neuroendocrine tumors according to
pituitary adenohypophyseal cell lineage pituitary specific transcription factors.

4.Re-definition of old entities like the null-cell adenoma based on pituitary
specific transcription factors.

5.Introduction of new entities like pituitary blastoma, associated with DICER1
mutations, occurring exclusively in infants and children younger than 24 months.

Transcription factors IHC Diagnosis
SF1 + FSH+/LH+/ER+ Gonadotroph
SF1 + FSH-/LH—/ER- Gonadotroph
TPIT1+ ACTH- Silent corticotroph
TPIT 1+ ACTH + Silent corticotroph
PIT 1+ Variable GH/Prl/TSH/ER Pit-1 lineage, poorly differentiated
PIT 1+ LMWCK?+, Variable GH/Prl/TSH/ER Silent subtype 3
Table 1.

Clinically non-functional adenomas.
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6.Introduction of new entities like plurihormonal tumors based on
immunohistochemical combinations.

7.Introduction of double/multiple adenomas that show geographically distinct
cell populations.

8.Replacing terminologies like term “hormone producing” has been changed to
‘troph’ to emphasize the role of transcription factors in cell differentiation and
specific regulatory hormones of adenohypophysis.

Significant changes affecting the diagnosis of pituitary adenomas (PA) were
introduced, and simultaneously panels of experts have also proposed replacing the
term PA for Pituitary neuroendocrine tumour (Pit NET) [42-47].

9. Non-functioning pituitary adenomas

Non-functioning pituitary adenomas (NFPAs) are benign pituitary neoplasms
that arise from the adenohypophyseal cells and lack clinical or biochemical evidence
of hormone excess except for a mild hyperprolactinaemia in some cases, due to stalk
effect. They account for 14-54% of pituitary adenomas. These include the silent
adenomas and the null cell adenomas. Oncocytomas, which were included as a
subset of null cell adenomas are now an obsolete term, and are accepted as pheno-
type with abundant mitochondria.

Immunohistochemical, secretory studies, in vitro tissue cultures have demon-
strated the presence of all adenohypophyseal hormone components in the adeno-
mas, the most common being the gonadotrophs. Even electron microscopic studies
have shown that these tumour cells have secretory granules despite having
assayable hormones. Chromophobe adenomas have also shown staining for ACTH
despite being clinically negative for Cushing’s syndrome or elevated cortisol levels.

9.1 What makes these tumors non-functional?

Various explanations have been offered to these tumours which have positive
transcription factors except null cell adenomas for being hormonally or clinically
negative. These are-

1. The glycoprotein hormones like FSH, LH, TSH need a combination of both
alpha and beta subunits and these tumours might be producing the
uncombined subunits and hence are clinically inactive.

2.Low levels of hormone production resulting in near normal values.

3. Abnormalities is secretion despite normal synthesis.

4.Lack of specific assays for subunit detection [48-52].

9.2 Clinical presentation

The clinical spectrum of NFPA varies from being completely asymptomatic to

causing significant hypothalamic/ pituitary dysfunction and visual field compro-

mise due to their large size. The absence of clinical symptoms of hormonal
hypersecretion causes a delay in diagnosis with a mean time of delay
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1.96 + 2.9 years. Most patients present with symptoms of mass effect, such as
headaches, visual field defects, ophthalmoplegias, and hypopituitarism. Other
manifestations are hyperprolactinaemia due to pituitary stalk deviation and less
frequently pituitary apoplexy (3.7-14.1%) [53, 54].

Headaches have been described with a varying incidence of 19-75% regardless of
the size of the tumours. The possible reasons for the headaches are- (a) increased
intrasellar pressure and stretching of dural membranes containing pain receptors,
(b) activation of trigeminal pain pathways by tumours affecting the cavernous
sinus (c) due to apoplexy, or (d) hydrocephalus [55].

Neuroophthalmological symptoms are caused by the pressure effects, ischemia
or a combination of both on the on the optic chiasm. The typical visual field defect
associated with pituitary tumours is bitemporal hemianopia, occurring when the
body of the chiasm (which is comprised of the crossing nasal fibres of each optic
nerve) is compressed by the enlarged gland. Variations in the anatomy of the
chiasm leads to different patterns of field loss which can be uni-, bilateral or even
central. The defect may be complete, involving the whole hemi-field or partial,
usually beginning superiorly and progressing inferiorly, depending on the degree of
nerve compression. Macular fibres, located in the postero-superior quadrant are
more distant and are late to be involved. Chronic compression may lead to primary
optic atrophy and may lead to decrease in the visual acuity.

Ophthalmoplegia is caused by pressure on the abducens or oculomotor nerves in
the cavernous sinus. The invasion of the cavernous sinus (parasellar expansion)
may affect the cranial nerves, causing a varied clinical profile according to the
compromised nerve: ptosis (III nerve lesion), deviation of the eyeball superiorly and
slightly inward (IV nerve involvement) and convergent strabismus (lesion VI
nerve) [56].

Giant tumours, defined as >40 mm in one dimension or within 6 mm of Fora-
men of Monro, may rarely cause obstructive hydrocephalus. Erosion of the sellar
floor may lead to CSF rhinorrhoea [57-59].

NFPAs may demonstrate mild elevations in serum prolactin (“disconnection
hyperprolactinaemia”), due to blockage of dopamine which inhibits the lactotrophs.
However, this value is never beyond 2000 mU/L. Mechanical compression of the
normal anterior pituitary gland and/or pituitary stalk may prevent the passage of
stimulatory hypothalamic factors resulting partial or complete hypopituitarism.
Hypopituitarism develops slowly and often goes undetected. The overall prevalence
of partial hypopituitarism in patients with NFPAs ranges from 37 to 85%.
Panhypopituitarism occurs in 6-29% of patients and GH axis is affected in 61-100%
of patients showing laboratory evidence of GH deficiency [60-62].

Central hypogonadism is noted in 36-96% of patients and adrenal insufficiency
is noted in 17-62%. Finally, 8-81% exhibit central hypothyroidism. Presentation
with diabetes insipidus is very rare [63].

9.3 Investigations
The investigations are aimed at-
1. Detecting the hormonal deficiencies,

2.Find out any hormonal excess especially double dilution to rule out Hook
effect in hyperprolactinemia.

3.Imaging, the preferred one is MRI brain to demonstrate the morphology of the
tumor, invasion of surrounding structures and assess the targeting routes.
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4.Neuro-opthmological evaluation includes visual acuity, field vision and fundus
characterisation.

The differential diagnosis of an incidentally discovered sellar mass is broad and
includes a large number of entities: anterior pituitary tumours, posterior pituitary
tumours (e.g., pituicytoma, granular cell tumours), benign parasellar tumours (e.g.,
meningioma, craniopharyngioma), malignant tumours (e.g., glioma, germ cell
tumour), developmental lesions (e.g.,, Rathke’s cleft cysts, dermoid cyst,
epidermoid cyst, arachnoid cyst), inflammatory and granulomatous lesions (e.g.,
lymphocytic hypophysitis, granulomatous hypophysitis, Langerhans cell
histiocytosis) and vascular lesions (e.g., aneurysms) [62].

9.4 Grading of tumor
1.Based on the size of tumor
a. Microadenomas- less than 10 mm
b. Macroadenomas- 10 mm to 40 mm in size

c. Giant pituitary adenomas- tumors in excess of 40 mm in size, or extending
within 6 mm of Foramen of Monro

2.Hardy’s Classification [64-66]

The large variation in sellar invasion and suprasellar extension of pituitary
adenomas was recognized in the 1970s by Hardy and Vezina and prompted the
development of the Hardy classification criteria to better characterize these
lesions. Since that time, the Hardy classification system has served as a
descriptive tool for pituitary adenomas and is often utilized in research studies.
The Hardy classification comprises of two subscales: one describes the integrity
of the sellar floor and invasion into the sphenoid sinus (Grades 0-IV), whereas
the other describes the degree of suprasellar extension of the tumor (Types A-
D). Although these two subscales were described using lateral radiographs and
encephalograms, respectively, the Hardy grading scale is still used to classify
adenomas based on magnetic resonance imaging (MRI) scans.

Sellar Invasion

Grade 0 The enclosed adenoma is described as a tumor that remains within the anatomical
confines of the osteo-aponeural sheath of the sella turcica. The floor of the sella is
always intact.

1 The sella turcica is within normal limits in size (less than 16 x 13mm; 208 mm) but
shows a lowering of the floor on one side or a bulging of the cortex.

2 The sella turcica is enlarged to various degrees but the floor remains intact.
3 The sella is more or less enlarged but there is a local erosion or destruction of the floor.
4 The entire floor of the sella is diffusely eroded or destroyed, giving a characteristic

“phantom sella” with all the boundaries barely visible.

Suprasellar

extension

Type O The tumour is entirely confined within the sella turcica.

A The suprasellar expansion bulges into the chiasmatic cistern but does not reach the

floor of the anterior third ventricle.
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B The tumour reaches the floor of the third ventricle, giving the image of an inverse
cupula of the anterior recesses of the third ventricle.

C A voluminous suprasellar expansion bulges largely into the third ventricle up to the
foramen of Monro.

D Rare aberrant expansions occur in temporal or frontal fossa.

3. Wilson’s modification of Hardy’s classification [67]

Wilson modified Hardy’s classification to distinguish between extrasellar
extensions, including extension into the cavernous sinus.

Suprasellar extension

0: none

A: expanding into suprasellar cistern

B: anterior recesses of 3rd ventricle obliterated
C: floor of 3rd ventricle grossly displaced

Parasellar extension

D: intracranial (intradural); specify (1) anterior (2) middle, or (3) posterior
fossa
E: into or beneath cavernous sinus (extradural)

Invasion
Floor of sella intact

I: sella normal or focally expanded; tumor <= 10 mm
II: sella enlarged; tumor > = 10 mm

Sphenoid extension

III: localized perforation of sellar floo
IV: diffuse destruction of sellar floor

Distant spread
V: spread via CSF or blood-borne

; . . . . .
4.Knosp’s grading for invasiveness into cavernous sinus

Knosp et al. introduced a classification of the parasellar extension of PAs based on
MRI coronal sections. Three lines (medial, median and lateral), which cross the
internal carotid artery (ICA), determine the degree of invasion. They further
suggested a subdivision of grade 3 into 3A and 3B: in Grade 3A, the tumor extends
laterally in the superior compartment of the cavernous sinus, whereas in Grade 3B
the lesion extends laterally, but in the inferior compartment. This finding is
clinically and biologically relevant, and is most probably the consequence of better
surgical visualization provided by an endoscope [68-70].

Grade 0 No involvement of the cavernous sinus (normal condition)

1 The tumour pushes into the medial wall of the cavernous sinus, but does not go beyond a
hypothetical line extending between the centres of the two segments of the internal carotid
artery (non-invasive PA)

2 The tumour goes beyond hypothetical line, but without passing a line tangent to the lateral
margins of the artery itself (non-invasive PA)
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3 The tumour extends laterally to the internal carotid artery within the cavernous sinus
(invasive PA)

4 Total encasement of the intra-cavernous carotid artery (invasive PA)

9.5 Treatment

The primary goal of treatment of these non-functioning adenomas is reduction
of the tumour mass and relieve the compressive effects on the optic apparatus,
ventricular system, cavernous sinus and adjacent brain parenchyma.

In the absence of visual impairment, the optimal treatment choice is still a
matter of debate, especially in patients presenting with hypopituitarism, headache,
or tumours close to the chiasma. Surgery may improve pituitary function in up to
30% of patients with pre-existing hypopituitarism, but the risk of new hormone
deficiency following surgery is 2-15%. Therefore, hypopituitarism alone is not an
indication for surgical treatment. Surgical resection of non-functioning
microadenomas is not indicated since tumour growth is rare (3-13%) with less than
5% growing > 1 cm during long-term follow-up.

Surgical excision either through trans-sphenoidal endoscopic or microscopic or
trans-cranial route are the mainstay.

Bromocriptine, Octreotide and other agents have been shown to be partially
successful in reducing the tumour.

Radiotherapy is indicated in case of inadequate tumour resection, high mitotic
index and at recurrence.

Gross total resection is achieved in 60-73% of patients with NFPAs. In a recent
meta-analysis on NFPA patients, TSS was associated with 1% mortality. Postopera-
tive complications such as cerebrospinal fluid (CSF) leakage, fistula, meningitis,
vascular injury, persistent DI, or new visual field defect occurred in < 5% of
patients. Surgical complications are reported to be less frequent with higher-volume
surgeons or hospitals. The risk of CSF leakage is increased in patients with large
adenomas with suprasellar extension, intraoperative CSF leakage, repeat TSS, and
high body mass index.

9.6 Outcomes

The visual improvement in acuity and visual fields is seen in 70-80% following
gross total or subtotal excision of tumours [71-73].

9.7 Residual or recurrent NFPA

The rate of complete excision of these nonfunctional adenoma varies from 60 to
70% depending on the experience of surgeon. Additional use of intra-operative MRI
has increased the rate of complete removal to 82%. Factors leading to less than
complete removal are- 1) invasion into cavernous sinus, 2) increased diameter, and
3) absence of apoplexy [74].

Recurrences following complete removal of tumour is usually low. Recurrence
rates in 10-year follow-up was found to be approximately 5%, 25% and 50% for
initial complete removal, suspicious residue and initial incomplete removal,
respectively.

Indications for re-surgery for both recurrences or growing remnants are- 1)
increasing tumour size, 2) new endocrinological deficits and 3) new ophthalmolog-
ical symptoms.
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Management of recurrence is based on the following factors- 1) time of tumour
recurrence, 2) size and location, 3) age, 4) general condition, 5) ophthalmological
findings, 6) neurological findings and 7) endocrine findings.

Re-do surgery is recommended for accessible tumours in young and healthy
adults. Early recurrences after complete excision are better treated with radiother-
apy. Small and asymptomatic recurrences need to be followed up for tumour
growth and clinical factors. Elderly with severe systemic diseases is managed
conservatively [75-86].

10. Lactotroph adenomas or prolactinomas

LA are also derived from PIT-1 lineage adenohypophyseal cells with chief
expression of PRL. LA are the most common hormone expressing pituitary ade-
noma, accounting for 30-50% of all adenomas. The reported prevalence is 35 per
100,000 people. The highest incidence is seen in women of child-bearing age and in
patients with MEN 1 [87-90].

10.1 Clinical presentation

This endocrinopathy which was classically described as amenorrhea-
galactorrhea syndrome was first described to be associated with prolactin
hypersecretion by Forbes in 1954. However, the manifestations are quite varied
among the genders and in females in relation to their menopausal status. The
increased levels of prolactin cause decrease in the levels of gonadotropins resulting
in hypogonadism. In females in reproductive ages, they present with- 1) delayed
puberty, 2) oligomenorrhea, 3) primary or secondary amenorrhea or 4) regular
menstural cycles with infertility. Galactorrhea is seen in 30-80% females in this age
group. Post-menopausal women and men, who conspicuously lack these features,
present with visual disturbances and subtle symptoms like loss of libido or
dyspareunia. Osteoporosis which was earlier considered due to direct effects of
prolactin on the bone is correlated to hypogonadism and lack of estrogen in women.
Headaches are a common presentation in all. Psychiatric manifestations include
hostility, depression, anxiety and weight gain [90-92].

10.2 Pathology

Macroscopically, LA are pseudo capsulated and show grey white appearance
with firm consistency and gritty on cut. Stromal amyloid deposition and microcal-
cification are observed in few cases. Some tumors have microscopic invasion and
some macroadenoma are widely invasive into adjacent structures. SGLA are distinct
from DGLA, as the prolactin staining pattern is paranuclear golgi type. ASLA are
composed of abundant vacuolated eosinophilic cytoplasm, so called oncocytic
change and occasional fibrous bodies.

Immunohistologically, these tumors are subdivided into sparsely granulated
lactotroph adenoma (SGLA), densely granulated lactotroph adenoma and acidophil
stem cell adenoma (ASCA). These subtypes have a distinct biological behavior and
response to treatment. LA are most common in women and predominantly seen in
childhood and adolescents age group. Biological and prognostically distinct
differences are observed between males and females. In men, tumor present more
aggressively with invasiveness and 80% are larger of them are macroadenoma,
whilst size of tumor is small in women. Estrogen plays a significant role in
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pathogenesis of tumor. A significant correlation between the estrogen receptor and
tumor volume was observed, but mechanism is not known.

10.3 Laboratory evaluation

The normal levels of prolactin are <20 ng/ml. Single elevation of >200 ng/ml
are almost always due to prolactinomas. However, the values between 20 and
200 ng/ml need careful evaluation of drug, systemic condition and correlation with
the size of the tumour to rule out “pseudo-prolactinomas” due to “stalk sectioning
effects” [93].

Prolactin may be elevated in other conditions as well. Hence, a careful history
especially pertaining to drugs needs to be taken (Table 3). Non—prolactin-
producing macroadenomas can cause prolactin elevations from disinhibition of
prolactin secretion by compressing the pituitary stalk or hypothalamus. Very high
prolactin levels seen in macroadenomas can saturate the antibodies in the assays and
lead to artifactually low or normal results (the “Hook effect”) and prolactin levels
should be rerun at 1:100 dilution to exclude this possibility [8].

Two distinct biological profiles of prolactinomas have been observed- 1) benign
microadenomas with very little growth potential and 2) aggressive, invasive
macroadenomas. Natural history and autopsy studies have shown that not all
microadenomas proceed to develop into macroadenomas. The risk of progression of

Hypothalamic causes Craniopharyngiomas
Meningiomas
Dysgerminomas
Sarcoidosis
Langerhans cell histiocytosis
Vascular
Pituitary stalk section

Pituitary causes Prolactinomas
Acromegaly
Lymphocytic hypophysitis
Cushing disease
Non secreting adenomas (stalk compression)

Medications Phenothiazines
Haloperidol
Atypical antipsychotics
Monoamine-oxidase inhibitors
Tricyclic antidepressants
Reserpine
Methyldopa
Metoclopramide, Levosulpride
Verapamil
Serotonin reuptake inhibitors
Estrogen

Neurogenic Chest wall lesions
Spinal cord lesions
Nipple stimulation

Other Pregnancy
Hypothyroidism
Chronic kidney disease
Cirrhosis
Pseudocyesis
Table 3.

Causes of hyperprolactinemia.
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microadenomas to macroadenomas is 3-7%. However, the natural history of
macroprolactinomas is not known. The risk of macroadenomas enlarging during
pregnancy is approximately 15%.

Dopamine agonist therapy is the mainstay of treatment, instituted to lower
prolactin levels, decrease tumour size, and restore gonadal function for patients
harbouring symptomatic prolactin-secreting microadenomas or macroadenomas.

Bromocriptine, the prototype dopamine agonist was introduced into clinical
trials in 1971. It acts by stimulating dopamine receptors on lactotrophs, a potent
analogue of dopamine, decreases cAMP activity, reduction in intracellular calcium,
and hence decreased synthesis and release of prolactin. It is given in doses of
5-20 mg/day in three divided doses. The cellular and ultra-structural changes
noticed after bromocriptine therapy are- 1) loss of cytoplasmic volume, 2) involu-
tion of rough endoplasmic reticulum, 3) at subcellular level, decrease in prolactin
gene transcription and translation, 4) in vivo PET studies demonstrating reduced
metabolic activity and 5) varying degrees of calcification, amyloid deposition,
perivascular and interstitial fibrosis. All the above except 5, are reversible especially
in macroadenoma. The fibrosis may preclude successful tumour excision. Bromo-
criptine resistance may be noted in 25% patients, 80% of whom may show response
to cabergoline [94, 95].

The long-acting dopamine agonist cabergoline is preferred due to its higher
efficacy in normalizing prolactin levels and pituitary adenoma shrinkage [8].

The higher efficacy is probably due to the higher affinity for dopamine receptor
binding sites. Control of hyperprolactinemia requires doses of cabergoline ranging
from 0.25 to 3 mg/wk.; resistance to cabergoline may be seen in upto 10% patients
and may require doses up to 11 mg/wk. [12, 13]. Echocardiograms should be advised
yearly in those patients exceeding a weekly dose of 2 mg, to look for valvular
regurgitation [96].

Another adverse effect of dopamine agonist, occurring in about 5% of patients,
is compulsive behaviour, such as excessive gambling and hypersexuality. Asymp-
tomatic patients harbouring a microprolactinoma may be followed up without
treatment. In patients with amenorrhea due to the microadenoma, the clinician can
choose between a dopamine agonist or oral contraceptives.

Resistance to therapy is defined by failure to achieve a normal prolactin level
and failure to achieve a 50% tumour reduction after maximal conventional doses of
DA (Bromocriptine >15 mgs per day or 2 mg/week of cabergoline for at least
3 months). The possible reason for resistance is decreased D2 receptor expression or
mutations in post receptor mechanisms.

The alkylating agent, Temozolamide, has been used in patients with malignant
prolactinomas.

Patients on medical management should be followed up at regular intervals in
the following manner:

a. Serum prolactin levels to be measured at regular intervals, beginning 1 month
after the start of treatment in order to guide the clinician for titration of
dopamine agonist therapy to achieve normo-prolactinemia/restore eugonadal
status.

b. Repeat MRI in 1 yr.
c. Earlier repeat MRI (in 3 months) in patients with macroprolactinoma, if
prolactin levels continue to rise while patient is receiving dopaminergic

agents, or in the presence of new symptoms, e.g., galactorrhoea, visual
disturbances, headaches, or other hormonal disorders.
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d. Visual field examinations in patients with macroadenomas at risk of
impinging the optic chiasm

e. Evaluation and management of comorbidities, e.g., sex steroid-dependent
bone loss, persistent galactorrhoea and pituitary trophic hormone reserve.

10.4 Surgical Indications for prolactinomas
1. Pituitary Apoplexy
2.Visual deficits due to compression of the optic apparatus
3. Cystic prolactinomas
4.DARP- Dopamine agonist resistant prolactinomas
5.Women seeking fertility
6.CSF fistulas
7.Recurrent tumors
8.Increasing tumor during pregnancy
9.Macroadenoma in psychiatric patients
Remission rates after surgical excision vary from 30 to 93%. Restarting DA

following surgical decompression normalises prolactin levels which can be
maintained at lower doses [97-101].

10.5 Surgical issues with pregnancy in prolactinomas
The major issue with regards to pregnancy in patients with prolactinomas are
1. Infertility
2.Risk of tumour growth during pregnancy

3.Effects on foetal growth

The risk tumour enlargement is upto 5% for microadenomas while it reaches
upto 15% for macroadenomas. However, prior surgery and/or radiotherapy
reduces this risk to 4.3%. Both surgery and bromocriptine therapy are equally
effective in microadenomas for fertility. However, no such comparison is
available for macroadenomas. Bromocriptine needs to be stopped at the first
sign of pregnancy [100, 102].

11. Somatotroph adenoma

Somatotroph adenoma (SA) is a subtype of pituitary adenoma which are derived
from PIT-1 lineage cells with GH expression and with or without co-expression of
prolactin (PRL). These tumors account for 10-15% of all pituitary adenoma, and
can occur at any age with mean age at diagnosis of 47 years.
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11.1 Pathology

All somatotrophic adenomas definitely express PIT-1 transcriptional factor and
GH hormone. These tumors are broadly classified into pure somatotroph adenoma
and Mixed somatotroph adenoma with co-expressing PRL or other hormonal
markers. Based on secretary granules of GH, Pure somatotroph adenomas are fur-
ther divided into two clinically significant and morphologically distinct subtypes:
sparsely granulated (SG) and densely granulated (DG) somatotroph adenomas.
Mixed SA are further classified into Mammosomatotroph adenomas (MSA), mixed
somatotroph-lactotroph adenomas (MSLA) and plurihormonal adenomas.

Similar to other adenomas, SA are soft white to grey macroscopically. MSA are
smaller in size with better prognosis compared to MSLA are larger with more
invasiveness at the time of presentation.SA are often seen arising from GH
expressing pituitary cells in lateral wing of the gland. Extra seller extension of these
tumors gives a characteristic shape of snowman.

Microscopically, SA share characteristics of other endocrine tumors: colonies of
relatively large monomorphic cells with eosinophilic cytoplasm and spherical
nuclei. Disruption of dense reticulin meshwork around the nests of cells distin-
guishes PA from normal pituitary cells. Hyperplasia to adenoma progression of SA
were observed in some cases with familial isolated pituitary adenoma and X-linked
acrogigantism syndrome. (WHO 2017) DGSAs are the most common and expresses
diffuse cytosolic positively of GH and cytokeratin (CAM 5.2). These are predomi-
nantly seen in older age group with slower growth and excellent response to
somatostatin treatment. SGSA are less common and behave differently with more
aggressive nature like being larger, more invasiveness & proliferation and poor
response to somatostatin response. They show co-segregation of cytokeratin and
growth hormone granules resulting in characteristic fibrous bodies. These bodies
are juxtanuclear keratin aggregates highlighted by cytokeratin immunohistochemi-
cal stain (CAM 5.2). MSA are histologically similar to DGSA and ultrastructurally
distinct a single cell expressing both GH and PRL granules. MSLA are composed of
mixture of two different cells with GH and PRL secreting granules respectively.
Either of the cell population can be densely or sparsely granulated with various
combinations.

11.2 Clinical manifestations

Growth hormone adenomas are commonly seen in 4th and 5th decades with no
gender predominance. More than 60% are macroadenomas compared to other hor-
monally active tumors and hence have predominant local effects apart from systemic
effects. Endocrine systemic effects produce gigantism (pre-pubertal) and acromegaly
(after apophyseal fusion). Despite widespread changes including in the appearance,
the mean interval between the disease onset and diagnosis is 8.7 years [103].

The facial features described as “beetle brow” appearance include the following
changes- deeply furrowed scalp, coarse skin, frontal bossing, fleshy nose, promi-
nent nasolabial folds, thick lips, prognathism, maxillary widening, dental maloc-
clusion with increased inter-dental space and macroglossia with tooth marks on the
tongue. The voice changes include low pitched deep voice due to laryngeal hyper-
trophy and enlarged paranasal sinuses. Hypertrophy of sebaceous glands gives oily
appearance to the face. Enlargement of sweat glands gives rise to malodors
[104, 105]. Sleep apnea syndrome is seen in up to 75% of acromegalics [106-108].

Enlargement of hands which are thick, fleshy and are classically described as
“spade like hands”. The bony hyperostosis and soft tissue thickening causes
entrapment neuropathy like carpel tunnel syndrome.
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Periosteal new bone formation leads to osteophyte formation, disc degeneration
and spinal stenosis. Arthropathy of weight bearing joints is common. Myopathy is a
common feature of acromegaly.

Pachydermoperiostosis is a very rare osteoarthrodermopathic disorder whose
clinical and radiographic presentations may mimic those of acromegaly and should
be considered as a differential diagnosis [109].

The cardiovascular manifestations include hypertension, concentric
biventricular hypertrophy and arrhythmias. These changes in the cardiovascular
system are least resistant to reversal [110, 111].

Hypertrophy of internal organs like hepatomegaly and splenomegaly is fre-
quently encountered. Diabetes mellitus and islet cell neoplasms are also noted. Oral
glucose tolerance is impaired in 50%, while frank diabetes mellitus is seen in 10% of
acromegalics. These metabolic changes are however reversible [111].

Colonic malignancies are also documented in patients with GH adenomas
[112-114].

Risk factors for colonic malignancies in Acromegaly

1.Age > 50 years

2.Family history of colonic malignancy

3.>3 skin tags

4. Prior colonic polyps

Reproductive abnormalities have also been observed in patients with GH
adenomas. These include menstrual disturbances and galactorrhea in women and
decreased libido and impotence in men. These effects are due to hyper
prolactinemia with mammosomatotrophs or mixed tumors, stalk effect or decrease
FSH, LH secretion.
11.3 Endocrine diagnostic criteria

Serum IGF-1 is the initial screening method of choice. The diagnosis is con-
firmed by the unsuppressed nadir of GH >1 ng/ml and GH > 0.4 ng/ml following
75 gms of OGTT with documented hyperglycemia.
11.4 Criteria for cure

The criteria for cure in GH adenomas are-

1.GH < 1ng/ml

2.0GTT and GH <0.4 ng/ml done at 12 weeks post-surgery

3.Normalization of somatomedin -C levels

Transsphenoidal surgery is recommended as primary therapy. Experienced
pituitary neurosurgeons can achieve the therapeutic goals in 80-90% of patients
with microadenomas and 40-60% of those with macroadenomas. The 5-year
recurrence rate is approximately 2-8%. Repeat IGF-1 levels and growth hormone

levels during an oral glucose tolerance test should be obtained about 12 weeks
following surgery, along with an MRI to assess the changes in tumour size. The goal
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Drug Dose Indication Side effects
Cabergoline  0.5-2 mg/ modest elevations of serum IGF-1and ~ Nausea, vomiting,
week mild signs and symptoms of GH excess  constipation, dizziness,
headache,

compulsive behavior

Octreotide ~ 10-30 mg/  significant disease (ie, with moderate-  Abdominal cramps, flatulence,
LAR month to-severe signs and symptoms of GH diarrhea, gall bladder stones
excess and without local mass effects)  and sludge, alopecia

Lanreotide ~ 60-120 mg/ significant disease Abdominal cramps, flatulence,

depot month diarrhea, gall bladder stones
and sludge, alopecia

Pasireotide = 20-60 mg/ significant disease Abdominal cramps, flatulence,

LAR month diarrhea, gall bladder stones
and sludge, alopecia,
hyperglycemia

Pegvisomant 10-20 mg/  significant disease Hepatotoxicity, nausea,

day diarrhea

LAR - Long-acting release

Table 4.
Drugs used for medical management of GH excess.

of therapy is to normalize the serum IGF 1 level and reduce the GH levels
<1.0 ug/L [115].

Medical management is recommended for patients with persistent disease
following surgery. Medical therapy (Table 4) may be considered as first line in
patients who cannot be cured by surgery, has extensive cavernous sinus invasion,
does not have chiasmal compression, or is a poor surgical candidate. If medical
therapy is unavailable, unsuccessful, or not tolerated, stereotactic radiotherapy
(SRT)/Gamma-knife radiosurgery should be considered unless the technique is not
available, there is significant residual tumour burden, or the tumour is too close to
the optic chiasm. The response to radiation therapy takes an average of 3.17 years
and in the meantime the therapy needs to be bridged with medical management.
Remission rates of approximately 60% are observed at 10 years [116].

There is an overall 72% increase in mortality and decrease in 10 years of average
life expectancy in patients with acromegaly. Cardiovascular causes are the leading
cause accounting for about 25%, while cerebrovascular, malignancies and respira-
tory diseases are responsible for 15% each. Mortality is 2.4 times higher in females
while it is 4.8 times more in males.

Factors associated with increased mortality

1.0Older age at diagnosis
2.Male gender

3.Increased disease duration
4.High GH levels [>2.5 ng/ml]
5.Elevated IGF-1 levels

6. Active disease
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7. Associated hypopituitarism
8. Associated systemic malignancies

9.Need for radiotherapy for disease control

12. Corticotroph adenoma and Cushing’s disease

Of all the pituitary adenomas, the corticotroph adenomas are the most difficult
ones to diagnose and treat. The diagnosis revolves between Cushing’s syndrome and
disease wherein the first one is of non-specific etiology and is produced by any
cause of glucocorticoid excess while the latter is due to a pituitary adenoma secret-
ing excess ACTH and thus hypercortisolemia. Cushing’s disease is seen in up to
10-16% of all surgically resected pituitary adenomas.

Females are more commonly affected than male, with a M:F ration ranging
between 1:3 to 1:10. Though can be seen at any age, is commonly found in 3rd and
5th decade [117].

12.1 Pathology

Corticotroph adenoma (CA) are derived from TPIT-lineage adenohypophysial
cells that express ACTH and proopiomelanocortin-derived peptides. These tumors
are subdivided into densely granulated CA, sparsely granulated CA and Crooke cell
adenoma (CCA) based on secretary granules and cytokeratin accumulation.

More than 80% of the tumors are microadenomas and the rest are
macroadenomas. DGCA is the most common subtype in patients presented with
Cushing disease. The staining pattern of ACTH granules in SGCA and DGCA are
parallel to staining pattern of GH in pure somatotroph adenoma. SGCA are less
frequent than DGCA and usually presented as macroadenoma. CCA are rare sub-
types, in which cells have typical Crooke hyaline change. These cells are composed
of dense perinuclear deposition of cytokeratin filaments appearing as thick hyaline
ring. As a result of this rearrangement of cellular organelles and secretary granules
to the periphery noted.

12.2 Clinical features

These adenomas are usually microadenomas and seldom cause symptoms of
mass effect on the parasellar structures. The main clinical features are due to the
hypercortisolemia [118, 119].

1. There is abnormal centripetal fat deposition leading to truncal obesity. The
accumulation of fat in the face gives rise to characteristic “moon facies”, while
the deposition in the supraclavicular area and cervicodorsal region gives rise to
“buffalo-hump” appearance.

2.There is thinning of the skin due to atrophy of epidermis and connective
tissue. Increased capillary fragility leads to easy bruising and a plethoric face.
Purple striae due to stretching of the skin are noted on the abdomen and
flanks. Hyperpigmentation and hirsutism are also observed.

3. A multitude of metabolic disturbances are observed in these patients.
Hypertension, hyperlipidemia and diabetes mellitus are quite common. Bone
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demineralization leading to osteoporosis especially in the vertebral bodies is
frequent. Hypocalacemic tetany have also been described. Hypokalemic
alkalosis due to mineralocorticoid effect of cortisol on the renal tubules [120].

4.The effects of hypercortisolemia lead to suppression of TSH leading to features
of hypothyroidism. Suppression of gonadotropic releasing hormone leads to
menstrual disturbances in females, impotence in males and decreased libido in
either gender [121-123].

5.Impaired host defences due to hypercortisolaemic effects on the immune system
leads to repeated infections ranging from superficial skin infections like tinea
versicolor or oral candidiasis to severe life-threatening sepsis [124-126].

6. Psychiatric disturbances range from depression, emotional liability to frank
psychosis. Structural changes and cognitive effects have also been observed
[127-131].

The case fatality rate in Cushing’s disease reaches up to 50% at 5 years, with
cardiovascular events leading the cause followed by infections and suicide
(118, 132].

12.3 Endocrine evaluation

The first step in a suspected case of Cushing’s disease is establishment of the fact
that there is a state of hypercortisolaemia and that pituitary adenoma is the cause of
it before jumping upon radiological investigations as incidentalomas occur in 10%
of cases. Further a detailed evaluation of the medications used to rule out exogenous
use of steroids is required.

The biochemical evaluation is to rule out exogenous steroid use by ordering a
basal serum cortisol [10].

Step1: Establish hypercortisolaemic state: [133].

a. 24 hours urinary cortisol — this is a simple and sensitive screening measure.
This is based on the fact that urinary free cortisol raises exponentially for
quantum increases in plasma cortisol. With sensitivity (53-97%) and
specificity (86-91%), this is highly useful in patients with high cortisol
binding globulins.

b. Elevation of basal plasma cortisol at 11 pm

c. Salivary cortisol measurements at 11 pm is another method to detect cortisol
excess and alterations in diurnal variations which are the earliest and subtle
biochemical changes, with sensitivity and specificity of 92 and 100%,
respectively.

d. Low Dose Dexamethasone test: This is based on the principle of suppression
of hypothalamic-pitutitary axis and this decrease in ACTH and morning
cortisol levels to <5 micogms/dl by dexamethasone. This was conventionally
done by giving 0.5 mgs every 6th hourly for 48 hours before 8 am serum
cortisol. This has been replaced by single 11 pm dose of 1 mg of
dexamethasone and 8 am serum cortisol measurement.

Step 2: Determine if the cortisol excess is ACTH dependent or independent.
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ACTH levels are low (<10 pg./ml) if there is autonomous production by the
adrenal gland and the levels are elevated (>20 pg./ml) if a pituitary tumor or
ectopic ACTH or corticotropin releasing hormone production is the cause. The level
of elevations also give a clue to the cause with moderate elevations of 80-200 pgm/
ml seen in corticotroph adenomas while values >200 pg./ml are seen in ectopic
ACTH lesions.

Step 3: Distinguishing Cushing’s disease from ectopic ACTH states.

The secretory activity of corticotroph adenoma, unlike ectopic ACTH is not
autonomous and retains negative feedback responsiveness to glucocorticoid, at
higher thresholds. This is the basis of high dose dexamethasone test.

2mgs of dexamethasone is given every 6th hourly for 48 hours and the urinary
cortisol is measured. A 50% reduction in urinary cortisol secretion is appropriate
suppression and is suggestive of pituitary adenoma. Otherwise, 8-32 mgs of single
dose dexamethasone is given at 11 pm and serum cortisol is measured at 8 am. A
50% reduction is suggestive of suppressive response. This has a sensitivity,
specificity and diagnostic accuracy of 89%, 100% and 91%, respectively [134].

CRH stimulation test:

The corticotroph adenomas have CRH receptors and hence the levels of ACTH
increase following intravenous CRH. A positive response of increase in 50% in
plasma ACTH or 20% raise in plasma cortisol is observed in corticotrophs
adenomas. Negative results are seen in ectopic ACTH producing lesions as
the pituitary corticotrophs are chronically suppressed and are resistant to
stimulatory effects of CRH. Diagnostic accuracy of this test is approximately 98%
[135, 136].

In some cases, to differentiate between a pituitary vs. an ectopic source of
ACTH, inferior petrosal sinus sampling is done, in which catheters are threaded up
to the petrosal sinuses that drain the pituitary venous system. ACTH levels are
measured from each petrosal sinus and peripherally before and after stimulation
with corticotropin-releasing hormone. The basal central to peripheral ACTH >2 is
suggestive of corticotroph adenoma while a ratio < 1.7 is suggestive of ectopic
ACTH lesion. Following CRH stimulation, a ratio of >3 is diagnostic of corticotroph
adenoma with sensitivity and specificity of 96-100%.

The ACTH concentration that exceeds the other side by 1.5 times is likely to be
the side of adenoma with sensitivity, specificity and diagnostic accuracy for
laterality is 96%, 100% and 78%, respectively [135-138].

12.4 Radiology

As 80-90% of corticotroph adenomas are microadenomas, dynamic contrast
MRI of the pitutitary is needed with sensitivity and specificity of 60 and 87%,
respectively. Volume interpolated 3D spoiled gradient echo (VI-SGE) helps in
detection of microadenoma with a sensitivity and specificity of 87% and 100%,
respectively [139-143].

Trans sphenoidal surgery is the initial treatment for an ACTH secreting pituitary
adenoma. The remission rates with surgery are 52-96%. The positive predictors for
remission following surgery are- 1. Visualisation of adenoma on imaging, 2. Size and
extent of adenoma, with microadenomas and without invasion into cavernous sinus
faring better and 3. Histopathological confirmation of adenoma. The recurrence
rates vary from 15 to 66%. Radiotherapy is the second line of management for
persistent or recurrent disease with conventional radiotherapy faring better than
stereotactic radiosurgery.

In case of no cure after surgery, or radiotherapy/ stereotactic radiosurgery,
medical therapy (Table 5), or bilateral adrenalectomy are the options.
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13. TSH secreting adenoma

Thyrotroph adenoma (TA) arise from PIT-1 lineage adenohypophyseal cells
with chief expression of Thyroid stimulating hormone.

(TSH). These tumors are most infrequent tumors, accounting for less than 2% of
all pituitary adenomatous tumors. Excessive secretion of TSH makes thyroid to
make excess production of T3 and T4 resulting in hyperthyroidism. An occasional
case of TA associated with primary hypothyroidism are reported. The tumor
derived from thyroid deficiency are distinct from classical TA clinically, routine
microscopy and ultra-structurally.

Patients should be rendered euthyroid with antithyroid drugs like methimazole,
propylthiouracil before undertaking transsphenoidal surgery. Patients not cured by
surgery can be treated with somatostatin analogues (Octreotide LAR and
Lanreotide depot) and by irradiation.

14. Gonadotroph adenoma

Gonadotroph adenoma (GA) are most common pituitary adenoma arise from
SF-1 lineage adenohypophysial cell with production of FSH and or LH. These
tumors account for highest percentage as clinically non-functioning adenomas. GA
are usually macroadenomas with often infiltration into suprasellar and parasellar
compartments. Incidental detection of these tumors is increasing these days due to
widespread use of CT and MRI. There is a male predominance among middle age
and older people. These tumors show a prominent pseudo-rosette pattern around
blood vessels mimicking a close diagnosis of esthesioneuroblastoma. Usage of SF-1
immunohistochemistry helps in differentiating these two.

15. Plurihormonal adenoma

Plurihormonal adenomas are also rare adenohypophysial tumours with two or
more hormone expressions. They account for 0.9% of all pituitary adenomas.

They are morphologically monomorphous with single type of tumours cells, but
functionally mixture of different hormone families. There are two subtypes of
plurihormonal adenomas, PIT-1 positive adenoma (previously called subtype 3
adenoma) and Adenoma with unusual immunohistochemical combination. Most
common of these are Plurihormonal PIT-1 positive adenomas with unusual combi-
nation of GH, PRL and TSH. Adenomas with combination of GH and PRL or FSH
and LH are not considered as plurihormonal. Adenoma with unusual
immunohistochemical combination is unrelated to single cell lineage. For example,
combination of GH or PRL with ACTH.

Double adenoma is different from plurihormonal adenomas, existence of two
distinct tumor masses in same gland, representing a collision tumor. They tumours
are usually incidental tumours, whereas plurihormonal adenomas are
macroadenomas.

Silent adenoma presents clinically as non-functioning adenomas, but the surgical
resected samples are immunopositive for hormonal factors and their corresponding
transcriptional factors. They account for approximately 30% of all pituitary adeno-
mas. To present clinically early, they lack hormonal function. At the time of pre-
sentation, several cases tend to exhibit signs of mass effects and few cases with
hypothyroidism due to stalk compression or tissue destruction. The diagnosis of
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Drug Mechanism of action Dosage Adverse effects
Ketoconazole Inhibits the side-chain cleavage 200-1200 mg/  Hepatotoxicity, nausea,
complex day dizziness, diarrhea, rash,
(steroidogenic acute regulatory hypogonadism
protein [StAR] and 20,22-desmolase in men
[CYP11A1]), CYP11B1 and
17a hydroxylase/17,20-lyase
(CYP17) in the adrenal cortex
Etomidate Blocks multiple steps of 0.04-0.05mg/  Sedation (avoid overdose
steroidogenesis, kg/h [>0.1 mg/kg/h], which will
including CYP11B1, CYP17 and cause apnea and
cholesterol somnolence)
side-chain cleavage
Metyrapone Inhibitor of steroid 500-4000 mg/  Hypertension, hirsutism,
11-B-monooxygenase. day acne, hypokalemia
Mitotane a. Adrenolytic action caused by lipid 2-5 g/day Gastrointestinal
accumulation and atrophy of the disturbances, dizziness,
fascicularis and reticularis regions cognitive alterations
of the adrenal cortex
b. inhibition of steroidogenesis
enzymes such as side-chain
cleavage complex, CYP11B1,
CYP11B2 and 3p-hydroxysteroid
dehydrogenase (3p-HDS)
c. increases in cortisol-binding
globulin (CBG), reducing free
active cortisol
Osilodrostat potent inhibitor of CYP11B1 2-50 mg twice Nausea, headache, fatigue,
(Phase III trial) Inhibits aldosterone synthase daily hirsutism, hypertension,
hypokalemia
Levoketoconazole Inhibits side-chain cleavage 150- Nausea, headache, edema,
(Phase III trial) complex, 600 mg/day liver
CYP17, 21-hydroxylase (CYP21A2) enzyme increase, adrenal
and CYP11B1 insufficiency
Nevanimibe cholesterol acyltransferase 1 Under study Under study
(Phase II trial) inhibitor
Abiraterone Inhibits CYP17 and CYP21A2 250-500 mg Hypertension,
acetate (Phase II twice daily hypokalemia, adrenal
trial) insufficiency

Pasireotide

Targets four

of five SSTR subtypes, with highest

affinity for SSTRS, followed

by SSTR2, SSTR3, and SSTR1 and

reduces ACTH secretion

600-900 pg
twice daily.
LAR:10-30
mg/month

Diarrhea, nausea,
cholelithiasis,
hyperglycemia

Cabergoline (Off-
label)

Dopamine receptor type 2
Agonist
Reduces ACTH secretion

0.5-7 mg/week

Nausea, dizziness,
compulsive behaviour

Temozolamide DNA alkylation 150-200 mg/ Fatigue, hearing loss, liver
(Off-label) m?2/day for enzyme
5 days increase, cytopenia
each month per
cycle
Table 5.

Drugs used in the treatment of Cushing’s syndrome.
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silent adenoma is exclusively based on immunohistochemical markers against tran-
scriptional factors and hormones expressed. The morphology of these tumors cor-
responds to those of their functioning counterparts. The characterization of silent
adenoma is important as they determine prognosis. For e.g.: Silent Corticotroph
adenoma is associated with aggressive behavior of early recurrence rate when
compared to other silent tumors.

Atypical adenoma is defined as tumor cells with extensive nuclear staining for
P53, high mitotic index and Ki-67 proliferative index >3%. The prognostic activity
related to proliferation of pituitary tumors are extensively studied in the last two
decades. But, the significance of proliferation markers or correlation with tumor
invasiveness and recurrence could not be established using above classification.
Ki67 labelling is not predictive factor for recurrence risk, but could be a useful
predictor of progression risk in tumor remnants. Hence, in new classification the
term atypical adenomas are no longer used. The best prognosticator still remains the
tumor invasiveness hormone produced and subtype of particular adenoma.

16. Follow up of patients with pituitary adenoma

The frequency of testing and the criteria for remission/cure for patients under-
going treatment for pituitary adenoma are elaborated in the Table 6 [144].

Tumor type  Tests Timing of Interpretation
tests
Corticotroph ~ Morning serum Within < 5ug/dL (138 nmol/L)
adenoma cortisol 7 days of UFC < 28-56 nmol/d (<10-20 ug/d)
24 hours urinary  surgery
free cortisol(UFC)
GH secreting  Serum IGF 1 12 weeks IGF 1- normal(remission)
adenoma Random GH after serum GH <0.14 ug/L suggests “surgical remission,”
GH after oral surgery serum GH <1 ug/L indicates “control
glucose load serum GH > 1 ug/L — measure GH nadir after
MRI glucose load
Prolactinomas Serum prolactin  After Serum prolactin every 3 months for the first year
MRI 2yearsof  after completion of therapy and annually thereafter
therapy MRI if there is increase in serum prolactin
TSH secreting TSH One week  Undetectable TSH and positive T3 suppression test
adenoma T3 suppression after with undetectable TSH and no response to TRH (or
test surgery central hypothyroidism)
Table 6.

Follow up and vemission criteria for patients with pituitary adenoma.

17. Pituitary apoplexy

Pituitary apoplexy, is a clinical syndrome with incidence ranging from 4 to 20%,
due to varying defining clinical criteria and presentation, ranging from subclinical
to life threatening situation. It is a serious yet rare condition affecting the patients
with pituitary lesions. Apoplexy is referred to as acute infarction of pituitary gland
with or without haemorrhage. Usually, patients present due to sudden haemorrhage
in adenoma and less often with bleed within infarcts or in the cystic lesions like
Rathke’s cyst. The rapid expansion of sellar contents manifests classically as head-
ache, visual disturbances, and varying features of hypopituitarism [145, 146].
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17.1 Pathogenesis

Varying pathophysiological mechanisms have been postulated for the occur-
rence of pituitary apoplexy- (1) rapid growth of the tumour outgrowing the vascu-
lar supply, (2) compression of the superior hypophyseal trunk along the stalk, (3)
intrinsic vasculopathy with incomplete maturation of the basal membrane and (4)
overexpressed VEGF leading to risk of haemorrhage.

17.2 Precipitating factors

Though most often pituitary apoplexy occurs without any external precipitating
events, few events like a head injury, coughing/sneezing, idiopathic thrombocyto-
penic purpura, spinal anaesthesia, radiotherapy, pregnancy have been implicated.
Medications like anti-platelet drugs, anti-coagulants, clomiphene, leuprolide,
goserlin and oestrogen have been implicated. Bromocriptine and cabergoline
administered for prolactinomas have also been reported to have precipitated pitui-
tary apoplexy.

17.3 Grading of pituitary apoplexy

The first grading of pituitary apoplexy was suggested by Rajashekaran et al., in
their seminal work of guidelines suggested a scoring system from 0 to 10, which
included level of consciousness (0-4), visual acuity (0-2), visual field defects (0-2)
and ocular palsies (0-2). They proposed such objective scoring system to monitor
conservatively managed patients and assess the effect of surgical intervention, with
a long-term aim of a randomised control trial for validation of management [147].
Giritharan et al. (2016) applied this scoring system retrospectively to their database
of cases with apoplexy and observed that lower PAS grades could be managed
conservatively while higher grades required immediate surgical intervention [148].

Jho et al. (2014) [149] proposed a severity grading system based on clinical and
imaging features into a 5-grades: (1) Grade 1- asymptomatic (subclinical); (2)
Grade 2- only endocrine symptoms; (3) Grade 3- presence of headache; (4) Grade
4- ocular palsies; (5) Grade 5- Visual deficits or altered consciousness not allowing
testing for visual deficits. They had further 3 clinical subgroups or modifiers (p, r, s)
wherein the presence of prolactinoma(p), Rathke’s cyst (r) with haemorrhage and
co-morbidities/sick (s) were preferentially managed medically. They reviewed their
database of over 20 years and proposed algorthimic based treatment with immedi-
ate surgery for higher grades and conservative/medical management for lower

grades.
17.4 Imaging in pituitary apoplexy

MRI of the brain is the current modality of choice for pituitary apoplexy. MRI is
much superior to CT in the diagnosis of pituitary apoplexy with a sensitivity rang-
ing from 88-90% [145, 150]. The signal intensity changes depend upon the changes
in the haemoglobin or in turn the age of the bleed.

Fluid-fluid level sign can be seen in old bleeds with supernatant TIW
hyperintense upper/anterior fluid level corresponds to extracellular met Hb,
while the lower/posterior iso to hypo intense area is related to sedimented blood
products [151].

Thickening of mucosa in pituitary apoplexy was demonstrated by Arita et al.
[150] in 9 of their 11 patients at 7 days, which was predominantly in the compart-
ment below the sella and was postulated to be due to venous congestion.
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Histopathological examination of the mucosa in those who underwent trans-
sphenoidal resection swollen subepithelial layer of mucosa. In others, a repeat MRI
showed complete resolution without any treatment. Mucosal thickening does not
preclude a transsphenoidal surgical approach.

Sheehan syndrome refers to postpartum apoplexy and usually occurs in women
having suffered postpartum hemorrhage and hypovolemia. It is hypothesized that
hypertrophied pituitary gland is more susceptible to infarction from hypovolemia.

18. Recurrent pituitary apoplexy

Recurrent pituitary apoplexy, is a rare event described by several authors as few
case reports. The prominent one is by Houseman et al. (2019) wherein they retro-
spectively analysed their data of 798 surgically treated patients over a period of
27 years and found that apoplexy was noted in 76 patients. There were only 4
patients (5.3%) who had recurrent episodes of apoplexy. These haemorrhagic
recurrences were noticed when the Knosp’s score was more than 4, implying com-
plete encasement of ICA and hence incomplete tumor resection (8%) in the cav-
ernous sinus (23.5%). Brown et al. (2020) described a single case of multiple
episodes of pituitary apoplexy over 11 years, which interestingly has varying phe-
notypes changing from silent gonadotropic to silent corticotroph adenoma. The
MIB-1 index was however, consistently high at 10%. Teasdale et al. (2015)
described recurrent pituitary apoplexy following development of a neoplasm adja-
cent to the sella. Tumour residue or recurrence are the major factors responsible for
recurrent pituitary apoplexy and need a close follow-up. The management is similar
to any other pituitary apoplexy which includes stabilisation of general and hor-
monal status. Surgical decompression of the hematoma and the residual tumour is
the treatment of choice, followed closely by hormone replacements. Follow-up
imaging to look for residual/recurrent tumour and radiotherapy. A further look into
the molecular markers predisposing to recurrent haemorrhages to be looked in
future [152-160].

19. Conclusion

* Pituitary neoplasms are common intracranial tumours accounting for approx.
15% of all intracranial tumours.

* The pituitary neoplasms are believed to originate due to aberration in the
normal growth and differentiation of pituitary stem cells. The detection of the
pituitary specific transcription is now the basis of the recent most WHO
classification.

* The clinical manifestations of such tumours are due to- hormone excess, deficiency
of other pituitary hormones, pressure effects on optic pathways, surrounding brain
parenchyma, ventricular system, paranasal sinuses and systemic.

* The diagnosis and management require a close collaboration between
endocrinologist, radiologist, neurosurgeon, pathologist and radiation oncologist.

* The goals of therapy include- hormonal remission, decompression of neural

elements, restoration/replacement of deficient hormones, maximising tumour
remission.
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Chapter 13

Pineal Region Tumors

Nu Thien Nhat Tran

Abstract

The pineal gland is a small endocrine gland located in the brains of vertebrates
near the brain center that helps regulate circadian rhythms. Pineal tumors are
tumors located in this region including tumors of the pineal gland and tumors of the
components and structures of this region. Pineal tumors can compress the third
ventricle, squeeze the cerebral drain causing hydrocephalus, compress the brain
stem, compress the cerebellum, compress the posterior fossa ... causing various
disorders. The pineal gland has a rather complicated anatomy, deep in the brain
parenchyma, surrounded by many blood vessels and other important structures, so
surgery to approach this area is still a challenge for many surgeons. Because these
cancers are so rare, it has always been difficult to collect a large number of cases to
study and compare. This chapter will describe the features of pineal tumor from the
information collected so far.

Keywords: pineal tumors, pineocyte, Parinaud syndrome, germinomas, teratomas

1. Introduction

The pineal gland is a small endocrine gland located in the brains of vertebrates
near the brain center that helps regulate circadian rhythms.

Pineal tumors are tumors located in this region including tumors of the pineal
gland and tumors of the components and structures of this region. Pineal tumors
can compress the third ventricle, squeeze the cerebral drain causing hydrocephalus,
compress the brain stem, compress the cerebellum, compress the posterior fossa, ...
causing various disorders.

The pineal gland has a rather complicated anatomy, deep in the brain
parenchyma, surrounded by many blood vessels and other important structures, so
surgery to approach this area is still a challenge for many surgeons.

Because these cancers are so rare, it has always been difficult to collect a large
number of cases to study and compare. This chapter will describe the features of
pineal tumors from the information collected so far.

2. Epidemiology

According to many studies, pineal region tumors are rare, accounting for less
than 1% of brain tumors in adults, 5-10% in children. In particular, 95% of pineal
region tumors are found in patients <35 years old.

Gender distribution of pineal region tumors showed a high incidence in male,
with a male: female ratio of 3:1 [1].
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Geographically, this tumor is found in many Asian and American people, of
which Japan accounts for 16% of the total pineal tumors [2-4]. There is no known
reason for this difference.

3. Etiology and screening

Located near the center of the brain, the pineal gland is a tiny organ shaped like a
pine cone. It is seen as a mysterious organ because in the endocrine glands, its
function is discovered in the end [5, 6]. Researchers claim that it produces and
regulates a number of hormones including melatonin. Melatonin (a hormone
derived from serotonin) is best known for its role in regulating sleep - maintaining
circadian rhythms, and in regulating fertility hormones [7, 8].

Until now, the cause of pineal region tumors has not been clarified. Several
studies have noted an association between this tumor and retinoblastoma or rarely
with Klinefelter’s syndrome [9, 10]. In addition, no specific genetic mutations have
been associated with pineal region tumors.

4, Classification

Tumors of the pineal region have a varied histology that generally can be divided
into germ cell and non—germ cell derivatives.

Germ cell tumors are the most common of pineal region tumors. These tumors are
classified into two subtypes: germinomas and a group of nongerminomatous germ cell
tumors (NGGCTs) which include teratoma, embryonal carcinoma, yolk sac tumor and
choriocarcinoma. These tumors arise from pluripotential germ cells, which usually do
not reside in the pineal gland. Theoretically, these germ cells mistakenly migrate to the
pineal gland during embryogenesis. It’s still not clear why that happened.

The second most common form is pineal parenchymal tumors. Pineal parenchy-
mal cell is a pinocyte. WHO classified it as pineocytoma, pineoblastoma and mixed
pineocytoma-pineoblastoma tumors (or PPT of intermediate differentiation).

The pinocyte is surrounded by a stroma of fibrillary astrocytes, which interact
with adjoining blood vessels to form part of the blood-pial barrier. These abnor-
mally grown glial cells also become one of the types of pineal region tumors.

Other tumors which located around the pineal gland, are also pineal region
tumors. These tumors include papillary tumor of the pineal region, meningioma or
metastasis tumor. Papillary tumors of the pineal region are a new classification
believed to be derived from specialized ependymocytes. These tumors are so rare
that there is very little data available on them.

Germ cell tumors (GCTs) 50% -75%

Pineal parenchymal tumors (PPTs) 14% - 27%

Pineocytoma (14% - 60%)

PPT of intermediate differentiation (10%)

Pineoblastoma (45%)

Gliomas

Papillary tumors of the pineal region 5-26%

Other tumors

Table 1.
The classification and frequency of pineal region tumors.
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The table above shows the classification and frequency of pineal region tumors
(Table 1).

5. Diagnostic

Despite their general anatomic location and similar imaging findings, pineal
tumors are extremely heterogeneous in histopathology, natural history, and
response to treatment. Diagnosis of pineal region tumors is based on clinical mani-
festations, imaging and pathological results.

Pathological outcomes are the gold standard in diagnosing pineal tumors. How-
ever, because the pineal gland is located deep in the brain, so tissue sampling
becomes difficult. Consequently, noninvasive diagnosis become useful. Biological
markers in serum and cerebrospinal fluid (CSF) provide additional data prior to
invasive procedures.

Specific serum and cerebrospinal biological markers combined with clinical
evidence and radiographs of pineal mass can guide diagnosis and treatment without
the tissue biopsy.

5.1 Clinical presentation

Pineal tumor symptoms usually progress slowly from weeks to years. In the case
of rapidly growing tumor may cause acute and severe symptoms [11]. These tumors
remain localized to this region where they may compress adjacent structures
including the cerebral aqueduct, brain stem, and cerebellum. Signs and symptoms
therefore vary and relate to obstructive hydrocephalus, increased intracranial pres-
sure, visual problems, Parinaud syndrome, changes in mental status, and ataxia.

The clinical presentation of these tumors depends on many factors, such as
tumor location, its size and extend or patient age. Although the two most common
tumor subtypes, GCTs and PPTs, occurred predominantly in children, the third
most common, gliomas, were more common in adults. From there, if you encounter
pineal region tumors in children, you can think of CGTs or PPTs more than gliomas.
The opposite in adults.

One of the most common syndromes is obstructive hydrocephalus. Its presenta-
tions are headache (worse in morning), nausea and vomiting. This condition is
usually caused by a tumor compressing the Sylvian aqueduct. If left untreated, it
may lead to lethargy and death.

Another syndrome is visual problems. Pineal gland is very close to the pretectum
so eye symptoms are common. Symptoms of pretectum compression leading to
Parinaud’s syndrome, which was first described by the French ophthalmologist
Henri Parinaud in the late 1800s. This syndrome includes paralysis of vertical gaze,
convergence retraction nystagmus, loss of pupillary light reflexes, loss of conver-
gence upper eyelid retraction (Collier’s “tucked lid” sign) and “setting sun” sign.

Rarely are symptoms related to the cerebellum. These symptoms include gait
abnormality, instability, and frequent falls. The cause is thought to be caused by
pressure on the cerebellum from large tumors.

Children with pineal region tumors can present with endocrine malfunction.
Some specific endocrine syndromes can arise from secretion of hormones by germ
cell tumors. Some of the endocrine disorders that can be mentioned are diabetes
insipidus, pseudoprecocious puberty, amenorrhea and growth arrest.

Intracranial hemorrhage is rare but should be considered in pineal adenomas.
Firstly, bleeding can cause pineal abscesses or subarachnoid hemorrhage. This
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aggravates the symptoms of the disease. Secondly, since this is also one of the
complications of surgery, this should be assessed before surgical treatment.

5.2 Imaging
5.2.1 Computer tomography

CT Scan is often used in the emergency, to help diagnose ventricular dilatation
caused by pineal region tumor, determine calcification in the tumor and have a role
in diagnosing the location, size, density of the tumor [12]. It is worth noting that CT
scans are not recommended in children, especially young children. In general, CT
Scan is not used to identify or classify pineal tumors.

5.2.2 Cranial magnetic resonance imaging

High-resolution MRI with gadolinium is necessary in the evaluation of pineal
region lesions. On MRI, pineal neoplasms appear as solid, lobulated tumors. It
allows to clearly identify the location, vascularity, morphology, and structure of the
tumor as well as the anatomic relationship with surrounding structures in order to
select surgical access routes. Irregular tumor borders may suggest a malignant
tumor and surrounding invasion [12].

Although the exact type of tumor cannot be determined, some features can be
used to guide a diagnosis. Most germinomas are readily visible on MR, and tend to
be of considerable size by the time of presentation. These tumors are isointense on
T1-weighted MRI images, are slightly hyperintense on T2, and have strong homog-
enous enhancement. Marked contrast enhancement is the rule for germinomas. In
addition, in case of suspected germinomas, a MRI of the entire spine is required to
assess the metastasis according to cerebrospinal fluid.

Unlike germinomas, teratomas typically have heterogeneous MRI signals. Most
have evidence of fat or calcification.

Both pineocytomas and pineoblastomas typically are hypointense to isointense
on T1-weighted images, have increased signal on T2, and demonstrate homoge-
neous enhancement after administration of gadolinium. It is rarely possible to
distinguish between pineocytomas and pineoblastomas with MRI.

In addition to MRI, angiography is sometimes used in cases of suspected vascular
anomalies.

5.3 Pathology

Tumor cells are removed and sent to a laboratory for examination. This is done
to find out the type and grade of the tumor. Since the pineal gland is deep in the
brain, there is almost no way to obtain tissue samples without invasive procedures.
Consequently, there is usually only a pathological outcome after biopsy or surgery.
What’s more, not all tumors can perform invasive procedures. In facts., about 11%
of biopsies are either undiagnosed or misdiagnosed, showing difficulty in obtaining
enough tissue for an accurate diagnosis [13] (Table 2).

5.4 Biomarker

Although pineal cells are the only place to secrete melatonin in the body,
numerous reports describe an association between melatonin secretion and pineal
parenchymal tumors, indicating that very few pineal parenchymal tumors are dis-
turbed melatonin secretion disorders lead to sleep disturbances [15-18]. Therefore,
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Tumors of the pineal region Gradel GradeIl Gradelll GradelV
Germ cell tumors X X X
Pineocytoma X

Pineal parenchymal tumor of intermediate differentiation X X

Pineoblastoma X
Gliomas X X X
Papillary tumor of the pineal region X X

Other tumors

Table 2.
Pathology of tumors of the pineal region [14].

Tumor subtype Beta Human Chorionic Alpha - Placental Alkaline
Gonadotropin Fetoprotein Phosphatase
Germinoma +/— — +
Teratoma — +
Choriocarcinoma + —
Embryonal carcinoma + +/—
Table 3.

Biomarkers of germ cell tumors.

melatonin analysis is presently believed to have little clinical use in diagnosing and
monitoring response to treatment in pineal parenchymal tumors.

Germ cell tumors are groups capable of increasing the biological markers
involved in germ cells. While germinomas and choriocarcinomas can cause an
increase in -hCG, embryonal carcinomas, immature teratomas, and endodermal
sinus tumors can cause an elevated alpha-fetoprotein in the serum or CSF.
Germinomas are also associated with elevated lactate dehydrogenase and placental
alkaline phosphatase.

Biomarkers of germ cell tumors are summarized in Table 3.

As described above, these markers can be somewhat helpful for diagnosis, but
they are more useful for monitoring response to treatment.

6. Prognosis

Pineal region tumors treatment results depend on the type of tissue, the location
and size of the lesion as well as age of patient. In general, patients with germinomas
have an excellent prognosis because of the radiosensitivity of these tumors.

A study of incidence, survival and treatment modalities was done based on the
SEER data (The Surveillance, Epidemiology, and End Results) on 633 patient
diagnosed pineal tumors during the period 1973-2005. The 5-year overall survival
(OS) was 65% = 2.1%. Among them, the best survival was germ cell tumors
(OS = 78.9% =+ 2.3%), followed by glioma (OS = 61% =+ 9.3%) and pineal
parenchymal tumors (OS = 47.2% =+ 4.2%) [1].

Recurrent germ cell tumors have been shown to respond to chemotherapy, as
have some pineal cell tumors, although to a lesser degree. No conventional approach
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is designed for managing recurrence. Chemotherapy, radiotherapy, or radiosurgery
can be applied if maximal doses have not already been administered.

7. Treatment

Due to pineal tumor’s rarity, there is no consensus to date on optimal treatment.
Some suggested that, complete surgical resection is the mainstay therapy for low-
grade tumors, whereas a multimodality approach of surgery, radiotherapy, and che-
motherapy is the preferred treatment in high-grade tumors. Some another authors
encourage that the first treatment for pineal region tumors is surgery, if possible,
followed with irradiation and chemotherapy or clinical trials. Clinical trials, with new
chemotherapy, targeted therapy, or immunotherapy drugs, may also be available and
can be a possible treatment option [13]. So that, treatments are decided by the
physician, based on the patient ‘s factors, for example: the age at diagnosis,
symptoms, remaining tumor after surgery, tumor type, and tumor location.

Notably, germinomas are exceptional. Germinomas, which are exquisitely
radiosensitive, can be cured by conventional radiation therapy alone (40 Gy + 15 Gy
boost). Craniospinal radiotherapy is indicated if CFS seeding is found. Therefore,
diagnosis of germinomas by MRI and biomarkers becomes particularly important.

7.1 Surgery

The authors support an aggressive surgical approach to pineal region tumors to
provide a definitive histological diagnosis. This strategy is based on their surgical
experience in 160 operations for pineal region tumors in which operative mortality
was 4% with 3% permanent major morbidity.

There are 2 types of surgery corresponding to 2 different purposes.

Firstly, for the treatment of ventricular dilation, there are two commonly
mentioned techniques: ventriculoperitoneal shunt and endoscopic third
ventriculostomy. Recently an endoscopic third ventriculostomy has been selected.
Because this therapy not only drains cerebrospinal fluid but also may take tissue
tumor for testing or pathology.

Another therapy is surgery to remove the pineal region tumors. In the past,
surgical exploration of the pineal gland was very hazardous. Given recent advances,
this surgical approach is typically performed endoscopically using a high-definition
operating microscope and stereotactic techniques through a small bony opening at
the back of the head, direct approach to these tumors has become relatively safe.
The goal of surgery is to obtain tissue to determine the tumor type and to remove as
much tumor as possible without causing more symptoms for the person. Evidence
suggests that surgical debulking may improve the response to postoperative
adjuvant therapy [19].

In summary, patients with hydrocephalus have evidence of pineal region
malignancies on MRI may be treated with either third ventriculostomy or
ventriculoperitoneal (VP) shunt prior to biopsy or removed.

Complications after surgery cannot be ignored. The most devastating complica-
tion of pineal tumor surgery, regardless of the approach, is postoperative hemor-
rhage. The bleeding can be early or slow for a few days and is often associated with
vascular tumors. This is truly a disaster and a great challenge for all surgeons. Some
common Complications are extraocular movement dysfunction, ataxia, altered mental
status as well as seizures, or hemiparesis. Some factors increased incidence of surgical
complications include prior radiation treatment, severe preoperative neurologic
symptoms, malignant tumor pathology, and invasive tumor characteristics.
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7.2 Radiotherapy

Depending on each case, it is possible to have postoperative radiotherapy, con-
current postoperative chemotherapy, or only radiation therapy. There are a number
of projection fields that can be applied, for example: whole brain (for multifocal
metastatic cancers), tumor region and tumor margins (for large tumors that cannot
be removed). The dose of radiation therapy depends on the type of histopathology,
tumor location, age, physical condition, malignancy. Some potential complications
of radiation therapy are hypothalamic and endocrine dysfunction, cerebral necrosis,
dementia. They need careful evaluation and monitoring.

As mentioned above, germinomas are among the most radiosensitive tumors,
therefore these tumors can be cured by conventional radiation therapy alone [20].
However, these patients should be carefully monitored with serial MRI to evaluate
tumor recurrence or progression.

Remember, radiation therapy is only available for children 5 years of age and
older. It has been noted that even low radiation doses can have significant long-term
effects on children’s cognitive development.

7.3 Systemic therapy

Chemotherapy is a supportive treatment that enhances the effectiveness of
surgery and radiation therapy [21, 22]. Treatment regimens have included various
combinations of vincristine, lomustine, cisplatin, etoposide, cyclophosphamide,
actinomycin D, and methotrexate.

Chemotherapy is usually given after surgery, after, or simultaneously with
radiation therapy. Using chemotherapy as the first step in the treatment of pineal
tumors has only been shown to be effective in certain cases. The success of radio-
therapy in the treatment of germ tumors has discouraged the use of chemotherapy
as the primary treatment. Chemotherapy should be considered the first line of
treatment in young children, especially children younger than 5 years.

8. Follow up

After treatment for pineal tumors there are many chronic health problems to be
aware of and to screen for in long-term survivors. Lifelong follow-up of children
with pineal region tumors is required. MRI scans and biomarkers should be
obtained on a periodic basis, even if the result were not abnormal. Patients should
be evaluated by an endocrinologist and ophthalmologist every 1-2 years.
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Abstract

The incidence of radiation necrosis has increased secondary to combined
modality therapy for brain tumors and stereotactic radiosurgery. The pathology
of progressive brain radiation necrosis (RN) primarily includes inflammation and
angiogenesis in which cytokines, chemokines, and vascular endothelial growth
factors are upregulated. Combined multiparametric imaging, including lesional
metabolism, spectroscopy, and blood flow, could enhance diagnostic accuracy
compared with a single imaging study. Nevertheless, a substantial risk of bias
restricts firm conclusions about the best imaging technique for diagnosing brain
RN. Bevacizumab shows promising results of improving radiographic edema
and post-gadolinium enhancement with associated symptomatic improvement.
However, this was based on small double-blinded randomized controlled trials,
which introduces a high risk of bias due to the small sample size despite the high-
quality trial design. Edaravone combined with corticosteroids also resulted in a
more significant reduction in radiographic edema than corticosteroids alone but
had no impact on reducing the enhancing lesion. There is a great need for further
prospective randomized controlled trials (RCTs) to treat brain RN.

Keywords: radiation necrosis, brain metastases, brain tumors, gliomas, brain injury

1. Introduction

For years, radiation therapy (RT) has played a critical role in the treatment of
primary brain tumors (PBT) and brain metastases (BM). Different techniques can
be used depending on the clinical setting, including brachytherapy, fractionated
stereotactic radiotherapy, and stereotactic radiosurgery. The use of RT in brain
tumors has been related to improved progression-free survival as well as overall
survival, especially in patients with high-risk low-grade gliomas [1]. As with dif-
ferent cytotoxic treatment approaches, the use of cranial irradiation comes with
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the possibility of specific side effects known as radiation toxicity that can be acute
(early toxicity) or late. Usually, early toxicity symptoms are reversible and treatable
with proper supportive care; these symptoms include fatigue, headache, alopecia,
dermatitis, nausea, and vomiting. Radiation necrosis (RN) is one of the leading late
toxicity clinical manifestations. It usually occurs between 1-3 years after RT in the
location that received the most radiation (tumor location) or a nearby area.

Clinical manifestations of RN will depend on the location of its development
[2]. Signs and symptoms of focal neurologic deficits might occur, seizures are also
present in approximately 20% of patients [3]. Depending on the region of the brain
that is affected, different sets of symptoms might be present, including but not
limited to motor deficits (2.9%), sensory deficits (1.3%), cognitive deficits (1%),
speech deficits (1.3%), visual disturbances (0.6%), ataxia (1.6%) and general
symptoms like headache (5%), nausea (1%) and hemorrhage (5%) [4]. This chapter
will discuss the epidemiological features of RN, its risk factors, its pathophysiology,
its diagnosis, and treatment.

2. Incidence of radiation necrosis

The current true incidence of RN is hard to estimate. According to Vellayappan
et al., the incidence of this kind of toxicity might vary between 5-25% [5]. This
broad range is mainly explained, but the different methodologies used in epide-
miological studies of RN in which its definition is not homogenous and only some
studies have required histological confirmation, the studies’ follow-up can also
provide different results. The kind of RT provided, the dosing, and the fraction-
ation of radiation might also impact the incidence of RN [6].

In a study made by Kohutek et al., the evidence of RN (including asymptomatic
cases) was 25.8%, with a progressive increase in actuarial incidence regarding the
time of evaluation as follows: 5.2% at six months after RT, 17.2% at 12 months,

23% at 18 months and 34% at 24 months. The median time to the first diagnosis

of RN was 10.7 months. In this study, the incidence of symptomatic RN was 11.8%
at 12 months. Significant variability in diagnostic methods used in this study was
seen, with some patients being diagnosed histologically, some via FDG-PET and
others by MRI alone [7]. Another study conducted by Blonigen et al. analyzed RN
in metastatic lesions after stereotactic surgery; a total of 63 patients with 173 lesions
were studied. 14% of the lesions presented with RN, 10% were symptomatic. The
individual factor related to a higher risk for RN, whether symptomatic or asymp-
tomatic, was an increased dose of radiation. The location of the lesion was not
related to the development of RN of any kind [8].

Studies where pathological confirmation of RN was done reported the least inci-
dence, a clear example is an investigation made by Chin et al in which the reported
incidence was only 7% [9]. This can be explained by a better sensitivity for histo-
pathological diagnosis and a greater rate of false positives in imaging techniques, as
some other pathological mechanisms could resemble RN, including pseudoprogres-
sion, radiation-induced neoplasms, and vascular thrombotic events [10].

3. Pathophysiology of radiation necrosis

Vascular and white matter (myelinated tissue) injury have been stated as
the genesis of RN. Since the second half of the 20th century, anecdotal clinical
literature argued about the existence of delayed radiation-induced necrosis of the

brain; however, scarce evidence was available regarding the exact mechanisms
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of disease [11]. In the 1970s and 1980s, two main pathogenetic theories were
formulated. The first one was the glial cell theory, in which radiation injury was
presumed to induce damage of glial cells, specifically of oligodendrocytes, which
will induce a cascade of events that will end in tissue necrosis [12]. The other
theory stated that endothelial cell injury induced by radiation was the only cause
explaining ischemia and further tissue necrosis. Different experimental studies
performed in rats and dogs found data that supported both theories, and today we
consider that RN arises as a multifactorial process in which glial cells, endothelial
cells, and other cell types result injured by radiation generating different inflam-
matory and scarring processes that end in tissue necrosis [13-15].

Both theories are currently accepted as part of one single process in which
vascular injury precedes glial cell damage. After brain tissue is exposed to radiation,
avascular insult occurs within the first 24 hours, followed by parenchymal brain
injury [16]. Reactive oxygen species develop because of ionizing radiation, leading
to single- and double-stranded DNA damage. Regulatory cell mechanisms are acti-
vated and will drive the endothelium to cell cycle arrest and further apoptosis [17].
Ionizing radiation of more than 8 Gy will also induce activation of acid sphingo-
myelinase in endothelial cells [18, 19], leading to ceramide synthesis and ceramide-
induced apoptosis [20]. The injured tissue will also induce inflammation, producing
the release of TNF-alpha [21], a molecule that has been shown to disrupt the blood—
brain barrier (BBB) in multiple physiological and pathological situations [22-24].
Increased expression of VEGF and ICAM-1 has also been shown [25, 26]. The result
of this inflammatory cascades is the development of intravascular thrombi and fibri-
noid necrosis, leading to vessel lumen narrowing and further ischemia and necrosis
and disrupting, even more, the BBB homeostasis [27], leading to cerebral edema and
further demyelination [28]. Thus, vascular injury induces oligodendrocyte injury,
but at the same time, the initial ionizing radiation can also directly damage glial
cells, generating inflammation and gliosis. In the early-delayed phase of this process,
edema might resemble tumor progression or pseudoprogression on imaging findings
[29]. Research has also shown that ischemia-induced hypoxia in the perilesional area
can induce HIF-a, which also induces VEGF expression generating angiogenesis of
weak, leaky capillaries that aggravate edema, necrosis, and demyelination. Figure 1
shows the pathophysiological characteristics for the development of the RN.
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Figure 1.

An illustration depicting RN pathophysiology is shown. When a patient receives radiation over a tumoval
lesion, DNA damage occurs in glial and endothelial cells which will further lead to cell apoptosis. Vascular
apoptosis leads to tissue ischemia and subsequent cevebral edema, processes that will facilitate BBB disruption
with the further vecruitment of inflammatory cells mediated by microglia. At the same time, increased
expression of VEGF in response to hypoxia generates fragile neovessels that would leak plasma and would
increase cerebral edema and BBB permeability.
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4, Risk factors related to radiation necrosis

As aresult of different epidemiological, clinical, and genomic studies related to
radiation-associated brain injury, different risk factors for RN have been identified.

4.1 Dose-volume interplay

The incidence of RN increases as dose and volume increase. Different studies
have tried to find the ideal dose for different tumor diameters. Lesions of 20 mm
or less can be safely treated with 24 Gy, 21-30 mm lesions with 18 Gy, and lesions
between 31-40 with 15 Gy. The cumulative incidence of RN at 12 months for these
measurements is 8% [30]. In the case of SRS, it has been demonstrated that the
brain parenchyma that is irradiated with >10-12 Gy has a greater risk of developing
RN. This risk is even higher when V10 > 10.5 cm’ or V12 > 79 cm’ [8].

4.2 Prior radiation exposure

Another essential risk factor for RN is prior radiation exposure, whether as
whole-brain radiation therapy (WBRT) or SRS. A study performed by Sneed et
al. showed that the risk of developing RN after SRS in a patient with prior SRS in
the same lesion was 20% at one year, 4% when WBRT was the primary modality,
and 8% when concurrent WBRT. When no history of prior irradiation, the risk
was only 3% [31]. Andruska et al. studied the incidence of symptomatic RN in 75
patients with brain metastases that received different doses in five fractions. With
a median follow-up of 8 months, 14 patients were diagnosed with symptomatic
RN; half of them were not previously exposed to brain radiation. However, in a
subgroup analysis by dose received, patients with a history of prior intracranial
irradiation only developed RN after 30 Gy, with the highest incidence when the
dose was over 35 Gy [32].

4.3 Chemotherapy

Radiosensitization with cytotoxic agents is a common practice in the treatment
of different tumors and metastatic diseases [33]. In the same study by Sneed et al.,
the use of capecitabine +5-fluorouracil was related to a higher incidence of RN [31].
Ruben et al. studied 426 patients who underwent intracranial RT for glioma treat-
ment; they found that patients who received subsequent chemotherapy signifi-
cantly increased the risk of RN (p = 0.001) [34].

4.4 Immunotherapy

Colaco et al. studied 180 patients who underwent SRS for brain metastases.
Only 39 developed RN from this cohort, from which only 35% received immu-
notherapy (IT) (the agents received were anti-CD137, anti-CTLA4, anti-PD-1,
interferon, and interleukin-2), from these patients, 12 had IT only, and 2 received
IT plus targeted therapy. In the multivariate analysis, patients who received IT only
were at higher risk of developing RN; however, the difference was not statistically
significant (p = 0.06). Statistical significance was evidenced in the univariate
analysis (p = 0.03) [35]. Another study by Martin et al. included 480 patients
that underwent SRS for BMs. They found that the receipt of IT was associated
with symptomatic RN (p = 0.04), with the association being robust in melanoma
patients (p = 0.03) and being even more substantial in melanoma patients receiving
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Ipilimumab (p = 0.01). As it is widely known, checkpoint inhibitors are pro-inflam-
matory. Therefore, it is biologically plausible that its use can exacerbate the myriad
of pathological mechanisms underlying RN [36].

4.5 Tyrosine-kinase inhibitors

Juloori et al. performed a study of 326 patients with 912 renal cell carcinoma
with BM that underwent SRS. The cumulative incidence of RN at 12 months was
8%. It was found that the use of TKIs within 30 days from SRS was associated with
a significantly increased 12-month cumulative incidence of RN (10.9% vs. 6.4%,

p = 0.04) [37].

4.6 Brain location

Even though most studies did not find a correlation between brain location and
RN risk, some observations by Flickinger et al. in arteriovenous malformations
(AVMs) suggest that the frontal cortex is at higher risk of RN and that the brain-
stem seems to be more resistant to radiation. Superficial lesions might also be at less
risk of RN than the deeper ones [38].

4.7 Histology

Specific histological subtypes of tumors might be related to an increased risk
of RN. Miller et al. at the Cleveland Clinic studied 1979 patients with metastatic
lesions that received intracranial irradiation. From this pool, 15% of patients pre-
sented with RN. Analysis by histological subgroups revealed that HER2-amplified
status (p = 0.02), BRAF V600E mutational status (p = 0.04), lung adenocarcinoma
histology (p = 0.02) and ALK rearrangements presence (p < 0.01) were associated
with a greater risk of RN [39].

4.8 Planning target volume (PTV) margin

A higher PTV might be related to an RN’ increased risk. A study by Kirkpatrick
et al. evaluated the risk of RN in 49 patients with 80 BMs. Patients were randomized
to receive a 1 mm or 3 mm expansion of their gross tumor volume. Patients with
the greater PTV (3 mm) had the highest risk of RN (p = 0.1); however, statistical
significance was not reached as only six patients developed RN [40].

4.9 Intrinsic radiosensitivity

A possible genetic radiosensitivity might also underly some of the risk burdens
of some patients that develop RN. One in vitro study evaluated the radiosensitivity
of fibroblasts extracted from 5 patients with AVMs that did not develop RN com-
pared to those extracted from 2 patients that developed RN. The researchers found
an increased sensitivity in the fibroblasts from the patients that had RN [41]. A
recent genome-wide association study from China found that the RN of the tempo-
ral lobe was related to the presence of a particular single-nucleotide polymorphism
in the CEP128 gene promoter related to radionecrotic temporal lobe injury. CEP128
gene encodes the centrosomal protein 128 kDa, which interacts with multiple
radiation-resistant genes and plays a crucial role in functional cilia. When this exact
mutation is replicated in a glioblastoma cell line (U87), cell survival is considerably
decreased under radiation.
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5. Radiation necrosis imaging

The pathology of progressive brain RN primarily includes inflammation and
angiogenesis in which cytokines, chemokines, and vascular endothelial growth factors
are upregulated [12, 15, 42, 43]. Distinguishing between RN and tumor progression
is somewhat challenging on conventional imaging. Besides, obtaining tissue samples
is invasive even in stereotactic biopsies, although pathological diagnosis remains the
gold standard. Moreover, needle biopsy poses a risk of misdiagnosis because RN is
typically a heterogeneous lesion with coexisting radiation necrosis and tumor cells
[44]. Currently, RN is diagnosed by relatively less-invasive radiological examinations
that evaluate the whole lesion, compared with needle biopsy. Strategies can be divided
into two categories, the use of conventional radiological imaging [computed tomog-
raphy (CT) and magnetic resonance imaging (MRI)], and nuclear medicine studies
[single photon emission CT (SPECT) and positron emission tomography (PET)] [45].

Brain RN may occur during therapy (acute injury), a few weeks to 3 months
after therapy (early-delayed injury), or more than three months after treatment
(late injury). After conventional radiotherapy, RN typically involves large areas
of the brain and may not be amenable to surgery [46]. On the contrary, the injury
secondary to radiosurgery tends to be restricted to the site of treatment and, con-
sequently, may respond well to surgical resection [47]. Computed tomography
was found to be unreliable in this regard quite early [46, 48, 49]. The most cited
MRI features are necrotic foci, contrast enhancement, and perilesional edema
[50, 51]; Changes are most evident in T2-weighted and fluid-attenuated inversion
recovery sequences. Unfortunately, these features are commonly present with
recurrent tumors as well. Some MRI features have been thought to suggest radia-
tion necrosis in previous reports: contrast enhancement with ill-defined borders
and little or no mass effect and a “Swiss cheese” or “soap bubble” pattern (“cut
green pepper”). On the other hand, Dequesada et al. noted that gyriform lesions
and edema with marginal or solid enhancement suggested at least some viable
tumor, adding that a lesion quotient (LQ) (which is the ratio of the nodule on
T2 sequence to the total enhancing area on T1 sequence) of >0.6 was suggestive
of tumor recurrence, while an LQ of <0.3 favored radiation necrosis alone [52].
Other authors however found this feature to be only 8% sensitive.

Years ago, some suggested that advanced imaging modalities might prove to be
more reliable than MRI in the differential diagnosis of tumor versus necrosis. Taylor
etal. [53] found that magnetic resonance spectroscopy (MRS) reliably identified 5
of 7 patients with active tumor and 4 of 5 patients with radiation necrosis. Others
have found that MRS reliably distinguished pure tumor from pure necrosis but that
no values could distinguish mixed specimens [54, 55].

Almost two decades ago, Tsuyuguchi et al. found that methionine positron emis-
sion tomography had a sensitivity of 78% and a specificity of 100% for detecting
recurrent tumor versus RN [56]. Subsequently, Belohlavek et al. found fluorodeoxy-
glucose PET to be insensitive but specific [57].

Since then, the use of MRS, MR perfusion, and PET has been consolidated as
effective techniques to help increase diagnostic confidence. These techniques are
discussed below.

5.1 MR perfusion
Viable tumor has intact vasculature and thus higher perfusion and blood
volume than necrotic tissue. An increased relative cerebral blood volume (rCBV)

based on dynamic susceptibility-weighted MRI has been used for differentiating
tumor from necrosis [58]. Sugahara et al. prospectively studied 20 patients with
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enhancing lesions after irradiation using gradient-echo dynamic susceptibility
perfusion MRI and reported that a normalized rCBV value greater than 2.6 or less
than 0.6 was always indicative of tumor recurrence and radiation necrosis, respec-
tively [59]. Later, Hu et al. reported rCBV of <0.71 as 92% sensitivity and 100%
specificity for radiation necrosis, while another suggested an rCBV cutoff of <2.1
(100% sensitivity and specificity) [58].

However, much of the published information is retrospective and inconsistent.
Barajas et al. reported significant overlap in rCBV values and proposed using the
percentage of signal-intensity recovery (PSR) [60]. Furthermore, rCBV values
vary between machines, depend on the acquisition methods, and are confounded
by signal-intensity pileup artifacts and susceptibility artifacts from blood and
contrast pooling within the lesions. Intravoxel incoherent motion (IVIM) is another
method that provides quantitative diffusion and perfusion measurements based on
a diffusion-weighted imaging (DWI) MR acquisition. Compared with the combina-
tion of normalized CBV and ADC, adding IVIM to rCBV substantially improved the
diagnostic accuracy for differentiating recurrent tumor and RN from 86% to 93%
[61]. This data has been validated against gold standard histopathology [62].

5.2 MRS

MRS provides additional information on the metabolic composition within an
area of tissue by comparing several metabolites’ relative concentrations. Ando
et al. retrospectively studied 20 patients and found that a 1.5 threshold of choline-
to-creatine (Cho/Cr) ratio had a sensitivity of 64% (95% CI, 35-87%), and a
specificity of 83% (95% CI, 36-100%) for the detection of glioma recurrence
[63]. Traber et al. reported a series of 43 patients, with an increased choline peak
(50% higher than contralateral tissue) which implies a sensitivity of 72% (95% CI,
53-86%), and a specificity of 82% (95% CI, 48-98%) to distinguish tumor from
RN; however, not in all patients there was a histopathological verification [64].

Besides, Lichy et al. tested multivoxel spectroscopy in a cohort of 24 patients
with recurrent tumor suspicion and found that a Cho/Cr threshold ratio of 2.0 had
87% sensitivity and 89% specificity for the detection of tumor recurrence in con-
trast to RN [65]. Furthermore, Plotkin et al. assessed prospectively 25 patients with
suspected recurrent glioma versus radiation injury by single-voxel MRS at 3 Tesla.
They reported that a combined diagnostic threshold of choline-to N-acetyl aspar-
tate (NAA) of 1.17 and Cho/Cr of 1.11 resulted in 89% sensitivity and 83% specific-
ity for differentiating tumor against radiotherapy-induced chronic changes [66].

Zeng et al. also explored the diagnostic effectiveness of MRS with DWI on the
evaluation of recurrent contrast-enhancing areas at the site of treated gliomas.
The authors found that the Cho/NAA (1.71) and Cho/Cr ratios were significantly
higher in recurrent tumors than in regions of radiation injury, and ADC ratios
were significantly higher in radiation injury regions than in recurrent tumors. The
results showed that the sensitivity, specificity, and diagnostic accuracy were 94.1%,
100%, and 96.2%, respectively [67]. In contrast, an elevated lipid-lactate peak and
generalized decrease in other metabolites supported radiation necrosis [68]. MRS
is limited by voxel size, often requiring the lesion to be larger than 1 cm [3] and is
also affected by sampling errors within heterogeneous tumors and the proximity to
the skull base.

Recently, Chuang et al. presented the results of a systematic review that
included 397 patients included in 13 studies designed to differentiate tumor recur-
rence versus radiotherapy changes. The pooled difference in means (2.18, 95%

CI 0.85-3.50) indicated that the average rCBV in a contrast-enhancing lesion was
significantly higher in tumor recurrence than radiation injury (p = 0.001). Based
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on a fixed-effect model of analysis encompassing the six studies which used Cho /
Cr ratios for evaluation, the pooled difference in means (0.77, 95% CI 0.57-0.98) of
the average Cho/Cr ratio was significantly higher in tumor recurrence than in RN

(p = 0.001). In the same direction, there was a significant difference in ratios of Cho
to NAA between recurrent tumor and necrosis (1.02, 95% CI 0.03-2.00, p = 0.044)
[69]. At least two additional integrative studies demonstrated that MRS alone

has moderate diagnostic performance in differentiating glioma recurrence from
radiation necrosis using metabolite ratios like Cho/Cr and Cho/NAA ratio [70, 71].
Figure 2 shows the main imaging characteristics in conventional MRI (contrasted
T1 phase), MR perfusion and MRS.

5.3PET

Impaired BBB is considered the leading diagnostic indicator of brain tumors and
metastases on contrast-enhanced MRI and CT. Similarly, many PET tracers that can
identify tumor cells at various sites in the body would only reach the brain if the
BBB is disrupted. Therefore, the development of specific tracers that do not depend
on BBB damage, such as fluorodeoxyglucose (18F-FDG) and labeled amino acids
(aa) that are transferred by specific transporters across the intact BBB was intro-
duced. Different studies showed that 18F-FDG is unhelpful in differentiating tumor
progression from RN. Even though 18F-FDG alone has a low sensitivity (43%), its
combination with other imaging techniques like MRI might increase its diagnostic
usefulness [72]. The fact that tumoral or highly inflamed tissue might have an
increased uptake of amino acids [73], and the relatively low uptake of normal brain
tissue would provide a considerable tissue contrast. Compared to 201T1, 18F-FDG is
more specific but less sensitive to detect tumor recurrence since the former, before
its uptake through the Na+-K+ ATPase pump, has a non-specific accumulation due
to BBB breakdown. The latter lacks sensitivity because of the physiological uptake

Figure 2.

(A) Post-surgical right parietal changes due to resection of a metastatic lesion adjacent to the precentral sulcus
with enhancement in the contrasted T1 sequence after SRS execution (compatible with RN). The lesion has an
irvegular morphology and measures 18x13x16.7 mm. (B) Decrease in all metabolites compared to the healthy
zone, without evidence of Cho/NAA ratios greater than 2.0. There is also an increase in the peak of lactate-
lipids, indicating that it corresponds to RN. (C) In the postsurgical cavity and in the nodular lesion that is
enhanced with contrast medium, there are low values of rCBV.
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of normal brain [74]. More specifically, in the differentiation of tumor recurrence
and RN, 18F-FDG also has low specificity, ranging from 40 to 94%, mainly during
the first few weeks post-therapy, with a study that showed a sensitivity of 81-86%.
Therefore, it is recommended to perform 18F-FDG PET no less than 3 months after
the end of RT, also because it can cause inflammatory changes that can last up to

6 months after therapy but slowly decreases over time, for example, in the lung
parenchyma, which will take up FDG and make it difficult to differentiate from the
recurrent tumor [75].

Other amino acids have been studied, including fluoro-1-thymidine, fluoro-
ethyltyrosine (18F-FET), 3,4-Dihydroxy-6-18F-fluoro- 1 -phenylalanine (FDOPA),
1-[Methyl- 11 C] methionine (11C-MET), 3-Deoxy-30-18F-fluorothymidine
(18F-FLT) and carbon-11 choline. Floeth et al. compared 18F-FET performance
with MRI and MR spectroscopy in 50 patients, showing in 34 tumoral lesions a
mean tumor/non-tumor ratio (T/NT) of FET uptake of 2.4 + 0.9, thus signifi-
cantly higher than non-neoplastic lesions (16 lesions; p < 0.001), with the area
of significant 18F-FET uptake that was always included within the area of MR
signal abnormality, which means that the latter could often be overestimating the
extension of disease. More 30 out of 34 gliomas demonstrated an increased 18F-
FET uptake (T/NT ratio > 1.6), with an overall sensitivity and specificity for the
distinction of tumors from non-neoplastic tissues of 88% and 88%, respectively
[76]. Concerning RN, studies have shown the absence of 18F-FET uptake in a case
of RN in contrast to 18F-FDG; this could be due to the absence of 18F-FET uptake
from macrophages, which are a common inflammatory mediator usually present
in such cases. Recently, a study performed by Radinger et al. evaluated 36 patients
with a glioma diagnosis. They used 18F-FET vs. MRS to differentiate tumor
progression from RN correctly. In this study, pathological assessment and clinical
manifestations were used as confirmatory variables. A specificity of 93% and a
sensitivity of 100% was calculated for 18F-FET after suspicion of the recurrent
tumor revealed by MRI (this highlights the importance of combining techniques
for better analysis) [77].

18F-FDOPA is an amino acid tracer that has been used at the beginning for the
evaluation of movement disorders by assessing the integrity of the striatal dopa-
mine pathway. Recently, 18F-FDOPA it is studied in the imaging of brain tumors.
In this scenario, one of the main pros of 18F-FDOPA lays in the crossing of the BBB
thanks to a specific neutral amino acid transporter, which grants a better uptake
ratio also because tracer accumulation does not depend on BBB breakdown [78]. In
a non-conventional meta-analysis, Yu et al. evaluated the accuracy of 18F-FDOPA
and compared it to 18F-FET for differentiating RN from brain tumor recurrence
going through 48 separate studies (18F-FDOPA, n = 21; 18F-FET, n = 27), in which
both tracer showed comparable results in terms of pooled sensitivity (85%), speci-
ficity (82%) and diagnostic odds ratio (21.7); in particular, 18F-FDOPA showed bet-
ter diagnostic accuracy in patients with glioma compared with patients with brain
metastases and proved to be better than 18F-FET in diagnosing glioma recurrence.
In any case, larger cohorts of patients will be needed to support these preliminary
findings [79].

11C-MET is a PET amino acid isotope characterized by a relatively short half-life
that in tumors determine the high density and activity of amino acid transporters.
Instead, it can accumulate due to active transport and cell proliferation, but in RN,
passive diffusion via BBB damage is the most probable uptake mechanism [80].
Therefore, the difference in terms of accumulation mechanisms could be a way to
distinguish the two clinical settings. Concerning its role in the differentiation of
recurrence from RN, Hustinx ez al. explain the potential role of 11C-MET to dif-
ferentiate either low-grade or high-grade gliomas. 11C-MET uptake was directly
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related to prognosis and survival in low-grade gliomas since it is increased in the
absence of BBB breakdown, thus determining a significant advantage over CT, MRI,
or even 18F-FDG PET.

Moreover, in the case of high-grade gliomas, 11C-MET uptake is higher than
in low-grade tumors; therefore, it could be used for monitoring purposes to assess
anaplastic transformation [81]. In a recent study of 18 lesions from 15 patients with
metastatic brain tumors who underwent gamma knife radiosurgery, the authors
showed that 11C-MET was superior in terms of both sensitivity and specificity as
an imaging technique for differentiating RN and recurrent metastatic tumors after
gamma-knife compared with diffusion-weighted imaging (DWI), MR permeability
imaging and 18F-FDG. However, it is not widely available yet for clinical use due to
its physical limitations [82]. Another study showed that 11C-MET could differenti-
ate recurrence from RN based on the PET/Gd volume ratio and the PET/Gd overlap
ratio as these ratios were significantly lower in patients with RN than in patients
with glioblastoma recurrence (p < 0.05) (analysis were done based on a pathologi-
cal assessment) [83].

18F-FLT is a radiolabeled analog that has been used to indicate tumor prolif-
eration since thymidine is a nucleoside encountered only in DNA; therefore, it
reflects tissue proliferation rate. 18F-FLT transport is mediated mainly by active
Na + —dependent carriers through nucleoside transporters (salvage thymidine
pathway) and passive diffusion. Enslow et al. made a tracer comparison taking in
consideration 18F-FLT kinetic parameters (18F-FLT Kimax) rather than simple
SUV max values [18F-FLT Kimax >0.0165 (sensitivity 91%, specificity 75%);
18F-FLT SUV max >1.34 (sensitivity 73%, specificity 75%)] and although there
was no statistically significant difference both 18F-FDG and 18F-FLT proved to be
accurate in the differentiation between recurrent glioma and radiation necrosis
[84]. Unfortunately, even if dynamic kinetic modeling of 18F — FLT-PET has
proven to be crucial and its superiority could not be demonstrated only for the
small number of patients included in the study, due to the complexity of the
procedure, it is unlikely that it will be broadly accepted in clinical practice. No
single technique of PET and other imaging techniques has been shown to be able
to differentiate recurrence from RN by itself. Based on the limitations of each
modality, a multi-modal approach is currently used. Figure 3 shows the differ-
ences between different PET tracers for the diagnosis of RN versus conventional
MRI and the perfusion sequence.

Figure 3.
A. Fibrinoid necrosis or hyalinization, fibrosis of blood vessels, dystrophic calcification and an inflammatory
infiltrate consisting predominantly of macrophages. B. Radiation induced cytologic atypia.
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6. Pathological assessment

Histopathology is currently the gold standard to diagnose tumor recurrence or
RN. A significant difference in histologic findings exists between these two condi-
tions. Macroscopically, RN shows as a firm-like mass or sometimes as a soft cystic
lesion. A yellow-to-brown necrotic core is usually accompanied by significant
hemorrhage, gliosis, and tissue atrophy [85]. In the case of RN, fibrinoid necrosis,
hemorrhage, hyalinization and, blood vessel thrombosis can be seen, with a visible
hypoxic injury of the surrounding tissue [5]. The necrotic area is usually paucicellular,
characterized by the presence of inflammatory ghost cells and focal perivascular
lymphocytes, and surrounded by gliotic brain tissue corresponding mainly to GFAP-
reactive astrocytes (reactive gliosis) [86]. Inside the lesion, other cell types like foamy
macrophages and hemosiderophages can be seen. A low nuclei-cytoplasmic ratio is
characteristic. On the other hand, tumor recurrence shows a high cellularity with a

Perfusion 18F-FDG

Figure 4.

Re}gwesenmtive PET and MRI images of radiation necrosis (RN). (A) Example of an RN area by SRS performed
in a postsurgical cavity due to metastasis of a lung adenocarcinoma located in the vight precentral sulcus.

(B) Variations between 11C-MET and 18F-FDG PET in a large avea of left frontal RN after vesecting a high-
grade glioma treated with IMRT. (C) FLT-PET study from the progression of a recurrent glioblastoma multiforme.
MRI T1 Gd shows a lavge right frontal contrast-enhancing lesion versus FLT- PET and FDG-PET scans.
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ghost cell outline, demonstrating a high nuclei-cytoplasmic ratio. In brain metastases,
careful examination of the blood vessels is essential as residual tumor cells might be
seen around the Virchow Robin spaces. An immunohistochemistry panel will reveal
the usual immunophenotype of the suspected tumor recurrence according to the
patient’s history. Histopathological assessment is not routinely performed unless an
invasive approach to the lesions is needed for other purposes like therapeutic inter-
ventions. Figure 4 shows the main pathological features of radiation injury, including
cytological atypia, fibrinoid necrosis, and the marked inflammatory infiltrate.

7. Management of radiation necrosis
7.1 Observation

Since the 1970s, RN can be controlled with advanced images and left under
observation. Wang et al. described a series of 124 patients who had radiation for
nasopharyngeal carcinoma and developed severe imaging changes in the temporal
lobe; among them, 28% of white matter lesions, 39% of contrast-enhanced lesions,
and 7% of cysts regressed or resolved [87]. Since RN is not always symptomatic and
evolutionary, it is considered that about half of the cases could be managed with
observation, especially if the lesions are small and are located in non-eloquent areas.

7.2 Steroids

For patients with symptomatic brain RN, steroids are typically the first-line
treatment, as they effectively reduce symptoms associated with brain edema and also
inhibit the pro-inflammatory cascade involved in radiation injury. However, with-
drawal of corticosteroids may result in a rebound of the edema and related symptoms
and prolonged use of corticosteroids can be associated with significant toxicity includ-
ing steroid myopathy, iatrogenic Cushing’s syndrome and glucose intolerance [88].

7.3 Bevacizumab

There have been several recent reviews addressing the use of bevacizumab
for brain RN [89, 90] that included data from both retrospective and prospective
studies. Lubelski et al. reported on 30 patients included in seven studies of beva-
cizumab for patients with brain RN following treatment for high-grade glioma.
Similar to this review, all patients demonstrated a radiographic response on T1 and
T2-weighted MRI. Out of the 23 patients for which clinical data were reported,

16 (70%) showed an improvement. A subsequent broader review that included

71 patients treated with bevacizumab for brain RN after treatment of any brain
tumor across 16 studies reported radiographic improvement in 97% of patients
and improvement in performance status in 79% of patients [89]. Therefore, these
reviews agree around information suggesting that the radiographic response rate to
bevacizumab is high for patients with brain RN, and this response may be associ-
ated with symptomatic or functional improvement.

A recent systemic review found only three clinical trials with pharmacological
interventions to reduce the clinical and radiological features of brain RN [91]. The
first one is a randomized, double-blind, placebo-controlled trial of bevacizumab
7.5 mg/kg every three weeks for 2 cycles versus placebo tested in adults treated with
radiotherapy for the brain or head and neck neoplasm and with radiological diagnosis
of brain RN based on MRI criteria. Included patients were allowed to be taking corti-
costeroids before study participation, but they were required to be using a stable dose
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for at least one week before receiving study treatment. The primary endpoint was
the radiological response, defined as at least a 25% reduction in brain edema at six
weeks of treatment compared with pre-treatment; this was measured as the volume
of hyperintensity on T2-FLAIR MR images [92]. This trial reported that 100% (7/7)
of participants on bevacizumab had a reduction in brain edema (T2 hyperintense
volume) by at least 25% and a reduction in post-gadolinium enhancement.

In contrast, all those receiving placebo had clinical and/or radiological progres-
sion (five participants in the placebo arm experienced progressive clinical symptoms
while two patients had radiological progression without progressive symptoms).
Three severe adverse events were noted with bevacizumab which included aspiration
pneumonia, pulmonary embolus, and superior sagittal sinus thrombosis [92].

The second was an open-label trial of patients treated with methylprednisolone
500 mg intravenously for three days followed by prednisone orally on a tapering
schedule over 30 days, as tolerated, with or without the addition of edaravone 30 mg
orally twice daily for 14 days. Eligible patients were adults (> 18 years old) treated
with radiotherapy at least six months before study enrollment with radiographic
evidence of RN based on MRI features. This trial also defined response as at least 25%
reduction in the volume of T2-hyperintensity, and the primary endpoint was evalu-
ated at three months following the start of treatment [93]. This study demonstrated a
more significant reduction in brain edema in the edaravone plus corticosteroid group
than in the corticosteroid alone group (mean difference was 3.03, 95%CI 0.14-5.92),
although the result approached borderline significance (p = 0.04). There was no
evidence of any critical difference in the reduction in post-gadolinium enhancement
between arms (mean difference 0.47, 95% CI -0.80-1.74). Similarly, the participants
who received the combination treatment were noted to have significantly greater
clinical improvement than corticosteroids alone measured using the Late Effects
Normal Tissue Task Force-Subjective, Objective, Management, Analytic (LENT-
SOMA) scale (OR 2.51, 95%CI 1.26-5.01). No differences in treatment toxicities were
observed between arms, and no severe adverse events were reported.

Besides, one prospective non-randomized study allowed patients to choose
between vitamin E 1000 IU twice daily for one year or no active treatment. Eligible
cases were adults treated with radiotherapy for nasopharyngeal carcinoma with
no evidence of recurrence for at least five years who have developed radiological
evidence of unilateral or bilateral temporal lobe necrosis without mental impair-
ment. Unlike the two randomized studies, serial imaging was not evaluated in this
study. Patients were assessed at baseline and one year using a battery of in-house
and more widely utilized neuropsychological tests, including the Cantonese version
of the Mini-Mental Status Examination (CMMSE), Hong Kong List Learning Test
(HKLLT), Visual Reproduction subtest of the Wechsler Memory Scale III (WMS-
III VR), Category Fluency Test (CFT) and computerized Cognitive Flexibility
Test [94]. Evaluating cognitive function in patients at baseline and after one year
of treatment, a 5.3% improvement in global cognitive function on CMMSE was
seen in patients who received vitamin E compared with no improvement in the
control group (P = 0.007). Assessment of verbal learning using the Hong Kong
List Learning Test (HKLLT) demonstrated that the treatment group had a 27.2%
improvement at one year versus no improvement in the control group.

Similarly, improvements were seen for visual memory and recall for the group
treated with vitamin E. There was no difference in attention, language, or executive
function between the two groups at baseline or at one year. Corticosteroid require-
ments and adverse events to treatment were not reported in this study [94].

Another integrative study gathered the information from two prospective, seven
retrospective, and three case report studies involving 89 patients with RN treated
with bevacizumab [95]. In total, 93% of patients had a recorded radiographic
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response to antiangiogenic therapy, and 6.7% had experienced RN progression.
Seven studies (n = 73) reported mean volume reductions on gadolinium-enhanced
T1 (mean 47%, +/— 24) and T2-weighted fluid-attenuated inversion recovery
(FLAIR) MRI images (mean 62%, +/— 23). Pooling together the T1 and T2 MRI
reduction rates revealed a mean of 48 (95% CI 38-59) for T1 reduction rate and 62
(95% CI 52-72) for T2W imaging studies. Eighty-five patients presented with neu-
rological symptoms at bevacizumab exposure, since when nine (10%) had stable
symptoms, 39 (48%) had improved, and 34 (40%) patients had complete resolution
of their clinical impairment. Similarly, dexamethasone discontinuation or reduc-
tion in dosage was observed in 97% of patients who had recorded dosage before and
after bevacizumab treatment [95].

Considering the use of alternative ways for the administration of bevacizumab
in patients with RN, Dashti ez al. described two pediatric patients with cerebral
arteriovenous malformations (AVM), who presented with medically intractable
radiation injury following stereotactic radiosurgery. They received a single
intraarterial infusion of 2.5 mg/kg bevacizumab after hyperosmotic BBB disrup-
tion. At a mean follow-up duration of 8.5 months, the patients had a significant
and durable clinical and radiographic response. Both cases experienced resolution
of their previously intractable headaches and reversal of cushingoid features as
they were successfully weaned off steroids. One of the patients regained signifi-
cant motor strength, and there was an associated greater than 70% reduction in
cerebral edema [96].

Baroni et al. described pediatric patients’ experience from five referral centers
that treated 26 cases of symptomatic radiation necrosis with bevacizumab. The
mean age at diagnosis of radiation necrosis was 10.7 years, with a median time
between the last dose of radiation and the presentation of radiation necrosis of
3.8 months (range, 0.6-110 months). Overall, 50% of patients had an objective
clinical improvement, with only one suffering from significant hypertension.
Radiological benefit, defined as reduced T2/fluid-attenuated inversion recovery sig-
nal and mass effect, was observed in 50% of cases; however, this did not completely
overlap with clinical response. Both early and late radiation necrosis responded
equally well to bevacizumab therapy, and overall the monoclonal antibody was well
tolerated, allowing the reduction of corticosteroid dose and/or duration [97].

7.4 Surgery

Although surgery is frequently used in clinical practice to address progressive
resectable RN lesions, no prospective trials of surgical resection for brain RN were
identified in this review. A retrospective series of 24 adult patients who underwent
craniotomy and resection of contrast-enhancing lesions in the temporal lobes
(16 unilateral and eight bilateral) following radiotherapy for nasopharyngeal
carcinoma reported a reduction in the extent of brain edema observed on either CT
or MRI (in those cases who had serial imaging). Only one patient required a repeat
resection for recurrent necrosis [98]. In patients who were treated with radiosurgery,
a retrospective series of 15 patients treated with surgical resection for RN reported
improvement in brain edema resulting in either a partial or complete taper off
corticosteroids as well as symptom improvement in the majority of patients [99].

7.5 Pentoxifylline and vitamin E
Pentoxifylline (PTX) is a methylxanthine derivative that decreases blood viscos-

ity, increasing blood circulation and tissue oxygenation. Vitamin E (or tocopherol)
acts as a free-radical scavenger. In a small retrospective study of 11 patients with
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brain RN following radiotherapy for brain metastases, meningioma, and AVMs, the
combination of PTX and vitamin E resulted in radiological improvement in all but
one patient, who was eventually confirmed to have tumor recurrence [100].

7.6 Hyperbaric oxygen

There are limited small retrospective case reports and case studies reporting the
outcomes of Hyperbaric oxygen (HBO) therapy for brain RN. Pasquier et al. reported
limited retrospective reports of HBO as part of a more extensive review of HBO
therapy for radiation injury to all body sites. These retrospective reports suggested
favorable responses to HBO therapy to some patients; however, no prospective data
is available [101]. Only one single-arm study evaluating HBO’s impact on clinical
improvement and reduction of edema in patients who develop cerebral radiation
necrosis following gamma knife radiosurgery (GKS) (NCT02714465) was on-going.

7.7 Laser-induced thermal therapy (LITT)

Only one single-arm study of a LITT reported promising local control of 75.8%
(13 of 15 lesions) and dramatic reductions in lesion volume to less than 10% of the
pre-treated volume in seven of the treated lesions [102]. However, as this was a
single-arm study with a limited number of patients, a further prospective investiga-
tion is required to compare this treatment’s effectiveness against current manage-
ment approaches. Figure 5 shows a proposed algorithm for the diagnostic and
therapeutic approach of NR.

8. Conclusions

Despite the rising incidence of RN because of increased utilization of stereotac-
tic radiosurgery and reirradiation, there remain significant challenges in diagnosing
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this complex brain injury. To date, there is no established standard to diagnose RN
noninvasively. Over the past few years, there are, however, more treatment options,
particularly with bevacizumab. More studies are needed to define who is at risk and
how to minimize these risks; to diagnose radiation necrosis more accurately with
imaging, blood tests, or other noninvasive techniques; and to treat these patients
quickly before neurological signs and symptoms develop and progress.
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