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10.1 Introduction

Tumors of the central nervous system (CNS) are
the most common solid tumors in childhood and
the second most common overall malignancy in
children. The majority of pediatric CNS tumors
are gliomas and they are most frequently low-
grade. Of the pediatric low-grade gliomas
(PLGG), astrocytomas are the predominating
histopathologic diagnosis, and include the more
prevalent pilocytic astrocytoma and diffuse astro-
cytoma as well as less common tumors, such as
pleomorphic xanthoastrocytoma (PXA), subep-
endymal giant cell astrocytoma (SEGA), and
pilomyxoid astrocytoma. Other PLGGs include
oligodendroglioma, angiocentric glioma, astro-
blastoma, and mixed glioneuronal tumors, such
as ganglioglioma and dysembryoplastic neuro-
epithelial tumor (DNT).
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Evaluation and treatment of PLGG is complex
due to the wide variety of tumor types and tumor
locations. Surgical removal is often complicated
and chemotherapy and radiation treatment have
long-term significant side effects and sequelae.
Overall prognosis, however, is very good and
recent advances in molecular profiling of the
tumors have presented an increasing armamen-
tarium of targeted agents with the potential to
improve outcomes for young patients.

10.2 Epidemiology

Overall, CNS malignancies account for 20-25%
of childhood malignancies, with the highest inci-
dence in children 14 years of age and the lowest
among children 10-14 years of age. In the United
States the annual incidence of PLGG is 2.1 per
100,000, accounting for 1600 new diagnoses
every year (Bergthold et al. 2014).

The etiology of PLGG is unknown for the
majority of patients. However, 2-5% of CNS
tumors are attributed to genetic syndromes
(Halperin et al. 2013) (discussed further in Sect.
11.3). Ionizing radiation is a known and estab-
lished environmental risk and is associated with a
2.6-fold increase in risk of developing a glioma
(Ron et al. 1988). Other potential risk factors that
have been studied, but that are less clear-cut,
include parental exposure to pesticides, dietary
exposure to nitrosamines, parental exposure to
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excessive heat in the 3 months prior to concep-
tion, increased birth weight, mother having a prior
abortion, and exposure to antiretroviral medica-
tion during pregnancy. However, these risk factors
have not been reproducible, and the relative risk is
rarely greater than 2 (Dulac et al. 2013).

Low-grade astrocytomas (LGAs) can occur
anywhere within the cerebral hemispheres, cere-
bellum, brainstem, or spinal cord. Most com-
monly, they are found in the posterior fossa
(15-20%), followed by the cerebral hemispheres,
midline structures such as the ventricles, hypo-
thalamus, thalamus, and brainstem (10-15% for
each sub-site), and finally 3-6% are found in the
spinal cord (Gupta et al. 2004).

Pilocytic astrocytomas (WHO grade I) are the
most common type of PLGG. They account for
approximately 35% of pediatric posterior fossa
and optic pathway lesions, though they can be
found in the deep midline structures and cerebral
hemispheres as well (Gupta et al. 2004). Pilomyxoid
astrocytoma is a histologic variant of pilocytic
astrocytoma with a more aggressive clinical
course that has been described in infants and
young children. This tumor is often centered
within the optic chiasm or hypothalamus. Another
PLGG histological subtype is subependymal
giant cell astrocytoma (SEGA, WHO grade 1),
which arises almost exclusively in patients with
tuberous sclerosis (TS) and invariably is centered
within the lateral ventricles (Gupta et al. 2004).

Among the infiltrative PLGG, diffuse astrocy-
tomas (WHO grade IT) most often arise in the cere-
bral hemispheres and make up a relatively higher
proportion of lesions seen in infants and adoles-
cents (Gupta et al. 2004). Oligodendrogliomas are
a rare subtype of PLGG. The relative incidence
ranges from 4 to 33% depending on the study
series; however, they represent only 2% of brain
tumors in patients under the age of 14 (Sievert and
Fisher 2009).

Approximately 20-30% of PLGG arise within
the optic pathway; these are most frequently pilo-
cytic astrocytomas, or less commonly diffuse
astrocytomas (Dulac et al. 2013). The peak inci-
dence for gliomas involving the optic pathway is
during the first decade of life, and there is no gen-
der predilection. Neurofibromatosis type 1 (NF-
1, also referred to as peripheral neurofibromatosis

or von Recklinghausen’s disease) is present in
about one-third to one-half of patients with optic
pathway gliomas. Ten percent of gliomas arising
within the optic pathway are confined to a single
optic nerve, and 30% have bilateral nerve involve-
ment, which is pathognomonic of NF-1 (Gupta
et al. 2004; Ris and Beebe 2008). However, the
majority involve the posterior optic chiasm or the
hypothalamus.

Glioneuronal tumors are uncommon tumors
composed of a mixture of both neoplastic gan-
glion cells and glial cells. Subtypes include gan-
glioglioma, desmoplastic infantile ganglioglioma
(DIG), and dysembryoplastic neuroepithelial
tumor (DNT). They most commonly arise within
the cerebral hemispheres, most often within the
temporal lobes, and are WHO grade I tumors,
although rare glioneuronal tumors with anaplas-
tic features (WHO grade III) have been described
(Dulac et al. 2013).

Additional information on Epidemiology can
be found in Chap. 1.

10.3 Molecular Biology
and Genetics of Pediatric
Low-Grade Gliomas (PLGG)

Although morphological classification of
PLGG has been the mainstay of determining
diagnosis and management, morphology alone
has limitations in characterizing this heteroge-
neous tumor group, as there is considerable
overlap in histology and clinical behavior. A
better approach for guiding management and
predicting prognosis may be to integrate histo-
pathology with emerging molecular biology
and genomic data (Bergthold et al. 2014). Early
insights into the molecular underpinnings of
PLGG came from genetic syndromes, namely
NF-1 and TS. Recent advances in high-through-
put genetic sequencing and gene expression
profiling have furthered our understanding of
the specific signaling pathway disturbances
involved in the pathogenesis of PLGG
(Bergthold et al. 2014; Meyerson et al. 2010;
Nakamura et al. 2007). Notably, PLGG are
genetically distinct from low-grade gliomas in
adult patients, particularly the infiltrative
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gliomas. Some of the most important genetic
alterations and signaling pathway alterations in
PLGG are discussed here.

10.3.1 Neurofibromatosis Type 1

Up to 15% of patients with NF-1 develop a
cerebral neoplasm before adulthood, with the
most common tumors being pilocytic astrocy-
tomas and diffuse astrocytomas (Hernaiz
Driever et al. 2010). NF-1-associated PLGG
appear to have clinical patterns that are distinct
from their sporadic counterparts. NF-1-
associated pilocytic astrocytomas more com-
monly occur in the optic pathway, present at a
later age, and tend to have better clinical out-
comes (Arun and Gutmann 2004; Rodriguez
et al. 2008; Parsa et al. 2001; Perilongo et al.
1999; Piccirilli et al. 2006), with some reports
of spontaneous regression.

NF-1 is due to a constitutional mutation in the
tumor suppressor gene neurofibromin 1 (NF1)
located on chromosome 17q. The functional
domain of NF1, RasGAP-related domain (Ras-
GRD), accelerates the conversion of the active
GTP-bound Ras into its inactive GDP form, thus
downregulating the Raf and PI3K transduction
pathways (Le and Parada 2007) (Fig. 10.1). The
majority of NF/ mutations cause premature trun-
cation of the protein. Disturbances in the Ras-

GRD hinder the ability of NFI to deactivate
Ras-GTP and result in the dysregulation of the
Raf and PI3K transduction pathways, thereby
promoting cellular proliferation (Le and Parada
2007; Costa et al. 2002).

NF-1 is inherited as an autosomal-dominant
trait, and the development of neurofibromas and
pilocytic astrocytomas results from loss of het-
erozygosity (Cichowski et al. 1999), consistent
with the Knudson “two-hit” model of tumorigen-
esis (Le and Parada 2007). However, the develop-
ment of malignant gliomas in NF-1 patients,
either from anaplastic transformation of a pre-
existing pilocytic astrocytoma or de novo high-
grade infiltrative astrocytomas, requires additional
genetic aberrations, such as inactivation of
PTEN, ATRX, TP53, CDKN2A, or amplification
of EGFR or PDGFRA (Rodriguez et al. 2016)
(Le and Parada 2007). This suggests that multiple
alterations in cellular proliferation signaling
pathways must be disturbed for tumorigenesis.

10.3.2 Tuberous Sclerosis (TS)

Up to 15% of patients with TS develop a SEGA
(Hargrave 2009). TS results from germline
mutations in one of the two tumor suppressor
genes, TSCI (hamartin on chromosome 9q34)
and 7SC2 (tuberin on 16p13.3) (Hargrave 2009;
van Slegtenhorst et al. 1997; Reuss and von

Fig. 10.1 BRAF and
mTOR signaling
pathways

Cellular Proliferation

Growth and metabolism
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Deimling 2009). TSCI and TSC2 function
together as part of a tumor suppressor complex
within the mTOR signaling pathway (Hargrave
2009) (Fig. 10.1). The tuberin—hamartin complex
inactivates the GTP-bound Ras-homolog-
enhanced-in-the-brain (Rheb) into an inactive
GDP-bound state (Hargrave 2009; Rosner et al.
2008). Specific mutations in either tuberin or
hamartin can hinder deactivation of Rheb-
GTP. Unopposed Rheb-GTP activates mTOR in
an unregulated fashion, thus promoting the devel-
opment of hamartomatous lesions (i.e., tubers) as
well tumorigenesis of SEGA (Hargrave 2009;
Reuss and von Deimling 2009).

10.3.3 Ras-Raf-MAP Kinase Pathway

As initially implicated by early studies of the
NF-1 syndrome, dysregulation of the Ras-Raf-
MAP kinase pathway has a pivotal role in the
pathobiology of PLGG (Dasgupta and Haas-
Kogan 2013). Within this pathway, Raf regulates
the MEK/MAP kinase cascade, a regulator of
cellular  differentiation and  proliferation
(Dasgupta and Haas-Kogan 2013; Gilheeney and
Kieran 2012) (Fig. 10.1). There has been consid-
erable attention over the last decade focused on a
specific member of the Raf family, BRAF, one of
the most commonly mutated genes in human
cancer (Bergthold et al. 2014; Dasgupta and
Haas-Kogan 2013; Lawrence et al. 2014). Two
major genomic alterations of BRAF have been
observed in PLGG: V600E mutation and kinase
domain duplication/fusion.

A mutation at codon 600 of the BRAF gene
occurs in up to 40% of sporadic PLGG tumors
(Dougherty et al. 2010), most commonly in
pleomorphic xanthoastrocytoma, gangliogli-
oma, pilocytic astrocytoma, and pilomyxoid
astrocytoma (Bergthold et al. 2014; Schindler
et al. 2011). The BRAF V600E mutation
involves the replacement of valine by glutamic
acid within the activation loop of the enzyme,
which mimics phosphorylation of the activation
site (Dasgupta and Haas-Kogan 2013) and
results in constitutive activation of BRAF ser-
ine/threonine kinase domain (Bergthold et al.

2014), leading to disinhibition of the MEK/
MAP kinase cascade (Fig. 10.1). The V600OE
mutation is sufficient to transform NIH3T3
fibroblasts in vitro and also results in prolifera-
tive transformation of human neural stem cells
followed by senescence (Raabe et al. 2011).
Intriguingly, it has been hypothesized that this
“oncogene-induced senescence” may partly
account for the low-grade pathobiology of pilo-
cytic astrocytomas (Raabe et al. 2011; Jacob
et al. 2011).

In addition to the V60OE missense mutation,
genetic rearrangements and duplications of the
kinase domain of BRAF are common in PLGG,
including pilocytic astrocytoma, pilomyxoid
astrocytoma, and ganglioglioma, and lead to
dysregulated kinase activity. Comparative
genomic hybridization studies have shown that
the gain of chromosomal region 7q34, which
contains the BRAF locus, is the most common
copy number alteration in sporadic PLGG, with
frequent tandem insertion into the KIAAI1549
gene (Bergthold et al. 2014; Hemmati et al.
2003; Jacob et al. 2009). Greater than 90% of
pilocytic astrocytomas arising in the cerebel-
lum in patients without NF-1 have KIAA1549-
BRAF gene fusions, while pilocytic astrocytomas
outside the cerebellum (e.g., hypothalamus)
have a lower frequency of KIAA1549-BRAF
gene fusions, reportedly around 50% (Zhang
et al. 2013; Jones et al. 2013). Pilomyxoid
astrocytomas also have been reported to harbor
KIAA1549-BRAF gene fusions (Lin et al.
2012; Gierke et al. 2016), demonstrating that
this entity has similar genetics to pilocytic
astrocytoma and providing support that pilo-
myxoid astrocytoma represents a more aggres-
sive histologic variant of pilocytic astrocytoma
rather than a distinct entity. Other BRAF fusion
transcripts have been found to involve GNAII,
MKRNI, CLCN6, SRGAP3, FAM131B, MACF I,
and RNF'130, and all known BRAF fusion tran-
scripts are characterized by the loss of the
N-terminal inhibitory domain of BRAF, result-
ing in constitutive activation of the kinase
domain and dysregulation of the downstream
MAP kinase signaling pathway (Bergthold
et al. 2014).
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10.3.4 PI3-Kinase-AKT-mTOR
Pathway

As suggested by early studies of TS, genetic
aberrations in the PI3K-Akt-mTOR signaling
pathway predispose to PLGG. This pathway nor-
mally integrates intracellular and extracellular
signals to regulate cellular metabolism, prolifera-
tion, and survival (Hassan et al. 2013). mTOR is
a multi-protein serine-threonine kinase, com-
posed of two protein complexes (mTORC1 and
mTORC?2), that is a master regulator of protein
translation (Laplante and Sabatini 2012). In high
nutritional states, conformational changes allow
mTORCI1 to interact with Rheb, stimulating
mTORCI, which itself activates p70S6 kinase.
This results in formation of phospho-S6 and
phospho-4EBP1, leading to protein translation
and cellular proliferation (Dasgupta and Haas-
Kogan 2013) (Fig. 10.1).

The importance of the mTORC]1 pathway in
PLGG pathogenesis is highlighted by the fact
that approximately half of these tumors show
enhanced expression of phospho-S6 and phos-
pho-4EBP1 (Dasgupta and Haas-Kogan 2013).
Furthermore, overexpression of these two pro-
teins is associated with significantly worse pro-
gression-free survival (Populo et al. 2012), with a
trend toward shorter overall survival as well
(McBride et al. 2010).

The mTORC2 component is also an important
regulator of cellular proliferation in response to
cell nutritional status and redox states. A critical
function of mTORC?2 is phosphorylative activa-
tion of Akt. Akt has a role in multiple cellular pro-
cesses, including metabolism, cell cycle regulation,
and apoptosis. Abnormal activation of Akt is
implicated in many human cancers (Schindler
et al. 2011) and may be important in both manage-
ment and prognosis. In a series of 92 pilocytic
astrocytomas, Akt phosphorylation was associated
with more aggressive histology and worse clinical
outcomes (Rodriguez et al. 2011). Like Akt, other
members of the PI3K-AKT-mTOR and Ras-Raf-
MAPK pathways are being targeted by novel
agents that are currently being developed and used
in the treatment of PLGG. These and other new
agents will be discussed in Sect. 11.6.4.

10.3.5 Genetic Alterations
in Pediatric Infiltrative
Gliomas

The genetic alterations that drive infiltrative
gliomas are highly specific, depending on
patient age and site of origin within the
CNS. Infiltrative gliomas arising sporadically
within the cerebral hemispheres in older pediat-
ric patients in their late teenage years (i.e.,
15-20 years of age) often have genetic altera-
tions similar to those found in adult patients. In
diffuse astrocytomas, these include mutations in
TP53, ATRX, and either IDH1 or IDH2 in the
majority of tumors (Cancer Genome Atlas
Research Network 2015; Eckel-Passow et al.
2015; Suzuki et al. 2015). In oligodendroglio-
mas, these include co-deletion of chromosomes
Ip and 19q, TERT promoter mutation, and
mutation of either IDH1 or IDH2 in the majority
of tumors (Suzuki et al. 2015; Eckel-Passow
et al. 2015; Cancer Genome Atlas Research
Network 2015). Further discussion of the
genetic alterations that drive these adult-type
infiltrative gliomas is beyond the scope of this
review, and interested readers should refer to the
three references above and other references
therein for more information on the molecular
mechanisms by which IDH, TP53, ATRX, and
TERT promoter mutations drive gliomagenesis.

In contrast, diffuse astrocytomas arising in
the cerebral hemispheres in younger pediatric
patients lack these adult-type molecular altera-
tions and instead harbor rearrangements
involving MYB or MYBL1 genes or, less com-
monly, BRAF-V600E mutation (Ramkissoon
et al. 2013; Zhang et al. 2013). MYB and
MYBLI1 are proto-oncogenes that encode tran-
scriptional activator proteins, and the rear-
rangements in pediatric gliomas involving
these genes typically lead to truncation of their
C-terminal negative regulatory domains caus-
ing constitutive activation and altered gene
transcription (Zhang et al. 2013; Ramkissoon
et al. 2013). The rearrangements present in
MYB and MYBL1 genes have only been found
in PLGGs within the cerebral hemispheres and
have not been found in pediatric high-grade
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gliomas (Zhang et al. 2013). Recent studies
have shown that angiocentric glioma, an
epilepsy-associated cortical neoplasm of child-
hood, also is genetically characterized by MYB
rearrangement, most commonly as MYB-QKI
gene fusion (Bandopadhayay et al. 2016).

As opposed to those infiltrative gliomas aris-
ing in the cerebral hemispheres, infiltrative
astrocytomas arising within midline structures,
including the thalamus, pons, and spinal cord,
from both pediatric patients and young adults
often harbor a missense mutation at codon 27 in
either of the H3F3A or HISTIH3B genes, which
encode the histone H3 variants, H3.3 and H3.1,
respectively (Schwartzentruber et al. 2012;
Khuong-Quang et al. 2012; Sturm et al. 2012;
Gielen et al. 2013; Wu et al. 2014; Aihara et al.
2014). These missense mutations cause a lysine
to methionine substitution (K27M) that alters an
important site of posttranslational modification
in these histone H3 variants and leads to altered
gene expression profiles thought to drive glio-
magenesis (Bender et al. 2013; Chan et al.
2013). These diffuse midline gliomas with his-
tone H3 K27M mutations are associated with a
poor prognosis irrespective of the histologic
grade seen at the time of biopsy or resec-
tion (Aihara et al. 2014; Khuong-Quang et al.
2012; Schwartzentruber et al. 2012; Sturm et al.
2012; Wu et al. 2014; Gielen et al. 2013). As
such, “Diffuse midline glioma, H3 K27M-
mutant” was included as a grade I'V entity in the
2016 WHO Classification of Tumors of the
Central Nervous System, which is the recom-
mended designation for all diffuse midline glio-
mas with H3 K27M mutation regardless of the
presence or absence of high grade histologic
features (e.g. increased mitotic activity, necro-
sis, and microvascular proliferation). A mutant-
specific antibody for the detection of histone
H3-K27M mutant protein has now been devel-
oped and is routinely being using in the practice
of surgical neuropathology and has been highly
effective in the identification of diffuse midline

gliomas with this important molecular alteration
(Bechet et al. 2014; Venneti et al. 2014).

Pediatric oligodendrogliomas are a rare entity,
and the largest case series reported to date has
found that they do not harbor IDH mutations and
deletion of chromosomes Ip and 19q typical of
oligodendrogliomas in adult patients (Rodriguez
et al. 2014). Genome-wide analysis of pediatric
oligodendrogliomas has revealed alterations in
the FGFR1 oncogene in the majority of cases,
either through tandem duplication of the kinase
domain, gene fusions such as FGFR1-TACCl, or
hotspot missense mutations that localize within
the kinase domain, typically either N546K or
K656E (Zhang et al. 2013). Dysembryoplastic
neuroepithelial tumors also frequently harbor
FGFR1 alterations through either kinase domain
mutation or tandem duplication (Rivera et al.
2016). A recent study integrating histologic fea-
tures with underlying genetic alterations in
PLGG demonstrated that tumors with astrocytic
morphology most commonly harbor alterations
in BRAF or MYB/MYBLI1, whereas those
tumors with oligodendroglial morphology most
commonly harbor FGFR1 alterations (Qaddoumi
et al. 2016).

Additional information regarding predisposi-
tion syndromes and molecular classification can
be found in Chaps. 5 and 6, respectively.

10.4 Clinical Features

Presenting symptoms of low-grade gliomas in the
pediatric population are highly variable and are
dependent on location of the lesion, age at presen-
tation, and tumor biology. Symptoms can be
divided into generalized and localized symptoms.

Seizures are the most common general
symptom and occur in more than 50% of chil-
dren at any age who have hemispheric tumors
(Gupta et al. 2004). Generalized seizures are
more common with slowly progressive disease,
whereas rapidly growing tumors are more likely
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to produce complex partial motor or sensory
seizures. Gangliogliomas, due to their location,
often present with seizures, which are often
refractory until the lesion is surgically removed
(Dulac et al. 2013). Other general signs and
symptoms include increased intracranial pres-
sure that can manifest as headache, hydroceph-
alus, or nausea and vomiting in a more acute
setting. This constellation of symptoms is com-
mon in posterior fossa tumors where an enlarg-
ing lesion can cause blockage of the fourth
ventricle (Dulac et al. 2013).

In infants with open cranial sutures, enlarging
head circumference can be a sign of a CNS
lesion. As children age, failure to meet develop-
mental milestones can warrant further neurologic
evaluation (Gupta et al. 2004). Finally, in school-
age children, gradual changes such as develop-
mental delay, personality changes, irritability,
altered psychomotor function, apathy, and declin-
ing school performance can be seen as well
(Gupta et al. 2004).

Focal neurologic deficits, including hemipare-
sis, monoparesis, aphasia, dysphasia, and other
cranial nerve or long tract signs, can represent
localizing signs of an intracranial tumor. Optic
pathway lesions in the nerves or chiasm can lead
to decreased visual acuity, strabismus, proptosis,
hemianopsia, and quadrantanopsia (Sievert and
Fisher 2009). Cortical blindness can be noted
when the lesion involves bilateral occipital lobes.
Ataxia or dysmetria can present as difficulty with
balance and is associated with patients who have
cerebellar tumors (Sievert and Fisher 2009).
Hypothalamic lesions or pituitary lesions can
result in endocrine disturbances leading to preco-
cious puberty, growth retardation, diabetes insip-
idus, or visual field deficits due to compression of
the optic chiasm.

Since many of these symptoms are nonspe-
cific for pediatric gliomas, thorough neurologic
evaluation is paramount in children who present
with deficits to aid in early diagnosis and
treatment.

10.5 Imaging and Workup

At the time of presentation with concerning neu-
rologic symptoms, MRI should be obtained in all
cases. Important sequences to obtain include T1
axial and coronal images, both pre- and post-gad-
olinium contrast (Fig. 10.2), and T2 axial and
coronal fluid-attenuated inversion recovery
(FLAIR) sequences (Fig. 10.3a, b). Sagittal
sequences are often helpful to define the anatomy
of supra-sellar and midline tumors (Fig. 10.2a, b).
Newer sequences, such as diffusion weighted
imaging (DWI), MR spectroscopy, and functional
MRI, are noninvasive modalities used to glean
biochemical and functional information that may
contribute to obtaining a pathologic diagnosis in
the future and could be of prognostic importance.
Of note, many children may need conscious seda-
tion or anesthesia to obtain an MRI.

PLGGs tend to be T1 iso- to hypointense, T2
hyperintense and non-enhancing post-gadolinium
administration. The lack of contrast enhancement
makes FLAIR sequences ideal for delineating tumor
extent (Gupta et al. 2004; Alkonyi et al. 2015).

Gliomas involving the optic pathway have a
fusiform appearance and are typified by enlarge-
ment of the optic nerve(s) and chiasm (Avery
et al. 2011). FLAIR sequences demonstrate an
infiltrative component extending along the optic
tracts. For all gliomas involving the optic path-
ways, detailed fine cuts of the sella should be
obtained (Gupta et al. 2004). In patients with
NF-1, there is often extensive streaking along the
optic pathway and/or involvement of the optic
nerve at the time of diagnosis, in addition to non-
specific T2 white matter abnormalities. Tumor
can spread into the perivascular space along the
circle of Willis, as well as posteriorly toward the
brainstem with rostral invasion into the third ven-
tricle. Chiasmatic and hypothalamic lesions have
an increased risk for neuraxis dissemination
(Gupta et al. 2004). In children without NF-1,
tumors tend to be more globular and restricted to
a single anatomic location without significant
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Fig. 10.2 Representative examples of circumscribed glio-
mas. (a) Subependymal giant cell astrocytoma (SEGA),
WHO grade 1. Coronal T1-weighted MR image post-gado-
linium administration (left) demonstrating a solidly enhanc-
ing intraventricular mass lesion without invasion of the
adjacent brain parenchyma. H&E stained section (right)
demonstrating a solid neoplasm composed of large epithe-
lioid astrocytes with abundant eosinophilic cytoplasm
within a densely fibrillar background. (b) Pilocytic astrocy-
toma, WHO grade 1. Coronal T1-weighted MR image post-
gadolinium administration (top left) demonstrating a
complex solid and cystic lesion with peripheral enhance-
ment centered in the midline of the posterior fossa.
Intraoperative cytologic preparation (top right) demonstrat-
ing a proliferation of bipolar astrocytes with elongate
(“piloid”) cytoplasmic processes. H&E stained section
(bottom left) demonstrating a compact area of the neoplasm

of piloid astrocytes containing numerous Rosenthal fibers.
H&E stained section (bottom right) demonstrating a loose
area of the neoplasm with microcysts and oligodendrogli-
oma-like cells with round nuclei. (¢) Pleomorphic xantho-
astrocytoma (PXA), WHO grade II. Sagittal T1-weighted
MR image post-gadolinium administration (top left) dem-
onstrating a solid and cystic lesion in the parieto-occipital
lobes. H&E stained section (top right) demonstrating a
solid neoplasm of markedly pleomorphic astrocytes includ-
ing occasional cells with lipidized cytoplasm and scattered
eosinophilic granular bodies in the background. Laidlaw
reticulin stain (bottom left) demonstrating abundant peri-
cellular reticulin deposition among the tumor cells.
Immunohistochemical stain using a mutant-specific anti-
body against BRAF-V600E mutant protein (bottom right)
demonstrating cytoplasmic staining within the neoplastic
astrocytes, indicative of BRAF gene mutation
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Fig. 10.2 (continued)

involvement of the meninges. Gadolinium
enhancement and cyst formation is also more
common in sporadic gliomas involving the optic
pathway (Avery et al. 2011).

Oligodendrogliomas are lesions with involve-
ment of the superficial cortex and are typically
non-enhancing on MR-based imaging. 60-90%
of these lesions have characteristic intrinsic calci-
fication (Gupta et al. 2004). Pilocytic astrocyto-
mas are well-circumscribed lesions (Fig. 10.2b)
that have characteristic cystic changes and an
enhancing mural nodule (Alkonyi et al. 2015).
Diffuse astrocytomas (Fig. 10.4a) by definition
are infiltrative lesions that appear less
circumscribed and typically do not enhance
unless a higher-grade component of the tumor is
present (Sievert and Fisher 2009).

If unable to obtain an MRI, CT imaging of the
brain with and without contrast can detect an
intracranial abnormality. Low-grade gliomas typ-
ically appear as non-enhancing iso- or hypodense

masses on CT. Mild to moderate nonhomoge-
neous contrast enhancement may be seen in up to
40% of cases. Calcifications are seen in 15-20%
of cases and CT imaging represents the best
modality with which to visualize calcified lesions
(Gupta et al. 2004).

Obtaining serial imaging over time is para-
mount since many lesions can progress or recur.
It is important to obtain a postoperative baseline
MRI 2448 h after surgery to distinguish residual
tumor from postoperative changes. Quality imag-
ing scans should subsequently be obtained every
3—6 months or as neurologic symptoms dictate
(Gupta et al. 2004). Differentiating between
treatment changes, radiation necrosis, and tumor
recurrence can present a radiologic challenge.
Notable findings concerning for progression or
recurrence include increase in volume of
T2-weighted abnormality on MRI or new
enhancement on the post-contrast images (Gupta
et al. 2004).
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Example MRI sequences with corresponding
histopathologic images from select pediatric low-
grade gliomas are demonstrated in Figs. 10.2,
10.3, and 10.4.

10.6 Treatment and Outcomes

Overall survival is generally excellent for the
majority of PLGG (Wisoff et al. 2011), with
20-year overall survival rates up to 87%
(Bandopadhayay et al. 2014). Therefore, the
treatment goals should not only include long-
term tumor control, but also minimization of
treatment-related ~ morbidity. =~ Management
options include surgery, radiation, and chemo-
therapy. In addition, our growing understanding
of the pathobiology of PLGG is leading to the
establishment of novel targeted molecular agents
(Dasgupta and Haas-Kogan 2013; Nageswara
Rao and Packer 2014).

10.6.1 Surgery

Historically, surgery has been the cornerstone of
PLGG management (Bergthold et al. 2014). The
goal of surgery is maximal safe removal of tumor
and decompression of adjacent normal tissue

structures (Sutton et al. 1995). Deep lesions in
the brain, such as those located in the hypothala-
mus, optic pathways, or brainstem, are many
times not amenable to surgical resection; there-
fore, alternate therapeutic options such as radia-
tion and chemotherapy come into play as primary
treatment.

In a prospective natural history trial of patients
treated with primary surgery and subsequent
observation by Wisoff and colleagues, the 5-year
overall survival (OS) rate was 97%, and progres-
sion-free survival (PFS) rate was 80%. Gross
total resection (GTR) without residual disease
was a strong and independent predictor of
PFS. The ability to obtain a GTR varied signifi-
cantly by location. About 75% of patients with
cerebral and cerebellar hemisphere tumors had a
GTR, while less than a quarter of children with
chiasmic-hypothalamic and midline tumors had a
complete resection. For subtotal resections
(STR), the volume of residual tumor was predic-
tive of disease progression (Fig. 10.5). However,
the degree of surgical resection (including GTR)
was not predictive of OS when tumor location,
histology, and age were taken into account. This
is thought to be due to the indolent nature of
PLGG (Wisoff et al. 2011). In this series, only
histology and tumor location were independently
associated with OS.

»

>

Fig. 10.3 Representative examples of glioneuronal tumors. (a) Dysembryoplastic neuroepithelial tumor (DNT), WHO
grade 1. Coronal T2-weighted fluid-attenuated inversion recovery MR image (top left) demonstrating a well-circum-
scribed, cortically based mass lesion in the temporal lobe with internal nodularity. H&E stained section at low power
(top right) demonstrating a sharply demarcated mucin-rich nodule within the cortex. H&E stained section at high power
(bottom left) demonstrating a neoplasm of round oligodendrocyte-like cells arranged in linear columns along capillaries
and neuronal processes within a mucin-rich stroma containing “floating” neurons. Immunohistochemical stain for neu-
rofilament protein (bottom right) highlighting a background of neuronal processes within the nodules and showing
cytoplasmic staining with the neurons floating in the mucin-rich stroma. (b) Ganglioglioma, WHO grade 1. Sagittal
T2-weighted fluid-attenuated inversion recovery MR image (top left) demonstrating a well-circumscribed, cortically
based solid and cystic mass lesion in the occipital lobe. H&E stained section (top right) demonstrating a biphasic tumor
composed of large dysmorphic ganglion cells admixed with neoplastic astrocytes. Immunohistochemical stain for neu-
rofilament protein (bottom left) highlighting the delicate neuronal processes in the background and showing staining in
the cells bodies of the neoplastic ganglion cells. Immunohistochemical stain using a mutant-specific antibody against
BRAF-V600E mutant protein (bottom right) demonstrating cytoplasmic staining within the tumor with accentuated
staining in the neoplastic ganglion cells, indicative of BRAF gene mutation
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Fig. 10.4 Representative examples of infiltrative glio- tex  with  satellitosis of  preexisting neurons.

mas. (a), Diffuse astrocytoma with MYB gene rearrange-
ment, WHO grade II. Coronal T2-weighted
fluid-attenuated inversion recovery MR image (top left)
demonstrating an infiltrative hyperintense lesion within
the deep white matter of the parietal lobe and crossing
over the splenium of the corpus callosum into the contra-
lateral cerebral hemisphere. H&E stained section (top
right) demonstrating infiltrating neoplastic astrocytes
with elongate nuclei in a background of densely fibrillar
glial processes. Immunohistochemical stain for neurofil-
ament protein (bottom left) highlighting the presence
of infiltrated axons among the tumor cells.
Immunohistochemical stain using a mutant-specific anti-
body against IDH1-R132H mutant protein (bottom right)
demonstrating absence of staining in the neoplastic astro-
cytes. Fluorescence in situ hybridization (not shown)
demonstrated rearrangement of the MYB gene in this dif-
fuse astrocytoma. (b) Diffuse astrocytoma, IDH-mutant,
WHO grade II. Sagittal T2-weighted fluid-attenuated
inversion recovery MR image (top left) demonstrating an
irregular mass-like area of hyperintensity expanding the
gyri of the frontal lobe. H&E stained section (top right)
demonstrating neoplastic astrocytes with ovoid nuclei
containing coarse chromatin infiltrating through the cor-

Immunohistochemical stain using a mutant-specific anti-
body against IDH1-R132H mutant protein (bottom left)
demonstrating cytoplasmic staining within the neoplastic
astrocytes, indicative of [DHI gene mutation.
Immunohistochemical stain for ATRX protein (bottom
right) demonstrating loss of staining in the tumor cells
with retained expression in the entrapped, preexisting
neurons suggestive of ATRX gene mutation. (c¢) Diffuse
midline glioma, H3 K27M-mutant, WHO grade IV. Coronal
(top left) and sagittal (top right) T2-weighted fluid-atten-
uated inversion recovery MR image demonstrating a
hyperintense mass lesion expanding the pons. H&E
stained section (bottom left) demonstrating neoplastic
astrocytes with elongate nuclei and coarse chromatin
infiltrating through the parenchyma of the pons, with a
couple of entrapped neurons seen. Immunohistochemical
stain using a mutant-specific antibody against histone
H3-K27M mutant protein (bottom right) demonstrating
nuclear staining in the neoplastic astrocytes, indicative of
H3F3A gene mutation. Despite lacking significant
mitotic activity, necrosis, or microvascular proliferation,
this tumor should be classified as grade IV per the 2016
WHO Classification of Tumors of the Central Nervous
System
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Fig. 10.5 Progression-free
survival by postsurgical
residual disease. In this pro-
spective natural history trial,
Wisoft and colleagues fol-
lowed postsurgical patients
with any pediatric low-grade
glial neoplasm. Tumors with
anaplastic features were
excluded. All intracranial
sites were included except
for intrinsic  brainstem
tumors and tumors limited
to the optic nerves. Wisoff
et al. Neurosurgery.
2011;68(6):1548-1555
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Notably, over 50% of children with residual
tumor volume after resection have no disease
progression at 5 years (Wisoff et al. 2011), and
these patients have excellent long-term survival.
Therefore, even though complete resection
should be a goal, the benefit of possibly prolong-
ing PES should be carefully weighed with the
risk of neurologic deficit caused by an aggressive
resection. In addition, because not all patients
will progress after resection most are observed
expectantly (Benesch et al. 2006), reserving che-
motherapy, radiation, and re-resection for salvage
therapies.

10.6.2 Radiation

Radiation therapy has been used as up-front treat-
ment and as salvage therapy in PLGG. However,
the observance of cognitive effects, endocrine
deficiencies, secondary malignancies, vascular
damage, and growth abnormalities associated
with older radiation techniques have largely led
to the avoidance of radiation therapy in the up-
front management setting of PLGG. In addition,
old retrospective studies that evaluated more his-
toric radiation delivery techniques showed poor
5-year PFS (less than 50%) (Fisher et al. 2008).

= = 1 1 1 1
4 6 8 10 12 14
Years from study entry

However, advancements in three-dimensional
treatment planning have allowed for highly con-
formal radiation delivery with the sparing of nor-
mal adjacent tissue structures. The role and safety
of these radiation therapy techniques for PLGG is
being re-evaluated.

A prospective study by Marcus and colleagues
at Dana Farber Cancer Institute evaluated the
efficacy of highly conformal radiotherapy for
small (Iess than 5 cm) tumors either as up-front
treatment or as salvage therapy. The mean radia-
tion dose delivered to the gross tumor volume
with a 2 mm planning treatment margin was
52.2 Gy in 1.8 Gy fractions. PFS was 82.5% at 5
years, and OS was 97.8% at 5 years. At a median
follow-up of 6.9 years, 7 of 81 patients had local
progression. There were no marginal failures
observed. Other than rare temporary hair thin-
ning, no acute radiation-related toxicities
occurred. One child developed a primitive neuro-
ectodermal tumor 6 years after radiation, and
four children developed moyamoya syndrome
during follow-up. The authors concluded that ste-
reotactic radiotherapy provides excellent local
control for children with small, localized PLGG,
and limiting the treatment margins may protect
against radiation-related toxicity while not com-
promising local control (Marcus et al. 2005).
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A phase Il trial at St. Jude Children’s Research
Hospital also evaluated the efficacy of conformal
radiation therapy. In this study, 54 Gy was deliv-
ered to the tumor with a 10 mm margin. This trial
demonstrated a 5-year PFS of 87% and OS of
96%. During the 89-month follow-up, the cumu-
lative vasculopathy rate was less than 6%
(Merchant et al. 2009). Cognitive function was
largely preserved with the use of conformal
radiotherapy. However, cognitive decline did
appear to be strongly associated with age, with
the steepest decline in IQ among the youngest
children. At 5 years of follow-up, a 5-year-old
child would be predicted to have an IQ drop of 10
points, and each year of increasing age decreased
the decline in IQ by 0.03 points per month
(Merchant et al. 2009). There is a more detailed
discussion of radiation toxicity below.

These two studies highlight the ability to
achieve excellent local control using highly con-
formal radiation techniques that spare normal tis-
sues and decrease the risk of radiation-related
toxicities. Figure 10.6 demonstrates an example
of the ability of highly conformal radiation ther-
apy to spare the optic chiasm. Of note, the patient
population in these two prospective studies was
somewhat heterogeneous and included both chil-
dren who were treated in the up-front and the sal-
vage settings.

Mishra and colleagues at the University of
California, San Francisco, retrospectively evalu-
ated the role of radiation therapy in the up-front
setting for children with incompletely resected
WHO grade I PLGG. After subtotal resection,
PFS and OS did not differ between children who
received adjuvant radiation therapy (median dose
54 Gy) and those who did not (Mishra et al.
2006). The series reproduced previous observa-
tions that extent of resection affects PFS.

Overall, highly conformal radiation therapy
appears to be a safe and effective way to achieve
local control, likely best reserved for the salvage
setting. At this time there does not appear to be clear
benefit in the immediate postoperative setting since
many children may not go on to have disease pro-
gression. When radiation therapy is employed for
PLGG, doses of 52-54 Gy appear to be effective,
and planning setup margin can safely be limited to
1 cm or less to protect adjacent normal tissues.

10.6.3 Chemotherapy

Given the generally favorable outcomes after sur-
gery, chemotherapy is not routinely employed in
the adjuvant setting but rather reserved for unre-
sectable or symptomatic progression (Bergthold
et al. 2014), especially in younger patients, to

Fig. 10.6 Pediatric patient undergoing radiation treat-
ment for PLGG. The optic chiasm is outlined in light
blue. The red line represents the prescription dose,
5220 cGy, the orange line represents the volume receiv-
ing 5000 cGy, and the pink line represents the volume

receiving 3000 cGy. Using highly conformal radiation
treatment (Intensity Modulated Radiation Treatment-
IMRT), sparing normal tissue structures such as the optic
chiasm can greatly decrease the risk of radiation-related
toxicity
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Table 10.1 Chemotherapy regimens for PLGG

Chemotherapy | Number of | Event-free survival (%)
Study regimen patients 2 years |3 years |5 years
Ater et al. J Clin Oncol. 30:2641-2647, 2012 Cv 137 39
TPCV 137 52 (ns)
Mishra et al. J Neurooncol.100:121-7, 2010 TPD(CCNU)V |33 30
Gnekow et al. Klin Padiatr 216:331-342, 2004 Cv 198 61
Massimino et al. J Clin Oncol 20:4209-4216, 2002 | CisVP 31 78
Prados et al. ] Neurooncol 32:235-241, 1997 TPCV 42 50
Packer et al. J Neurosurg 86:747-754, 1997 CV 78 68

C carboplatin, V vincristine, 7 thioguanine, P procarbazine, Cis cisplatin, VP etoposide, D dibromodulcitol, (CCNU)
Lomustine, ns not statistically significant. Adapted from: Merchant et al. J Clin Oncol. 2009;27(22):3598-3604

delay or obviate the need for radiation therapy
(Merchant et al. 2009). A number of poly-chemo-
therapy regimens have been used in PLGG,
detailed in Table 10.1 (Merchant et al. 2009).
With these regimens, 2-3-year PES rates range
from 50 to 78%.

The Children’s Oncology Group (COG) pub-
lished the results of Protocol A9952, which ran-
domized children with progressive or residual
PLGG to carboplatin and vincristine (CV) versus
thioguanine, procarbazine, lomustine, and vin-
cristine (TPCV) (Table 10.1). The 5-year event-
free survival was not significantly different (39%
for CV and 52% for TPCV). Toxicity was slightly
worse with TPCV (Ater et al. 2012). Because of
the potential for long-term morbidity associated
with alkylating agents, such as infertility and sec-
ondary malignancies, most oncologists favor CV
as first line chemotherapy over TPCV (Bergthold
et al. 2014).

Monotherapy with temozolomide, vinblas-
tine, or cyclophosphamide has been evaluated in
phase II studies, although with mixed results
(Bergthold et al. 2014). A COG study of temo-
zolomide for recurrent brain tumors found one
partial response in 21 children with PLGG and
41% of these children had stable disease through
12 months of treatment (Nicholson et al. 2007).
Another COG phase II trial of cyclophosphamide
for progressive low-grade astrocytoma in 14
patients demonstrated a complete response in one
patient and disease stability in 8 patients. The
excessive number of children (5) with progres-
sive disease prompted the study to close (Kadota
et al. 1999). Single agent vinblastine was

evaluated in 51 patients with recurrent or refrac-
tory PLGG, among whom 36% had a complete,
partial, or minor response and 5-year PFS was
42%. Thirty-eight patients had grade 3 or 4 hema-
tologic toxicity (Bouffet et al. 2012).

Chemotherapy has also been combined with
noncytotoxic agents. A recent phase II study
evaluating irinotecan with the anti-VEGF mono-
clonal antibody bevacizumab for progressive
PLGG demonstrated a 47.8% PFS at 2 years
(Gururangan et al. 2014). Bevacizumab is well
tolerated, although children need to be monitored
closely for hypertension and proteinuria
(Bergthold et al. 2014).

10.6.4 Targeted Systemic Agents

The prevalence of mutations within the Ras-Raf-
MAP kinase and PI3-kinase-AKT-mTOR path-
ways (see Fig. 10.1) has led to the development
of antitumor agents that specifically target the
oncogenic protein within these pathways
(Dasgupta and Haas-Kogan 2013). As described
in Sect. 11.3, the BRAF V600E mutation occurs
in up to 40% of PLGG. Vemurafenib specifically
inhibits BRAF VO600E from activating
MEK. Vemurafenib has remarkable clinical
activity against BRAF V600E mutated mela-
noma and prolongs OS (Chapman et al. 2011).
This has led to great interest in using vemurafenib
in other BRAF V600E positive cancers.

A multicenter phase I trial under the auspices
of the Pacific Pediatric Neuro-Oncology
Consortium (PNOC) is currently enrolling
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patients with recurrent or refractory gliomas to
evaluate the safety and pharmacokinetic charac-
teristics of vemurafenib (http://www.pnoc.us). It
is important to note that in addition to the V60OE
mutation, a significant proportion of BRAF alter-
ations in PLGG involve duplication/gene fusions,
and the efficacy of various RAF inhibitors against
fusion molecules is unknown, but may be associ-
ated with paradoxical activation in some cases
(Dasgupta and Haas-Kogan 2013).

BRAF-mutated tumors appear to have sensi-
tivity to MEK inhibition (Flaherty et al. 2012, b).
The MEK inhibitor trametinib is now FDA
approved for the treatment of melanoma and has
demonstrated efficacy against colorectal, hepato-
cellular, and non-small cell lung cancers in ongo-
ing clinical trials. Another small molecule MEK
inhibitor, selumetinib, was shown to have activity
against a pilocytic astrocytoma xenograft harbor-
ing the BRAF V60OE mutation (Kolb et al. 2010).
The Pediatric Brain Tumor Consortium (PBTC)
protocol PBTC 029 is an open phase I trial evalu-
ating the maximal safe dose of selumetinib in
patients with histologically confirmed recurrent
or refractory PLGG. In addition, the National
Cancer Institute is currently sponsoring a phase
IT trial of selumetinib for patients with recurrent
or refractory PLGGs.

Targeting the mTOR pathway also appears
promising. Approximately half of PLGGs have
activation of the PI3-kinase-AKT-mTOR pathway.
Rapamycin (sirolimus), an allosteric inhibitor of
mTORCI, blocks the ability of mTORCI to acti-
vate S6 kinase (a regulator of translation and a
critical downstream target) but not 4E-BP1. It has
been documented to cause regression of SEGAs in
patients with TS harboring TSC1/2 gene mutation
(Northrup et al. 1993). Everolimus, a derivative of
rapamycin, has been used clinically for cancer
therapy (Motzer et al. 2008), and is approved for
multiple indications in adults. Among children
with TS and progressive SEGA, 75% of tumors
exhibited responses to everolimus (Krueger et al.
2010). Indeed, everolimus was recently approved
for the treatment of SEGA in patients with TS.

Clinical trials have demonstrated promising
results for mTOR inhibition in PLGGs more gen-
erally. Yalon et al. examined the activity of siroli-

mus and erlotinib in recurrent PLGGs (Yalon
et al. 2013). Responses in 19 patients included 1
partial response, 5 stable, and 10 progressive dis-
ease (3 discontinued therapy). Six patients had
tumor stabilization for >12 months, and two
experienced tumor control for >1 year after ther-
apy completion. Kieran et al. reported 23 patients
with PLGGs who were treated with everolimus
after progression following carboplatin-contain-
ing chemotherapy regimens. Observed responses
included 13 stable, 6 progressive disease, and 4
partial responses (Kieran, M. personal communi-
cation). This study met its goal of greater than
25% response rate defined a priori in order to con-
sider everolimus a promising regimen for further
study in PLGGs. Copious evidence indicates that
molecular markers will define subgroups of
PLGGs that are likely to respond to everolimus,
but answers to this critical question remain elu-
sive as of yet. A notable manuscript provides a
persuasive mechanism for these promising results
of mTOR inhibition in sporadic PLGGs. Kaul
et al. documented that KIAA1549:BRAF is suffi-
cient to induce glioma-like lesions in vivo in a cell
type-specific and mTOR-dependent
Rapamycin-mediated mTOR inhibition blocks
KIAA1549:BRAF-induced S6 activation and pro-
liferation in neural stem cells. These data provide
preclinical evidence for the use of mTOR inhibi-
tors for sporadic PLGGs (Kaul et al. 2012). A
PNOC phase 1II study of everolimus is enrolling
children with recurrent or progressive PLGGs
with the aim of seeking a molecular signature that
will predict responses to mTOR inhibition.

manner.

10.7 Late Effects and Follow-Up

Current estimates indicate that approximately one
adult in 2500 is a survivor of a childhood brain
tumor (Dulac et al. 2013). Due to the combined
treatment modalities and the location of the tumors,
CNS lesions in children are frequently associated
with high morbidity and long-term side effects.
Survival, however, ranges from 87 to 99% at 5
years, so while many of these patients are cured of
their disease, cure often comes at the price of late
sequelae of treatment (Wisoff et al. 2011 and Shaw
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and Wisoff 2003). The burden of long-term disabil-
ity is not inconsequential, as reports have shown up
to half of patients treated for pediatric brain tumors
have mild to severe disabilities, including cognitive
and social impairment (Aarsen et al. 2006).

10.7.1 Surgical Toxicity

In children who undergo surgery alone for cere-
bellar and cerebral lesions, there is an elevated
rate of below-average IQ, lower achievement,
and difficulties with adaptive behavior.
Behavioral and emotional adjustment measures
appear to remain intact (Pollack 2011). It is
unclear if location of the lesion correlates with
the magnitude of poor cognitive performance,
though patients with cerebral lesions may per-
form better than those with posterior fossa lesions
(Aarsen et al. 2006; Beebe et al. 2005; Ris et al.
2008; Ris and Noll 1994). This finding implicates
the importance of the cerebellum in cognitive and
emotional regulatory circuits (Sancak et al.
2016). Patients with left hemispheric lesions tend
to have inferior performance, likely due to the
impact of a left-sided lesion on language func-
tions (Beebe et al. 2005; Roncadin et al. 2008).

10.7.2 Toxicity Due to Chemotherapy
and Other Medical Therapy

Multiple chemotherapeutic options exist for
treatment of PLGG, and many have associated
long-term morbidity. There is well-known oto-
toxicity and peripheral neuropathy that result
from treatment with platinum analogs and vin-
cristine, respectively. Procarbazine and lomus-
tine have a higher risk of secondary leukemia and
are typically avoided in children with NF-1, due
to their increased underlying risk of hematologic
malignancy (Shannon et al. 1994; Matsui et al.
1993; Leone et al. 1999). Cisplatin and etopo-
side-based regimens have a risk of secondary leu-
kemia as well (Le Deley et al. 2005).

The risk of neurotoxicity associated with che-
motherapy, however, remains an unanswered
question. Anti-folates such as methotrexate have

been shown to impart delayed neurotoxicity
(Cole and Kamen 2006); however, other studies
have shown no neuropsychological differences
between patients treated with chemotherapy and
healthy controls (Anderson et al. 2000; Reddick
et al. 1998).

A significant proportion of PLGG patients
require anti-epileptic medications that have been
implicated in long-term neurocognitive deficits.
Patients who were prescribed seizure medication
performed worse on delayed list memory tasks
(King et al. 2004). However, this finding may be
confounded by tumor location as well.

10.7.3 Radiation Associated Toxicity

In a series of studies performed in the last 20
years, chemotherapy has been notable in its abil-
ity to delay or obviate the need for radiation ther-
apy in children with subtotal resections or
progressive disease (Pollack 2011). When radia-
tion is indicated, though, it is important to note
that the late side effects of radiation therapy are
pronounced in the pediatric population. In gen-
eral, children who undergo radiation at a young
age are at increased risk for development of in-
field cranial and spinal meningiomas, gliomas,
and sarcomas. Usually these lesions are benign;
however, malignant meningiomas can occur as a
result as well.

Cranial irradiation also increases the risk of
neurovascular disease due to vascular injury,
endothelial proliferation, collagen synthesis, and
loss of intercellular junctions (Siffert and Allen
2000). These effects in both small and large ves-
sels increase the risk for both hemorrhagic and
ischemic strokes, as well as moyamoya disease.
Moyamoya disease is radiation-induced vascular
injury characterized by progressive bilateral
occlusion of the internal carotid arteries and
development of anomalous collateral circulation.
Highest risk patients are those of Japanese ances-
try and those affected by NF-1 treated with radia-
tion to the circle of Willis (Siffert and Allen 2000).
In a large 2014 Surveillance, Epidemiology, and
End Results (SEER) retrospective study of PLGG,
radiation treatment was found to be the greatest
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predictor of worst survival (Bandopadhayay et al.
2014). However, it is extremely likely this finding
is strongly influenced by selection bias since the
patients who are treated with radiation have a
worse prognosis, regardless of the addition of
radiation.

Long-term neurocognitive deficits are notable
and are clearly associated with radiation dose and
volume (Fuss et al. 2000). Toxicity includes, but
is not limited to, a lower average 1Q, difficulty
with visuospatial skills, and expressive language
and verbal memory deficits (Ris and Beebe
2008). Again, tumor location is a confounding
factor for interpreting the magnitude with which
radiation contributes to long-term disability
(Fouladi et al. 2003). Although focal radiation
treatment has reduced this risk, over time patients
who are treated with radiation remain at an
increased risk for social adjustment disorders and
withdrawal as well as many other neurocognitive
deficits (Aarsen et al. 2006).

A recent phase II study from St. Jude
Children’s Research Hospital assessed long-term
neurocognitive outcomes following focal radia-
tion therapy (Merchant et al. 2009). Cognitive
effects, such as internalizing and behavioral
problem scores, visual auditory learning, com-
munication and reading and spelling, were fol-
lowed through 5 years after the completion of
radiotherapy using psychological testing. At the
5-year time point, only the decline in ability to
spell was clinically significant. Patients with
NF-1, on average, had significantly lower base-
line performance scores. Those who were treated
at a younger age, with higher radiation doses
(between 30 and 60 Gy), and those who had
larger volumes of brain irradiated experienced
more dramatic declines in IQ 5 years after the
completion of treatment. Older patients, how-
ever, were more likely to have preserved IQ
scores over time after the completion of treat-
ment. Extent of surgery impacted psychology
scores. Initially, patients who had a biopsy per-
formed better than patients with a subtotal resec-
tion, but eventually the patients who had a more
complete resection demonstrated superior perfor-
mance. Overall, conclusions from this study indi-
cate that age at the time of treatment is the most

important factor to consider when weighing the
risk of long-term side effects. Delaying adjuvant
treatment, such as radiation or chemotherapy, if
clinically indicated, can positively impact long-
term functional outcome.

10.7.4 Chiasmatic, Hypothalamic,
and Diencephalic Toxicity

Endocrine abnormalities and hypothalamic dys-
function are common for tumors that arise in the
midline and diencephalic region. In order of
decreasing incidence, deficits include growth
hormone deficiency, hypothyroidism, glucocorti-
coid deficiency, and gonadotropin deficiency
(Merchant et al. 2010). It is often unclear if the
deficit results from the treatment itself or from
the structural stress placed on intracranial tissues
by the tumor, but the deficits are likely to be mul-
tifactorial in nature and are strongly influenced
by the extent of surgical resection and dose of
radiation (Ris and Beebe 2008; Ris and Noll
1994; Ris et al. 2008; Siffert and Allen 2000;
Fouladi et al. 2003).

When the lesion involves the optic nerve or
chiasm, visual impairment can occur as a result
of tumor infiltration or treatment. These lesions
are usually subtotally resected due to their loca-
tion, and therefore adjuvant chemotherapy or
radiation is necessary to stabilize residual dis-
ease. Patients with anterior chiasmatic lesions
have been noted to have IQ impairment at diag-
nosis but it is unclear if subsequent chemother-
apy or radiation treatment further impair
intellectual performance (Lacaze et al. 2003;
Fouladi et al. 2003), as these studies include
NF-1 patients who many times have baseline
neurocognitive deficits.

Diencephalic syndrome (DS) is a rare, but
potentially fatal, metabolic syndrome that can be
associated with low-grade gliomas that arise
from the hypothalamus or chiasm in young chil-
dren. DS is characterized by profound emaciation
and failure to thrive despite adequate caloric
intake (Kilday et al. 2014). Long-term care for
children with DS frequently includes nutritional
support with both nasogastric and subsequent
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gastrostomy tube to aid in weight gain and recov-
ery and there has been data to suggest that aggres-
sive nutritional support during treatment yields
better outcomes. Post-treatment sequelae include
significant visual impairment, partial- or panhy-
popituitarism and learning difficulties, excessive
weight gain, motor deficits, psychiatric distur-
bances, and seizures (Kilday 2014).

10.7.5 Delayed Toxicity

Since PLGGs are associated with very good
overall survival, there is a growing population of
adult survivors that have been studied. When sur-
veyed, adult patients who were treated with vari-
ous combinations of treatment (chemotherapy,
radiation, and surgery) reported higher inci-
dences of global distress and depression com-
pared to their control siblings (Kilday 2014).
Furthermore, some patients were found to have
“grown into” a deficit, meaning they experienced
normal functioning for a period of time, then
developed behavioral and cognitive disabilities
years after diagnosis and treatment (Aarsen et al.
20006).

Adult survivors were also less likely to be
fully employed, married, to have graduated from
college, or to have an annual income over
$20,000. Additionally, those affected with pediat-
ric malignancies were also more likely to have
reported a major medical condition and to
describe their current health as “fair” or “poor”
(Zebrack et al. 2004). This effect is likely multi-
factorial in etiology, related to both tumor and
treatment effects.

10.7.6 Approaches to Management
of Long-Term Toxicity

Because the pediatric population affected by
CNS tumors is at high risk for long-term sequelae
from tumor effect and treatment toxicity, it is
important to implement a multidisciplinary
approach to optimize health and function of sur-
vivors. Several studies have documented survi-
vors’ knowledge of their diagnosis, prior

treatment, and future oncologic screening guide-
lines (Byrne et al. 1989; Hudson et al. 2002,
2003; Kadan-Lottick et al. 2002; Nathan et al.
2007). At the completion of treatment, providing
patients, their families and their primary care
providers with a comprehensive treatment sum-
mary and recommendations for follow-up is par-
amount. Oncologists provide an essential role in
counseling patients to engage in prevention strat-
egies, risk-stratified medical monitoring, and
healthy behavior.

Since many of the survivors of pediatric CN'S
tumors experience long-term neuropsychological
and cognitive difficulties, complete neuropsy-
chological testing prior to treatment and involve-
ment in a follow-up clinic is essential.
Communicating the special needs of the child to
day-care and school officials helps to ensure ade-
quate resources, aiding the child’s ability to adapt
and succeed. Involvement of a school psycholo-
gist as a liaison between physicians and school
administrators can often be helpful.

Multidisciplinary follow-up through adult-
hood provides these patients with resources and
care to optimize their functional outcome. The
COG, which consists of over 240 institutions,
provides “Long-Term Follow-up Guidelines for
Survivors of Childhood, Adolescent and Young-
Adult Cancer,” available at www.survivorship-
guidelines.org.

Conclusion

In conclusion, PLGG are a heterogeneous
group of childhood tumors with generally
favorable prognosis. Our understanding of the
underlying molecular pathobiology of these
tumors is allowing us to better define prognosis
and guide management. Surgical resection is
the hallmark of management, although there is
also a role for chemotherapy, radiation, and tar-
geted systemic agents in unresectable or recur-
rent tumors. Given the young age of PLGG
patients, there has been concern regarding
long-term side effects of treatment. However,
an evolving theory suggests that younger age
confers greater resilience to treatment, rather
than vulnerability, and that children have a
greater potential for recovery due to neuronal
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plasticity (Kolb and Gibb 2007). Improving
outcomes and long-term follow-up of children
treated for brain tumors will provide insight
into that hypothesis. Furthermore, as therapies
are becoming more targeted, both on the ana-
tomic and molecular levels, short- and long-
term toxicities may likely be mitigated.

References

Aarsen FK, Paquier PF, Reddingius RE, Streng IC, Arts
WF, Evera-Preesman M, Catsman-Berrevoets CE
(2006) Functional outcome after low-grade astrocy-
toma treatment in childhood. Cancer 106(2):396-402.
https://doi.org/10.1002/cncr.21612

Aihara K, Mukasa A, Gotoh K, Saito K, Nagae G, Tsuji
S, Tatsuno K, Yamamoto S, Takayanagi S, Narita Y,
Shibui S, Aburatani H, Saito N (2014) H3F3A K27M
mutations in thalamic gliomas from young adult
patients. Neuro-Oncology 16(1):140—146. https://doi.
org/10.1093/neuonc/not144

Alkonyi B, Nowak J, Gnekow AK, Pietsch T, Warmuth-
Metz M (2015) Differential imaging characteristics
and dissemination potential of pilomyxoid astrocyto-
mas versus pilocytic astrocytomas. Neuroradiology
https://doi.org/10.1007/s00234-015-1498-4

Anderson H, Hopwood P, Stephens RJ, Thatcher N,
Cottier B, Nicholson M, Milroy R, Maughan TS, Falk
SJ, Bond MG, Burt PA, Connolly CK, Mclllmurray
MB, Carmichael J (2000) Gemcitabine plus best sup-
portive care (BSC) vs BSC in inoperable non-small cell
lung cancer--a randomized trial with quality of life as
the primary outcome. UK NSCLC gemcitabine group.
Non-small cell lung Cancer. Br J Cancer 83(4):447—
453. https://doi.org/10.1054/bjoc.2000.1307

Arun D, Gutmann DH (2004) Recent advances in neuro-
fibromatosis type 1. Curr Opin Neurol 17(2):101-105

Ater JL, Zhou T, Holmes E, Mazewski CM, Booth TN,
Freyer DR, Lazarus KH, Packer RJ, Prados M, Sposto
R, Vezina G, Wisoff JH, Pollack IF (2012) Randomized
study of two chemotherapy regimens for treatment of
low-grade glioma in young children: a report from the
Children's oncology group. J Clin Oncol 30(21):2641—
2647. https://doi.org/10.1200/JCO.2011.36.6054

Avery RA, Fisher MJ, Liu GT (2011) Optic pathway glio-
mas. J Neuroophthalmol 31(3):269-278. https://doi.
org/10.1097/WNO.0b013e31822aef82

Bandopadhayay P, Bergthold G, London WB,
Goumnerova LC, Morales La Madrid A, Marcus KJ,
Guo D, Ullrich NJ, Robison NJ, Chi SN, Beroukhim
R, Kieran MW, Manley PE (2014) Long-term outcome
of 4,040 children diagnosed with pediatric low-grade
gliomas: an analysis of the surveillance epidemiol-
ogy and end results (SEER) database. Pediatr Blood
Cancer 61(7):1173-1179.  https://doi.org/10.1002/
pbc.24958

Bandopadhayay P, Ramkissoon LA, Jain P, Bergthold G,
WalaJ, Zeid R, Schumacher SE, Urbanski L, O’Rourke
R, Gibson WJ, Pelton K, Ramkissoon SH, Han HJ, Zhu
Y, Choudhari N, Silva A, Boucher K, Henn RE, Kang
YJ, Knoff D, Paolella BR, Gladden-Young A, Varlet
P, Pages M, Horowitz PM, Federation A, Malkin H,
Tracy AA, Seepo S, Ducar M, Van Hummelen P, Santi
M, Buccoliero AM, Scagnet M, Bowers DC, Giannini
C, Puget S, Hawkins C, Tabori U, Klekner A, Bognar
L, Burger PC, Eberhart C, Rodriguez FJ, Ashley Hill
D, Mueller S, Haas-Kogan DA, Phillips JJ, Santagata
S, Stiles CD, Bradner JE, Jabado N, Goren A, Grill
J, Ligon AH, Goumnerova L, Waanders AJ, Storm
PB, Kieran MW, Ligon KL, Beroukhim R, Resnick
AC (2016) MYB-QKI rearrangements in angiocentric
glioma drive tumorigenicity through a tripartite mech-
anism. Nat Genet 48(3):273-282

Bechet D, Gielen GG, Korshunov A, Pfister SM, Rousso
C, Faury D, Fiset PO, Benlimane N, Lewis PW, Lu
C, David Allis C, Kieran MW, Ligon KL, Pietsch
T, Ellezam B, Albrecht S, Jabado N (2014) Specific
detection of methionine 27 mutation in histone 3 vari-
ants (H3K27M) in fixed tissue from high-grade astro-
cytomas. Acta Neuropathol 128(5):733-741. https://
doi.org/10.1007/s00401-014-1337-4

Beebe DW, Ris MD, Armstrong FD, Fontanesi J,
Mulhern R, Holmes E, Wisoff JH (2005) Cognitive
and adaptive outcome in low-grade pediatric cerebel-
lar astrocytomas: evidence of diminished cognitive
and adaptive functioning in National Collaborative
Research Studies (CCG 9891/POG 9130). J Clin
Oncol  23(22):5198-5204. https://doi.org/10.1200/
JCO0.2005.06.117

Bender S, Tang Y, Lindroth AM, Hovestadt V, Jones DT,
Kool M, Zapatka M, Northcott PA, Sturm D, Wang
W, Radlwimmer B, Hojfeldt JW, Truffaux N, Castel
D, Schubert S, Ryzhova M, Seker-Cin H, Gronych J,
Johann PD, Stark S, Meyer J, Milde T, Schuhmann M,
Ebinger M, Monoranu CM, Ponnuswami A, Chen S,
Jones C, Witt O, Collins VP, von Deimling A, Jabado
N, Puget S, Grill J, Helin K, Korshunov A, Lichter P,
Monje M, Plass C, Cho YJ, Pfister SM (2013) Reduced
H3K27me3 and DNA hypomethylation are major
drivers of gene expression in K27M mutant pediat-
ric high-grade gliomas. Cancer Cell 24(5):660-672.
https://doi.org/10.1016/j.ccr.2013.10.006

Benesch M, Eder HG, Sovinz P, Raith J, Lackner H, Moser
A, Urban C (2006) Residual or recurrent cerebellar
low-grade glioma in children after tumor resection:
is re-treatment needed? A single center experience
from 1983 to 2003. Pediatr Neurosurg 42(3):159-164.
https://doi.org/10.1159/000091859

Bergthold G, Bandopadhayay P, Bi WL, Ramkissoon
L, Stiles C, Segal RA, Beroukhim R, Ligon KL,
Grill J, Kieran MW (2014) Pediatric low-grade glio-
mas: how modern biology reshapes the clinical field.
Biochim Biophys Acta 1845(2):294-307. https://doi.
org/10.1016/j.bbcan.2014.02.004

Bouffet E, Jakacki R, Goldman S, Hargrave D, Hawkins
C, Shroff M, Hukin J, Bartels U, Foreman N, Kellie


https://doi.org/10.1002/cncr.21612
https://doi.org/10.1093/neuonc/not144
https://doi.org/10.1093/neuonc/not144
https://doi.org/10.1007/s00234-015-1498-4
https://doi.org/10.1054/bjoc.2000.1307
https://doi.org/10.1200/JCO.2011.36.6054
https://doi.org/10.1097/WNO.0b013e31822aef82
https://doi.org/10.1097/WNO.0b013e31822aef82
https://doi.org/10.1002/pbc.24958
https://doi.org/10.1002/pbc.24958
https://doi.org/10.1007/s00401-014-1337-4
https://doi.org/10.1007/s00401-014-1337-4
https://doi.org/10.1200/JCO.2005.06.117
https://doi.org/10.1200/JCO.2005.06.117
https://doi.org/10.1016/j.ccr.2013.10.006
https://doi.org/10.1159/000091859
https://doi.org/10.1016/j.bbcan.2014.02.004
https://doi.org/10.1016/j.bbcan.2014.02.004

244

A. K. Paulsson et al.

S, Hilden J, Etzl M, Wilson B, Stephens D, Tabori
U, Baruchel S (2012) Phase II study of weekly vin-
blastine in recurrent or refractory pediatric low-grade
glioma. J Clin Oncol 30(12):1358-1363. https://doi.
org/10.1200/JC0O.2011.34.5843

Byrne J, Lewis S, Halamek L, Connelly RR, Mulvihill
JJ (1989) Childhood cancer survivors' knowledge
of their diagnosis and treatment. Ann Intern Med
110(5):400-403

Cancer Genome Atlas Research N, Brat DJ, Verhaak
RG, Aldape KD, Yung WK, Salama SR, Cooper LA,
Rheinbay E, Miller CR, Vitucci M, Morozova O,
Robertson AG, Noushmehr H, Laird PW, Cherniack
AD, Akbani R, Huse JT, Ciriello G, Poisson LM,
Barnholtz-Sloan JS, Berger MS, Brennan C, Colen
RR, Colman H, Flanders AE, Giannini C, Grifford
M, lavarone A, Jain R, Joseph I, Kim J, Kasaian K,
Mikkelsen T, Murray BA, O'Neill BP, Pachter L,
Parsons DW, Sougnez C, Sulman EP, Vandenberg SR,
Van Meir EG, von Deimling A, Zhang H, Crain D, Lau
K, Mallery D, Morris S, Paulauskis J, Penny R, Shelton
T, Sherman M, Yena P, Black A, Bowen J, Dicostanzo
K, Gastier-Foster J, Leraas KM, Lichtenberg TM,
Pierson CR, Ramirez NC, Taylor C, Weaver S, Wise L,
Zmuda E, Davidsen T, Demchok JA, Eley G, Ferguson
ML, Hutter CM, Mills Shaw KR, Ozenberger BA,
Sheth M, Sofia HJ, Tarnuzzer R, Wang Z, Yang L,
Zenklusen JC, Ayala B, Baboud J, Chudamani S,
Jensen MA, Liu J, Pihl T, Raman R, Wan Y, Wu Y,
Ally A, Auman JT, Balasundaram M, Balu S, Baylin
SB, Beroukhim R, Bootwalla MS, Bowlby R, Bristow
CA, Brooks D, Butterfield Y, Carlsen R, Carter S, Chin
L, Chu A, Chuah E, Cibulskis K, Clarke A, Coetzee
SG, Dhalla N, Fennell T, Fisher S, Gabriel S, Getz G,
Gibbs R, Guin R, Hadjipanayis A, Hayes DN, Hinoue
T, Hoadley K, Holt RA, Hoyle AP, Jefferys SR, Jones
S, Jones CD, Kucherlapati R, Lai PH, Lander E, Lee
S, Lichtenstein L, Ma Y, Maglinte DT, Mahadeshwar
HS, Marra MA, Mayo M, Meng S, Meyerson ML,
Mieczkowski PA, Moore RA, Mose LE, Mungall AJ,
Pantazi A, Parfenov M, Park PJ, Parker JS, Perou CM,
Protopopov A, Ren X, Roach J, Sabedot TS, Schein
J, Schumacher SE, Seidman JG, Seth S, Shen H,
Simons JV, Sipahimalani P, Soloway MG, Song X,
Sun H, Tabak B, Tam A, Tan D, Tang J, Thiessen N,
Triche T Jr, Van Den Berg DJ, Veluvolu U, Waring
S, Weisenberger DJ, Wilkerson MD, Wong T, Wu J,
Xi L, Xu AW, Yang L, Zack TI, Zhang J, Aksoy BA,
Arachchi H, Benz C, Bernard B, Carlin D, Cho J,
DiCara D, Frazer S, Fuller GN, Gao J, Gehlenborg
N, Haussler D, Heiman DI, Iype L, Jacobsen A, Ju
Z, Katzman S, Kim H, Knijnenburg T, Kreisberg RB,
Lawrence MS, Lee W, Leinonen K, Lin P, Ling S, Liu
W, LiuY, LiuY, Lu Y, Mills G, Ng S, Noble MS, Paull
E, Rao A, Reynolds S, Saksena G, Sanborn Z, Sander
C, Schultz N, Senbabaoglu Y, Shen R, Shmulevich
I, Sinha R, Stuart J, Sumer SO, Sun Y, Tasman N,
Taylor BS, Voet D, Weinhold N, Weinstein JN, Yang
D, Yoshihara K, Zheng S, Zhang W, Zou L, Abel T,
Sadeghi S, Cohen ML, Eschbacher J, Hattab EM,
Raghunathan A, Schniederjan MJ, Aziz D, Barnett G,

Barrett W, Bigner DD, Boice L, Brewer C, Calatozzolo
C, Campos B, Carlotti CG Jr, Chan TA, Cuppini L,
Curley E, Cuzzubbo S, Devine K, DiMeco F, Duell
R, Elder JB, Fehrenbach A, Finocchiaro G, Friedman
W, Fulop J, Gardner J, Hermes B, Herold-Mende C,
Jungk C, Kendler A, Lehman NL, Lipp E, Liu O,
Mandt R, McGraw M, McLendon R, McPherson C,
Neder L, Nguyen P, Noss A, Nunziata R, Ostrom QT,
Palmer C, Perin A, Pollo B, Potapov A, Potapova
O, Rathmell WK, Rotin D, Scarpace L, Schilero C,
Senecal K, Shimmel K, Shurkhay V, Sifri S, Singh
R, Sloan AE, Smolenski K, Staugaitis SM, Steele
R, Thorne L, Tirapelli DP, Unterberg A, Vallurupalli
M, Wang Y, Warnick R, Williams F, Wolinsky Y, Bell
S, Rosenberg M, Stewart C, Huang F, Grimsby JL,
Radenbaugh AJ, Zhang J (2015) Comprehensive, inte-
grative genomic analysis of diffuse lower-grade glio-
mas. N Engl J Med 372(26):2481-2498. https://doi.
org/10.1056/NEJMoal402121

Chan KM, Fang D, Gan H, Hashizume R, Yu C, Schroeder
M, Gupta N, Mueller S, James CD, Jenkins R, Sarkaria
J, Zhang Z (2013) The histone H3.3K27M mutation in
pediatric glioma reprograms H3K27 methylation and
gene expression. Genes Dev 27(9):985-990. https://
doi.org/10.1101/gad.217778.113

Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto
P, Larkin J, Dummer R, Garbe C, Testori A, Maio M,
Hogg D, Lorigan P, Lebbe C, Jouary T, Schadendorf
D, Ribas A, O'Day SJ, Sosman JA, Kirkwood JM,
Eggermont AM, Dreno B, Nolop K, Li J, Nelson B,
Hou J, Lee RJ, Flaherty KT, McArthur GA, Group
B-S (2011) Improved survival with vemurafenib in
melanoma with BRAF V600E mutation. N Engl J
Med 364(26):2507-2516. https://doi.org/10.1056/
NEJMoal 103782

Cichowski K, Shih TS, Schmitt E, Santiago S, Reilly K,
McLaughlin ME, Bronson RT, Jacks T (1999) Mouse
models of tumor development in neurofibromatosis
type 1. Science 286(5447):2172-2176

Cole PD, Kamen BA (2006) Delayed neurotoxicity
associated with therapy for children with acute
lymphoblastic leukemia. Ment Retard Dev Disabil
Res Rev 12(3):174-183. https://doi.org/10.1002/
mrdd.20113

Costa RM, Federov NB, Kogan JH, Murphy GG, Stern
J, Ohno M, Kucherlapati R, Jacks T, Silva AJ (2002)
Mechanism for the learning deficits in a mouse model
of neurofibromatosis type 1. Nature 415(6871):526—
530. https://doi.org/10.1038/nature711

Dasgupta T, Haas-Kogan DA (2013) The combination of
novel targeted molecular agents and radiation in the
treatment of pediatric gliomas. Front Oncol 3:110.
https://doi.org/10.3389/fonc.2013.00110

Dougherty MJ, Santi M, Brose MS, Ma C, Resnick AC,
Sievert AJ, Storm PB, Biegel JA (2010) Activating
mutations in BRAF characterize a spectrum of pedi-
atric low-grade gliomas. Neuro-Oncology 12(7):621-
630. https://doi.org/10.1093/neuonc/noq007

Dulac O, Lassonde M, Sarnat H (2013) Pediatric neurol-
ogy, part II. In: Handbook of clinical neurology, vol
112. Elsevier, Amsterdam


https://doi.org/10.1200/JCO.2011.34.5843
https://doi.org/10.1200/JCO.2011.34.5843
https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1101/gad.217778.113
https://doi.org/10.1101/gad.217778.113
https://doi.org/10.1056/NEJMoa1103782
https://doi.org/10.1056/NEJMoa1103782
https://doi.org/10.1002/mrdd.20113
https://doi.org/10.1002/mrdd.20113
https://doi.org/10.1038/nature711
https://doi.org/10.3389/fonc.2013.00110
https://doi.org/10.1093/neuonc/noq007

10 Low-Grade Gliomas

245

Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh
KM, Decker PA, Sicotte H, Pekmezci M, Rice T, Kosel
ML, Smirnov 1V, Sarkar G, Caron AA, Kollmeyer
TM, Praska CE, Chada AR, Halder C, Hansen HM,
McCoy LS, Bracci PM, Marshall R, Zheng S, Reis
GF, Pico AR, O'Neill BP, Buckner JC, Giannini C,
Huse JT, Perry A, Tihan T, Berger MS, Chang SM,
Prados MD, Wiemels J, Wiencke JK, Wrensch MR,
Jenkins RB (2015) Glioma groups based on 1p/19q,
IDH, and TERT promoter mutations in tumors. N Engl
J Med 372(26):2499-2508. https://doi.org/10.1056/
NEJMoal407279

Fisher PG, Tihan T, Goldthwaite PT, Wharam MD, Carson
BS, Weingart JD, Repka MX, Cohen KJ, Burger PC
(2008) Outcome analysis of childhood low-grade
astrocytomas. Pediatr Blood Cancer 51(2):245-250.
https://doi.org/10.1002/pbc.21563

Flaherty KT, Infante JR, Daud A, Gonzalez R, Kefford RF,
Sosman J, Hamid O, Schuchter L, Cebon J, Ibrahim N,
Kudchadkar R, Burris HA 3rd, Falchook G, Algazi A,
Lewis K, Long GV, Puzanov I, Lebowitz P, Singh A,
Little S, Sun P, Allred A, Ouellet D, Kim KB, Patel K,
Weber J (2012) Combined BRAF and MEK inhibition
in melanoma with BRAF V600 mutations. N Engl J
Med 367(18):1694-1703

Flaherty KT, Robert C, Hersey P, Nathan P, Garbe C,
Milhem M, Demidov LV, Hassel JC, Rutkowski P,
Mohr P, Dummer R, Trefzer U, Larkin JM, Utikal
J, Dreno B, Nyakas M, Middleton MR, Becker JC,
Casey M, Sherman LJ, Wu ES, Ouellet D, Martin AM,
Patel K, Schadendorf D, METRIC study group (2012)
Improved survival with MEK inhibition in BRAF-
mutated melanoma. N Engl J Med 367(2):107-114

Fouladi M, Wallace D, Langston JW, Mulhern R, Rose
SR, Gajjar A, Sanford RA, Merchant TE, Jenkins JJ,
Kun LE, Heideman RL (2003) Survival and functional
outcome of children with hypothalamic/chiasmatic
tumors. Cancer 97(4):1084—-1092

Fuss M, Poljanc K, Hug EB (2000) Full scale 1Q (FSIQ)
changes in children treated with whole brain and
partial brain irradiation. A review and analysis.
Strahlenther Onkol 176(12):573-581

Gielen GH, Gessi M, Hammes J, Kramm CM, Waha A,
Pietsch T (2013) H3F3A K27M mutation in pedi-
atric CNS tumors: a marker for diffuse high-grade
astrocytomas. Am J Clin Pathol 139(3):345-349.
https://doi.org/10.1309/AJICPABOHBC33FVMO

Gierke M, Sperveslage J, Schwab D, Beschorner R,
Ebinger M, Schuhmann MU, Schittenhelm J (2016)
Analysis of IDHI-R132 mutation, BRAF V600 muta-
tion and KIAA1549-BRAF fusion transcript status in
central nervous system tumors supports pediatric tumor
classification. J Cancer Res Clin Oncol 142(1):89—
100. https://doi.org/10.1007/s00432-015-2006-2

Gilheeney SW, Kieran MW (2012) Differences in molec-
ular genetics between pediatric and adult malignant
astrocytomas: age matters. Future Oncol 8(5):549-
558. https://doi.org/10.2217/fon.12.51

Gnekow AK, Kortmann RD, Pietsch T et al (2004) Low
grade chiasmatic-hypothalamic glioma- carboplatin
and vincristin chemotherapy effectively defers radio-

therapy within a comprehensive treatment strategy:
report from the multicenter treatment study for chil-
dren and adolescents with a low grade glioma, HIT-
LGG 1996, of the Society of Pediatric Oncology and
Hematology (GPOH). Klin Padiatr 216:331-342

Gupta N, Banerjee A, Haas-Kogen D (eds) (2004)
Pediatric CNS tumors. Springer, New York

Gururangan S, Fangusaro J, Poussaint TY, McLendon
RE, Onar-Thomas A, Wu S, Packer RJ, Banerjee
A, Gilbertson RJ, Fahey F, Vajapeyam S, Jakacki
R, Gajjar A, Goldman S, Pollack IF, Friedman HS,
Boyett JM, Fouladi M, Kun LE (2014) Efficacy of
bevacizumab plus irinotecan in children with recurrent
low-grade gliomas--a pediatric brain tumor consor-
tium study. Neuro-Oncology 16(2):310-317. https://
doi.org/10.1093/neuonc/not154

Halperin EC, Wazer DE, Perez CA, Brady LW (eds)
(2013) Perez and Brady's principles and practice of
radiation oncology, 6th edn. Lippincott Williams &
Wilkins, Philadelphia

Hargrave D (2009) Paediatric high and low grade glioma:
the impact of tumour biology on current and future
therapy. Br J Neurosurg 23(4):351-363

Hassan B, Akcakanat A, Holder AM, Meric-Bernstam F
(2013) Targeting the PI3-kinase/Akt/mTOR signal-
ing pathway. Surg Oncol Clin N Am 22(4):641-664.
https://doi.org/10.1016/j.s0c.2013.06.008

Hemmati HD, Nakano I, Lazareff JA, Masterman-Smith
M, Geschwind DH, Bronner-Fraser M, Kornblum HI
(2003) Cancerous stem cells can arise from pediatric
brain tumors. Proc Natl Acad Sci U S A 100(25):15178—
15183. https://doi.org/10.1073/pnas.2036535100

Hernaiz Driever P, von Hornstein S, Pietsch T, Kortmann
R, Warmuth-Metz M, Emser A, Gnekow AK (2010)
Natural history and management of low-grade glioma
in NF-1 children. J Neuro-Oncol 100(2):199-207.
https://doi.org/10.1007/s11060-010-0159-z

Hudson MM, Mertens AC, Yasui Y, Hobbie W, Chen H,
Gurney JG, Yeazel M, Recklitis CJ, Marina N, Robison
LR, Oeffinger KC, Childhood Cancer Survivor Study
I (2003) Health status of adult long-term survivors of
childhood cancer: a report from the childhood cancer
survivor study. JAMA 290(12):1583-1592. https://
doi.org/10.1001/jama.290.12.1583

Hudson MM, Tyc VL, Srivastava DK, Gattuso J,
Quargnenti A, Crom DB, Hinds P (2002) Multi-
component behavioral intervention to promote health
protective behaviors in childhood cancer survivors: the
protect study. Med Pediatr Oncol 39(1):2-1.; discus-
sion 2. https://doi.org/10.1002/mpo.10071

Jacob K, Albrecht S, Sollier C, Faury D, Sader E,
Montpetit A, Serre D, Hauser P, Garami M, Bognar L,
Hanzely Z, Montes JL, Atkinson J, Farmer JP, Bouffet
E, Hawkins C, Tabori U, Jabado N (2009) Duplication
of 7q34 is specific to juvenile pilocytic astrocyto-
mas and a hallmark of cerebellar and optic pathway
tumours. Br J Cancer 101(4):722-733. https://doi.
org/10.1038/sj.bjc.6605179

Jacob K, Quang-Khuong DA, Jones DT, Witt H,
Lambert S, Albrecht S, Witt O, Vezina C, Shirinian
M, Faury D, Garami M, Hauser P, Klekner A,


https://doi.org/10.1056/NEJMoa1407279
https://doi.org/10.1056/NEJMoa1407279
https://doi.org/10.1002/pbc.21563
https://doi.org/10.1309/AJCPABOHBC33FVMO
https://doi.org/10.1007/s00432-015-2006-2
https://doi.org/10.2217/fon.12.51
https://doi.org/10.1093/neuonc/not154
https://doi.org/10.1093/neuonc/not154
https://doi.org/10.1016/j.soc.2013.06.008
https://doi.org/10.1073/pnas.2036535100
https://doi.org/10.1007/s11060-010-0159-z
https://doi.org/10.1001/jama.290.12.1583
https://doi.org/10.1001/jama.290.12.1583
https://doi.org/10.1002/mpo.10071
https://doi.org/10.1038/sj.bjc.6605179
https://doi.org/10.1038/sj.bjc.6605179

246

A. K. Paulsson et al.

Bognar L, Farmer JP, Montes JL, Atkinson J,
Hawkins C, Korshunov A, Collins VP, Pfister SM,
Tabori U, Jabado N (2011) Genetic aberrations
leading to MAPK pathway activation mediate
oncogene-induced senescence in sporadic pilocytic
astrocytomas. Clin Cancer Res 17(14):4650-4660.
https://doi.org/10.1158/1078-0432.CCR-11-0127

Jones DT, Hutter B, Jager N, Korshunov A, Kool M,
Warnatz HJ, Zichner T, Lambert SR, Ryzhova M,
Quang DA, Fontebasso AM, Stutz AM, Hutter S,
Zuckermann M, Sturm D, Gronych J, Lasitschka B,
Schmidt S, Seker-Cin H, Witt H, Sultan M, Ralser
M, Northcott PA, Hovestadt V, Bender S, Pfaff E,
Stark S, Faury D, Schwartzentruber J, Majewski
J, Weber UD, Zapatka M, Raeder B, Schlesner M,
Worth CL, Bartholomae CC, von Kalle C, Imbusch
CD, Radomski S, Lawerenz C, van Sluis P, Koster J,
Volckmann R, Versteeg R, Lehrach H, Monoranu C,
Winkler B, Unterberg A, Herold-Mende C, Milde T,
Kulozik AE, Ebinger M, Schuhmann MU, Cho YJ,
Pomeroy SL, von Deimling A, Witt O, Taylor MD,
Wolf S, Karajannis MA, Eberhart CG, Scheurlen
W, Hasselblatt M, Ligon KL, Kieran MW, Korbel
JO, Yaspo ML, Brors B, Felsberg J, Reifenberger G,
Collins VP, Jabado N, Eils R, Lichter P, Pfister SM,
International Cancer Genome Consortium PedBrain
Tumor P (2013) Recurrent somatic alterations of
FGFR1 and NTRK2 in pilocytic astrocytoma. Nat
Genet 45(8):927-932. https://doi.org/10.1038/ng.2682

Kadan-Lottick NS, Robison LL, Gurney JG, Neglia
JP, Yasui Y, Hayashi R, Hudson M, Greenberg M,
Mertens AC (2002) Childhood cancer survivors’
knowledge about their past diagnosis and treat-
ment: childhood cancer survivor study. JAMA
287(14):1832-1839

Kadota RP, Kun LE, Langston JW, Burger PC, Cohen
ME, Mahoney DH, Walter AW, Rodman JH, Parent
A, Buckley E, Kepner JL, Friedman HS (1999)
Cyclophosphamide for the treatment of progressive
low-grade astrocytoma: a pediatric oncology group
phase II study. J Pediatr Hematol Oncol 21(3):198-202

Kaul A, Chen YH, Emnett RJ, Dahiya S, Gutmann DH
(2012) Pediatric glioma-associated KIAA1549:BRAF
expression regulates neuroglial cell growth in a cell
type-specific and mTOR-dependent manner. Genes
Dev  26(23):2561-2566.  https://doi.org/10.1101/
2ad.200907.112

Khuong-Quang DA, Buczkowicz P, Rakopoulos P, Liu
XY, Fontebasso AM, Bouffet E, Bartels U, Albrecht
S, Schwartzentruber J, Letourneau L, Bourgey M,
Bourque G, Montpetit A, Bourret G, Lepage P,
Fleming A, Lichter P, Kool M, von Deimling A, Sturm
D, Korshunov A, Faury D, Jones DT, Majewski J,
Pfister SM, Jabado N, Hawkins C (2012) K27M muta-
tion in histone H3.3 defines clinically and biologi-
cally distinct subgroups of pediatric diffuse intrinsic
pontine gliomas. Acta Neuropathol 124(3):439-447.
https://doi.org/10.1007/s00401-012-0998-0

Kilday JP, Bartels U, Huang A, Barron M, Shago M,
Mistry M, Zhukova N, Laperriere N, Dirks P, Hawkins

C, Bouffet E, Tabori U (2014) Favorable survival and
metabolic outcome for children with diencephalic
syndrome using a radiation-sparing approach. J
Neurooncol 116(1):195-204

Kilday JP, Bouffet E (2014) Curr Pediatr Rep 2:38

King TZ, Fennell EB, Williams L, Algina J, Boggs
S, Crosson B, Leonard C (2004) Verbal mem-
ory abilities of children with brain tumors.
Child  Neuropsychol  10(2):76-88.  https://doi.
org/10.1080/092970404909110

Kolb B, Gibb R (2007) Brain plasticity and recovery from
early cortical injury. Dev Psychobiol 49(2):107-118.
https://doi.org/10.1002/dev.20199

Kolb EA, Gorlick R, Houghton PJ, Morton CL, Neale
G, Keir ST, Carol H, Lock R, Phelps D, Kang MH,
Reynolds CP, Maris JM, Billups C, Smith MA (2010)
Initial testing (stage 1) of AZD6244 (ARRY-142886)
by the pediatric preclinical testing program. Pediatr
Blood Cancer 55(4):668—677. https://doi.org/10.1002/
pbc.22576

Krueger DA, Care MM, Holland K, Agricola K, Tudor
C, Mangeshkar P, Wilson KA, Byars A, Sahmoud
T, Franz DN (2010) Everolimus for subependymal
giant-cell astrocytomas in tuberous sclerosis. N Engl
J Med 363(19):1801-1811. https://doi.org/10.1056/
NEJMoal001671

Lacaze E, Kieffer V, Streri A, Lorenzi C, Gentaz E,
Habrand JL, Dellatolas G, Kalifa C, Grill J (2003)
Neuropsychological outcome in children with optic
pathway tumours when first-line treatment is chemo-
therapy. Br J Cancer 89(11):2038-2044. https://doi.
org/10.1038/sj.bjc.6601410

Laplante M, Sabatini DM (2012) mTOR signaling in
growth control and disease. Cell 149(2):274-293.
https://doi.org/10.1016/.cell.2012.03.017

Lawrence MS, Stojanov P, Mermel CH, Robinson JT,
Garraway LA, Golub TR, Meyerson M, Gabriel SB,
Lander ES, Getz G (2014) Discovery and saturation
analysis of cancer genes across 21 tumour types.
Nature 505(7484):495-501. https://doi.org/10.1038/
nature12912

Le Deley MC, Vassal G, Taibi A, Shamsaldin A, Leblanc
T, Hartmann O (2005) High cumulative rate of sec-
ondary leukemia after continuous etoposide treatment
for solid tumors in children and young adults. Pediatr
Blood Cancer 45(1):25-31. https://doi.org/10.1002/
pbc.20380

Le LQ, Parada LF (2007) Tumor microenvironment
and neurofibromatosis type I: connecting the GAPs.
Oncogene 26(32):4609-4616. https://doi.org/10.1038/
sj.onc.1210261

Leone G, Mele L, Pulsoni A, Equitani F, Pagano L (1999)
The incidence of secondary leukemias. Haematologica
84(10):937-945

Lin A, Rodriguez FJ, Karajannis MA, Williams SC,
Legault G, Zagzag D, Burger PC, Allen JC, Eberhart
CG, Bar EE (2012) BRAF alterations in primary
glial and glioneuronal neoplasms of the cen-
tral nervous system with identification of 2 novel
KIAA1549:BRAF fusion variants. J Neuropathol


https://doi.org/10.1158/1078-0432.CCR-11-0127
https://doi.org/10.1038/ng.2682
https://doi.org/10.1101/gad.200907.112
https://doi.org/10.1101/gad.200907.112
https://doi.org/10.1007/s00401-012-0998-0
https://doi.org/10.1080/092970404909110
https://doi.org/10.1080/092970404909110
https://doi.org/10.1002/dev.20199
https://doi.org/10.1002/pbc.22576
https://doi.org/10.1002/pbc.22576
https://doi.org/10.1056/NEJMoa1001671
https://doi.org/10.1056/NEJMoa1001671
https://doi.org/10.1038/sj.bjc.6601410
https://doi.org/10.1038/sj.bjc.6601410
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1038/nature12912
https://doi.org/10.1038/nature12912
https://doi.org/10.1002/pbc.20380
https://doi.org/10.1002/pbc.20380
https://doi.org/10.1038/sj.onc.1210261
https://doi.org/10.1038/sj.onc.1210261

10 Low-Grade Gliomas

247

Exp Neurol 71(1):66-72. https://doi.org/10.1097/
NEN.0b013e31823f2cb0

Marcus KJ, Goumnerova L, Billett AL, Lavally B, Scott
RM, Bishop K, Xu R, Young Poussaint T, Kieran M,
Kooy H, Pomeroy SL, Tarbell NJ (2005) Stereotactic
radiotherapy for localized low-grade gliomas in
children: final results of a prospective trial. Int J
Radiat Oncol Biol Phys 61(2):374-379. https://doi.
org/10.1016/j.ijrobp.2004.06.012

Massimino M, Spreafico F, Cefalo G et al (2002) High
response rate to cisplatin/etoposide regimen in child-
hood lowgrade glioma. J Clin Oncol 20:4209-4216

Matsui I, Tanimura M, Kobayashi N, Sawada T, Nagahara
N, Akatsuka J (1993) Neurofibromatosis type 1 and
childhood cancer. Cancer 72(9):2746-2754

McBride SM, Perez DA, Polley MY, Vandenberg SR,
Smith JS, Zheng S, Lamborn KR, Wiencke JK, Chang
SM, Prados MD, Berger MS, Stokoe D, Haas-Kogan
DA (2010) Activation of PI3K/mTOR pathway occurs
in most adult low-grade gliomas and predicts patient
survival. J Neuro-Oncol 97(1):33—40. https://doi.
org/10.1007/s11060-009-0004-4

Merchant TE, Conklin HM, Wu S, Lustig RH, Xiong X
(2009) Late effects of conformal radiation therapy for
pediatric patients with low-grade glioma: prospec-
tive evaluation of cognitive, endocrine, and hearing
deficits. J Clin Oncol 27(22):3691-3697. https://doi.
org/10.1200/JC0O.2008.21.2738

Merchant TE, Kun LE, Wu S, Xiong X, Sanford RA,
Boop FA (2009) Phase II trial of conformal radia-
tion therapy for pediatric low-grade glioma. J Clin
Oncol  27(22):3598-3604.  https://doi.org/10.1200/
JCO.2008.20.9494

Merchant TE, Pollack IF, Loeffler JS (2010) Brain tumors
across the age spectrum: biology, therapy, and late
effects. Semin Radiat Oncol 20(1):58-66. https://doi.
org/10.1016/j.semradonc.2009.09.005

Meyerson M, Gabriel S, Getz G (2010) Advances in
understanding cancer genomes through second-gen-
eration sequencing. Nat Rev Genet 11(10):685-696.
https://doi.org/10.1038/nrg2841

Mishra KK, Puri DR, Missett BT, Lamborn KR, Prados
MD, Berger MS, Banerjee A, Gupta N, Wara WM,
Haas-Kogan DA (2006) The role of up-front radiation
therapy for incompletely resected pediatric WHO grade
II low-grade gliomas. Neuro-Oncology 8(2):166—174.
https://doi.org/10.1215/15228517-2005-011

Mishra KK, Squire S, Lamborn K et al (2010) Phase
II TPDCV protocol for pediatric low-grade hypo-
thalamic/chiasmatic ~ gliomas: 15-year update. J
Neurooncol 100(1):121-127

Motzer RJ, Escudier B, Oudard S, Hutson TE, Porta
C, Bracarda S, Grunwald V, Thompson JA, Figlin
RA, Hollaender N, Urbanowitz G, Berg WJ, Kay A,
Lebwohl D, Ravaud A, Group R-S (2008) Efficacy of
everolimus in advanced renal cell carcinoma: a double-
blind, randomised, placebo-controlled phase III trial.
Lancet 372(9637):449-456. https://doi.org/10.1016/
S0140-6736(08)61039-9

Nageswara Rao AA, Packer RJ (2014) Advances in the
management of low-grade gliomas. Curr Oncol Rep
16(8):398. https://doi.org/10.1007/s11912-014-0398-9

Nakamura M, Shimada K, Ishida E, Higuchi T, Nakase H,
Sakaki T, Konishi N (2007) Molecular pathogenesis of
pediatric astrocytic tumors. Neuro-Oncology 9(2):113—
123. https://doi.org/10.1215/15228517-2006-036

Nathan PC, Patel SK, Dilley K, Goldsby R, Harvey J,
Jacobsen C, Kadan-Lottick N, McKinley K, Millham
AK, Moore I, Okcu MF, Woodman CL, Brouwers P,
Armstrong FD, Children’s Oncology Group Long-term
Follow-up Guidelines Task Force on Neurocognitive/
Behavioral Complications After Childhood C (2007)
Guidelines for identification of, advocacy for, and
intervention in neurocognitive problems in survivors of
childhood cancer: a report from the Children's oncol-
ogy group. Arch Pediatr Adolesc Med 161(8):798-806.
https://doi.org/10.1001/archpedi.161.8.798

Nicholson HS, Kretschmar CS, Krailo M, Bernstein M,
Kadota R, Fort D, Friedman H, Harris MB, Tedeschi-
Blok N, Mazewski C, Sato J, Reaman GH (2007)
Phase 2 study of temozolomide in children and ado-
lescents with recurrent central nervous system tumors:
a report from the Children's oncology group. Cancer
110(7):1542—1550. https://doi.org/10.1002/cncr.22961

Northrup H, Koenig MK, Pearson DA, Au KS (1993)
Tuberous Sclerosis Complex. In: Pagon RA, Adam
MP, Ardinger HH et al (eds) GeneReviews(R).
University of Washington, Seattle, WA

Packer RJ, Ater J, Allen J et al (1997) Carboplatin and vin-
cristine chemotherapy for children with newly diag-
nosed progressive low-grade gliomas. J Neurosurg
86:747-754

Prados MD, Edwards MS, Rabbitt J et al (1997)
Treatment of pediatric low-grade gliomas with a
nitrosourea-based multiagent chemotherapy regimen.
J Neurooncol 32:235-241

Parsa CF, Hoyt CS, Lesser RL, Weinstein JM, Strother
CM, Muci-Mendoza R, Ramella M, Manor RS,
Fletcher WA, Repka MX, Garrity JA, Ebner RN,
Monteiro ML, McFadzean RM, Rubtsova IV, Hoyt
WF (2001) Spontaneous regression of optic gliomas:
thirteen cases documented by serial neuroimaging.
Arch Ophthalmol 119(4):516-529

Perilongo G, Moras P, Carollo C, Battistella A, Clementi M,
Laverda A, Murgia A (1999) Spontaneous partial regres-
sion of low-grade glioma in children with neurofibroma-
tosis-1: areal possibility. J Child Neurol 14(6):352-356.
https://doi.org/10.1177/088307389901400602

Piccirilli M, Lenzi J, Delfinis C, Trasimeni G, Salvati M,
Raco A (2006) Spontaneous regression of optic path-
ways gliomas in three patients with neurofibromato-
sis type I and critical review of the literature. Childs
Nerv Syst 22(10):1332-1337. https://doi.org/10.1007/
s00381-006-0061-3

Pollack IF (2011) Multidisciplinary management of
childhood brain tumors: a review of outcomes, recent
advances, and challenges. J Neurosurg Pediatr 8(2):135—
148. https://doi.org/10.3171/2011.5.PEDS1178


https://doi.org/10.1097/NEN.0b013e31823f2cb0
https://doi.org/10.1097/NEN.0b013e31823f2cb0
https://doi.org/10.1016/j.ijrobp.2004.06.012
https://doi.org/10.1016/j.ijrobp.2004.06.012
https://doi.org/10.1007/s11060-009-0004-4
https://doi.org/10.1007/s11060-009-0004-4
https://doi.org/10.1200/JCO.2008.21.2738
https://doi.org/10.1200/JCO.2008.21.2738
https://doi.org/10.1200/JCO.2008.20.9494
https://doi.org/10.1200/JCO.2008.20.9494
https://doi.org/10.1016/j.semradonc.2009.09.005
https://doi.org/10.1016/j.semradonc.2009.09.005
https://doi.org/10.1038/nrg2841
https://doi.org/10.1215/15228517-2005-011
https://doi.org/10.1016/S0140-6736(08)61039-9
https://doi.org/10.1016/S0140-6736(08)61039-9
https://doi.org/10.1007/s11912-014-0398-9
https://doi.org/10.1215/15228517-2006-036
https://doi.org/10.1001/archpedi.161.8.798
https://doi.org/10.1002/cncr.22961
https://doi.org/10.1177/088307389901400602
https://doi.org/10.1007/s00381-006-0061-3
https://doi.org/10.1007/s00381-006-0061-3
https://doi.org/10.3171/2011.5.PEDS1178

248

A. K. Paulsson et al.

Populo H, Lopes JM, Soares P (2012) The mTOR
signalling pathway in human cancer. Int J Mol
Sci 13(2):1886-1918. https://doi.org/10.3390/
ijms13021886

Qaddoumi I, Orisme W, Ji W, Santiago T, Gupta K, Dalton
JD, Bo T, Haupfear K, Punchihewa C, Easton J, Mulder
H, Boggs K, Shao Y, Rusch M, Becksfort J, Gupta P,
Wang S, Lee RP, Brat D, Peter Collins V, Dahiya S,
George D, Konomos W, Kurian KM, McFadden K,
Serafini LN, Nickols H, Perry A, Shurtleff S, Gajjar A,
Boop FA, Klimo PD, Mardis ER, Wilson RK, Baker
SJ, Zhang J, Gang W, Downing JR, Tatevossian RG,
Ellison DW (2016) Genetic alterations in uncommon
low-grade neuroepithelial tumors: BRAF, FGFRI,
and MYB mutations occur at high frequency and align
with morphology. Acta Neuropathol 131(6):833-845

Raabe EH, Lim KS, Kim JM, Meeker A, Mao XG,
Nikkhah G, Maciaczyk J, Kahlert U, Jain D, Bar E,
Cohen KIJ, Eberhart CG (2011) BRAF activation
induces transformation and then senescence in human
neural stem cells: a pilocytic astrocytoma model.
Clin Cancer Res 17(11):3590-3599. https://doi.
org/10.1158/1078-0432.CCR-10-3349

Ramkissoon LA, Horowitz PM, Craig JM, Ramkissoon
SH, Rich BE, Schumacher SE, McKenna A, Lawrence
MS, Bergthold G, Brastianos PK, Tabak B, Ducar MD,
Van Hummelen P, MacConaill LE, Pouissant-Young
T, Cho YJ, Taha H, Mahmoud M, Bowers DC, Margraf
L, Tabori U, Hawkins C, Packer RJ, Hill DA, Pomeroy
SL, Eberhart CG, Dunn IF, Goumnerova L, Getz G,
Chan JA, Santagata S, Hahn WC, Stiles CD, Ligon
AH, Kieran MW, Beroukhim R, Ligon KL (2013)
Genomic analysis of diffuse pediatric low-grade glio-
mas identifies recurrent oncogenic truncating rear-
rangements in the transcription factor MYBLI1. Proc
Natl Acad Sci U S A 110(20):8188-8193. https://doi.
org/10.1073/pnas.1300252110

Reddick WE, Mulhern RK, Elkin TD, Glass JO, Merchant
TE, Langston JW (1998) A hybrid neural network analy-
sis of subtle brain volume differences in children surviv-
ing brain tumors. Magn Reson Imaging 16(4):413-421

Reuss D, von Deimling A (2009) Hereditary tumor syn-
dromes and gliomas. Recent results in cancer research
Fortschritte der Krebsforschung Progres dans les
recherches Sur le. Cancer 171:83-102. https://doi.
org/10.1007/978-3-540-31206-2_5

Ris MD, Beebe DW (2008) Neurodevelopmental outcomes
of children with low-grade gliomas. Dev Disabil Res
Rev 14(3):196-202. https://doi.org/10.1002/ddrr.27

Ris MD, Beebe DW, Armstrong FD, Fontanesi J, Holmes
E, Sanford RA, Wisoff JH, Children's Oncology G
(2008) Cognitive and adaptive outcome in extra-
cerebellar low-grade brain tumors in children: a
report from the Children’s oncology group. J Clin
Oncol  26(29):4765-4770.  https://doi.org/10.1200/
JCO.2008.17.1371

Ris MD, Noll RB (1994) Long-term neurobehav-
ioral outcome in pediatric brain-tumor patients:
review and methodological critique. J Clin

Exp  Neuropsychol 16(1):21-42.
org/10.1080/01688639408402615

Rivera B, Gayden T, Carrot-Zhang J, Nadaf J, Boshari T,
Faury D, Zeinieh M, Blanc R, Burk DL, Fahiminiya S,
Bareke E, Schiiller U, Monoranu CM, Striter R, Kerl
K, Niederstadt T, Kurlemann G, Ellezam B, Michalak
7Z, Thom M, Lockhart PJ, Leventer RJ, Ohm M,
MacGregor D, Jones D, Karamchandani J, Greenwood
CMT, Berghuis AM, Bens S, Siebert R, Zakrzewska
M, Liberski PP, Zakrzewski K, Sisodiya SM, Paulus
W, Albrecht S, Hasselblatt M, Jabado N, Foulkes WD,
Majewski J (2016) Germline and somatic FGFRI
abnormalities in dysembryoplastic neuroepithelial
tumors. Acta Neuropathol 131(6):847-863

Rodriguez FJ, Perry A, Gutmann DH, O'Neill BP,
Leonard J, Bryant S, Giannini C (2008) Gliomas
in neurofibromatosis type 1: a clinicopatho-
logic study of 100 patients. J Neuropathol Exp
Neurol  67(3):240-249.  https://doi.org/10.1097/
NEN.0b013e318165eb75

Rodriguez EF, Scheithauer BW, Giannini C, Rynearson
A, Cen L, Hoesley B, Gilmer-Flynn H, Sarkaria JN,
Jenkins S, Long J, Rodriguez FJ (2011) PI3K/AKT
pathway alterations are associated with clinically
aggressive and histologically anaplastic subsets of
pilocytic astrocytoma. Acta Neuropathol 121(3):407—
420. https://doi.org/10.1007/s00401-010-0784-9

Rodriguez FJ, Tihan T, Lin D, McDonald W, Nigro
J, Feuerstein B, Jackson S, Cohen K, Burger PC
(2014) Clinicopathologic features of pediatric oli-
godendrogliomas: a series of 50 patients. Am J Surg
Pathol  38(8):1058-1070.  https://doi.org/10.1097/
PAS.0000000000000221

Rodriguez FJ, Adelita Vizcaino M, Blakeley J, Heaphy
CM (2016) Frequent alternative lengthening of telo-
meres and ATRX loss in adult NF1-associated dif-
fuse and high-grade astrocytomas. Acta Neuropathol
132(5):761-763

Ron E, Modan B, Boice JD Jr, Alfandary E, Stovall M,
Chetrit A, Katz L (1988) Tumors of the brain and ner-
vous system after radiotherapy in childhood. N Engl
J Med 319(16):1033-1039. https://doi.org/10.1056/
NEJIM198810203191601

Roncadin C, Dennis M, Greenberg ML, Spiegler BJ
(2008) Adverse medical events associated with child-
hood cerebellar astrocytomas and medulloblastomas:
natural history and relation to very long-term neu-
robehavioral outcome. Childs Nerv Syst 24(9):995—
1002.; discussion 1003. https://doi.org/10.1007/
s00381-008-0658-9

Rosner M, Hanneder M, Siegel N, Valli A, Hengstschldger
M (2008) The tuberous sclerosis gene products hamar-
tin and tuberin are multifunctional proteins with a
wide spectrum of interacting partners. Mutat Res
658(3):234-246

Sancak S, Gursoy T, Imamoglu EY, Karatekin G,
Ovali F (2016) Effect of prematurity on cerebellar
growth. J Child Neurol 31(2):138-144. https://doi.
org/10.1177/0883073815585350

https://doi.


https://doi.org/10.3390/ijms13021886
https://doi.org/10.3390/ijms13021886
https://doi.org/10.1158/1078-0432.CCR-10-3349
https://doi.org/10.1158/1078-0432.CCR-10-3349
https://doi.org/10.1073/pnas.1300252110
https://doi.org/10.1073/pnas.1300252110
https://doi.org/10.1007/978-3-540-31206-2_5
https://doi.org/10.1007/978-3-540-31206-2_5
https://doi.org/10.1002/ddrr.27
https://doi.org/10.1200/JCO.2008.17.1371
https://doi.org/10.1200/JCO.2008.17.1371
https://doi.org/10.1080/01688639408402615
https://doi.org/10.1080/01688639408402615
https://doi.org/10.1097/NEN.0b013e318165eb75
https://doi.org/10.1097/NEN.0b013e318165eb75
https://doi.org/10.1007/s00401-010-0784-9
https://doi.org/10.1097/PAS.0000000000000221
https://doi.org/10.1097/PAS.0000000000000221
https://doi.org/10.1056/NEJM198810203191601
https://doi.org/10.1056/NEJM198810203191601
https://doi.org/10.1007/s00381-008-0658-9
https://doi.org/10.1007/s00381-008-0658-9
https://doi.org/10.1177/0883073815585350
https://doi.org/10.1177/0883073815585350

10 Low-Grade Gliomas

249

Schindler G, Capper D, Meyer J, Janzarik W, Omran H,
Herold-Mende C, Schmieder K, Wesseling P, Mawrin
C, Hasselblatt M, Louis DN, Korshunov A, Pfister S,
Hartmann C, Paulus W, Reifenberger G, von Deimling
A (2011) Analysis of BRAF V600E mutation in 1,320
nervous system tumors reveals high mutation frequen-
cies in pleomorphic xanthoastrocytoma, gangliogli-
oma and extra-cerebellar pilocytic astrocytoma. Acta
Neuropathol 121(3):397—-405. https://doi.org/10.1007/
s00401-011-0802-6

Schwartzentruber J, Korshunov A, Liu XY, Jones DT,
Pfaff E, Jacob K, Sturm D, Fontebasso AM, Quang
DA, Tonjes M, Hovestadt V, Albrecht S, Kool M,
Nantel A, Konermann C, Lindroth A, Jager N, Rausch
T, Ryzhova M, Korbel JO, Hielscher T, Hauser
P, Garami M, Klekner A, Bognar L, Ebinger M,
Schuhmann MU, Scheurlen W, Pekrun A, Fruhwald
MC, Roggendorf W, Kramm C, Durken M, Atkinson
J, Lepage P, Montpetit A, Zakrzewska M, Zakrzewski
K, Liberski PP, Dong Z, Siegel P, Kulozik AE, Zapatka
M, Guha A, Malkin D, Felsberg J, Reifenberger G, von
Deimling A, Ichimura K, Collins VP, Witt H, Milde T,
Witt O, Zhang C, Castelo-Branco P, Lichter P, Faury
D, Tabori U, Plass C, Majewski J, Pfister SM, Jabado
N (2012) Driver mutations in histone H3.3 and chro-
matin remodelling genes in paediatric glioblastoma.
Nature 482(7384):226-231. https://doi.org/10.1038/
nature10833

Shannon KM, O'Connell P, Martin GA, Paderanga D,
Olson K, Dinndorf P, McCormick F (1994) Loss of the
normal NF1 allele from the bone marrow of children
with type 1 neurofibromatosis and malignant myeloid
disorders. N Engl J Med 330(9):597-601. https://doi.
org/10.1056/NEJM199403033300903

Shaw EG, Wisoff JH (2003) Prospective clinical trials of
intracranial low-grade glioma in adults and children.
Neuro-Oncology 5(3):153-160

Sievert AJ, Fisher MJ (2009) Pediatric low-grade glio-
mas. J Child Neurol 24(11):1397-1408. https://doi.
org/10.1177/0883073809342005

Siffert J, Allen JC (2000) Late effects of therapy of tha-
lamic and hypothalamic tumors in childhood: vascu-
lar, neurobehavioral and neoplastic. Pediatr Neurosurg
33(2):105-111. https://doi.org/10.1159/000028985

Sturm D, Witt H, Hovestadt V, Khuong-Quang DA,
Jones DT, Konermann C, Pfaff E, Tonjes M, Sill
M, Bender S, Kool M, Zapatka M, Becker N,
Zucknick M, Hielscher T, Liu XY, Fontebasso
AM, Ryzhova M, Albrecht S, Jacob K, Wolter
M, Ebinger M, Schuhmann MU, van Meter T,
Fruhwald MC, Hauch H, Pekrun A, Radlwimmer
B, Niehues T, von Komorowski G, Durken M,
Kulozik AE, Madden J, Donson A, Foreman NK,
Drissi R, Fouladi M, Scheurlen W, von Deimling
A, Monoranu C, Roggendorf W, Herold-Mende C,
Unterberg A, Kramm CM, Felsberg J, Hartmann
C, Wiestler B, Wick W, Milde T, Witt O, Lindroth
AM, Schwartzentruber J, Faury D, Fleming A,
Zakrzewska M, Liberski PP, Zakrzewski K, Hauser
P, Garami M, Klekner A, Bognar L, Morrissy

S, Cavalli F, Taylor MD, van Sluis P, Koster J,
Versteeg R, Volckmann R, Mikkelsen T, Aldape K,
Reifenberger G, Collins VP, Majewski J, Korshunov
A, Lichter P, Plass C, Jabado N, Pfister SM (2012)
Hotspot mutations in H3F3A and IDH]1 define dis-
tinct epigenetic and biological subgroups of glio-
blastoma. Cancer Cell 22(4):425-437. https://doi.
org/10.1016/j.ccr.2012.08.024

Sutton LN, Molloy PT, Sernyak H, Goldwein J, Phillips

PL, Rorke LB, Moshang T Jr, Lange B, Packer RJ
(1995) Long-term outcome of hypothalamic/chias-
matic astrocytomas in children treated with conserva-
tive surgery. J Neurosurg 83(4):583-589. https://doi.
org/10.3171/jns.1995.83.4.0583

Suzuki H, Aoki K, Chiba K, Sato Y, Shiozawa Y, Shiraishi

Y, Shimamura T, Niida A, Motomura K, Ohka F,
Yamamoto T, Tanahashi K, Ranjit M, Wakabayashi T,
Yoshizato T, Kataoka K, Yoshida K, Nagata Y, Sato-
Otsubo A, Tanaka H, Sanada M, Kondo Y, Nakamura
H, Mizoguchi M, Abe T, Muragaki Y, Watanabe R, Ito
I, Miyano S, Natsume A, Ogawa S (2015) Mutational
landscape and clonal architecture in grade II and
III gliomas. Nat Genet 47(5):458-468. https://doi.
org/10.1038/ng.3273

van Slegtenhorst M, de Hoogt R, Hermans C, Nellist M,

Janssen B, Verhoef S, Lindhout D, van den Ouweland
A, Halley D, Young J, Burley M, Jeremiah S,
Woodward K, Nahmias J, Fox M, Ekong R, Osborne
J, Wolfe J, Povey S, Snell RG, Cheadle JP, Jones AC,
Tachataki M, Ravine D, Sampson JR, Reeve MP,
Richardson P, Wilmer F, Munro C, Hawkins TL, Sepp
T, Ali JB, Ward S, Green AJ, Yates JR, Kwiatkowska
J, Henske EP, Short MP, Haines JH, Jozwiak S,
Kwiatkowski DJ (1997) Identification of the tuberous
sclerosis gene TSC1 on chromosome 9q34. Science
277(5327):805-808

Venneti S, Santi M, Felicella MM, Yarilin D, Phillips

1], Sullivan LM, Martinez D, Perry A, Lewis PW,
Thompson CB, Judkins AR (2014) A sensitive
and specific histopathologic prognostic marker for
H3F3A K27M mutant pediatric glioblastomas. Acta
Neuropathol 128(5):743-753. https://doi.org/10.1007/
s00401-014-1338-3

Wisoff JH, Sanford RA, Heier LA, Sposto R, Burger

PC, Yates AJ, Holmes EJ, Kun LE (2011) Primary
neurosurgery for pediatric low-grade gliomas: a pro-
spective multi-institutional study from the Children's
oncology group. Neurosurgery 68(6):1548-1554.;
discussion  1554-1545.  https://doi.org/10.1227/
NEU.0b013e318214a66e

Wu G, Diaz AK, Paugh BS, Rankin SL, JuB, LiY, Zhu X,

Qu C, Chen X, Zhang J, Easton J, Edmonson M, Ma
X, Lu C, Nagahawatte P, Hedlund E, Rusch M, Pounds
S, Lin T, Onar-Thomas A, Huether R, Kriwacki R,
Parker M, Gupta P, Becksfort J, Wei L, Mulder HL,
Boggs K, Vadodaria B, Yergeau D, Russell JC, Ochoa
K, Fulton RS, Fulton LL, Jones C, Boop FA, Broniscer
A, Wetmore C, Gajjar A, Ding L, Mardis ER, Wilson
RK, Taylor MR, Downing JR, Ellison DW, Zhang
J, Baker SJ, St. Jude Children's Research Hospital-


https://doi.org/10.1007/s00401-011-0802-6
https://doi.org/10.1007/s00401-011-0802-6
https://doi.org/10.1038/nature10833
https://doi.org/10.1038/nature10833
https://doi.org/10.1056/NEJM199403033300903
https://doi.org/10.1056/NEJM199403033300903
https://doi.org/10.1177/0883073809342005
https://doi.org/10.1177/0883073809342005
https://doi.org/10.1159/000028985
https://doi.org/10.1016/j.ccr.2012.08.024
https://doi.org/10.1016/j.ccr.2012.08.024
https://doi.org/10.3171/jns.1995.83.4.0583
https://doi.org/10.3171/jns.1995.83.4.0583
https://doi.org/10.1038/ng.3273
https://doi.org/10.1038/ng.3273
https://doi.org/10.1007/s00401-014-1338-3
https://doi.org/10.1007/s00401-014-1338-3
https://doi.org/10.1227/NEU.0b013e318214a66e
https://doi.org/10.1227/NEU.0b013e318214a66e

250

A. K. Paulsson et al.

Washington University Pediatric Cancer Genome P Zhang J, Wu G, Miller CP, Tatevossian RG, Dalton

(2014) The genomic landscape of diffuse intrinsic
pontine glioma and pediatric non-brainstem high-
grade glioma. Nat Genet 46(5):444-450. https://doi.
org/10.1038/ng.2938

Yalon M, Rood B, MacDonald TJ, McCowage G, Kane

R, Constantini S, Packer RJ (2013) A feasibility and
efficacy study of rapamycin and erlotinib for recur-
rent pediatric low-grade glioma (LGG). Pediatr Blood
Cancer 60(1):71-76. https://doi.org/10.1002/pbc.24142

Zebrack BJ, Gurney JG, Oeffinger K, Whitton J, Packer

RJ, Mertens A, Turk N, Castleberry R, Dreyer Z,
Robison LL, Zeltzer LK (2004) Psychological
outcomes in long-term survivors of childhood brain
cancer: a report from the childhood cancer survi-
vor study. J Clin Oncol 22(6):999-1006. https://doi.
org/10.1200/JC0O.2004.06.148

JD, Tang B, Orisme W, Punchihewa C, Parker M,
Qaddoumi I, Boop FA, Lu C, Kandoth C, Ding L,
Lee R, Huether R, Chen X, Hedlund E, Nagahawatte
P, Rusch M, Boggs K, Cheng J, Becksfort J,
Ma J, Song G, Li Y, Wei L, Wang J, Shurtleff S,
Easton J, Zhao D, Fulton RS, Fulton LL, Dooling
DJ, Vadodaria B, Mulder HL, Tang C, Ochoa K,
Mullighan CG, Gajjar A, Kriwacki R, Sheer D,
Gilbertson RJ, Mardis ER, Wilson RK, Downing
JR, Baker SJ, Ellison DW, St. Jude Children's
Research Hospital-Washington University Pediatric
Cancer Genome P (2013) Whole-genome sequenc-
ing identifies genetic alterations in pediatric low-
grade gliomas. Nat Genet 45(6):602—-612. https://
doi.org/10.1038/ng.2611


https://doi.org/10.1038/ng.2938
https://doi.org/10.1038/ng.2938
https://doi.org/10.1002/pbc.24142
https://doi.org/10.1200/JCO.2004.06.148
https://doi.org/10.1200/JCO.2004.06.148
https://doi.org/10.1038/ng.2611
https://doi.org/10.1038/ng.2611

	10: Low-Grade Gliomas
	10.1	 Introduction
	10.2	 Epidemiology
	10.3	 Molecular Biology and Genetics of Pediatric Low-Grade Gliomas (PLGG)
	10.3.1	 Neurofibromatosis Type 1
	10.3.2	 Tuberous Sclerosis (TS)
	10.3.3	 Ras-Raf-MAP Kinase Pathway
	10.3.4	 PI3-Kinase-AKT-mTOR Pathway
	10.3.5	 Genetic Alterations in Pediatric Infiltrative Gliomas

	10.4	 Clinical Features
	10.5	 Imaging and Workup
	10.6	 Treatment and Outcomes
	10.6.1	 Surgery
	10.6.2	 Radiation
	10.6.3	 Chemotherapy
	10.6.4	 Targeted Systemic Agents

	10.7	 Late Effects and Follow-Up
	10.7.1	 Surgical Toxicity
	10.7.2	 Toxicity Due to Chemotherapy and Other Medical Therapy
	10.7.3	 Radiation Associated Toxicity
	10.7.4	 Chiasmatic, Hypothalamic, and Diencephalic Toxicity
	10.7.5	 Delayed Toxicity
	10.7.6	 Approaches to Management of Long-Term Toxicity

	References


