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Preface

Brain tumor programs are like orchestras—several components all working 
together seamlessly to provide optimal clinical care and conduct basic, trans-
lational, and clinical research, and thus advance the field. The last decade has 
witnessed unprecedented advances in the field of neuro-oncology that have 
impacted the entire practice of treating children with brain tumors. Using 
modern molecular technologies that have facilitated a unique insight into the 
genomic make up of pediatric brain tumors, we have gained in-depth knowl-
edge into the genetic heterogeneity of these tumors. This knowledge has also 
generated a new classification that is gradually being implemented by the 
World Health Organization (WHO). The fields of neurosurgery, neuroimag-
ing, and radiation oncology have witnessed technological advances that have 
revolutionized how these modalities have been deployed in the treatment of 
children. The introduction of targeted therapies based on tumor molecular 
profiling has injected a new era of hope for curing brain tumors that were 
incurable in the past. Neurocognitive deficits, which are a significant concern 
in children treated for brain tumors, are being addressed with interventions 
that promise to remediate some of the damage. Long-term follow-up of brain 
tumor survivors has documented the unique health risk profile that these chil-
dren carry for their life based on their treatment history. The recognition that 
more than two-thirds of the burden of pediatric cancer occurs in developing 
countries raises unique challenges regarding delivery of adequate therapy to 
this disadvantaged population. The authors of the individual chapters, all 
experts in their own domains, have done an outstanding job of succinctly 
documenting the recent advances and providing a glimpse of where the field 
is headed over the next few years. This book is a must-read for trainees, junior 
and seasoned practitioners in the field as it provides a lucid update in a rapidly 
emerging field.

Memphis, TN, USA Amar Gajjar
Silver Spring, WA, USA Gregory H. Reaman
Cincinnati, OH, USA Judy M. Racadio
Cincinnati, OH, USA Franklin O. Smith
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Epidemiology of Pediatric Central 
Nervous System Tumors

Nicholas A. Vitanza, Cynthia J. Campen, 
and Paul G. Fisher

1.1  Introduction

Tumors of the central nervous system (CNS) 
comprise a broad and diverse collection of neo-
plasms within pediatric oncology. Yet when taken 
together pediatric brain and spine tumors repre-
sent the most common childhood cancer with an 
incidence of 5.57 per 100,000 annually and are a 
leading cause of cancer-related death in patients 
under 19 years of age (Ostrom et al. 2014; Siegel 
et al. 2015). Factors such as genetic predisposi-
tion, age, and sex play an increasingly significant 
role in understanding presentation, management, 
and etiology of childhood brain tumors. Although 
long-standing observations regarding general 
patterns of CNS tumors continue to be clinically 
useful, the introduction of molecular subtypes, 
such as in medulloblastoma and ependymoma, 
and the discovery of epigenetic regulators, such 
as in diffuse intrinsic pontine gliomas (DIPG) 
and other diffuse midline gliomas with H3K27M 
mutations, have repurposed epidemiological 
findings and reconceptualized CNS tumor clas-
sification (Louis et al. 2016). The elucidation of 

the molecular profile of pediatric CNS tumors 
has made it clear that epidemiology, viewed 
through a prism of genetics and epigenetics, can 
offer even greater insights into this incredibly 
challenging group of tumors. Epidemiology 
today considers not only environmental, parental, 
and birth factors that may increase the risk of 
pediatric CNS tumors, but also germline and 
molecular features that are causal or pathogno-
monic of tumor types and subtypes.

1.2  Astrocytomas and Other 
Gliomas

The gliomas are a heterogeneous group of 
tumors, comprised mostly of astrocytomas. 
Pediatric astrocytomas are divided into four 
grades by the World Health Organization (WHO), 
with pilocytic astrocytomas (WHO grade I) being 
the most common subtype of pediatric CNS 
tumor, comprising approximately 15% (Ostrom 
et al. 2014; Louis et al. 2007). The incidence of 
pilocytic astrocytomas in children in England and 
the USA is 0.75–0.97 per 100,000, and these 
tumors have an exceedingly low incidence of 
metastasis or malignant transformation (Ostrom 
et  al. 2014; Stokland et  al. 2010; Fisher et  al. 
2008; Arora et  al. 2009). Although they may 
occur in any CNS location including the spine, 
they most commonly arise from the posterior 
fossa, optic pathway and hypothalamus, or brain 
stem (Fernandez et al. 2003; Gajjar et al. 1997; 
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Hayostek et al. 1993; Khatib et al. 1994). Diffuse 
astrocytomas (WHO grade II), anaplastic astro-
cytomas (WHO grade III), and glioblastomas 
(WHO grade IV) have an incidence of 0.27, 0.08, 
and 0.15 per 100,000 children 0–14 years of age, 
respectively. Low-grade gliomas, which are com-
prised of WHO grade I and II astrocytomas as 
well as WHO grade I gangliogliomas, most com-
monly present with greater than 6 months of 
symptoms (Fisher et al. 2008). The incorporation 
of molecular characteristics in the 2016 WHO 
classification of tumors of the CNS will assist in 
a deeper epidemiological understanding by 
addressing distinct biologic entities, such as dif-
fuse gliomas with IDH mutations and diffuse 
midline gliomas with H3K27M mutations (Louis 
et al. 2016).

Children with pilocytic astrocytomas have 
excellent outcomes of >96% overall survival 
(OS) at 10 years, and patients with subtotal resec-
tions do not do significantly worse than patients 
with gross total resections (Ostrom et  al. 2014; 
Gajjar et  al. 1997). Posterior fossa tumors are 
common in children, with pilocytic astrocytomas 
being the second most common tumor arising in 
that location, behind only medulloblastoma; 
mean age of occurrence is 7.1 years (Smoots 
et al. 1998). Up to 60% of pilocytic astrocytomas 
are associated with a KIAA1549:BRAF fusion, 
which is associated with a better outcome (Becker 
et al. 2015; Jones et al. 2008). Optic pathway and 
hypothalamic astrocytomas are most often pilo-
cytic astrocytomas, but other subtypes of low-
grade gliomas also account for a small number of 
cases (Hoffman et al. 1993; Laithier et al. 2003). 
Optic pathway gliomas (OPGs) occur in approxi-
mately 15% of patients with neurofibromatosis 
type 1 (NF1), though they most often occur spo-
radically (Listernick et  al. 1989). OPGs are 
reported to have a broad median age between 4.3 
and 8.8 years, and those occurring in patients 
with NF1 present at a significantly earlier age 
than sporadic cases (Listernick et  al. 1989; 
Nicolin et al. 2009; Singhal et al. 2002; Ahn et al. 
2006; Janss et  al. 1995; Khafaga et  al. 2003; 
Jahraus and Tarbell 2006; Avery et al. 2011). The 
variation in age of presentation may be secondary 
to the presence of a cancer predisposition syn-

drome in NF1 patients, as well as the practice of 
asymptomatic surveillance imaging in that group, 
while 90% of sporadic cases present with new 
neurologic symptoms. Subependymal giant cell 
astrocytomas (SEGAs) are another WHO grade I 
astrocytoma subtype that develop almost exclu-
sively in patients with tuberous sclerosis (TS), 
which occurs in 1 in 5600 live births (O’Callaghan 
et  al. 1998). Five to twenty percent of patients 
with TS develop SEGAs, often in adolescence, 
but congenital cases have also been reported 
(Adriaensen et al. 2009; O’Callaghan et al. 2008; 
Hahn et al. 1991).

Several WHO grade II subtypes can be distin-
guished by histology and presentation. 
Pilomyxoid astrocytomas (WHO grade II) have a 
more aggressive course than pilocytic astrocyto-
mas (WHO grade I), a greater propensity for 
growing in the hypothalamochiasmatic region, 
and often present earlier with a mean age of 3.3 
years (Bhargava et  al. 2013). Pleomorphic xan-
thoastrocytomas (WHO grade II) are typically 
located in the superficial temporal lobe; they 
classically present with seizures and have a 
median age at diagnosis of 20.5 years and an 
approximately 75% overall survival (Gallo et al. 
2013; Perkins et al. 2012). These can rarely trans-
form into a high-grade glioma.

Low-grade gliomas of the brain stem can be 
pilocytic astrocytomas or gangliogliomas, which 
typically occur dorsally and have the possibility 
of long-term cure. WHO grade II, III, and IV 
gliomas of the brain stem have dismal outcomes 
and together comprise diffuse intrinsic pontine 
glioma (DIPG). The 2016 WHO classification 
has adjusted that nomenclature in favor of diffuse 
midline gliomas, as diffuse gliomas of the pons, 
thalamus, and spinal cord may form a more bio-
logically distinct category when H3K27M muta-
tions are present (Louis et al. 2016; Shankar et al. 
2016).

DIPGs arise most commonly in the ventral 
pons and comprise 10–15% of all pediatric CNS 
tumors and 80% of brain stem gliomas, affecting 
roughly 300 children in the USA each year 
(Ostrom et  al. 2014; Ramos et  al. 2013; Smith 
et  al. 1998). Males and females are affected 
equally and the median age of presentation is  
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7 years (Lassiter et al. 1971; Lober et al. 2014; 
Veldhuijzen van Zanten et al. 2014). Presentation 
usually consists of a classic triad of ataxia, cra-
nial nerve palsies, and pyramidal tract signs 
developing over 1 month, although atypical cases 
can present more slowly over several months 
(Fisher et  al. 2000). It is now recognized that 
approximately 17% of patients undergo both 
local and distant neuraxis dissemination by 15 
months, which is not far beyond the median over-
all survival of patients with DIPG, as only 10% of 
patients survive beyond 2 years and only 2–3% 
are considered long-term survivors (Gururangan 
et al. 2006; Hargrave et al. 2006; Jackson et al. 
2013). Recently, 80% of DIPGs have been found 
to harbor mutations in K27M of histone 3.1 or 
3.3, which are associated with mutations in 
ACVR1 and p53, respectively (Taylor et al. 2014; 
Wu et al. 2012).

High-grade gliomas (HGGs) occur much 
more frequently in adults, with an increasing 
incidence with age to a peak between the ages of 
75 and 85 years (Ostrom et al. 2014). The out-
comes of patients with high-grade gliomas appear 
to be inverse to patient age, as 5-year overall sur-
vivals for children less than three and those 3–14 
years of age are 31–66% and 19%, respectively 
(Mathew et  al. 2014). Glioblastoma has been 
reported in classic CNS tumor predisposition 
syndromes, such as neurofibromatosis, Li–
Fraumeni, and Turcot syndromes, as well as in 
several genitourinary syndromes, such as Turner 
and Mayer–Rokitansky–Küster–Hauser syn-
drome, though the majority of cases are believed 
to be sporadic (Hanaei et al. 2015; Jeong and Yee 
2014; Macy et  al. 2012; Gonzalez and Prayson 
2013).

1.3  Embryonal Tumors

Embryonal brain tumors are a diverse group of 
aggressive neoplasms, including medulloblas-
toma, primary neuroectodermal tumors (PNET), 
atypical rhabdoid/teratoid tumors (ATRT), and 
pineoblastoma, which share high mitotic activity 
and a predilection for dissemination throughout 
the neuraxis, and are all WHO grade IV (Louis 

et  al. 2007). They account for 15% of CNS 
tumors in patients 0–14 years of age and 12% in 
those 0–19 years of age, with incidences of 0.78 
and 0.64 per 100,000, respectively; these inci-
dences have remained unchanged since at least 
1990 (Ostrom et al. 2014; Johnston et al. 2014). 
Embryonal CNS tumors rarely occur outside of 
childhood with the median age at presentation 
being 7.3 years, and 44% of them being diag-
nosed between the ages of 4 and 9 years (Ostrom 
et al. 2014; Kool et al. 2012). Medulloblastomas, 
the most common malignant brain tumor in pedi-
atrics, histologically appear as PNETs specifi-
cally arising in the posterior fossa (Northcott 
et  al. 2011). A minority of medulloblastoma 
cases have been reported in patients with genetic 
predisposition syndromes such as Gorlin, Turcot 
B, Li–Fraumeni, ataxia telangiectasia, Nijmegen 
breakage, Rubenstein–Taybi, and Coffin–Siris 
syndromes (Distel et al. 2003; Hart et al. 1987; 
Larsen et  al. 2014; Skomorowski et  al. 2012; 
Taylor et al. 2001; Rogers et al. 1988). Overall, 
there is a male predominance of 1.5:1, with 
females reported to have superior outcomes, 
although again this is likely subgroup dependent, 
as there are fewer females in the higher risk 
Group 3 and 4, while more young females have 
sonic hedgehog (SHH) driven tumors (Louis 
et  al. 2007; Northcott et  al. 2011). Historically, 
patients clinically classified as average-risk had a 
5-year OS of roughly 85%, while high-risk 
patients suffered poorer outcomes with near 70% 
OS and patients with large-cell anaplastic histol-
ogy had particularly dismal outcomes (Kool et al. 
2012; Gajjar et  al. 2006; Packer et  al. 2006; 
Tarbell et  al. 2013; Ramaswamy et  al. 2013). 
Overall, long-term survival in patients with 
medulloblastoma is achieved in only 66% of 
patients, with 10% suffering from secondary 
malignancies, 32% of which are secondary brain 
tumors (Ning et al. 2015).

Although particular subsets of medulloblastoma 
have long been suspected to behave differently, it is 
now commonly accepted that there are four distinct 
molecular subgroups: WNT, SHH, Group 3, and 
Group 4, which account for 11%, 28%, 27%, and 
34% of cases, respectively (Kool et  al. 2012; 
Northcott et  al. 2011; Badiali et  al. 1991). 

1 Epidemiology of Pediatric Central Nervous System Tumors
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Prodromes may vary among the groups, ranging 
from only 2 weeks in patients with SHH tumors, to 
4 weeks in patients with Group 3 tumors and 8 
weeks in patients with WNT or Group 4 tumors 
(Ramaswamy et al. 2014). Furthermore, age of pre-
sentation varies as the incidence of SHH medullo-
blastomas is bimodal, peaking under 3 years and 
again over 15 years of age (Northcott et al. 2011). 
WNT and Group 4 both peak around age 11, but 
WNT tumors are essentially absent in infancy 
(Kool et  al. 2012; Northcott et  al. 2011). WNT 
tumors have no gender predominance, are the least 
frequent subgroup, and experience the best out-
comes with greater than 90% overall survival 
(Ellison et  al. 2011, 2011). Outcomes in patients 
with SHH tumors are inferior, though strongly age-
dependent as the 10-year OS is 77% and 51% in 
infants and children, respectively (Kool et al. 2012; 
Ramaswamy et al. 2013). Despite presenting with 
metastatic disease in 17% of infants and 22% of 
children, SHH tumors most often recur locally 
(Kool et al. 2012; Ramaswamy et al. 2013). Group 
3 and Group 4 occur nearly twice as often in males, 
accounting for the male predominance in medul-
loblastoma as a whole. Forty-seven percent of 
Group 3 medulloblastomas present with metasta-
ses and, while they do not have significantly worse 
prognoses than those without metastases, this sub-
group overall suffers the poorest outcomes with 
long-term survival in less than 50% of patients 
(Kool et al. 2012; Northcott et al. 2011). Group 4 
patients, on the other hand, have significantly dif-
ferent outcomes associated with the presence of 
metastases, ranging from nearly 40% OS (metasta-
ses present) to greater than 70% (metastases absent) 
(Kool et al. 2012). In patients that experience recur-
rence, the molecular subgroup remains consistent, 
and although outcomes are uniformly poor, Group 
4 patients have the longest survival following 
recurrence (Ramaswamy et al. 2013).

Atypical teratoid/rhabdoid tumors (ATRTs) 
are embryonal CNS tumors with rhabdoid fea-
tures that were initially described in the 1990s 
(Zuccoli et al. 1999). Since their initial descrip-
tion their incidence has increased, while the inci-
dence of other PNETs has declined, more likely 
representative of a change in classification than a 
change in biological patterns of disease (Ostrom 

et al. 2014). The incidence of ATRT in childhood 
is approximately 0.1 per 100,000 with a peak 
between 1 and 2 years of age and no gender pre-
disposition observed in the USA (Ostrom et  al. 
2014, b; Hilden et al. 2004; von Hoff et al. 2011; 
Woehrer et  al. 2010). They account for 10% of 
CNS tumors in patients less than 1 year of age, 
but only 1.6% of all childhood brain tumors 
(Ostrom et al. 2014). The wide range of reported 
OS, between 28 and 48%, may be affected by 
delays in appropriate diagnosis, as one report 
noted a 5-year OS of only 15% in patients who 
were initially misdiagnosed (Ostrom et al. 2014; 
Hilden et al. 2004; von Hoff et al. 2011; Woehrer 
et  al. 2010; Athale et  al. 2009; Lafay-Cousin 
et  al. 2012). Most reports conclude that meta-
static disease at presentation is not prognostic, 
while descriptions of the prognostic impact of 
age differ (Ostrom et al. 2014; Hilden et al. 2004; 
von Hoff et al. 2011; Woehrer et al. 2010; Athale 
et al. 2009; Lafay-Cousin et al. 2012). The loca-
tion of ATRTs, however, does appear to change 
with age, as patients under 1 year of age most 
commonly have infratentorial disease and the 
incidence of supratentorial disease increases with 
age (Ostrom et al. 2014). The characteristic loss 
of INI1 in these tumors is most commonly 
somatic, although germline mutations have been 
reported and can result in a rhabdoid tumor pre-
disposition syndrome (RTPS) (Sredni and Tomita 
2015; Taylor et  al. 2000). The development of 
ATRTs has also been associated with low birth 
weight and twin pregnancies (Heck et al. 2013).

Pineoblastomas are malignant tumors of the 
pineal gland that, like other PNETs, are histologi-
cally similar to medulloblastomas, but display a 
distinct biology (Li et  al. 2005). While some 
pineal tumors, such as germ cell tumors, occur 
more commonly in males, reports suggest pineo-
blastoma may be more common in females (Villa 
et  al. 2012; Fauchon et  al. 2000). Although 
patients with bilateral retinoblastomas may 
develop a pineoblastoma, “trilateral retinoblas-
toma” occurs in only 1% of patients with bilateral 
retinoblastoma and only in the setting of germ-
line mutations (Ramasubramanian et  al. 2013). 
While the majority of pineoblastoma cases 
appear sporadic, cases also have been reported as 
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part of Turcot syndrome and with germline 
DICER1 mutations (Ikeda et  al. 1998; Gadish 
et al. 2005; Sabbaghian et al. 2012).

1.4  Ependymoma

Virchow initially described ependymomas in the 
nineteenth century as CNS tumors originating 
from the walls of the ventricular system (Virchow 
1863–67). Though ependymomas likely consist 
of several discrete subgroups that can be distin-
guished by location and molecular profile, most 
reports evaluate ependymomas as a whole or by 
grade, leaving their epidemiologic understanding 
incomplete. Ependymoma incidence in the USA 
is 0.3 and 0.29 per 100,000 children aged 0–14 
years and 0–19 years, respectively, and has not 
increased since 1973; nearly one-third of cases 
occur in children under the age of 4 years (Ostrom 
et al. 2014; McGuire et al. 2009). Although 46% 
of ependymomas in adults are spinal, location 
varies according to age in children (Vera-Bolanos 
et al. 2015). The mean age for spinal, supratento-
rial, and infratentorial ependymomas are 12.2, 
7.8, and 5 years, respectively (McGuire et  al. 
2009). The gender incidence may be affected by 
age and location, as the overall male-to-female 
ratio is 1.3:1, though males are more commonly 
affected by supratentorial ependymomas (1.4:1) 
and less commonly affected by spinal ependy-
moma (0.7:1) than females (McGuire et al. 2009; 
Dohrmann and Farwell 1976). Presentation with 
metastatic disease is rare in pediatric ependymo-
mas but is more common in infants, although 
reports vary on whether supratentorial or infraten-
torial tumors are more likely to metastasize 
(Zacharoulis et al. 2008; Allen et al. 1998).

Currently, the treatment of ependymoma pri-
marily varies according to age, grade, and loca-
tion. In 2015, a new molecular classification was 
proposed though it has yet to be validated. It 
divides ependymomas into anatomical compart-
ments: supratentorial (ST), posterior fossa (PF), 
and spinal (SP); tumors in each compartment 
are then divided into one of three subgroups: a 
subependymoma group and two other genetic 
or epigenetic subgroups (Pajtler et  al. 2015). 

Supratentorial ependymomas are distinguished 
by either RELA fusions (ST-EPN-RELA), which 
occur at a median age of 8 years and result in 
frequent disease progressions, or YAP1 fusions 
(ST-EPN-YAP1), which occur at a median age 
of 1.4 years (Pajtler et al. 2015). Posterior fossa 
ependymomas are subdivided into those with a 
CpG methylator phenotype (PF-EPN-A), which 
account for 48% of all pediatric ependymomas 
and experience poor outcomes, and those that are 
not hypermethylated (PF-EPN-B), which often 
occur in older patients (EPN-PFB) (Pajtler et al. 
2015; Parker et al. 2014; Witt et al. 2011).

Although histologic classification of WHO 
grade II or III in pediatric ependymoma may not 
offer prognostic significance, several WHO grade 
I subsets are clearly less aggressive neoplasms 
(Perilongo et al. 1997; Ross and Rubinstein 1989; 
Robertson et al. 1998). Subependymomas repre-
sent less than 1% of CNS tumors in children, are 
designated WHO grade I, and have essentially no 
metastatic potential (Scheinker 1945; Ragel et al. 
2006). Myxopapillary ependymomas, also WHO 
grade I, have a median age of presentation of 36 
years, yet are not uncommon in children with 
reports of patients as young as 6 years old being 
affected (Barton et al. 2010; Woesler et al. 1998). 
Despite their WHO grade I designation, the pedi-
atric variant may be more aggressive than that 
seen in adults with a suggestion of dissemination 
in as many as 58% of patients (Fassett et  al. 
2005). Neurofibromatosis type II (NF2) is the 
most common hereditary predisposition for epen-
dymoma, most often causing intramedullary spi-
nal tumors of the cervical spine (Bianchi et  al. 
1994; Plotkin et al. 2011). Pediatric ependymo-
mas have also been reported in Turcot B, MEN1, 
and Li–Fraumeni syndromes (Chan et al. 1999; 
Metzger et al. 1991).

1.5  Germ Cell Tumors

Germ cell tumors (GCTs) are a heterogeneous 
group of cancers with variable classification and 
nomenclature depending on the particular organ 
involvement. In the CNS, they are divided into 
germinomas, non-germinomatous germ cell 
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tumors (NGGCT), and teratomas. The most com-
mon locations for GCTs are the suprasellar and 
pineal regions. GCTs account for 4% of pediatric 
CNS tumors with an incidence of 0.2 and 0.22 per 
100,000  in children aged 0–14 and 0–19 years, 
respectively (Ostrom et al. 2014). Males account 
for 76% of all CNS GCTs, 58% of pituitary 
GCTs, and a remarkable 93% of pineal GCTs 
(Goodwin et  al. 2009). In both sexes there is a 
small spike at birth and a much greater spike in 
adolescence with incidences peaking at roughly 
age 15. Race also influences incidence patterns, 
as in the USA nearly 20% of patients were Asian 
or Pacific Islander with an incidence of 0.26 per 
100,000, double the 0.13 per 100,000  in white 
children 0–15 years of age (Goodwin et al. 2009). 
CNS GCTs also account for a greater percentage 
of pediatric CNS tumors in Japan, Korea, Taiwan, 
and China at 7.8%, 11.2%, 14%, and 7.9%, respec-
tively (Cho et al. 2002; Mori and Kurisaka 1986; 
Wong et al. 2005; Zhou et al. 2008). Klinefelter 
syndrome is associated with the development of 
pediatric germ cell tumors including intracranial 
germinomas (Arens et al. 1988). Down syndrome 
and NF1 have also been reported in patients with 
intracranial germinomas (Hashimoto et al. 1995; 
Wong et al. 1995).

1.6  Family History

Despite the increasing awareness of CNS tumor 
genetic predispositions, further discussed within 
another chapter, there is still little evidence of the 
development of CNS tumors in the parents or sib-
lings of affected children. The studies reporting 
increased pediatric CNS tumor incidence among 
siblings have been plagued by small numbers and 
an inability to exclude genetic predisposition 
syndromes; however, a larger Nordic cohort of 
patients showed no association among siblings 
outside of genetic predisposition syndromes 
(Draper et al. 1977; Farwell and Flannery 1984; 
Miller 1971; Winther et  al. 2001). There have 
been several reports regarding the association of 
parental age with pediatric CNS tumors: two 
studies identified increased parental age as a risk 
factor, while one found only advanced maternal 

age to be a significant risk (Hemminki et al. 1999; 
Johnson et al. 2009; Yip et al. 2006). A review of 
Sweden’s Family-Cancer Database, consisting of 
over 13,000 CNS tumor diagnoses, found that 
oldest siblings were at increased risk for several 
childhood malignancies and this risk increased 
with the number of younger siblings (Altieri et al. 
2006). The existence of three or more younger 
siblings resulted in a relative risk of 1.34, 2.3, 
2.61, and 3.71 of astrocytoma, medulloblastoma, 
ependymoma, and meningioma, respectively 
(Altieri et al. 2006).

1.7  Birth History

As early as 1968, Kobayashi had published a 
report of the association between congenital 
anomalies and childhood cancer (Kobayashi 
et al. 1968). A review of 90,400 children found 
patients with congenital anomalies had a risk 
ratio of 5.8 (CI 3.7–9.1) of developing cancer in 
their first year of life (Agha et al. 2005). The risk 
was also increased for central nervous system 
and sympathetic nervous system tumors individ-
ually at a risk ratio of 2.5 (CI 1.8–3.4) and 2.2 (CI 
1.4–3.4), respectively. A Bjørge et al. study of 5.2 
million children and their families in Norway and 
Sweden also found patients with congenital 
anomalies had an increased cancer risk that 
extended into early adulthood (Bjorge et  al. 
2008). Furthermore, patients with CNS malfor-
mations were also at the highest risk of develop-
ing CNS malignancies, with a standardized 
incidence rate (SIR) of 58 (CI 41–80) and 8.3 
(Louis et  al. 2007; Stokland et  al. 2010; Fisher 
et  al. 2008; Arora et  al. 2009; Fernandez et  al. 
2003; Gajjar et  al. 1997; Hayostek et  al. 1993; 
Khatib et  al. 1994; Smoots et  al. 1998; Becker 
et  al. 2015; Jones et  al. 2008; Hoffman et  al. 
1993) in Norway and Sweden, respectively. To 
assess potential cancer risk associated with con-
genital anomalies even outside of the setting of 
chromosomal defects, a review of the California 
Cancer Registry (CCR) found that between 1988 
and 2004, children with congenital anomalies 
without chromosomal defects had a 1.8-fold 
increased risk of CNS cancer (Fisher et al. 2012). 
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A further examination found a particularly 
increased risk in medulloblastoma (OR 1.7, CI 
1.1–2.6), PNET (OR 3.64, CI 1.5–8.6), and germ 
cell tumors (OR 6.4, CI 2.1–19.6), as well as an 
increased risk in mothers with greater than two 
fetal losses after 20 weeks of gestation (OR 3.13, 
CI 1.3–7.4) (Partap et al. 2011).

Many large studies have evaluated the impact 
of birth weight on the risk of developing CNS 
tumors, with several suggesting an increased 
birth weight carries a greater relative risk, 
although the most common specific tumors types 
varied among studies (Bjorge et al. 2013; Harder 
et  al. 2008; MacLean et  al. 2010; Milne et  al. 
2008; Schmidt et  al. 2010). In an examination 
matching each case (17,698) to 10 controls, 
Bjørge found an increased childhood cancer risk 
for higher birth weight infants, and also infants 
with larger head circumferences (Bjorge et  al. 
2013). Additionally, in an evaluation of Nordic 
children, Schmidt found a gestational age-
adjusted birth weight of greater than 4.5  kg 
increased the risk of all CNS tumors (OR 1.27, 
CI 1.03–1.6), with the greatest increase among 
embryonal tumors (Schmidt et  al. 2010). When 
3733 CNS tumors from the CCR were matched 
to controls, Maclean et  al. found an increased 
birth weight of 4 kg associated with an increased 
risk of CNS tumors, especially HGGs (MacLean 
et  al. 2010). A meta-analysis of eight studies 
found that increased birth weight was associated 
with increased incidence of astrocytomas and 
medulloblastomas, but not ependymomas 
(Harder et al. 2008). Conversely, a study of over 
600,000 live births in Western Australia between 
1980 and 2004 found no association between 
birth size and the development of CNS tumors 
prior to age 14 (Milne et al. 2008).

1.8  Immune System

Although allergic conditions have been consis-
tently reported as inversely associated with adult 
gliomas, reports in children have varied (Chen 
et al. 2011). In pediatrics, an initial report from 
the United Kingdom found that maternal asthma 
resulted in a decreased relative risk of their chil-

dren developing a CNS tumor, particularly 
PNETs (Harding et al. 2008). Another study eval-
uating 272 matched case–control pairs in Canada 
found asthma associated inversely with the devel-
opment of CNS tumors, especially ependymo-
mas, while the relationship with eczema was not 
significant (Roncarolo and Infante-Rivard 2012). 
Furthermore, the use of asthma controller medi-
cations was found to be associated with an 
increased risk. However, a study of 352 pediatric 
brain tumors in Denmark, Norway, Sweden, and 
Switzerland found no association with asthma or 
eczema (Shu et al. 2014).

Studies evaluating the influence of prior infec-
tious history on the development of pediatric 
CNS tumors have been conflicting. Harding et al. 
found infants without social interaction with 
other infants in the first year of life had an 
increased risk (OR 1.37, CI 1.08–1.75) of CNS 
tumors, especially PNET, compared to those who 
had such interaction (Harding et  al. 2009). 
Attendance in day care also appeared to show a 
protective benefit, though not statistically signifi-
cant. A Canadian study also found a reduced risk 
in patients with day care attendance, and, unlike 
Harding’s study, breastfeeding was found to be 
protective against the development of brain 
tumors (Shaw et al. 2006; Harding et al. 2007). 
Conversely, Anderson et al. found no association 
with day care attendance but that patients with 
more frequent sick days in the first 6 years of life 
had an increased incidence of gliomas and 
embryonal tumors (Andersen et al. 2013).

1.9  Environmental Exposure

Radiation therapy (RT), used decades ago to treat 
tinea capitis and more recently to treat childhood 
acute lymphoblastic leukemia (ALL), is known to 
cause secondary CNS tumors, especially menin-
giomas, p53 mutated glioblastomas, and PNETs 
(Kleinerman 2006; Ohgaki and Kleihues 2005). 
Fifty-three percent of secondary neoplasms in 
survivors of childhood ALL occur in the CNS 
and 89% of those are associated with prior cranial 
irradiation (Mody et al. 2008; Schmiegelow et al. 
2013). The timing and outcome are dependent 
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on pathology, as non-meningioma CNS tumors 
occur between 6.5 and 9.8 years and meningio-
mas occurred between 12.3 and 18.3 years after 
treatment, with OS of 18% and 96%, respectively 
(Schmiegelow et  al. 2013). Prenatal diagnostic 
imaging has been evaluated as a potential can-
cer risk, but studies from the United Kingdom, 
Sweden, and Denmark did not describe a signifi-
cant increase in pediatric CNS tumors in patients 
exposed to prenatal X-rays compared to controls 
(Mellemkjaer et al. 2006; Rajaraman et al. 2011; 
Stalberg et al. 2007). Diagnostic head X-rays also 
have not been associated with the development 
of CNS tumors (Khan et  al. 2010). However, 
CT scans contribute to a slightly elevated risk of 
CNS tumors, with risk decreasing with increas-
ing age at first CT scan exposure (Pearce et  al. 
2012; Mathews et al. 2013).

Magnetic fields, radio waves, and mobile 
phone use have not been found to be associated 
with an increase in pediatric brain tumors (Aydin 
et  al. 2011; Elliott et  al. 2010; Ha et  al. 2007; 
Kheifets et al. 2010).

Although many different maternal medica-
tions have been evaluated, none have been found 
to consistently increase the risk of pediatric CNS 
tumors in offspring. A German study found an 
association between maternal prenatal antibiotic 
use and an increased risk of medulloblastoma 
(OR 2.07, CI 1.03–4.17) and astrocytoma (OR 
2.26, CI 1.09–4.69) (Kaatsch et  al. 2010). 
Although the odds ratio was similarly elevated in 
a Canadian study, the results were not statisti-
cally significant (OR 1.7, CI 0.8–3.6) (Shaw et al. 
2006). A 2010 Swedish study evaluating poten-
tial associations with prenatal medications and 
the development of pediatric CNS tumors in chil-
dren 0–14 years of age found no association with 
antibiotics, antifungals, antacids, analgesics, 
antiasthmatics, antiemetics, antihistamines, 
diuretics, folic acid, iron, laxatives, or vitamins, 
but did find an association with antihypertensives 
(OR 2.7, CI 1.1–6.5), particularly β-blockers (OR 
5.3, CI 1.2–24.8) (Stalberg et al. 2010). An asso-
ciation between prenatal antihypertensive use 
and the development of pediatric CNS tumors, 
however, was not found in a German study evalu-
ating pediatric CNS tumors diagnosed between 

1992 and 1997 (Schuz et  al. 2007). Amide or 
amine-containing medications can potentially be 
carcinogenic after conversion to N-nitroso com-
pounds (NOCs) in the stomach, though three 
studies have all found little or no support for an 
association between maternal exposure and cen-
tral nervous system tumors in subsequent chil-
dren (Cardy et al. 2006; Carozza et al. 1995).

Prenatal vitamins, especially iron and folic 
acid, consistently have been shown to decrease 
the risk of pediatric CNS tumors (Bunin et  al. 
2005, 2006; Ortega-Garcia et  al. 2010; Milne 
et al. 2012).

Although prenatal alcohol exposure can have 
a variety of toxic effects on the developing child, 
there is no clear increased risk of pediatric CNS 
tumors (Infante-Rivard and El-Zein 2007; Milne 
et al. 2013). The role of maternal tobacco smok-
ing during pregnancy is unclear, as several reports 
have found no association (Filippini et al. 2002; 
Huncharek et  al. 2002; Norman et  al. 1996), 
while a review of the Swedish Birth Register of 
births between 1983 and 1997 found a hazard 
ratio of 1.24 (CI 1.01–1.53) (Brooks et al. 2004).

Pesticide exposure may have an association 
with pediatric CNS tumors. A review of 4723 
patients from the North of England found no sig-
nificant relationship between occupational expo-
sure to pesticides and risk of any childhood 
cancer (Pearce et al. 2006). In contrast, a study 
from the USA found that paternal pesticide expo-
sure was associated with an increased risk of his 
child developing an astrocytoma (OR 1.8, CI 
1.1–31), but not PNET (Shim et al. 2009). A sep-
arate study investigating paternal hobbies did 
identify exposure to pesticides as increasing the 
risk of medulloblastoma and PNET (Rosso et al. 
2008). An Australian study also found precon-
ception exposure to pesticides increased the risk 
of pediatric CNS tumors (Greenop et al. 2013). 
The effect of residential pesticides may be con-
tingent on particular predispositions as polymor-
phisms in PON1, a gene responsible for 
organophosphorous metabolism, may increase 
the risk of pediatric CNS tumors in exposed 
patients (Searles Nielsen et al. 2010).

An investigation of the risk of pediatric CNS 
tumors among children of parents working in a 
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wide variety of occupations found no clear asso-
ciations (Mazumdar et  al. 2008). However, a 
separate analysis found that brain tumors were 
more common in children of mothers working 
in electronic component manufacturing (OR 
13.78, CI 1.45–129) and garment and textile 
workers (IR 7.25, CI 1.42–37) (Ali et al. 2004). 
There also appears to be an increased incidence 
of CNS tumors among children whose parents 
are exposed to diesel fuel, but not other exhausts 
(Peters et  al. 2013). Paternal polycyclic aro-
matic hydrocarbon exposure has also been 
linked to a subsequent increase in pediatric CNS 
tumors (OR 1.4, CI 1.1–1.7) (Cordier et  al. 
2004).

In conclusion, pediatric neuro-oncology is a 
rapidly evolving field in which molecular investi-
gations are fueling a restructuring of tumor sub-
groups. Although pediatric CNS tumors have 
historically been distinguished by histopathology 
and location, driving mutations and epigenetic 
profiles are proving to not only be attractive ther-
apeutic targets but also epicenters for new clas-
sifications. The challenge will be to integrate 
former classification systems with the latter, and, 
perhaps just as importantly, to frame our histori-
cal data according to the new groupings so that 
the decades of lessons learned in epidemiology 
can continue to be applied in the pursuit of 
improving outcomes for children with CNS 
tumors.
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2.1  Introduction

The incidence of primary malignant and nonmalig-
nant central nervous system (CNS) tumors in chil-
dren and adolescents aged 0–19 years in the US 
is 5.42 per 100,000, and approximately 4620 new 
cases are expected to be diagnosed in the US in 
2015 (Ostrom et al. 2014). There is a rich variety of 
brain tumors found in children which is primarily 
a function of the patient’s age and location of ori-
gin, with the overall most common being pilocytic 
astrocytoma (Ostrom et al. 2014). It has been tradi-
tionally taught that approximately 60% of pediatric 
brain tumors are infratentorial, but the actual ratio 
of supratentorial to infratentorial pediatric tumors 
is dependent on the specific age group (Ostrom 
et al. 2015). Tumors can be broadly categorized as 
glial (e.g., astrocytomas, ependymomas), embryo-

nal (e.g., medulloblastomas, pineoblastoma), germ 
cell (e.g., germinoma, teratoma), and other (e.g., 
choroid plexus tumors, craniopharyngiomas).

Neurosurgery represents one of the main pil-
lars of pediatric neurooncologic care, along with 
medical and radiation oncology, pathology, and 
neuroradiology. Neurosurgical interventions 
include management of hydrocephalus, obtaining 
tissue for histopathological and molecular diag-
nosis, and tumor resection for oncologic (i.e., 
survival) and/or neurologic (e.g. seizure control) 
benefit. In this chapter, we will take the reader 
through the surgical management of pediatric 
neurooncologic patients from the preoperative, 
intraoperative, and postoperative phases of care.

2.2  Initial Evaluation

2.2.1  History and Examination

Clinical presentation is variable and dependent on 
the location of the tumor and the age of the patient. 
Most children will present with hydrocephalus, 
symptoms of raised intracranial pressure, focal 
neurologic deficit, or a seizure. Some tumors will 
be incidentally found as part of a workup for non-
specific symptoms, such as headaches or after a 
minor traumatic event. A detailed neurological 
exam should be performed on all patients; a thor-
ough knowledge of neuroanatomy can help quali-
tatively detail preoperative deficits, both minor 
and major. This is easier in older children, but 
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there are specific signs and symptoms that can be 
revealing in younger children.

Headache is a common symptom among 
patients with brain tumors and occurs with, or 
without, elevated intracranial pressure (ICP). 
These headaches are classically described as being 
worse in the morning and exacerbated by strain-
ing, coughing, or placing the head in a dependent 
location. Brain tumor headaches are frequently 
associated with nausea and may be temporarily 
relieved by the hyperventilation that occurs with 
vomiting. In a large study examining the epidemi-
ology of headaches associated with pediatric brain 
tumors, approximately two-thirds of patients had 
chronic or frequent headaches prior to their first 
admission (The epidemiology of headache among 
children with brain tumor. Headache in children 
with brain tumors. The Childhood Brain Tumor 
Consortium 1991). In this study, headaches 
tended to be triggered by straining, coughing, or 
sneezing, to gradually worsen over time, to cause 
vomiting followed by relief, and to be severe 
enough to wake the child from sleep. Personality 
changes, school problems, and focal neurologic 
deficits were also associated with headaches. In a 
similar study, the most common symptom at pre-
sentation in children with brain tumors was head-
ache; all of the patients with headaches also had 
other symptoms, including mental status changes, 
papilledema, eye movement derangements, hemi-
motor or sensory abnormalities, tandem gait dif-
ficulty, or abnormal deep tendon reflexes, present 
at the time of diagnosis (Wilne et al. 2006).

The two cranial nerves that can be affected by 
hydrocephalus or elevated ICP are the trochlear 
(4th) and abducens (6th). The trochlear nerve 
innervates the superior oblique muscle, which 
intorts, depresses, and adducts the eye. Patients 
with acquired weakness of the 4th nerve report 
vertical and oblique diplopia that is worse in 
down-gaze and gaze away from the affected eye, 
resulting in difficulty reading. Patients will adopt 
a characteristic head tilt away from their affected 
eye to reduce their diplopia, which is called the 
Bielschowsky’s sign. The abducens nerve inner-
vates the lateral rectus, which abducts the eye. 
Weakness of the 6th cranial nerve results in a lat-

eral gaze palsy and horizontal diplopia that is 
worse with gaze toward the affected eye.

Posterior fossa tumors often present with 
symptoms of obstructive hydrocephalus, which 
in turn leads to elevated intracranial pressure. 
Headache and vomiting are hallmark features, 
particularly if present in the morning. In infants, 
hydrocephalus presents with a full or bulging 
fontanelle, separation of sutures, rapid head 
growth, macrocephaly, irritability, lethargy, or 
poor feeding/failure to thrive. Sundowning—or 
setting sun sign—describes downward deviation 
of both eyes, revealing an area of sclera above the 
irises. This usually occurs with advanced hydro-
cephalus with stretching of the third ventricle and 
upper brainstem. The pupils are sluggish and 
respond to light unequally.

Pineal region tumors can result in hydro-
cephalus and Parinaud’s syndrome. Parinaud’s 
syndrome, or dorsal midbrain syndrome, is a 
constellation of eye findings that includes upgaze 
palsy, convergence-retraction nystagmus, light-
near pupillary dissociation (Argyll Robertson 
pupil), and lid retraction called Collier’s sign 
(Baloh et al. 1985). When upgaze palsy is com-
bined with lid retraction, it produces the setting 
sun sign. This syndrome is often seen with pineal 
region tumors that place pressure on the rostral 
interstitial nucleus of the medial longitudinal 
fasciculus and the posterior commissure, which 
mediate upgaze and the consensual pupillary 
light reflex, respectively.

Diencephalic syndrome, also known as Russ-
ell’s syndrome, is characterized by progres-
sive and severe failure to thrive (Zafeiriou et al. 
2001). It is seen exclusively with suprasellar 
pilocytic astrocytoma tumors affecting the ante-
rior hypothalamus. The child often appears ema-
ciated despite being alert and active and has a 
“pseudohydrocephalic” face from severe loss of 
adipose tissue and a normal head circumference. 
Neurocutaneous syndromes—such as the neuro-
fibromatoses, tuberous sclerosis, and Von Hippel-
Lindau disease—are characterized by specific 
nervous system tumors associated with clinical 
exam findings. The details of these syndromes 
are beyond the scope of this chapter.

P. Ryan Lingo et al.
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2.2.2  Seizures

Supratentorial tumor location, age  <  2 years, 
and hyponatremia are independent risk factors 
for a first-time seizure in pediatric patients 
with a brain tumor (Hardesty et  al. 2011). 
Seizures cause cerebral hyperemia and can 
thus precipitate a herniation event in the set-
ting of preexisting increased intracranial pres-
sure. They can also be the clinical manifestation 
of an intratumoral hemorrhage. If the patient 
is in status epilepticus, secondary brain dam-
age may also occur through tissue hypoxia or 
acidosis. Guidelines are available that detail 
when imaging should be conducted in a child 
with a first-time nonfebrile seizure (Hirtz 
et al. 2000).

Antiepileptic drugs (AED)—such as phenyt-
oin, phenobarbital, and carbamazeipine—induce 
the cytochrome P450 system and can reduce 
the efficacy of many common chemothera-
peutics (Guerrini et  al. 2013). Conversely, val-
proic acid inhibits the cytochrome P450 system 
and can increase levels of chemotherapeutics. 
Levetiracetam is a newer AED that has proven 
efficacious in preventing tumoral seizures with a 
low side-effect profile and no significant induc-
tion of the cytochrome P450 system (Zachenhofer 
et al. 2011). It is the first-line AED at our institu-
tion for children who suffer from seizures caused 
by a brain tumor.

2.2.3  Cerebral Edema

Brain tumors can cause vasogenic (i.e., intersti-
tial) edema, which results from breakdown of the 
tight junctions between brain capillary endothe-
lial cells and leakage of plasma filtrate into the 
interstitial space. Vasogenic edema is more 
marked in the white matter than the gray matter. 
Children are often started on steroids (e.g., dexa-
methasone) shortly after being diagnosed with a 
brain tumor. Steroids help with vasogenic edema, 
hydrocephalus (headaches, nausea/vomiting), 
and poor appetite, all of which cause the child to 
feel and look significantly better.

2.2.4  Preparation for Tumor 
Resection: Management 
of Hydrocephalus

For the vast majority of children, treatment of 
hydrocephalus is done by resecting the tumor. 
Prophylactic endoscopic third ventriculos-
tomy (ETV) at the time of surgery has been 
shown to reduce the risk of post-resection 
hydrocephalus from approximately 27 to 6% 
in patients with posterior fossa tumors and 
hydrocephalus (Sainte-Rose et  al. 2001). 
However, since resection alone effectively 
treats the majority of patients with posterior 
fossa tumor-induced hydrocephalus, pre-
resection ETV is an unnecessary surgery, if 
tumor resection is to be carried out in a timely 
manner. However, if the patient’s hydrocepha-
lus will not resolve with resection (e.g., CSF 
dissemination), or there is no immediate role 
for resection (e.g., pineal mass), or no resec-
tion at all (e.g., diffuse pontine glioma), then 
long-term hydrocephalus management can be 
achieved either by placing a ventricular shunt 
or by performing an ETV.  The ETV Success 
Score was developed to help surgeons deter-
mine the likelihood of ETV succeeding in a 
particular child, taking into consideration age, 
hydrocephalus etiology, and whether the child 
currently has a shunt or not.

Patients who present in extremis from severe 
hydrocephalus may require emergent placement 
of an external ventricular drain (EVD) (Lin and 
Riva-Cambrin 2015; El-Gaidi et al. 2015). Care 
must be taken not to drain too much cerebrospi-
nal fluid in patients with posterior fossa tumors as 
this can precipitate upward transtentorial hernia-
tion (Osborn et al. 1978). Ascending transtento-
rial herniation results in a clinical syndrome of 
nausea and vomiting, followed by progression to 
stupor and coma with small nonreactive pupils 
and loss of vertical gaze. Radiographically, there 
is displacement of the midbrain and cerebellum 
through the tentorial notch, causing flattening of 
the quadrigeminal cistern and a “spinning top” 
appearance to the midbrain from compression of 
the posterior aspect of the midbrain.

2 Principles of Pediatric Neurosurgery
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2.2.5  Preparation for Tumor 
Resection: Neuroimaging

Computed tomography (CT) scans are very useful 
in the initial evaluation because they are quick and 
sensitive for detecting hydrocephalus, hemorrhage, 
edema, and ectopic calcifications. Once the child is 
deemed stable, he or she should have a magnetic 
resonance image (MRI) of the brain both with and 
without contrast. Unless the index of suspicion is 
low, an MRI of the full spine (with and without 
contrast) should also be obtained to look for lepto-
meningeal—or “drop”—metastases. Standard 
MRI brain sequences include T1 (with and without 
contrast), T2, FLAIR, diffusion weighted imaging 
(DWI) with the apparent diffusion coefficient map 
(ADC), and susceptibility weighted imaging 

(SWI). ADC maps have been shown to correlate 
with tumor cellularity in pediatric brain tumors 
(Choudhri et al. 2015a). Sometimes brain tumors 
can resemble other pathologies, such as infection 
or demyelinating disease. Magnetic resonance 
(MR) perfusion and spectroscopy can help distin-
guish tumors from other such conditions by high-
lighting increased blood flow and products of cell 
turnover, like elevated choline and depressed 
N-acetylaspartate, respectively.

Vascular imaging studies, such as MR or CT 
angiogram/venogram, are useful if tumors 
involve major intracranial arteries, veins, or sino-
venous structures. Traditional angiography is 
also a valuable preoperative tool when tumors are 
felt to be hypervascular and may benefit from 
preoperative embolization (Fig.  2.1). If such 

a b

c d

Fig. 2.1 T1 weighted (T1W) MRI with contrast of an 
interhemispheric hemangioma (a). Angiogram demon-
strates vascular supply through the pericallosal artery (b). 

Microcatheterization of the tumor for embolization (c). 
Post embolization angiogram (d)
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embolization is performed, resection should fol-
low within 24–48  h as the embolization may 
cause new or worsening cerebral edema.

Eloquent location of a tumor is particularly 
challenging for the surgeon. Functional MRI 
(fMRI), magnetoencephalography (MEG), tran-
scranial magnetic stimulation (TMS), and dif-
fusion tensor imaging (DTI) are modalities 
that provide further knowledge of the patient’s 
functional neuroanatomy (Ottenhausen et  al. 
2015). These imaging studies may localize elo-

quent regions, such as the primary motor cor-
tex, Broca’s and Wernicke’s area, or subcortical 
tracts like the corticospinal, geniculocalcarine, or 
arcuate fasciculus. Functional MRI relies on the 
theory of neurovascular coupling and assumes 
that when functional networks within the brain 
are activated, perfusion-induced changes occur 
regionally in the blood oxygen-level that can be 
detected by MRI. In young children, motor map-
ping can be performed with passive movement 
(Fig. 2.2) (Choudhri et al. 2015c). MEG detects 

a
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b c d

Fig. 2.2 Axial and coronal T2 weighted (T2W) MRI shows 
a low-grade glioma within the left precentral gyrus (a, b). 
Axial T2W image with functional MRI (fMRI) overlay from 
passive movement of the right lower extremity shows cortical 
activation along the medial margin of the tumor within the 
precentral gyrus near the vertex (c). Axial T2W image with 
fMRI overlay from passive movement of the right upper 
extremity shows cortical activation in the precentral gyrus 

inferolateral to the tumor (d). Resected tumor specimen (e). 
Operative setup utilizing frameless neuronavigation and a 
surgical microscope with the patient’s head positioned 180° 
away from anesthesia to facilitate intraoperative MRI (iMRI) 
scanning (f, g). iMRI suite and scanner (h). Coronal T2W 
image from initial iMRI demonstrates residual tumor (i). 
Coronal T2W image from second iMRI after further resec-
tion demonstrates a gross total resection (j)
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the magnetic fields created by bioelectrical cur-
rents as a result of neuronal activation and is, 
therefore, a direct marker of neuronal activity. 
Navigated TMS uses a magnetic field to induce 
a cortical electrical field and thus elicits or inhib-
its neuronal activity. A single pulse is used to 
elicit a motor response, or repetitive pulses are 
used to inhibit language function thereby map-

ping functional motor and language areas that are 
sufficient—and possibly necessary—to evoke a 
physiological response. DTI is the only preop-
erative method for visualizing subcortical white 
mater tracts (Fig.  2.3) (Choudhri et  al. 2014b). 
All of these functional imaging techniques are 
more accurate for mapping motor areas than lan-
guage areas.

a

c

b

Fig. 2.3 Axial T2W image in a 5-year-old male shows a 
multicystic lesion centered in the right cerebral peduncle, 
consistent with a thalamopeduncular glioma (a). Axial T1W 
image with overlay of DTI data shows anterolateral displace-

ment of the posterior limb of the internal capsule (red arrow-
heads) (b). Coronal T1W image with “tractography” overlay 
shows the course of the fibers of the corticospinal tract along 
the lateral aspect of the lesion (red arrowheads) (c)
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2.2.6  Preparation for Tumor 
Resection: Neoadjuvant 
Chemotherapy

In some tumors found in newborns, infants, and 
young children, the risk of excessive blood loss 
with resection is great; the best example of this is 
choroid plexus carcinoma. Infants have small 
blood volumes; transfusing multiple blood vol-
umes can lead to coagulopathy and electrolyte 
imbalance. Therefore, these patients may be best 
served by first treating the tumor with chemo-
therapy (i.e., neoadjuvant chemotherapy) before 
pursuing resection. Tumors will often shrink and 
become cystic and the reduction in vascularity is 
notable, resulting in safer and more complete 
tumor removal (Iwama et  al. 2015; Van Poppel 
et al. 2011).

2.2.7  Preparation for Tumor 
Resection: Family Counseling

One of the most important steps in preparing a 
pediatric patient for a brain tumor resection is 
talking with the parents and family about the 
patient’s prognosis, the risks, and the goals of 
surgery without overwhelming and confusing 
them with statistics and medical terminology. 
While there are general risks associated with any 
craniotomy, such as bleeding and wound infec-
tion, it is more important to stress the poten-
tial—or even anticipated—neurologic deficits 
specific to the location and size of the tumor. 
Neurologic injury may occur as a result of the 
surgical approach or during extirpation of the 
mass. Examples include Parinaud’s syndrome 
with a pineoblastoma, posterior fossa syndrome 
in a young boy with a medulloblastoma, or cra-
nial neuropathies with a cerebellopontine angle 
ependymoma. It is usually easier for the family 
to psychologically deal with new postoperative 
neurologic deficits if they’ve learned about them 
before surgery. It is equally important to define 
the expectations of surgery, such as total resec-
tion, subtotal resection, or biopsy, as well as the 
potential need for further surgical procedures 
(e.g., ventriculoperitoneal shunt, feeding tube), 

therapies (e.g., physical, speech), and expected 
length of hospital stay.

2.2.8  Preparation for Tumor 
Resection: Teamwork

Orchestrating a successful surgery requires the 
integration of multiple individuals and services, 
including anesthesiology, operating room nurses 
and technologists, and neuroradiology for intra-
operative MRI cases. It is important to have a 
preoperative “huddle” with all team members to 
discuss positioning, need for vascular access, 
estimated length of surgery, anticipated blood 
loss, specific blood pressure management, need 
for any intraoperative neuromonitoring, and air-
way management (i.e., whether the patient will 
be extubated or remain intubated after surgery). 
One way to set a preoperative threshold for blood 
transfusion is to define the maximal allowable 
blood loss. Maximal allowable blood loss is the 
estimated blood volume of the patient multiplied 
by the difference between the patient’s starting 
and minimal allowable hematocrits, divided by 
the starting hematocrit. For example, a 5 kg infant 
with an estimated blood volume of 75  cc/kg, a 
starting hematocrit of 30, and a minimal accept-
able hematocrit of 22 would have a maximal 
allowable blood loss of approximately 100 cc. If 
further bleeding is anticipated, transfusion of 
blood should be initiated.

2.3  Tumor Resection

In this section we will discuss surgical manage-
ment and approaches to the more common loca-
tions and types of pediatric brain tumors, such as 
the pineal region/posterior third ventricle, poste-
rior fossa, and suprasellar area. Each child’s brain 
tumor is unique; in many respects, its surgical 
management should be as well. Much of what 
can be done by the neurosurgeon depends on the 
age of the child, the type of tumor, its location 
and therefore the risks associated with resection, 
and whether or not there are local or distant 
metastases. For many nonmetastatic childhood 
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intracranial neoplasms, the goal of initial surgery 
is complete resection (i.e., gross total resection 
(GTR)), defined as no conclusive evidence of 
residual tumor on the intra- or immediate postop-
erative MRI, when deemed feasible. Such phi-
losophy applies to tumors like medulloblastoma, 
ependymoma (infra- and supratentorial), primi-
tive neuroectodermal tumor (PNET), and virtu-
ally all low-grade tumors.

Intraoperative magnetic resonance imaging 
(iMRI) has revolutionized surgical management 
of pediatric brain tumors by allowing the sur-
geon to confirm a gross total resection, while the 
patient is still under general anesthesia and their 
wound is open (Choudhri et  al. 2014a, 2015b). 
This high-dollar technology greatly reduces the 
risk of having to take the child back to the oper-
ating room for continued resection, but with the 
drawbacks of added operating room (OR) time, 
challenges in interpreting the intraoperative 
images, and significant new safety issues (Shah 
et  al. 2012). It also requires close cooperation 
and communication with the anesthesiology 
team, MR technologist, OR safety officer, and 
neuroradiologist.

2.3.1  Posterior Fossa (Excluding 
Brainstem Tumors)

The posterior fossa, as mentioned previously, is 
a common site for pediatric tumors. The “big 
3” tumors are medulloblastoma, ependymoma, 
and pilocytic astrocytoma. Each has their own 
unique imaging features. Medulloblastomas and 
ependymomas are typically found within the 4th 
ventricle, whereas pilocytic astrocytomas are 
most often located within the cerebellum (i.e., 
the vermis or hemispheres). Medulloblastomas 
are hypercellular and therefore appear hyper-
dense on the initial CT.  Pilocytic astrocytomas 
often have a cystic component with enhancing 
nodule(s). Ependymomas classically project 
through the foramen Luschka into the cerebel-
lopontine angle, or through the foramen mag-
num into the cervical spinal canal (i.e., “plastic 
ependymoma”). Midline or fourth ventricular 
tumors are approached via a standard midline 

suboccipital craniotomy, whereas hemispheric 
tumors require a lateral suboccipital approach. 
Although we have seen the dawn of a new era in 
which tumors are being classified at the molecu-
lar level, resulting in subclassification and novel 
“targeted” chemotherapeutic options, the surgi-
cal goal of these tumors remains maximal safe 
resection (Gajjar et al. 2014).

2.3.2  Brainstem Tumors

Brainstem tumors can be broadly categorized as 
being radiographically focal or diffuse/infiltra-
tive (Green and Kieran 2015). The classic exam-
ple of an infiltrative pediatric brainstem tumor is 
a diffuse intrinsic pontine glioma (DIPG). 
Children with these tumors are typically young 
and present with a combination of long-tract and 
cranial nerve findings. DIPG is a radiographic 
diagnosis, surgery is relegated to the manage-
ment of hydrocephalus, and the only known 
treatment that has some effect, albeit temporary, 
is radiation (Bredlau and Korones 2014). For 
pontine tumors that are “atypical” in appearance, 
a biopsy is warranted. Focal tumors are more 
often low-grade, and most commonly are piloc-
tyic astrocytomas. All focal tumors (with the 
exception of tectal gliomas), whether benign or 
malignant, should be considered for resection 
(Klimo et al. 2013, 2015a). Tectal gliomas have a 
well-known indolent biologic behavior, and like 
DIPG, surgery is limited to the treatment of 
hydrocephalus. Resection of focal brainstem 
tumors requires careful planning, high-quality 
preoperative imaging (including tractography), 
and detailed discussions with the parents on what 
neurologic deficits to expect.

2.3.3  Pineal Region/Posterior Third 
Ventricle

There is a wide variety of tumors that may arise 
in this region of the brain; examples include 
pineoblastoma and germ cell tumors (Fig.  2.4). 
Because these patients often present with obstruc-
tive hydrocephalus secondary to occlusion of the 

P. Ryan Lingo et al.
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aqueduct of Sylvius, surgical management is 
most often directed at treating the hydrocephalus 
by way of an endoscopic third ventriculostomy, 
obtaining cerebrospinal fluid (CSF) for germ cell 
markers (i.e., beta human chorionic gonadotro-
pin, alfa fetoprotein), and angling the endoscope 
posteriorly to obtain tissue for biopsy. If the 
germ cell markers are elevated, then by defini-
tion the child has a non-germinomatous germ cell 
tumor (e.g., choriocarcinoma, endodermal sinus 
tumor) and initial treatment is chemotherapy. If 
the germ cell markers are negative and the biopsy 
is consistent with a germinoma, then the child is 

treated with radiation with or without chemother-
apy with a very high chance of cure, even with 
metastatic disease. A nondiagnostic biopsy with 
negative CSF markers usually requires an open 
biopsy. The three surgical approaches that we use 
to resect or biopsy tumors in the pineal region/
posterior third ventricle are the supracerebellar-
infratentorial, the occipital-transtentorial, and 
the posterior transcallosal (Kennedy and Bruce 
2011).

2.3.4  Sellar/Suprasellar

The two most common suprasellar tumors in 
children are craniopharyngiomas and optic path-
way-hypothalamic astrocytomas. Children who 
present with diabetes insipidus (DI) and an 
enhancing mass along the pituitary stalk or hypo-
thalamic region typically have one of two pathol-
ogies: germinoma or eosinophilic granuloma 
(histiocytosis X). It is exceedingly rare for optic 
pathway-hypothalamic astrocytomas or cranio-
pharyngiomas to present with DI.  Pure sellar 
lesions are rare, but may include craniopharyn-
gioma, micro- or macroadenomas (functioning or 
non-functioning) in older children, and the non-
neoplastic Rathke’s cleft cyst.

Controversy continues among neurosurgeons 
as to the role of surgery with craniopharyngio-
mas. There are those who feel that craniopharyn-
giomas should be maximally resected without 
adjuvant therapy (Elliott et  al. 2010); others 
believe in a less aggressive surgical approach in 
order to avoid significant morbidity (i.e., neu-
rologic, endocrine, or cognitive dysfunction) 
followed by radiotherapy (Klimo et  al. 2015b). 
We generally ascribe to the latter philosophy. 
Purely cystic craniopharyngiomas can be treated 
with placement of an Ommaya catheter to aspi-
rate the tumor cyst, followed by radiotherapy or 
the injection of intracystic chemotherapy (e.g., 
bleomycin), immunotherapy (e.g., interferon), or 
radioactive agents (e.g., P-32) (Cavalheiro et al. 
2010; Mottolese et  al. 2001; Zhao et  al. 2010). 
Surgical approaches for craniopharyngiomas are 
dictated by the location of the tumor (Fig.  2.5) 
and include subfrontal, transsylvian, and anterior 

a

b

Fig. 2.4 Sagittal T1W + C image in a 2.5-year-old girl 
with a history of bilateral retinoblastoma shows an 
enhancing pineal mass (red arrowhead), consistent with a 
“tri-lateral” retinoblastoma (a). Sagittal T1W + C image 
from an iMRI scan shows successful resection of the 
tumor (red arrowhead). Note the open craniotomy (red 
arrow), which would have facilitated further resection, if 
needed (b)
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a b

c

e

d

Fig. 2.5 The variety of imaging appearances of cranio-
pharyngioma. This variety underscores the need for 
patient-specific surgical and treatment plans. Sagittal 
T1W image shows a cystic suprasellar lesion (a). Sagittal 
T1W image shows a suprasellar cystic lesion with intrin-
sic T1 hyperintense signal, representing proteinaceous 
secretions (b). Sagittal T1W image post contrast shows a 
multicystic suprasellar lesion with enhancing rims, with 

the components having different central T1 characteristics 
related to different proteinaceous contents (c). There is 
also caudal retroclival extension. Sagittal T1W image post 
contrast shows a central solid enhancing component with 
multiple smaller cystic components (d). Sagittal T1W 
image post contrast shows a large central solid enhancing 
component, with several internal cystic areas and a single 
posteriorly directed cyst within the third ventricle (e)
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transcallosal approaches. Intrasellar craniopha-
ryngiomas can be resected through a transnasal-
transsphenoidal route, using a microscope or 
endoscope (Jane et al. 2010).

Optic pathway-hypothalamic tumors are gen-
erally not thought to be curable by surgery alone, 
except in the rare case of a prechiasmatic optic 
nerve glioma with no functional vision. These 
tumors originate from non-resectable areas of the 
brain and can often be diagnosed by imaging 
alone. They are associated with neurofibromato-
sis type I (i.e., von Recklinghausen disease). 
Surgery is reserved for biopsy or subtotal resec-
tion in those cases where there is significant 
symptomatic mass effect or where the tumor has 
caused obstructive hydrocephalus by growing 
cephalad into the third ventricle (Goodden et al. 
2014). The primary treatment modalities for 
these tumors are chemotherapy and/or radiother-
apy. The same approaches used for craniopharyn-
gioma can be used for this tumor, with the 
exception of the transnasal approach.

2.3.5  Supratentorial

The goal of surgery for most supratentorial 
tumors should be maximal resection. Extraaxial 
tumors, such as meningiomas, are rare in chil-
dren. As previously discussed, functional imag-
ing modalities should be used in cases where the 
tumor is in close proximity to eloquent areas 
(Fig. 2.2). Awake craniotomy is difficult to per-
form in a child, so we rely heavily on these pre-
operative mapping tests. For a child whose tumor 
cannot be completely resected but who has debil-
itating seizures as a result of it, surgery to resect 
the epileptogenic part of the tumor (e.g., tempo-
ral lobectomy) can have a substantial positive 
impact on the quality of that child’s life.

2.4  Postoperative Care

After tumor resection, patients are brought to the 
intensive care unit (ICU) for close neurologic and 
cardiorespiratory monitoring. Almost all patients 
are extubated while still deeply sedated in the 

OR so as to avoid any coughing or bucking as 
they awaken with the endotracheal tube in place 
and during transport to the ICU.  Such reflexes 
can rapidly increase the patient’s systemic blood 
pressure and intracranial venous pressure, which 
could lead to hemorrhage within the fresh resec-
tion cavity, especially if there is a raw, residual 
tumor surface. For excessively long cases or those 
with high volume fluid resuscitation, extubation 
may be delayed until neurologic and cardiopul-
monary systems are assessed and stabilized.

The most common immediate postoperative 
issues that require close monitoring are intracra-
nial hemorrhage, seizure, hydrocephalus, and 
endocrinologic derangements. Strict blood pres-
sure control is paramount since postoperative 
hypertension can result in hemorrhage within the 
resection cavity (Basali et al. 2000). Prompt and 
adequate treatment for pain and agitation often 
improves the patient’s blood pressure. A maxi-
mum allowable systolic blood pressure is typi-
cally set for the first 24–48  h after surgery, 
followed by gradual relaxation of the parameter. 
The blood pressure limit is age dependent, but an 
oft-recommended limit is less than 140 mmHg. 
We consider a nicardipine drip an easy and effec-
tive method of titrating the patient’s blood pres-
sure. Hypotension is to be avoided, particularly 
in cases in which there was significant brainstem 
or spinal cord compression by the tumor, or if 
there was manipulation/dissection of major arter-
ies so as to maintain adequate tissue perfusion. 
Patients should be kept euvolemic to mildly 
hypervolemic.

As discussed previously, obstructive hydro-
cephalus is a common presenting condition in 
children with brain tumors. Our general approach 
to such children is to resect the tumor in order to 
relieve the hydrocephalus, which we are success-
ful in achieving in many cases. Mechanisms of 
post-resection hydrocephalus include obstruction 
from residual tumor and subarachnoid block 
caused by leptomeningeal metastasis, operative 
blood products, or proteinaceous CSF. All patients 
with preoperative hydrocephalus, or who are at 
risk of developing hydrocephalus postoperatively 
(e.g., intraventricular tumor), need to be carefully 
monitored for persistent or new hydrocephalus, 
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respectively. Such evidence would include increase 
in ventricular size, inability to wean an external 
ventricular drain (EVD), development of a new or 
growing subdural hygroma or pseudomeningo-
cele, and clinical changes, such as irritability, 
headaches, emesis, full fontanelle, or depressed 
level of arousal. Postoperative hydrocephalus is 
treated with either an EVD, a shunt, or ETV.

The Canadian Preoperative Prediction Rule 
for Hydrocephalus (CPPRH) was devised in an 
attempt to identify patients before resection who 
are at risk for post-resection hydrocephalus 
(Riva-Cambrin et al. 2009). Variables predictive 
of post-resection hydrocephalus include age less 
than 2 (score of 3), papilledema (score of 1), 
moderate to severe hydrocephalus (score of 2), 
cerebral metastasis (score of 3), and specific esti-
mated tumor pathologies (score of 1). A total 
score of ≥5 places the patient at high risk. 
Estimated preoperative tumor pathologies based 
on imaging and clinical information that qualify 
for a score of 1 include medulloblastoma, epen-
dymoma, and dorsally exophytic brainstem gli-
oma. The modified CPPRH also adds the presence 
of transependymal edema as a risk factor 
(Foreman et  al. 2013). For children with favor-
able age (>2 years), pathology (e.g., tectal gli-
oma, pineal tumors), anatomy, and site of CSF 
blockage (obstruction between the third ventricle 
and the interpeduncular cistern), ETV is pre-
ferred over shunting as shunts are generally 
viewed as life-long implants that come with high 
risk of one or more shunt malfunction(s) (Gupta 
et  al. 2007; Vogel et  al. 2013). In cases where 
ETV is not appropriate or if the ETV fails, then 
ventricular shunting is the sole option.

If the patient has a postoperative seizure and is 
not already on an AED, then electrolytes and 
blood glucose should be checked expeditiously 
and any abnormalities should be promptly cor-
rected, especially low sodium and magnesium; a 
non-contrast CT scan of the head should be 
obtained to rule out any new hemorrhage, edema, 
or hydrocephalus and the patient should be given 
a bolus of an AED, such as phosphenytoin or 
levetiracetam (both ~ 20  mg/kg), followed by 
maintenance therapy. If the patient’s seizure lasts 
more than 5  min or if multiple seizures occur 

without full neurologic recovery in the interictal 
period, then the patient is considered to be in sta-
tus epilepticus, which is a medical emergency 
(Claassen et al. 2015).

Removal of sellar and suprasellar tumors, 
such as optic pathway gliomas or craniopharyn-
giomas, may lead to transient or permanent dis-
ruption of the hypothalamic-pituitary axis, and 
subsequent anterior and posterior pituitary lobe 
dysfunction. The endocrinopathies that are 
most problematic for neurosurgeons are the 
ones that can cause dramatic changes in the 
serum sodium level: central diabetes insipidus 
(DI), cerebral salt wasting (CSW), or the syn-
drome of inappropriate antidiuretic hormone 
release (SIADH). Central DI is caused by inad-
equate antidiuretic hormone release and results 
in excessive production of dilute urine and 
resultant hypernatremia. Urine output continu-
ously exceeding 3 cc/kg/h with a specific grav-
ity of 1.005 or less with a concurrent elevation 
in serum sodium above 145 is diagnostic. 
Without close monitoring of urine output and 
sodium levels in patients with or at risk for DI, 
sodium levels can easily exceed 160  mEq/L, 
resulting in severe dehydration, mental status 
changes, and seizures. The treatment is desmo-
pressin and free water replacement titrated to 
the patient’s urine output.

SIADH and CSW both cause hyponatremia. 
With severe hyponatremia (<125 mEq/L) or rapid 
drops in sodium, headache, confusion, seizures, 
and cerebral edema can occur. SIADH results 
from an abnormal release of antidiuretic hormone 
(ADH) in the absence of a physiologic osmotic 
stimulus, resulting in excess water retention. 
Patients are either hypervolemic from the retained 
water or sometimes euvolemic. Serum osmolality 
is low (<275 mOsm/kg of water) while the urine is 
concentrated (>100 mOsm/kg of water). Cerebral 
salt wasting also produces hyponatremia and low 
serum osmolality in the presence of concentrated 
urine; but unlike SIADH, patients are hypovole-
mic. Intracranial disease results in failure of the 
kidneys to conserve sodium by an unknown mech-
anism. The key difference is the treatment. Fluid 
restriction effectively corrects the hyponatremia 
caused by SIADH while volume replacement with 
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gentle sodium support treats CSW. In the setting of 
a malignancy, SIADH is more common. Cerebral 
salt wasting will also respond to a fluid challenge. 
Regardless of the etiology, if the hyponatremia is 
severe (Na  <  125  mEq/L) or symptomatic (i.e., 
confusion, seizures or coma), then correction with 
hypertonic (e.g., 3%) saline is indicated. However, 
care must be taken not to correct the sodium too 
quickly. In general, if the sodium level changed 
rapidly then the patient can tolerate rapid correc-
tion. The serum sodium must be checked every 
2–6  h. The goal is to correct the serum sodium 
1–2  mEq/L/h and limit the correction to 
8–10 mEq/L in 24 h. If the sodium is corrected too 
quickly, central pontine myelinolysis can rarely 
occur. Conversely, rapid correction of hypernatre-
mia can cause or exacerbate cerebral edema.

Given the high frequency of posterior fossa 
tumors, posterior fossa syndrome (PFS) deserves 
special mention. It is a syndrome consisting of 
mutism, oromotor and oculomotor apraxia, emo-
tional lability, axial hypotonia, and cerebellar/
brainstem dysfunction following resection of 
infratentorial tumors (Robertson et  al. 2006). 
Risk factors include young age, male sex, large 
midline tumors, brainstem invasion, and medul-
loblastoma. It is thought to result from bilateral 
surgical damage to the proximal efferent cerebel-
lar pathways (Patay 2015). Most patients wake-
up from surgery with intact speech but develop 
mutism within 1–4 days after surgery. Most 
recover fluent speech within 4 months with aver-
age duration of 6 weeks. Recovery begins with 
clumsy and broken speech slowly progressing to 
full sentences. However, up to one-third of chil-
dren will have lasting dysarthria after surgery. 
Irritability, inconsolable crying, impulsiveness, 
and disinhibition are the most frequent changes 
in affect. IQ and school performance are also 
affected, more commonly when the deep cerebel-
lar nuclei are damaged. Treatment generally 
requires prolonged rehabilitation, including 
physical, occupational, and speech therapy. 
Overall, improvement is universal but the degree 
of recovery is variable. Mutism and emotional 
lability are generally transient but long-term cog-
nitive and motor deficits are frequently recog-
nized in these children.
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3.1  Introduction

Radiation therapy plays an important role in the 
management of pediatric brain tumors. Despite 
advances in the fields of pediatric and medical 
oncology and neurosurgery, radiation is still a 
necessary treatment for local control and cure for 
most central nervous system (CNS) malignan-
cies. Brain tumors, a heterogeneous group of dis-
eases, together represent the most common 
disease site encountered by radiation oncologists. 
The eloquent areas from which these tumors 
arise makes the balance between the risks of life-
altering side effects of radiation and the likeli-
hood of local control and/or cure a difficult one to 
strike. While often we consider the main goal of 
our treatment to be cure, we must keep in mind 

the additional goal of allowing these children to 
grow and continue to live meaningful lives with-
out a significant burden of major medical compli-
cations resulting from treatment. Technical and 
biological advances have enabled radiation 
oncologists to decrease the amount of healthy, 
uninvolved brain tissue and nearby organs that 
receive radiation. Trials that combine radiation 
with chemotherapy have allowed for a decrease 
in the dose and/or volume of radiation for some 
pediatric brain tumors. Neurosurgical advances 
have allowed for avoidance of radiation for 
selected tumors. In addition, advances in neuro-
radiology have led to better visualization of 
tumors and CNS structures. Advances in treat-
ment planning software and the development of 
new radiation modalities have allowed for 
improvements in dose delivery.

3.2  Pediatric Radiation Therapy 
Delivery

Radiation therapy has evolved greatly in the past 
three decades. Advances in diagnostic imaging 
and radiation delivery have led to improved tumor 
targeting and reduced doses of radiation to critical 
structures outside of the treatment fields. 
Historically, radiation planning was performed 
using X-rays, termed “two-dimensional planning,” 
and large geometric fields delivered treatment with 
excess doses to areas uninvolved by tumor. The 
widespread availability of computed tomography 
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(CT) and magnetic resonance imaging (MRI) has 
allowed for more precise delineation of the “at-
risk” tumor or tumor bed and adjacent normal 
anatomy. Modern “three-dimensional” (3D) plan-
ning now includes a planning CT acquired during 
the radiation simulation, and in most CNS cases, 
an MRI is fused to the CT for target delineation 
and treatment planning. Using these imaging 
modalities, the target area is better visualized and 
margins for setup error and target uncertainty 
around the volume can be made smaller, allowing 
for complete coverage of the target and minimiza-
tion of doses to uninvolved tissues.

3.2.1  Intensity-Modulated 
Radiation Therapy

Until the late 1990s, 3D planning utilized single or 
multiple static beams with set blocks or collima-
tion to shape the treatment fields. The develop-
ment of more powerful treatment planning 
software led to the ability to generate more confor-
mal plans with complex photon beam arrange-
ments. Further gains in target volume conformality 
have come with the advent of intensity-modulated 
radiation therapy (IMRT), which uses dynamic 
collimation during treatment to deliver multiple 
small beamlets of photon radiation of various 

intensities from multiple angles to shape high dose 
to the target volume. This sophisticated treatment 
planning software also allows for the weighting of 
critical normal structures that create plans with the 
reduction of moderate to high-dose radiation to 
adjacent normal structures. The IMRT planning is 
also more labor intensive for the physician, as it 
requires the delineation of all desired structures 
and targets, the specification of desired target dose 
and of dose and volume limitations for normal 
structures, and the ultimate prioritization of dose 
to each. Multiple iterations of the radiation plan 
are run by the treatment planning software pro-
gram until the best possible fit to the physician-
defined parameters is found. IMRT allows for 
highly conformal photon plans with the high-dose 
isodose lines closely surrounding the target vol-
ume. This conformality does usually come with a 
cost, and the increased number of beams utilized 
to create highly conformal shapes also increases 
the amount of low-dose radiation delivered com-
pared to 3D plans. Therefore, although the risk of 
toxicity to nearby structures is lower due to the 
more rapid fall off of dose, the increase in low-
dose radiation may also increase the risk of a radi-
ation-induced malignancy from the greater amount 
of normal tissue exposed to radiation. Figure 3.1 
shows an IMRT plan for a suprasellar region tumor 
treated with involved-field radiation.
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Fig. 3.1 Intensity-modulated radiation therapy (IMRT) plan for a suprasellar tumor. (a) shows beams directions and 
intensity modulation of the beams. (b) shows the dosimetry for this plan in the axial plane
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3.2.2  Stereotactic Radiosurgery/
Stereotactic Radiation 
Therapy

Stereotactic radiation uses image guidance and a 
3D coordinate system to deliver high doses of 
radiation to very precise target volumes. 
Stereotactic Radiosurgery (SRS) refers to the 
delivery of a single treatment while Stereotactic 
Radiation Therapy (SRT) refers to multiple 
fractionated doses of radiation. With SRS, 
multiple small beams of radiation are focused on 
the tumor, delivering a very high dose to the tar-
get while depositing a low dose to the surround-
ing tissues. Because these treatments are given in 
a single or very few doses, a high dose is deliv-
ered with each fraction and accurate targeting is 
critical. Rigid immobilizations and fiducial mark-
ers are typically used to account for patient 
motion and image guidance is used prior to the 
delivery of each fraction. There are several avail-
able systems for photon SRS/SRT delivery. 
Newer systems have been developed for the 
delivery of stereotactic proton therapy as well. 
Within the pediatric population, the extensive 
immobilization requirements and long treatment 
often require sedation, even in older children, and 
may be impractical in certain cases.

3.2.3  Proton Radiation

The use of proton radiation in pediatric CNS 
malignancies has gained widespread acceptance 
over the last decade due to the ability to dramati-
cally reduce excess dose deposited outside of the 
target volume. Currently, there are more than 65 
proton centers worldwide, including 27 active 
centers in the US with several more US centers 
under construction and many more in develop-
ment. Compared to photon radiation, which has a 
higher entrance dose and a longer dose fall off, 
protons deposit a lower and nearly constant quan-
tity of radiation until the end of the beam range, 
where the majority of energy is quickly released 
over a short area called the Bragg Peak, approxi-
mately 5–10  mm in length (MacDonald et  al. 
2006). Thus, the lower entrance dose and abrupt 

dose fall off allows for CNS tumors to be treated 
with a reduction of radiation dose delivered to the 
uninvolved CNS tissue.

To date more than 80,000 patients have 
received proton therapy. Proton radiation can be 
delivered using three-dimensional conformal 
proton radiation (3DCPT), sometimes called 
double-scattered protons. With 3DCPT, 
individual proton beams are attenuated to create a 
modulated beam or Spread Out Bragg Peak 
(SOBP). The individual beams are shaped by 
brass apertures to conform to the tumor volume 
and a Lucite compensator modulates the distal 
end of the beam. New proton delivery systems 
have developed a scanning technique, often 
called pencil beam scanning (PBS) (Trofimov 
and Bortfeld 2003). PBS uses a small diameter 
proton beam deflected by magnets in the X and 
Y-axis to “paint” dose layer by layer over the 
tumor volume. This technique creates more 
conformal treatment volumes and reduces the 
entrance dose and may have greater beam 
penumbra due to the absence of brass apertures.

Previously, dosimetric studies predominated 
the proton literature and clinical data was sparse. 
In recent years, a number of studies have emerged 
showing comparable disease control and 
favorable toxicity profiles in a variety of tumor 
types, including ependymoma, medulloblastoma, 
and low-grade glioma (Ladra et  al. 2014; 
Greenberger et al. 2014; Fitzek et al. 2006; Childs 
et  al. 2012; Cotter et  al. 2011; DeLaney et  al. 
2005; Gray et al. 2009; Rombi et al. 2012).

3.3  Ependymoma

Ependymoma accounts for 5% of pediatric brain 
tumors. Approximately two-thirds develop in the 
fourth ventricle and cerebellopontine angle. The 
remaining third are found in the supratentorium 
and spine, the latter often in older patients 
(Merchant and Fouladi 2005; Phi et  al. 2012; 
CBTRUS 2012). Localized disease is treated 
with surgical resection followed by postoperative 
radiotherapy (RT). While some centers have 
attempted to give chemotherapy to children ≤3 
years of age (to delay RT), the relapse rate is 
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unacceptably high and surgery and localized 
modern RT is the preferred standard in the 
US.  Chemotherapy is used for patients with 
residual disease after primary resection; this is 
typically a short course, used prior to performing 
a second surgery in an attempt to achieve a gross 
total resection (Merchant and Fouladi 2005; 
Needle et al. 1997; Shu et al. 2007; Timmermann 
et al. 2000, 2005; Zacharoulis et al. 2007). The 
advantage of this treatment modality remains 
unclear, as discussed further below. In photon 
series, 5-year progression-free survival (PFS) 
ranges from 41 to 58%, while 5-year overall 
survival (OS) ranges from 54 to 71% (Perilongo 
et al. 1997; Oya et al. 2002; Shu et al. 2007; Jaing 
et al. 2004; Mansur et al. 2005). Similar results 
have been reported for patients treated with 
proton therapy (MacDonald et al. 2008, 2013). In 
the largest single-institution prospective cohort 
study, Merchant et al. followed 153 ependymoma 
patients treated at St. Jude’s Children’s Hospital. 
They found a 5-year PFS of 74% and a 5-year OS 
of 85% in a cohort with a high rate of total 
resection (Merchant et al. 2009c).

The efficacy of postoperative RT was estab-
lished by retrospective data cohorts, and con-
firmed by improved survival in prospective 
cohorts treated with RT as standard of care (Phi 
et al. 2012; Perilongo et al. 1997; Merchant 2009; 
Mansur et  al. 2005; Koshy et  al. 2011; Schild 
et al. 1998; Shu et al. 2007; Timmermann et al. 
2000; Merchant et al. 2009c). Craniospinal irra-
diation (CSI) was initially delivered to all patients 
because of concern for tumor dissemination along 
the neuroaxis (Merchant 2009). However, 
because the majority of relapses in ependymoma 
were found to be local, metastatic disease at diag-
nosis was rare, and prophylactic spinal doses 
between 20 and 40  Gy did not improve distant 
control, the standard of care shifted to treatment 
of the tumor bed with a margin (Oya et al. 2002; 
Mansur et al. 2005; Merchant et al. 1997).

For patients with localized disease, the tumor 
bed and residual tumor are considered the gross 
tumor volume (GTV). The clinical target volume 
(CTV) is a 0.5–1 cm extension of the GTV, with 
expansion limited by bony constraints. The 

prescribed dose delivered to the CTV varies 
between 54 and 59.4  Gy, depending on the 
physician’s comfort level, modality, the presence 
of residual disease after resection, and the age of 
the patient (lower doses favored for children 
under 3 years of age). In the large prospective 
cohort study discussed above, Merchant et  al. 
delivered 59.4  Gy to all patients except those 
under 18  months who underwent gross total 
resection; patients in the latter category were 
treated with 54  Gy (Merchant et  al. 2009c). 
Disseminated ependymoma, defined as the 
presence of more than one discrete disease site 
and/or positive cytology in the cerebrospinal 
fluid (CSF), is typically treated with CSI but 
outcomes are poor and it is unclear what CSI 
dose is required for control.

Prognosis depends significantly on the extent 
of resection (Phi et al. 2012; Perilongo et al. 1997; 
Koshy et al. 2011; Oya et al. 2002; Merchant et al. 
2009c; Timmermann et al. 2005; Shu et al. 2007). 
Gross total resection, defined as no evidence of 
disease on postoperative MRI, may provide a 
significant survival advantage over near-total 
resection (<5 mm enhancing tumor) and subtotal 
resection (≥5  mm enhancing tumor). Second-
look surgery is often used to optimize local con-
trol. Merchant et al., in their 2009 series, referred 
43.1% of patients with less than a gross total 
resection for a second surgery. The major limit-
ing factor for second surgery is concern regarding 
the level of morbidity, though Morris et al. found 
that most patients can tolerate the repeat opera-
tion (Morris et al. 2009). The majority of ependy-
momas have Classic (World Health Organization 
[WHO] Grade II) histology. Anaplastic (WHO 
Grade III) histology may worsen overall survival, 
though many series (most with small numbers of 
patients) have not found a statistically significant 
difference (Phi et al. 2012; Koshy et al. 2011; Oya 
et al. 2002; Merchant et al. 2009c; Shu et al. 2007; 
Schild et al. 1998; Mansur et al. 2005; Goldwein 
et  al. 1990). Currently, ependymomas are not 
treated differently according to histology, though 
this approach may be refined with molecular 
techniques that identify genetic predispositions to 
relapse.
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The most frequently used chemotherapy regi-
men is vincristine, carboplatin, cyclophospha-
mide, and etoposide. The value of this modality 
in the treatment of ependymoma is unclear 
(Merchant and Fouladi 2005; Zacharoulis et al. 
2007; Timmermann et  al. 2000, 2005; Needle 
et al. 1997). It has been frequently used as a tool 
to delay RT in patients under the age of 3 years. 
The cognitive effect of RT to the brain appears 
most potent in this age group. However, this 
approach has no proven benefit, and remains con-
troversial (Merchant et al. 2009c; Timmermann 
et al. 2005; Zacharoulis et al. 2007; Koshy et al. 
2011). It is also used to shrink disease after 
subtotal resections, an approach tested by the 
Children’s Oncology Group (COG) protocol 
ACNS 0121. Although clinical response is often 
observed, this treatment strategy does not, at 
this point, appear to prolong survival. In addi-
tion, the use of chemotherapy often delays time 
to RT, the critical modality in the treatment of 
ependymoma (Shu et  al. 2007). ACNS0831, a 
COG Phase III trial, studies the use of chemo-
therapy after surgery and radiation in patients 
who undergo a total or near total resection. It 
continues to accrue patients, and results are not 
currently available.

Focal radiotherapy to the developing brain is 
associated with several toxicities, including 
growth hormone deficiency (directly propor-
tional to dose to the hypothalamus), central 
hypothyroidism, and hearing loss (rare, but 
more common when tumor extension into the 
foramina of Luschka brings high dose close to 
the cochlea) (Hancock et  al. 1995; Merchant 
et  al. 2002a, 2004a; Rappaport and Brauner 
1989). Many of these toxicities are potentiated 
by the administration of chemotherapy. 
Cognitive function appears relatively stable 
with conformal photon therapy (Di Pinto et al. 
2010; Conklin et  al. 2008; Merchant et  al. 
2004b). Proton RT, by sparing more healthy 
brain tissue, may decrease the risk of these tox-
icities, though that has not been demonstrated in 
a prospective setting (MacDonald et  al. 2008, 
2013). Figure 3.2 shows a proton plan for a pos-
terior fossa ependymoma.

3.4  Germ Cell Tumors

Germ cell tumors (GCTs) grow from embryonic 
remnants, and occur at their highest incidence at 
the time of puberty (Villano et  al. 2008). While 
these tumors are rare, they are more likely to 
occur in males and, for still unclear reasons, 
among patients born in Japan. In the brain, pri-
mary GCTs develop primarily in the pineal and 
suprasellar regions; they obey the midline predi-
lection of all GCTs, which also occur in the medi-
astinum, the spine, and the gonads. There are 
multiple subtypes, but the major histological dis-
tinction is between pure germinoma and non-ger-
minomatous germ cell tumors. The latter category 
encompasses multiple histologies, including 
embryonal carcinoma, endodermal sinus tumor 
(also known as yolk sac), choriocarcinoma, and 
teratoma. Teratomas may be further divided into 
mature, immature, and teratoma with malignant 
transformation. Finally, there are “mixed” GCTs, 
which contain germinomatous and non-germino-
matous components (Dearnaley et  al. 1990; 
Jennings et al. 1985; Matsutani et al. 1987, 1997, 
1998; Modak et al. 2004; Robertson et al. 1997; 
Smith et al. 2004). Non-germinomatous elements 
generally secrete alpha-fetoprotein (AFP) and 
human chorionic gonadotropin (HCG) into both 
the CSF and the serum; the  concentration of these 
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Fig. 3.2 3D conformal proton plan for a posterior fossa 
ependymoma demonstrating near complete sparing of the 
cochlea
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markers may correlate with tumor aggression, 
though this has not been definitively demonstrated 
(Baranzelli et al. 1999; Chang et al. 1995). Pure 
germinomas, by definition, are associated with 
normal-range AFP, though they may secrete HCG 
up to approximately 100  IU/dL (this definition 
varies).

Although primary surgical resection is not a 
component of treatment, neuro-endoscopic 
biopsy is critical if markers are not elevated, 
given that histology drives treatment and 
correlates specifically to prognosis. In 1997, 
Matsutani et al. classified CNS GCTs according 
to prognosis as “Good” (germinoma, mature 
teratoma, HCG-secreting germinoma), 
“Intermediate” (mixed teratoma or immature 
teratoma), or “Poor” (choriocarcinoma, yolk sac 
tumor, embryonal carcinoma and teratoma with 
malignant elements) (Matsutani et  al. 1997). 
Overall survival at 3 years varied between 9.3 
and 94.1% according to these prognostic groups, 
though a variety of treatment methods (including 
the omission of radiation therapy) were used. 
Resection was performed in this series. In the 
US, it is rare to perform more than a biopsy at 
diagnosis as the preference is to avoid surgical 
morbidity associated with resection of the pineal 
or suprasellar region.

3.4.1  Pure Germinoma

Pure CNS germinomas are considered highly 
curable. RT alone is associated with 10-year OS 
greater than 90% in most series (Rogers et  al. 
2005; MacDonald et  al. 2011; Matsutani et  al. 
1997). The standard of care for germinomas, like 
for ependymomas, was formerly relatively high-
dose CSI followed by a boost to the tumor site. 
Rogers et al., in a review of 20 studies, found that 
the rate of isolated spinal relapse was similar 
among patients treated with CSI versus a smaller 
field, generally whole brain RT (WBRT) or 
whole ventricle RT (WVRT). While there 
remains no clear consensus, most centers now 
treat localized disease with WVRT followed by a 
boost to the involved-field. For select cases with 
basal ganglia primary or involvement, whole 
brain RT may be favored (Shirato et  al. 1997). 
Most centers deliver chemotherapy prior to RT, 
as discussed below.

WVRT encompasses the third and fourth 
ventricles, the lateral ventricles +/− the prepon-
tine cistern, and is considered a CTV. Figure 3.3 
shows the whole ventricle volume. The GTV 
for primary disease is defined as the pre-chemo-
therapy volume. The CTV is a 1–1.5 cm margin 
around the GTV and this CTV should be planned 

Fig. 3.3 Whole ventricular volume at the level of the lateral ventricles in the axial plane. Clinical target volume (CTV) 
shown in magenta. Planning target volume (PTV) shown in cyan
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up-front to ensure that it is included in the whole 
ventricular CTV. Doses vary widely, but the COG 
protocol ACNS 0232 defined standard of care as 
24 Gy WVRT followed by a 21 Gy boost to the 
involved-field. If the patient received chemo-
therapy (which is increasingly common, as men-
tioned below), the WVRT dose is 24 Gy (or 18 Gy 
on COG protocol ACNS1123), and the total dose 
to the involved-field is 30–36 Gy. Metastatic dis-
ease, defined as the presence of satellite lesions 
in the brain and/or spine, positive CSF cytology, 
visible seeding during neuro-endoscopy, or brain 
invasion >1 cm adjacent to a suprasellar or pineal 
mass, is typically treated with 24  Gy CSI fol-
lowed by a 21 Gy boost to the involved-field(s) or 
chemotherapy followed by 21 Gy CSI followed 
by a boost to 30–36 Gy.

A subset of GCTs occur in both the pineal and 
suprasellar regions without interlinking tumor 
extension. Sometimes both lesions are observed 
on MRI, or sometimes the presence of the infun-
dibular or pituitary axis lesion is inferred by clin-
ical evidence of diabetes insipidus, or shrinkage 
of the pineal gland during chemotherapy infers 
pineal occult disease. These “bifocal” lesions are 
considered locoregional disease rather than meta-
static, and are treated according to the same 
guidelines above (Aizer et al. 2013; Lafay-Cousin 
et  al. 2006). The majority are pure germinoma. 
However, despite the predominance of this his-
tology, it is not clear if the requirement for biopsy 
can be waived, even in the setting of normal sero-
logical markers. “Occult” non-germinomatous 
elements do occur, and drastically change treat-
ment and prognosis (Aizer et al. 2013).

Currently, chemotherapy (typically carbopla-
tin and etoposide) is often used prior to RT to 
reduce RT doses. The value of this approach has 
been suggested by retrospective studies and 
Phase II investigations, but not confirmed by a 
prospective, randomized trial (Kretschmar et al. 
2007; Eom et al. 2008; Khatua et al. 2010; Finlay 
et al. 2008). Based on these results, the current 
ACNS 1123 trial treats patients with reduced-
dose “response-based” WVRT and involved-field 
boost after chemotherapy. Patients with complete 
response to 4 cycles of carboplatin/etoposide are 
eligible for 18 Gy WVRT followed by a 12 Gy 

boost to the involved-field. Partial response or 
progressive disease is treated with 24 Gy WVRT 
and 12 Gy boost to the involved-field. A select 
subset of patients with incomplete response to 
chemotherapy may be referred to second-look 
surgery for attempted resection of residual 
disease.

Attempts to shrink RT fields or omit RT alto-
gether following chemotherapy have not been 
clearly successful. Chemotherapy alone was 
found to be associated with an unacceptably high 
rate of relapse (Balmaceda et  al. 1996). The 
results of pre-radiotherapy chemotherapy 
followed by involved-field-only RT were also 
equivocal with higher than anticipated rates of 
failure in the ventricular system (Baranzelli et al. 
1997; Fouladi et al. 1998). An arm of the COG 
ACNS 0232 protocol investigated this particular 
approach, but had to close due to poor accrual.

3.4.2  Non-germinomatous GCTs

Unlike pure germinomas, non-germinomatous 
germ cell tumors (NGGCT) require both 
chemotherapy and radiotherapy to achieve 
acceptable cure rates. RT alone is associated with 
poor 5-year survival rates (Dearnaley et al. 1990; 
Hoffman et  al. 1991; Matsutani et  al. 1997). 
Chemotherapy alone is similarly associated with 
poor outcomes (Balmaceda et al. 1996; Baranzelli 
et al. 1999; Chang et al. 1995). COG ACNS 0122, 
a Phase II protocol, administered 6  cycles of 
carboplatin/etoposide followed by 36  Gy CSI 
and involved-field radiation to 54  Gy to 103 
patients. This regimen also included referral to 
second-look surgery for patients with incomplete 
response to induction chemotherapy (15 patients 
were referred, only 2 had evidence of residual 
disease), and peripheral blood stem cell rescue 
(only 2 patients, both of whom achieved complete 
response). The majority (69%) of patients 
achieved complete response or partial response. 
At a median follow-up of 5.1 years, the 5-year 
OS was 93% and the event-free survival (EFS) 
was 84% with no treatment-related deaths. This 
approach is now considered the current standard-
of-care off study in North America (Goldman 
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et  al. 2015). The SIOP-CNS-GCT-96 trial for 
NGGCT was recently published good results 
using a Cisplatin based chemotherapy regimen 
followed by involved field radiation therapy and 
this regimen is frequently used in Europe  
(Calaminus et al. 2017).

As in pure germinomas, the GTV is consid-
ered the pre-chemotherapy tumor volume and 
residual tumor. The CTV is a 1.0 cm expansion of 
the GTV. CSI follows conventional borders, both 
the whole brain (including frontal lobe and crib-
riform plate regions) and spine (including the 
vertebral bodies). The dose (36 Gy CSI, 54 Gy to 
primary disease) is delivered in fractions of 
1.8  Gy. Spine metastases are boosted to 9  Gy 
(obeying cord tolerance at 45 Gy).

The COG ACNS1123, a Phase II protocol, 
treating patients with NGGCT with response-
based post-chemotherapy RT.  Those patients 
who achieve a complete remission with 6 cycles 
of carboplatin/etoposide alternating with ifos-
famide/etoposide receive 30.6  Gy WVRT fol-
lowed by a 23.4 Gy boost to the involved-field. 
Unfortunately, in September 2016, ACNS1123 
NGGCT arm closed to accrual due to exceeding 
the number of relapses allowable based on sta-
tistical design. Ten patients had developed recur-
rence at the time of evaluation. After thorough 
evaluation of all patients enrolled, 2 of the 10 
patients with relapse were found to be ineligible 
as they did not meet the definition of response 
required to move on to WVI. Of the 8 remaining 
patients, all had distant recurrence with a compo-
nent in the spine and 6 patients had isolated spi-
nal failures. Given these results, in the US most 
physicians recommend CSI as per the Goldman 
study (Goldman et al. 2015).

3.5  Low-Grade Glioma

As the most common pediatric CNS malignancy, 
low-grade gliomas comprise a variety of histo-
logic subtypes. They can arise anywhere in the 
CNS, and specific histologies have a propensity 
for various locations. Regardless of histology, 
surgical resection, when possible, represents the 

preferred initial intervention and leads to excel-
lent long-term outcomes. After complete resec-
tion, the 10-year OS is approximately 90% and 
PFS ranges from 75 to 90%, depending on histol-
ogy and location (Pollack et  al. 1995; Fisher 
et  al. 2001, 2008; Gajjar et  al. 1997; Pencalet 
et al. 1999). For patients with a subtotal resection 
or those with deep brain, brainstem, spinal, or 
optic pathway and hypothalamic tumors in whom 
resection is not possible, treatment decisions 
become more complex and management is best 
determined in a multidisciplinary setting.

Many children with incomplete resections 
will not need further therapy, and several large 
series have shown the rate of progression to be 
45–65% after surgery alone (Gajjar et al. 1997; 
Fisher et  al. 2001; Shaw and Wisoff 2003). 
Therefore, a “wait-and-see” approach is often 
adopted in these patients, using routine 
neuroimaging and clinical assessment to monitor 
status and delay chemotherapy or radiation until 
progression or clinical symptoms appear. At the 
time of progression, chemotherapy is most often 
the treatment of choice in children without 
significant symptoms, due to concerns of 
neurocognitive decline with the use of radiation, 
especially in children 5 years or younger. 
Carboplatin and vincristine are currently used in 
the majority of children as front-line adjuvant 
therapy after Packer et al. reported a 68% three-
year PFS rate with this regimen (Packer et  al. 
1997). In this series, age was a significant 
prognostic factor of response, with children 5 
years of age or younger having a 3-year PFS of 
74% and children over the age of 5 having a 
3-year PFS of 39%. Alternatively, multi-agent 
therapy using thioguanine, procarbazine, 
lomustine, and vincristine (TPCV) has shown 
efficacy, and a randomized COG A9952 trial 
showed the 5-year PFS for TPCV to be 52 versus 
39% for carboplatin and vincristine, although the 
difference lacked statistical significance (Ater 
et al. 2012).

Chemotherapy is effective in delaying pro-
gression, and remains the preferred nonsurgical 
therapy in children vulnerable to the effects of 
radiation, allowing for continued brain devel-
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opment and endocrine maturation. However, in 
many children, radiation is ultimately required 
for definitive treatment. The largest radiation 
series to date was published by Merchant and 
colleagues, who reported on the St. Jude expe-
rience with 78 supratentorial and infratentorial 
low-grade gliomas. After irradiation, the 10-year 
PFS rate was 74% and local control rate was 
84% (Merchant et  al. 2009b). The incidence of 
vasculopathy was also reported and was seen in 
5% of children at 6 years. None of the patients 
with neurofibromatosis type 1 (n  =  13) devel-
oped recurrence or secondary malignancy. Other 
institutions have reported on similar cohorts 
with 10-year EFS ranging from 65 to 77% and 
local control rates of 85 to 88% following radia-
tion therapy (Marcus et  al. 2005; Grabenbauer 
et  al. 2000; Erkal et  al. 1997). More recently, 
Greenberger et al. published the long-term results 
for 32 children with low-grade gliomas of the 
brain or spine treated at Massachusetts General 
Hospital with proton therapy (Greenberger et al. 
2014). At a median follow-up of 8 years, OS was 
100% and EFS was 83%. Prospective neurocog-
nitive evaluations were available for 12 of the 32 
patients and overall did not show any statistically 
significant losses, though the subset of patients 
treated before the age of 7 years showed statis-
tically significant losses in verbal comprehen-
sion and the subset who received high doses to 
the left temporal lobe and/or hippocampus had 
significant Full Scale IQ and verbal compre-
hension losses as well. For those patients with 
tumors arising from or in close proximity to the 
optic pathway, stabilization or improvement of 
visual acuity was achieved in 83%. Previously, 
Tao et al. published the outcomes for 42 children 
with optic chiasm gliomas treated with photon 
radiation at what was then the Joint Center for 
Radiation Therapy in Boston, and showed that 
at 10 years, 81% of patients had stabilization or 
improvement of vision (Tao et al. 1997). In this 
series the 10-year OS and PFS were 100% and 
89%, respectively.

Radiation volumes for low-grade gliomas 
have steadily decreased over time with the 
realization that these tumors are not typically 

highly infiltrative. The GTV consists of visible 
tumor (both enhancing and non-enhancing) as 
well as any cystic components of the tumor. The 
CTV includes the GTV plus a small margin of 
5 mm. Standard radiation doses range from 50.4 
to 54 Gy for intracranial disease and 45 to 50.4 
for spinal tumors. In cases of leptomeningeal or 
metastatic disease, the entire craniospinal axis is 
radiated to a dose of 36 Gy followed by involved-
field treatment to 45–54 Gy, depending on tumor 
location.

Adverse late effects from radiation can include 
cognitive decline, endocrine deficiencies, and 
less commonly hearing loss, vasculopathy, and 
second malignancy. In a separate publication, 
Merchant et  al. reported the incidence of late 
effects for the 78 low-grade glioma patients 
treated on study with radiation (Merchant et al. 
2009a). Cognitive function was assessed at 60 
months after radiation, and for the entire cohort, 
only the decline in spelling scores was clinically 
significant, with average patient scores decreasing 
from 98 to 90 points (with an average control 
score being 85 to 115). Most striking, though, 
was the effect of age on cognitive dysfunction. 
Each year of increasing age reduced the IQ loss 
by 0.026 points; whereas a child who was age 5 
when irradiated could expect a 10-point IQ 
decline at 5 years, at 12 years of age no significant 
IQ loss was observed. As expected, hearing loss 
and endocrinopathies were directly related to the 
cochlear and hypothalamic doses, respectively; 
increasing rates for hearing loss were noted with 
prior chemotherapy use, and pretreatment 
hydrocephalus contributed to baseline endocrine 
deficits.

Therefore, the decision to pursue chemother-
apy in lieu of radiation should be made when the 
adverse effects are minimal and a meaningful 
delay to irradiation can be achieved without loss 
of function. As discussed above, prospective trial 
results show that 35–48% of treated patients will 
achieve 5 years of PFS with chemotherapy as ini-
tial adjuvant treatment (Ater et  al. 2012). The 
choice of chemotherapy as an alternative to 
radiotherapy as the primary intervention may risk 
neurologic deterioration in patients who are not 
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closely monitored, and may lead to irreparable 
functional loss, as in those with optic pathway 
tumors.

3.6  Medulloblastoma

Radiation therapy plays an integral role in the 
curative treatment of most children with 
medulloblastoma. Currently, children <36 
months of age receive intensive multi-agent 
chemotherapy with or without high-dose 
chemotherapy and stem cell rescue (HDCSCR). 
In these young children, radiation is omitted due 
to the concern of severe cognitive impairment 
from the craniospinal portion of RT. Survival in 
young children treated with chemotherapy alone 
is typically lower than in their older counterparts 
who receive combined modality therapy with 
chemotherapy and RT. EFS at 5 years in children 
with nonmetastatic disease (M0) after 
chemotherapy alone is approximately 32–54%, 
although with favorable histologic subtypes such 
as desmoplastic tumors, EFS rates can reach up 
to 77% (Leary et  al. 2011; Geyer et  al. 2005; 
Rutkowski et  al. 2010; Dhall et  al. 2008; 
Rutkowski et al. 2005). Failure in these children 
is still predominately local and therefore the 
current COG study ACNS0334 for children <36 
months does allow for primary site irradiation 
(50.4–54 Gy). The St. Jude SJYC07 protocol is 
currently exploring the use of limited radiation to 
the resection bed only in young children with 
medulloblastoma following surgical resection 
and multi-agent chemotherapy. For favorable 
histologies, such as desmoplastic nodular tumors 
or those with extensive nodularity, the more 
recent COG ACNS1121 study utilizes intensive 
chemotherapy without any radiation (Rutkowski 
et al. 2010).

For children old enough to receive radiation, 
treatment strategies are based on risk classifica-
tion. Currently the COG stratifies children into 
two risk groups: “high-risk” or “standard-risk.” 
Standard-risk patients are defined as those over 
the age of 3 years with ≤1.5  cm2 of residual 
disease following surgery and no metastatic 
disease (grossly or in CSF). All others are 

considered high-risk. Recently, the COG has 
updated the risk stratification for protocols to 
specify for frankly anaplastic/large cell his-
tologies, which tend to have poorer outcomes 
compared to classic and desmoplastic histolo-
gies (Packer et  al. 2006; Brown et  al. 2000). 
Children with anaplastic/large cell tumors are 
considered “other than average risk” and are 
treated per the high-risk protocols. Multiple 
studies utilizing gene expression profiles to 
characterize medulloblastoma have been pub-
lished over the past decade, demonstrating that 
histologically similar tumors can frequently 
be divided into four distinct molecular sub-
groups with significantly different progno-
ses (Northcott et  al. 2011; Jones et  al. 2012; 
Remke et al. 2011; Cho et al. 2011). The four 
groups include WNT (wingless), SHH (sonic 
hedgehog), Group 3, and Group 4. Improved 
understanding of the molecular nature of 
medulloblastoma is rapidly improving our abil-
ity to classify failure risk and it is likely that in 
the near future a revised classification system 
for medulloblastoma will incorporate molecu-
lar stratification. Institutional trials, such as the 
St. Jude SJMB12 protocol, have already begun 
to use these groups to tailor radiation dose, and 
discussions regarding the next COG trial for 
medulloblastoma have proposed modification 
based on molecular classification.

At present, standard-risk medulloblastoma 
patients receive 23.4 Gy to the craniospinal axis 
followed by a boost to the posterior fossa or 
tumor bed to a total dose of 54 Gy. This is usually 
started within 31 days of surgery, given 
concurrently with weekly vincristine, and 
followed by maintenance chemotherapy 
(cisplatin, lomustine, vincristine) after radiation. 
For standard-risk disease, the disease-free 
survival (DFS) of children treated with 
chemotherapy and radiation is in excess of 80% 
(Packer et al. 2006). The need to treat the entire 
posterior fossa versus just the involved-field 
tumor resection bed during the boost portion of 
RT is currently being explored in the recently 
closed COG ACNS0331 study. This study 
randomized children to receive boosts to the 
posterior fossa or involved-field in a 1:1 ratio, 
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and the results should be forthcoming. Off study, 
it is the practice of many centers to treat just the 
involved-field with a boost, based on three single 
institution studies that showed no increase in PF 
failures using this technique (Wolden et al. 2003; 
Douglas et  al. 2004; Merchant et  al. 1999). In 
addition to randomizing patients to involved-field 
versus posterior fossa boost volumes, ACNS0331 
also randomized children <8 years of age with 
standard-risk medulloblastoma to reduced-dose 
CSI of 18 Gy versus the standard 23.4 Gy. The 
use of 18 Gy stems from favorable results of a 
limited series at Children’s Hospital of 
Philadelphia that demonstrated comparable long-
term outcomes and improved neurocognitive 
results for young children (Goldwein et al. 1996; 
Packer et  al. 1999). Currently, 23.4  Gy still 
represents the standard for care for children with 
average risk medulloblastoma, but results from 
the ACNS0331 may show that a reduction in cra-
niospinal dose is possible in younger patients. 
Though this study has only been presented in 
abstract form, initial results show equivalence for 
treatment of the involved field versus treatment 
of whole posterior fossa. Unofrtunately, 18 CSI 
was inferior compared with 23.4 CSI (J 
Michalski, ASTRO 2016).

For high-risk patients or “other than average 
risk” medulloblastoma, the craniospinal dose is 
increased to 36  Gy and, in the recently closed 
COG study ACNS0332, patients were randomized 
to weekly vincristine +/− daily carboplatin as a 
potential radiosensitizing agent. The entire PF 
was treated with a boost to 55.8 Gy, though 54 Gy 
is routinely used off study. Children with 
metastases receive 55.8  Gy to intracranial sites 
and 45–50.4  Gy to spinal sites, depending on 
whether these sites are above or below the 
terminus of the spinal cord. For diffusely involved 
spinal cord lesions (radiographically visible 
lesions in ≥3 of 4 spinal cord sections) the entire 
cord may be treated to 39.6 Gy. ACNS0332 also 
included maintenance chemotherapy with 
cisplatin, cyclophosphamide, and vincristine and 
children were randomized to receive posttreatment 
isotretinoin. Survival rates for high-risk disease 
are approximately 50–70% (Tarbell et al. 2013; 
Zeltzer et al. 1999). Children with standard-risk 

disease and anaplastic histology have a slightly 
improved DFS of approximately 73% (Packer 
et al. 2006).

Radiation treatment volumes include the 
entire brain and spine for the CSI treatments. 
Special attention should be paid in the brain to 
coverage of the cribriform plate, posterior orbits, 
and internal auditory canals, all of which can har-
bor microscopic disease outside of the cranium. 
In the spine, a margin of approximately one ver-
tebral body below the end of thecal sac, typically 
located at S2/S3, should be given. An MRI may 
be useful for confirming thecal sac termina-
tion. 3D conformal photon techniques are stan-
dard for the CSI portion, but do deliver excess 
radiation to the esophagus, thyroid, heart, bone 
marrow, ovaries, and bowel. The use of IMRT 
or Volumetric Modulated Arc Therapy (VMAT) 
can decrease the heart and bone marrow dose but 
leads to increased lung and kidney doses, as well 
as an increase in total volume irradiated, which 
can increase the risk for secondary malignancies 
(Brodin et al. 2011; St Clair et al. 2004; Lomax 
et  al. 1999). Proton therapy is being used with 
increasing frequency in CSI treatments, as the 
absence of exit dose spares the thyroid, heart, 
lungs, abdominal organs, and gonads from 
radiation.

For the boost component, the posterior fossa 
volume extends from the tentorium superiorly to 
C1 inferiorly. Laterally the posterior fossa 
volume includes the entire cerebellum and 
extends to the bony occiput and anteriorly this 
volume includes the brainstem and lower 
midbrain. For involved-field treatment, the 
volume should include the tumor bed (paying 
close attention to any presurgery extension into 
the foramen of Luschka) and any residual gross 
disease. The volume should also account for 
anatomical shifts following surgery, as 
re-expansion of compressed cerebellum occurs 
following surgery. A margin of 0.5–1.5  cm is 
typically added to the tumor bed, depending on 
the method of daily image localization and the 
invasive characteristics of the tumor. Again, 
conformal techniques such as IMRT and VMAT 
used during the boost can reduce dose to critical 
structures such as the cochlea, hypothalamus, 
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and temporal lobes. Further dose reductions to 
these structures can be achieved with proton 
therapy and there is now clinical data to suggest 
that use of proton therapy may translate to 
improved cognitive and endocrine outcomes 
(Eaton et al).

3.7  Supratentorial Primitive 
Neuroectodermal Tumors

Supratentorial primitive neuroectodermal 
tumors (PNETs) are, by definition, small round 
blue cell tumors that occur within the supra-
tentorial brain. The incidence is less than that 
of medulloblastoma, comprising 2–3% of pri-
mary brain tumors versus 20% for medullo-
blastoma (Gaffney et al. 1985). The metastatic 
rate for SPNET is similar to medulloblastoma, 
but these tumors portend a worse prognosis 
with increased local failure compared to their 
medulloblastoma counterparts (Timmermann 
et al. 2002; Reddy et al. 2000). The 5-year PFS 
ranges from 37 to 48%, although patients with 
pineoblastomas and patients without  metastatic 
disease have slightly better outcomes (Jakacki 
1999; Jakacki et  al. 1995; Cohen et  al. 1995; 
Reddy et  al. 2000; Timmermann et  al. 2002). 
Treatment algorithms are similar to medullo-
blastoma, with maximal resection as the initial 
intervention, followed by craniospinal radia-
tion and chemotherapy. Because of the 
increased rate of disease recurrence, all chil-
dren who present with SPNET are considered 
“high-risk” and are treated as such on the high-
risk COG medulloblastoma/PNET protocols 
(currently ACNS0332 and ACNS0334). As in 
medulloblastoma, children <3 years of age 
with SPNET have been treated without radia-
tion therapy but have had dismal outcomes and 
focal radiation should be strongly considered 
for children under the age of three 
(Timmermann et al. 2006; Jakacki et al. 1995; 
Duffner et al. 1995). Due to the rarity of these 
tumors, SPNET specific radiation recommen-
dations do not exist and treatments are the 
same as for high-risk medulloblastoma, with 

36 Gy CSI and a 54 Gy boost to the resection 
bed.

3.8  Craniopharyngioma

Craniopharyngiomas are benign tumors of 
epithelial origin arising from the suprasellar 
region, believed to be remnants of Rathke’s 
pouch. The role of RT in craniopharyngioma 
is controversial and management decisions 
depend heavily on endocrine status and tumor 
size and extent. Survival in children with cra-
niopharyngioma is excellent and therefore 
treatment options focus heavily on the pres-
ervation of quality of life. Surgical excision 
is often curative if gross total resection can be 
achieved, but craniopharyngiomas are highly 
adherent tumors and arise in close proximity 
to the brainstem, hypothalamus, optic chi-
asm and nerves, and critical vascular struc-
tures. Local control at 10 years following 
radiographically confirmed gross total resec-
tion can be as high as 80%; however, radio-
graphic gross total resection is only achieved 
in 50–80% of attempts (Hoffman et al. 1992; 
Fahlbusch et  al. 1999; De Vile et  al. 1996; 
Stripp et al. 2004). The risk of endocrine defi-
cits, cognitive dysfunction, visual deficits, 
and hypothalamic obesity following surgery 
rises significantly as the extent of resection 
increases and, therefore, a limited surgical 
approach with postoperative RT has been 
adopted at most pediatric centers.

Cyst decompression (which improves the 
tumor geometry allowing for smaller radiation 
fields) with endoscopic biopsy or partial resection 
followed by radiation therapy has led to excellent 
results in children. With limited resection and RT, 
PFS ranges between 80 and 90% (Fitzek et  al. 
2006; Regine and Kramer 1992; Merchant et al. 
2013; Rajan et al. 1993; Hetelekidis et al. 1993). 
Toxicity following combined modality treatment 
is favorable. In the Boston Children’s Hospital 
and Joint Center review of 20-year outcomes for 
15 children treated with surgery alone and 37 
children treated with limited surgery and RT, the 
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incidence of visual loss and diabetes insipidus 
was significantly lower for the combined 
modality arm (Hetelekidis et al. 1993). Similarly, 
the St. Jude experience for craniopharyngioma 
found that the surgery alone cohort experienced 
more frequent neurologic, visual, and endocrine 
effects than the surgery and RT patients and that 
the full scale IQ loss was larger (a mean of 9.8 
points lost for surgery alone vs. 1.3 points for 
surgery plus RT, P  <  0.06) (Merchant et  al. 
2002b). Finally, compared to surgery plus RT, 
memory, problem solving, and performance IQ 
scores have been found to be lower with surgery 
alone in pediatric and adult cohorts (Carpentieri 
et al. 2001; Cavazzuti et al. 1983; Clopper et al. 
1977).

The radiation target volume for craniopharyn-
giomas should include both solid and cystic 
components as well as any area of the brain in 
contact with the tumor or tumor cyst prior to sur-
gical resection. Doses of 50.4–54  Gy at daily 
fractions of 1.8  Gy are recommended. Some 
series have used higher doses of radiation, but 
due to concerns for optic structure tolerance and 
lack of convincing evidence that an increased 
dose provides greater tumor control, higher 
doses are not generally recommended. During 

radiation, the re-accumulation of fluid in existing 
cysts may occur and therefore re-imaging with 
cone beam CT or a T2-weighted non-contrast 
MRI every 7–14 days for monitoring should be 
considered.

Various radiation techniques, including 
IMRT, Fractionated Stereotactic Radiation 
Therapy (FSRT), VMAT, SRS, and Gamma 
Knife (GK), have all been used with good suc-
cess. The choice between fractionated tech-
niques such as IMRT and VMAT versus single 
fraction treatment with SRS or GK depends on 
the initial extent of tumor and proximity of 
residual tumor to critical structures such as the 
brainstem, optic chiasm and optic nerves. Proton 
therapy, either with passively scattered 3D tech-
niques or Intensity-Modulated Proton Therapy 
(IMPT), has been used with increasing fre-
quency in pediatric craniopharyngiomas requir-
ing fractionated treatment, due to the ability to 
reduce dose to the temporal lobes, hippocampi, 
and surrounding vasculature compared to pho-
ton techniques (Boehling et al. 2012). Figure 3.4 
shows a proton beam scanning plan for 
craniopharyngioma.

3.9  Atypical Teratoid Rhabdoid 
Tumor

Atypical teratoid/rhabdoid (AT/RT) tumors are 
rare malignant embryonal tumors of the CNS, 
which primarily affect children less than 5 years 
of age. Although they account for less than 5% of 
all pediatric CNS tumors, it has been estimated 
that up to 20% of malignant CNS tumors 
diagnosed in patients 3 years and younger are AT/
RTs (Packer et  al. 2002). These tumors are 
aggressive and are associated with a poor 
prognosis, with median survivals historically 
ranging between 6 and 12 months (Burger et al. 
1998).

Because of the rarity of this tumor and its pre-
dominant presentation in younger children, there 
is ongoing controversy regarding the optimal 
treatment for this disease. Substantial evidence 
supports the importance of a maximal safe resec-
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Fig. 3.4 Proton scanning beam plan for a craniopharyn-
gioma
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tion, which is prognostic for OS (Hilden et  al. 
2004; Zimmerman et al. 2005). The role of che-
motherapy has been studied extensively and 
appears to provide a benefit (Gardner et al. 2008). 
In the past, RT was avoided or delayed for the 
treatment of AT/RT, because it was believed that 
any possible benefits were far outweighed by the 
late toxicities of this modality in young children 
(Duffner et al. 1993). However, more recent data 
has suggested that early RT can significantly 
increase local control and prolong OS, even in 
very young patients (McGovern et al. 2014; Chi 
et  al. 2009; Squire et  al. 2007; De Amorim 
Bernstein et al. 2013). In parallel, the emergence 
of newer RT modalities, such as proton therapy, 
has facilitated the treatment of younger children 
with significantly less exposure of normal tissues 
to RT. As such, the role of RT in the treatment of 
AT/RT is evolving, and it likely will play a more 
prominent role in the adjuvant treatment regimen 
for these tumors, regardless of patient age.

AT/RTs primarily are composed of rhabdoid 
cells, and often they contain areas that closely 
resemble classical primitive neuroectodermal 
tumors (Kleihues et  al. 2002). As a result, it is 
thought that many cases of AT/RT were 
misdiagnosed as medulloblastomas, especially in 
younger patients (Rorke et  al. 1996). The 
discovery that nearly all AT/RTs have a deletion 
or mutation in the hSNF5/INI1 gene, which is not 
typically seen in medulloblastoma/PNET, has 
significantly aided in the distinction between 
these two tumor types (Haberler et  al. 2006). 
Immunohistochemical staining for INI1 is now 
commonly performed to confirm the diagnosis of 
AT/RT, which has led to an increase in the 
identification of cases at first diagnosis. 
Approximately two-thirds of AT/RTs present in 
the posterior fossa, with other locations including 
the cerebral hemispheres and the spine (Hilden 
et al. 1998). Up to one-third of patients present 
with neuraxis dissemination at diagnosis (Hilden 
et al. 2004).

Similar to the case for medulloblastoma, there 
are two rationales for including RT in the adjuvant 
treatment regimen for AT/RT: (1) to prevent local 
recurrence at the primary site and (2) to prevent 
leptomeningeal spread of occult, microscopic 

disease that may be present at initial diagnosis. In 
both cases, the decision to offer RT is balanced 
against the toxicities of CNS RT exposure in very 
young children. This issue, coupled with the 
rarity of these tumors and the consequent lack of 
randomized trials to guide treatment, has resulted 
in substantial controversy regarding the use of 
RT for this disease. Further complicating the 
matter is the finding that AT/RTs are resistant to 
many conventional chemotherapy regimens used 
to treat other CNS tumors. Analysis of 
misclassified AT/RT cases treated on PNET/
medulloblastoma and other Pediatric Oncology 
Group (POG) protocols revealed an extremely 
poor response rate to traditional chemotherapy 
regimens, including even “eight-in-one” intensive 
strategies (Burger et al. 1998). These findings led 
to the testing of even more intensive regimens, 
which typically incorporated intrathecal 
chemotherapy, and some of which reserved RT 
only for recurrent disease (Gardner et  al. 2008; 
Zaky et al. 2014; Zimmerman et al. 2005; Olson 
et al. 1995).

In parallel, emerging evidence at the time sug-
gested a compelling association between the use 
of up-front RT and long-term AT/RT survivors, 
even in very young children. In the AT/RT regis-
try created by Hilden et al., 8 of the 13 patients 
with a durable response to therapy were treated 
with RT as part of the treatment regimen (Hilden 
et al. 2004). A review of AT/RT patients treated at 
the St. Jude’s Children’s Research Hospital by 
Tekautz et al. revealed only two long-term survi-
vors, both of whom received up-front RT (Tekautz 
et al. 2005). In this particular study, 1-year EFS 
and 2-year OS in AT/RT patients treated with 
chemotherapy alone were 0% and 12%, respec-
tively. This compared with 90% 2-year PFS and 
OS rates for those treated with chemotherapy and 
RT.  A retrospective study of AT/RT patients 
treated at the Taipai Veterans General Hospital in 
Taiwan found a statistically significant correla-
tion between delays in RT and adverse patient 
outcomes. Two Surveillance Epidemiology and 
End Results (SEER)-based studies also revealed 
statistically significant links between OS and RT 
in AT/RT patients younger than 3 years old 
(Buscariollo et  al. 2012; Bishop et  al. 2012). 
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More recently, initial results from AT/RT patients 
treated with proton-based RT modalities have 
been reported. Bernstein et  al. reported on the 
Massachusetts General Hospital (MGH) experi-
ence with ten consecutive patients (De Amorim 
Bernstein et  al. 2013), and McGovern et  al. 
reported on the results of 31 patients treated at 
the MD Anderson Cancer Center (MDACC) 
(McGovern et  al. 2014). Both studies utilized 
proton-based RT; selected patients received 
involved-field RT (IFRT) versus CSI, and the 
majority of patients were under 3 years of age. 
These studies were notable for acceptable rates 
of toxicity and favorable responses. In particular, 
the MDACC study reported a median PFS of 20.8 
months and a median OS of 34.3 months, which 
are promising in comparison to historic results 
(McGovern et al. 2014).

Based on the promising results above, which 
suggest that RT can improve EFS and OS, RT 
was made a backbone of the ongoing non-ran-
domized Phase III COG trial for AT/RT 
(ACNS0333; NCT00653068). In this trial, 
patients initially undergo resection followed by 
induction chemotherapy with a stem cell harvest, 
and they are then stratified into two groups of 
patients: (1) younger patients with localized 
disease (M0) in which chemotherapy to delay RT 
is desired, or patients in which disease is 
disseminated (M+) and up-front intensive 
chemotherapy is indicated, and (2) older M0 
patients in whom focal RT can be given with 
acceptable late toxicities. Both groups are 
allowed a second-look surgery. The age cutoffs to 
define younger patients are <6 months and <12 
months for infratentorial and supratentorial 
tumors, respectively. Group 1 patients move on 
directly to consolidation chemotherapy and stem 
cell rescue, followed by RT.  Group 2 patients 
move on to focal RT followed by chemotherapy 
and stem cell rescue. CSI is not mandated in this 
study.

Despite a growing momentum towardsw the 
incorporation of RT into the up-front setting for 
AT/RT, the optimal RT treatment volumes and 
doses remain undefined. Burger et  al. reviewed 
AT/RT patterns of relapse in 52 cases, and noted 
24 cases of primary site only relapses, and 9 

cases of combined local and craniospinal (distant) 
relapses (Burger et al. 1998). Similar results were 
observed in the St. Jude’s Children’s Research 
Hospital experience (Tekautz et  al. 2005). 
Although these results highlight a clear role for 
focal RT to the primary site, another study 
reviewed 52 AT/RT cases and found that 
approximately 34% of them presented with 
leptomeningeal dissemination based on imaging 
or CSF analysis (Rorke et  al. 1996). The latter 
study suggests that these tumors have a 
predilection for early seeding of the neuraxis, in 
a manner similar to that observed in 
medulloblastoma. The decision to utilize CSI as 
part of the RT approach is highly dependent on 
the age of the patient, the stage of the disease, and 
institutional preferences. Further studies are 
needed to determine whether focal RT will be 
equal to CSI in terms of disease control for AT/
RT.  RT doses largely have been extrapolated 
from medulloblastoma. In ACNS0333, M0 
patients are treated with between 50.4 and 54 Gy 
to the primary site without CSI depending on 
age. Patients with M+ disease who are 3 years of 
age or younger receive a CSI dose of 23.4  Gy, 
followed by a primary boost to 50.4 Gy. Patients 
older than 3 years of age are treated with 36 Gy 
CSI followed by a primary site boost to 54 Gy. 
However, as noted earlier, the decision to treat 
M+ patients with CSI is left to the discretion of 
the treating radiation oncologist. Also discussed 
earlier, proton therapy is of great interest for the 
treatment of AT/RT because of the relatively 
young age at disease presentation (De Amorim 
Bernstein et al. 2013; McGovern et al. 2014). The 
benefits of this modality apply to both CSI and 
focal RT to the primary site, as in both cases 
substantial sparing of normal tissue can be 
achieved.

3.10  Choroid Plexus Tumors

Choroid plexus tumors are rare neoplasms in the 
CNS; they account for less than 1% of all brain 
tumors. As such, there is a paucity of large-scale 
clinical trials specifically addressing the most 
optimal treatment regimen for this disease. 
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Clinical decisions thus have been primarily based 
on data from institutional series and literature 
reviews. While surgical resection is considered 
standard as the first and most important 
intervention, there is continued controversy 
regarding the roles of adjuvant chemotherapy and 
radiotherapy for the treatment of this disease.

Choroid plexus tumors are classified by the 
WHO into three categories: choroid plexus 
papilloma (CPP; grade I), atypical CPP (grade 
II), and choroid plexus carcinoma (CPC; grade 
III) (Louis et  al. 2007). As expected, CPCs are 
the most aggressive tumors among the choroid 
neoplasms, with 5-year OS rates ranging between 
20 and 40% (Berger et al. 1998). The majority of 
choroid plexus tumors develop in childhood 
(over 70%). In the pediatric population, these 
tumors most commonly arise in the lateral 
ventricles, followed by the fourth ventricle, and 
the third ventricle (approximately 80%, 15% and 
5%, respectively) (Thompson et al. 1973).

There has been only one randomized trial 
completed for choroid plexus tumors, the 
International Society of Paediatric Oncology 
(SIOP) trial CPT-SIOP-2000. This study 
evaluated specific treatment regimens for CPPs, 
atypical CPPs, and CPCs, and it included 
localized and metastatic disease in both children 
and adults. Initial results from the atypical CPP 
group were reported, which suggested a favorable 
response to chemotherapy (Wrede et  al. 2009). 
Local RT or CSI for CPP tumors typically was 
reserved only for progressive disease that could 
not be addressed with a re-resection or 
chemotherapy, and these decisions were also 
guided by patient age. However, radiotherapy 
was an integral part of the treatment regimen for 
CPCs in this protocol. Patients with either 
localized or metastatic CPC first underwent a 
maximal possible resection, followed by 2 cycles 
of chemotherapy. All patients over the age of 3 
years with either a complete response or partial 
response/stable disease then received CSI with a 
primary site RT boost, followed by additional 
chemotherapy. Younger patients received 
additional chemotherapy in an effort to either 
delay or to exclude RT.  More recently, CPT-
SIOP-2009 has been initiated, which also 

includes RT in subsets of patients with choroid 
plexus tumors, based on age, histology, staging, 
and response to chemotherapy (NCT01014767). 
While there are no published data regarding the 
efficacy of RT from these SIOP trials to date, 
they highlight the important role of this modality 
in the treatment of choroid plexus tumors.

Wolff et  al. published results from a meta-
analysis of 566 patients; these results provided 
compelling evidence for the role of RT in the 
treatment of CPCs (Wolff et  al. 1999, 2002). 
Although this study included adult patients, the 
majority of the subjects were children, with a 
mean age at diagnosis of 3.5 years. This study 
demonstrated a statistically significant OS benefit 
in CPC patients who received postoperative RT 
versus those who did not. This benefit was 
observed in patients who received a gross total 
resection, and also in the setting of residual 
disease (Wolff et  al. 1999, 2002). Of note, this 
study did not distinguish patients who received 
RT alone versus RT and chemotherapy. More 
recently, however, another group reported a 
systematic review to assess the effects of 
chemotherapy and RT on OS for patients with 
CPC, focusing specifically on pediatric tumors 
(Sun et  al. 2014). This study demonstrated 
improved OS with chemotherapy alone, and also 
with combined chemotherapy and RT, but not 
with RT alone. Interestingly, a multivariate Cox 
regression analysis indicated that combined 
chemotherapy and RT provided the greatest OS, 
but the Kaplan-Meier OS curves overlapped. 
Both studies suffer from the limitations associated 
with literature reviews, but they are nonetheless 
notable for an OS benefit associated with the 
addition of RT to the adjuvant treatment regimen.

The optimal RT fields for CPC remain contro-
versial, with some practitioners advocating IFRT, 
WBRT, or CSI.  Mazloom et  al. recently per-
formed a comprehensive literature review to 
determine the most effective RT fields for the 
treatment of CPC (Mazloom et al. 2010). A total 
of 56 patients were identified from 33 articles 
with sufficient information regarding the type of 
radiation fields and the treatment outcome. 
Approximately 70% of the patients were treated 
with CSI, 15% received WBRT, and 15% received 
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a focal treatment to the tumor bed. The authors 
found that the use of CSI versus more localized 
RT had a statistically significant PFS benefit 
(5-year PFS was 44% vs. 15%, respectively). 
This also correlated with a significant increase in 
OS (5-year OS was 68% vs. 28%, respectively).

Consistent with the study discussed above and 
others (Fitzpatrick et  al. 2002), most major 
centers in the US recommend CSI as part of the 
adjuvant CPC treatment regimen for patients 3 
years and older. Chemotherapy-based strategies 
to delay RT are recommended for younger 
patients, although some institutions also treat 
younger patients with CSI, recognizing the 
aggressive nature of the disease. It should be 
noted once again that due to the rarity of this 
disease, there is no clear consensus on the optimal 
RT fields and doses for CPC.  The CSI dose 
typically is 36 Gy with a boost to the primary site 
of 18 Gy (54 Gy total), and CSI doses have been 
reduced to 23.4  Gy for younger patients. A 
standard CSI technique and primary site boost is 
utilized for CPC, as described for other posterior 
fossa tumors presented earlier. Exceptions to the 
use of RT for CPC in patients 3 years and older 
may include Li-Fraumeni Syndrome (LFS) 
patients. LFS often is caused by a TP53 mutation, 
and it has been associated with CPCs. TP53 
mutations can induce radioresistance, and one 
recent study suggested a detrimental effect on OS 
in a small series of LFS patients with CPC who 
received RT as part of their treatment regimen 
(Bahar et al. 2015). However, further studies are 
needed to confirm this association.

3.11  Supratentorial High-Grade 
Glioma

Approximately 6% of pediatric brain tumors are 
comprised of supratentorial high-grade gliomas. 
As in the adult setting, high-grade gliomas are 
devastating, aggressive tumors in children. The 
5-year OS for children with these tumors ranges 
between 15 and 30% and has not improved over 
the last 3 decades (Cohen et al. 2011b). It is well 
established that a maximally safe resection is the 
most important first step in the management of 

these tumors, and studies have demonstrated a 
direct correlation between the extent of resection 
and outcomes, specifically in the pediatric 
population (Finlay et  al. 1995). RT is the 
backbone of adjuvant treatment for pediatric 
high-grade glioma, at least in patients 3 years and 
older. The rationale is that microscopic disease is 
found well beyond the resection cavities of gross 
totally resected tumors, such that locoregional 
control with RT is needed to prevent tumor 
recurrence. The role of chemotherapy in pediatric 
high-grade glioma is less well-defined, but 
nonetheless remains important in the adjuvant 
setting. While concurrent and adjuvant 
temozolomide chemotherapy is part of the 
standard of care in adult GBM, it appears to have 
less of a benefit in pediatric high-grade gliomas 
(Cohen et  al. 2011b). Numerous experimental 
agents have been tested either concurrently with 
RT or adjuvantly, but they have not yielded any 
benefits in OS. Thus, better therapies are needed 
to treat pediatric high-grade gliomas.

The term high-grade glioma often is used syn-
onymously with malignant gliomas, and it 
includes WHO grade III (most commonly 
anaplastic astrocytoma) and grade IV 
(glioblastoma multiforme) tumors (Louis et  al. 
2007). These tumors appear as centrally necrotic, 
contrast-enhancing lesions on T1 imaging 
sequences and are accompanied by surrounding 
abnormal T2 signal changes representing a mix 
of edema and microscopic disease. The majority 
of supratentorial gliomas present in the cerebral 
hemispheres, although 20–30% can present in 
other structures, such as the thalamus and basal 
ganglia (Kramm et  al. 2011). In contrast to 
medulloblastomas and other “seeding” tumors, 
leptomeningeal spread of disease is not common 
in pediatric high-grade gliomas. As such, current 
therapies are directed at aggressive local control, 
which is discussed further below.

The addition of chemotherapy to RT showed 
great promise for pediatric high-grade gliomas in 
early clinical trials, such as CCG-943, which 
tested the addition of vincristine concurrently 
with RT followed by adjuvant prednisone, lomus-
tine, and vincristine (pCV) (Finlay et al. 1995). 
This trial reported impressive, statistically sig-
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nificant 5-year EFS of 46% with the addition of 
chemotherapy to RT, versus 5-year EFS of 18% 
with RT alone. However, it is likely that many 
patients in this study actually had low-grade glio-
mas, which may have skewed the results (Finlay 
and Zacharoulis 2005). CCG-945 then tested 
whether intensification of chemotherapy could 
increase treatment efficacy in addition to RT, and 
it tested the CCG-9545 chemotherapy regimen 
versus an “8-in-1” chemotherapy regimen (Finlay 
et  al. 1995). The latter regimen was not better 
with regard to EFS or OS, and most importantly 
the former regimen was nearly half as efficacious 
as shown previously in CCG-943; the use of 
pCV-based chemotherapy had a 5-year PFS of 
26% in CCG-945, versus the aforementioned 
5-year EFS of 46% in CCG-943. This further 
highlighted the possibility that the results of 
CCG-943 were confounded by the inclusion of 
lower grade tumors. Indeed, a central pathology 
review of CCG-945 patients revealed that approx-
imately 30% of cases classified as high-grade 
tumors were actually lower grade histologies 
(Batra et al. 2014; Pollack et al. 2003). Attempts 
were then made to intensify chemotherapy prior 
to RT as in CCG 9933 (MacDonald et al. 2005). 
In this trial, approximately 42% of patients pro-
gressed before the initiation of RT, and over 20% 
of patients were unable to proceed to RT.

The current standard of care for adult GBM is 
resection followed by RT with concurrent and 
adjuvant temozolomide, based on the results of a 
randomized, Phase III trial published by Stupp 
et  al. in 2005. Temozolomide is orally 
administered and well tolerated, and thus there 
was great hope that it would show efficacy in 
children with malignant gliomas. ACNS0126 
tested this hypothesis, although unlike the “Stupp 
trial,” it was a Phase II trial testing the efficacy of 
RT and temozolomide in children (Cohen et al. 
2011b). This trial unfortunately was negative, as 
the addition of temozolomide to RT showed no 
benefit to historical controls. However, it should 
be noted that the data from ACNS0126 was 
compared to data from CCG-945, which also 
tested chemotherapy with RT. Thus, ACNS0126 
did not necessarily disprove the benefit of adding 
chemotherapy to the treatment regimen in 

children with malignant gliomas. Indeed, many 
practitioners continue to treat pediatric patients 
with RT and temozolomide off-protocol when 
there are no clinical trials available for enrollment 
(Fangusaro and Warren 2013).

Many other novel systemic agents have been 
tested with RT, either concurrently or in the 
adjuvant setting, but unfortunately with limited 
success (reviewed in (Fangusaro 2012)). Many of 
these agents were tested based on evidence of 
efficacy from adult GBM studies. However, we 
now understand that pediatric malignant gliomas 
are genetically unique tumors when compared to 
their adult counterparts (Huse and Rosenblum 
2015). This critical finding suggests an 
opportunity may exist to develop novel therapies 
for pediatric gliomas in the future. Nonetheless, a 
common theme in the trials presented above is 
the importance of RT as the backbone of the 
adjuvant treatment regimen for this tumor, which 
will be discussed further below.

There are three key aspects of RT delivery 
for supratentorial malignant gliomas that have 
evolved over time, and that have largely been 
extrapolated from the adult setting: (1)  delineation 
of the volumes for treatment, (2) selection of 
the most appropriate RT dose, and (3) determi-
nation of the most optimal fractionation regi-
mens. Each topic is discussed in greater detail 
below.

The primary GTV (GTV1) typically is defined 
as the resection bed, gross residual tumor as seen 
on gadolinium-enhanced T1 and/or T2 MRI 
sequences, and also any other suspicious abnor-
malities seen on the T2 MRI sequences. A pri-
mary CTV (CTV1) is then defined based on an 
anatomically confined 2-cm expansion off this 
GTV. The corresponding primary planning target 
volume (PTV1) typically is defined as CTV1 
plus 0.3–0.5 cm, depending on the image-guided 
RT protocols at the treating institution. This vol-
ume is taken to 54 Gy in 1.80 Gy fractions. A 
second GTV (GTV2) is defined that can be lim-
ited to the postoperative bed alone, any residual 
tumor, or which is identical to GTV1 if this ini-
tial volume is considered small. CTV2 typically 
is delineated by a smaller expansion off GTV2, 
typically in the range of 0.5–1 cm, followed by a 
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0.3–0.5 cm expansion for PTV2. This volume is 
referred to as “the boost” or “cone-down,” and it 
is taken to 5940 cGy. This approach is most com-
monly used in COG protocols, and bears resem-
blance to the Radiation Therapy Oncology 
Group (RTOG)-based protocols for target delin-
eation in adult GBM. One key difference is that 
the RTOG-based approach for adult GBM 
involves an initial volume that is taken to 46 Gy, 
followed by a boost to 60 Gy, in 2 Gy fractions 
(Gilbert et al. 2014). In contrast, the RT guide-
lines in the Stupp trial specified a dose of 60 Gy 
to the postoperative bed and any enhancing dis-
ease seen on CT or MRI (Stupp et  al. 2009; 
Stupp et al. 2005). The rather large, 2 cm CTV 
expansion presented above is based on previous 
imaging and histologic studies in adult glioma, 
which suggest that microscopic glioma cells are 
found within this region beyond the resection 
cavity, typically within the surrounding edema 
seen on T2 sequences (Halperin et  al. 1989). 
Nonetheless, studies have shown that recur-
rences are almost universally in the central 
region of the original tumor site, or close to the 
resection cavity, despite high doses of RT to 
these areas (Wallner et al. 1989). Hyperfraction-
ation has been tested in pediatric gliomas with 
limited success (Fallai and Olmi 1997), and thus 
conventional fractionation is considered stan-
dard for this disease. Total doses above 60  Gy 
were tested in the adult setting for malignant 
glioma, either during the initial treatment or as 
an additional boost, but unfortunately they also 

did not yield any clear benefits (Biswas et  al. 
2009; Shrieve et al. 1999). Either 3D-conformal 
or IMRT-based RT planning is recommended in 
almost all cases, in order to reduce normal tissue 
exposure to radiation. An example of a case 
treated at our institution is shown in Fig.  3.5. 
This case is notable for considerable sparing of 
normal structures, including the brainstem, at 
higher RT doses.

3.12  Diffuse Intrinsic Pontine 
Glioma

Approximately 15–20% of pediatric CNS 
tumors arise in the brainstem, and 80% of them 
are diffuse intrinsic pontine gliomas (DIPGs) 
(Stiller and Nectoux 1994). Survival rates for 
this disease have been stagnant for over 30 
years, with a median survival of less than 1 year 
from diagnosis (Cohen et al. 2011b). DIPGs are 
considered surgically unresectable, and the 
diagnosis generally is made based on character-
istic findings on MRI combined with clinical 
presentation. In the past, it was considered that 
the risks of tumor biopsies outweighed the ben-
efits, since histologic confirmation rarely 
changed management for this disease. However, 
the discovery of unique mutations in DIPG sub-
sets, coupled with more advanced stereotactic 
biopsy techniques, has reignited the question of 
whether these interventions should be performed 
in newly diagnosed patients (MacDonald 2012). 

Fig. 3.5 Example of a highly conformal, intensity-mod-
ulated radiation therapy (IMRT)-based treatment plan for 
a pediatric supratentorial glioblastoma multiforme. The 

minimum doses shown are 3000, 4000 and 5000 cGy (left, 
middle, and right panels, respectively)
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RT is the only modality that appears to improve 
OS for this disease, with early studies indicating 
a doubling of OS with the addition of this modal-
ity in newly diagnosed patients (Langmoen et al. 
1991). In contrast, multiple conventional che-
motherapies and novel biologic agents have 
been tested in DIPG patients with no clear OS 
gains. A recent review reported 55 clinical trials 
since 1984 that tested novel therapies over RT 
alone, with no improvement in OS for DIPG 
(Jansen et al. 2012). Thus, additional approaches 
are desperately needed for this devastating 
disease.

Since biopsies have been relatively uncom-
mon to confirm the initial diagnosis of DIPG, 
most information about the histologies associ-
ated with this tumor type have been gleaned 
from autopsy specimens. The majority of DIPGs 
are fibrillary astrocytomas with varying degrees 
of higher-grade features, such as anaplasia 
and tumor necrosis (Schumacher et  al. 2007). 
As such, WHO grading ranges from II to IV, 
although the significance of these classifications 
has been questioned, because they do not nec-
essarily change prognosis (Grigsby et  al. 1989; 
 Laigle-Donadey et  al. 2008). More recently, 
there has been an explosion in our understanding 
of the molecular changes that underlie DIPGs. A 
wide range of novel gene mutations that are not 
observed in adult gliomas have been identified 
in subsets of DIPG tumors; these mutations are 
even distinct from those in pediatric supraten-
torial tumors (reviewed in (Morales La Madrid 
et  al. 2015)). These mutations are important 
because they suggest distinct molecular subtypes 
of DIPG, with clear differences in prognosis and 
possibly treatment response (Buczkowicz et  al. 
2014). Examples include the K27 M and G34R 
point mutations in the H3F3A gene, truncat-
ing mutations in the PPM1D gene, and activat-
ing mutations in the ACVR1 gene (Morales La 
Madrid et  al. 2015). As can be gleaned from 
the name, DIPG tumors arise in the pons, but 
they tend to extend directly into the midbrain, 
medulla, and the cerebellar peduncles (Grigsby 
et al. 1989). Of note, up to a third of patients may 

have leptomeningeal disease at the time of ini-
tial diagnosis (Buczkowicz et al. 2014; Donahue 
et al. 1998). These findings highlight an impor-
tant role for both locoregional disease control and 
prevention of distant disease relapse, therefore 
highlighting the important roles for both RT and 
systemic therapies, respectively, but additional 
targeted therapies likely will also be needed. The 
evidence supporting these modalities is discussed 
further below.

Brainstem tumors were treated with RT from 
the early 1940s onwards (Peirce and Bouchard 
1950). Jenkin et al. reported one of the first trials 
that tested the addition of chemotherapy to RT in 
1987. The addition of chemotherapy was associ-
ated with a dismal 5-year OS rate of 20%, which 
was not significant over RT alone (Jenkin et al. 
1987). CCG-9941 tested two different pre-irradi-
ation chemotherapy regimens, which also were 
negative when compared to historical series using 
RT alone (Jennings et al. 2002). More intensive, 
high-dose chemotherapy regimens were subse-
quently tested, but unfortunately they also failed 
to increase OS for this disease (Bouffet et  al. 
2000; Dunkel et al. 1998).

More recently, the ACNS0126 trial tested the 
role of temozolomide for DIPG, based on the 
promising results in the treatment of adult GBM 
as presented above (Cohen et al. 2011a). This was 
a Phase II trial in which patients received 59.4 Gy 
to the tumor with concurrent and adjuvant temo-
zolomide, which was essentially identical to the 
Stupp regimen for adult GBM (Stupp et al. 2009). 
There was great hope that this trial would yield 
positive results, as many practitioners were already 
prescribing this regimen by extrapolation from the 
adult GBM experience for the reasons described 
earlier. However, the 1-year EFS rate in ACNS0126 
was 14% for DIPG patients, which unfortunately 
was not superior to historical controls (Cohen 
et al. 2011a). Several other studies yielded similar 
results around this time, providing evidence that 
temozolomide does not have a role in the treat-
ment of DIPG (Rizzo et al. 2015; Chassot et al. 
2012; Jalali et al. 2010; Chiang et al. 2010).
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Many other novel systemic therapies have 
been tested in combination with RT, but 
unfortunately they also have not shown great 
success in the treatment of DIPG (reviewed in 
(Jansen et al. 2012)). A major concern regarding 
the use of systemic agents is whether they 
penetrate the blood–brain barrier (BBB), 
although to some degree RT may enhance 
permeability (Warren 2012). The common theme 
among these studies is that no additional 
intervention beyond RT has further improved 
survival for DIPG.  However, survival for this 
disease remains dismal, with 2-year OS rates in 
the range of 10% and lower. Thus, additional 
therapies are needed, but RT likely will continue 
to play an integral role in the management of this 
disease.

Similar to the case for supratentorial gliomas, 
there are several key aspects related to the use of 
RT to treat DIPG that have evolved over decades: 
(1) selection of the appropriate RT dose, (2) the 
role of altered fractionation schemes, and (3) 
definition of the most optimal treatment volumes. 
While DIPG is a relatively rare disease, and there 
are limited randomized data guiding treatments, 
it is important to note that these three aspects 
have been addressed in clinical trials and studies 
of limited patient series. Each topic is discussed 
in greater detail below.

The relatively high dose of RT for DIPG and 
other brainstem tumors was supported by Lee 
et al. in a study published in 1975, which looked 
at outcomes for infratentorial and supratentorial 
brain tumors treated with a range of RT doses 
(Lee 1975). Although the series was small (24 
patients), and it included both pediatric and adult 
patients, it was nonetheless informative because 
the authors found a striking dose threshold; zero 
of 11 patients treated with an RT dose of less than 
50 Gy were alive at 3 years, while 6 of 13 treated 
with >50 Gy were alive during this same time. A 
subsequent study by Kim et al. examined a larger 
group of brainstem tumors, and also found a 
trend for improved survival in patients treated 
with greater than 50 Gy of RT to the primary site 
(Kim et al. 1980).

Another related question was whether 
altered fractionation schemes would be more 
advantageous as a means to dose escalate while 
minimizing normal tissue toxicity for 
DIPG.  Initial studies testing 1  Gy twice daily 
fractions to 72  Gy were promising (Packer 
et al. 1993; Edwards et al. 1989). However, fur-
ther escalation up to 78 Gy in a similar manner 
suggested there was no clear benefit to this 
approach over conventionally fractionated RT 
regimens (Packer et  al. 1994; Freeman et  al. 
1993; Mandell et al. 1999). These data have led 
to a general consensus that outside of a clinical 
trial, a standard RT dose for DIPG is 54 Gy in 
1.8 or 2 Gy fractions. Most clinicians seek to 
start RT as soon as possible, after there is suf-
ficient evidence to make a DIPG diagnosis. 
Interestingly, a recent study reported no effect 
of the time from diagnosis to the start of RT on 
EFS or OS in children with DIPG (Pai 
Panandiker et al. 2014). In recent years, hypo-
fractionated RT regimens have also been pro-
posed for DIPG. In contrast to hyperfractionation 
as a means to dose escalate RT, these studies 
were designed to minimize the amount of time 
that patients spend receiving their actual treat-
ment, given the extremely poor OS for this dis-
ease. Results from these studies have suggested 
that this approach is similar in outcomes to con-
ventionally fractionated RT (Janssens et  al. 
2009; Janssens et  al. 2013; Zaghloul et  al. 
2014). However, this approach warrants con-
siderable pause and thought within our aca-
demic community, as it would essentially 
represent a palliative approach with no intent 
for a long-term cure.

As mentioned earlier, most DIPGs are local-
ized to the pons, but they extend radially in all 
directions. As such, a standard approach for 
volume delineation in the 3D treatment plan-
ning era is to contour the primary tumor as the 
GTV, followed by a 1  cm CTV expansion to 
account for microscopic disease. Gross tumor 
typically is identified as a T2- or FLAIR-based 
abnormality on the corresponding MRI 
sequence. A standard PTV margin is then 
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applied, which ranges between 0.3 and 0.5 cm 
based on institutional image-guided RT stan-
dards. Historically, these tumors were treated 
with parallel-opposed laterals using large treat-
ment portals (Freeman et  al. 1993). However, 
with the advent and relative ease of 3D confor-
mal- and IMRT-based approaches, many clini-
cians utilize these more sophisticated 
techniques for this disease. Indeed, these more 
conformal approaches can significantly reduce 
dose to the bilateral cochlea and temporal 
lobes. A side-by-side comparison of two such 
RT plans for a patient treated at our institution 
is shown in Fig. 3.6. The potential for late RT 
toxicities in this patient population may be less 
relevant given their poor overall survival, which 
may raise questions of whether more compli-
cated and expensive treatment modalities 
should be employed. However, there remains a 
small subset of patients who survive beyond 
1–2 years, either because they are true DIPG 
outliers, or they actually had a less aggressive 
tumor (that was never biopsied) (MacDonald 
2012). Thus, strong arguments can be made to 
treat DIPG patients with 3D conformal RT or 
IMRT, regardless of resource utilization 
concerns.

 Conclusions
The potentially curative applications of radiation 
therapy in pediatric tumors are often avoided due 
to the fear of severe late complications, and 
attempts have been made to omit radiation for 
young brain tumor patients, even in the face of 
substantially poorer outcomes. Although the late 
effects of radiation can lead to profound cogni-
tive and physical changes, advances in neuroim-
aging and radiation delivery have led to the 
ability to minimize the risk of late effects in 
many children. Smaller target volumes, radiation 
dose reduction with combined chemotherapy 
use, and more conformal radiation techniques 
now allow for children to receive localized treat-
ment with the expectation of a good quality of 
life for many patients. Therefore, delaying or 
omitting radiation is very reasonable to consider 
in selected patients, but physicians must weigh 
the consequence of tumor progression, addi-
tional chemotherapeutic agents and surgeries, 
and the possibility that radiation volumes and 
dose may increase at the time of eventual treat-
ment if initial radiation is deferred. Additional 
research is still needed to further decrease late 
side effects of therapy and improve disease out-
comes for children afflicted with brain tumors.

Fig. 3.6 Comparison of RT treatment plans utilizing opposed lateral fields versus IMRT for a DIPG. The minimum 
dose shown is 4600 cGy (blue shading) for to contrast the differences between the two approaches in these two panels
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Imaging Children with CNS Tumors

Julie H. Harreld

4.1 Introduction

Though many pediatric brain tumors are diag-
nosed by head computed tomography (CT) per-
formed for emergent indications such as vomiting, 
ataxia, or altered mental status, CT, even with 
intravenous contrast, is insufficient for tumor char-
acterization or metastasis detection. CT also car-
ries a low risk of radiation-induced secondary 
cancers; this risk increases with cumulative dose 
without a threshold effect (Miglioretti et al. 2013). 
Furthermore, the eye lens, which may be exposed 
to radiation with head CT, is sensitive to radiation-
induced cataract formation at doses as low as 
0.5  Sv (Fish et  al. 2011). Magnetic resonance 
imaging (MRI) offers far superior tissue contrast 
without radiation, and is therefore the gold-stan-
dard for diagnosis of central nervous system 
(CNS) tumors and metastases. As technology 
advances, MRI becomes increasingly important in 
diagnosing metastasis, since it detects leptomenin-
geal metastatic disease in up to 50% of those with 
false-negative cerebrospinal fluid (CSF) examina-
tion and better correlates with survival than CSF 
results (Maroldi et al. 2005; Terterov et al. 2010; 
Pang et al. 2008). MRI is particularly important in 
children with ependymomas, in whom CSF may 

be negative despite the presence of extensive lep-
tomeningeal involvement (Poltinnikov and 
Merchant 2006). It is therefore critical to optimize 
imaging for initial diagnosis and for detection of 
postsurgical resection residual tumor and lepto-
meningeal metastasis.

MRI, however, has its own challenges. MRI is 
more expensive and time-consuming than CT, and 
there may be significant technical variability in 
scans performed at different centers or on different 
equipment. Very young patients, and some older or 
apprehensive patients, require anesthesia in order 
to complete the scan and reduce motion degrada-
tion of the images. However, anesthesia can cause 
physiologic changes resulting in increased signal 
within the sulci on fluid-attenuated inversion 
recovery (FLAIR) imaging (Harreld et al. 2014), 
potentially mimicking or obscuring metastasis; 
recent awareness of potential long-term cognitive 
effects associated with early-childhood anesthesia 
(Sun 2010) drives the search for alternatives to 
anesthesia for motion control. Limitations on safe 
anesthesia time may also require minimizing the 
length of the MRI examination.

4.2  Brain Imaging Basics

Attention to certain basic principles can greatly 
enhance the utility of MR imaging in children 
with CNS tumors. Children are smaller than 
adults and have a much greater propensity than 
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adults to develop tumors prone to leptomeningeal 
(CSF) dissemination, requiring thinner slices 
(≤3–4  mm), no interslice “gap,” and smaller 
fields of view for improved resolution and detec-
tion for accurate risk stratification (Engelhard 
and Corsten 2005). Sequences and parameters 
should be chosen to increase conspicuity of 
enhancement and exploit innate tumor character-
istics, such as hypercellularity. Acquisition planes 
should be targeted to visualize tricky locations, 
and noncontributory sequences should be elimi-
nated to minimize scan time (Fig. 4.1).

Isotropic volumetric T1-weighted images 
(WI) with contrast (MPRAGE, SPACE, CUBE) 
provide excellent resolution of the brain, and in 
the sagittal plane provide optimal visualization of 
the anterior recesses of the third ventricle, a com-
mon site of metastasis. However, because volu-
metric sequences are highly susceptible to patient 
motion (Ida et al. 2014), it may be necessary to 

acquire sagittal 2D Spin Echo (SE) or gradient 
echo T1 post-contrast, with slice thick-
ness ≤ 3 mm and 0 gap to maximize detection of 
leptomeningeal metastasis.

T1 subtraction images are created at the MRI 
console by subtracting pre-contrast T1WI from 
post-contrast T1WI and therefore require no 
additional scan time, and are helpful for detecting 
subtle enhancement, and differentiating between 
T1 shortening from blood or mineralization and 
true enhancement (Ellingson et al. 2014).

Hypercellular tumors and metastases are seen 
very well on diffusion-weighted imaging (DWI), 
which has been found to be useful in imaging 
pediatric brain tumors such as medulloblas-
toma, atypical teratoid/rhabdoid tumors (ATRT), 
and other embryonal tumors (Koral et  al. 2014; 
Pierce et  al. 2014; Pierce and Provenzale 2014; 
Yamashita et al. 2009). Acquisition of at least two 
levels of diffusion weighting, known as b-values 

a b c
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Fig. 4.1 Manifestations of intracranial leptomeningeal 
metastasis (arrows). (a) Hypercellular medulloblastoma 
metastases on DWI; (b) spinal cord astrocytoma metasta-
ses in the anterior 3rd ventricle on sagittal 3D T1 + C; (c) 
nodular choroid plexus carcinoma metastases within the 

bilateral internal auditory canals on axial T1 + C; enhanc-
ing embryonal tumor (PNET) and non-enhancing lepto-
meningeal metastases on (d) axial T1  +  C and (e) 
FLAIR+C; (f) metastatic embryonal tumor within the 
CSF surrounding the optic nerves on subtracted T1 images
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(0 and 1000 are recommended), permits calcula-
tion of apparent diffusion coefficient (ADC) maps, 
increasing diagnostic confidence (Mukherjee et al. 
2008) (Fig. 4.1b).

Post-contrast fluid-attenuated inversion recov-
ery (FLAIR) is useful for tumor detection and is 
now a common sequence performable on any 
platform. FLAIR imaging has been shown to be 
particularly sensitive for the detection of intracra-
nial leptomeningeal metastasis (Kremer et  al. 
2006; Fukuoka et al. 2010; Griffiths et al. 2003). 
This is because gadolinium contrast is particularly 
bright on FLAIR, on which CSF in sulci is dark, 
accentuating conspicuity of enhancing leptomen-
ingeal metastasis (Mathews et al. 1999). Typical 
T2 hyperintensity of metastases may also contrib-
ute to lesion conspicuity on FLAIR imaging. Fat 
saturation may further enhance metastasis conspi-
cuity. Because delayed post-contrast FLAIR has 
been found to be more sensitive for metastasis 
detection (Kremer et al. 2006), it is recommended 
that FLAIR be performed last (Fig. 4.1e).

4.3  Spine Imaging Basics

Isolated spinal leptomeningeal metastasis of pri-
mary brain tumors, though infrequent, does 
occur (Perreault et al. 2014) and most children 
are asymptomatic (Bartels et  al. 2006); thus, 
adequate spine imaging surveillance is crucial. 
High-quality, thin-slice (≤3  mm, 0 gap) post-
contrast sagittal and axial T1WI without fat satu-
ration are a basic minimum for evaluation for 
potentially very small leptomeningeal metasta-
ses. Typical spin echo (SE) and fast/turbo spin-
echo (FSE, TSE) techniques are subject to 
significant CSF pulsation artifact, which can 
obscure or mimic metastasis, and should be 
avoided (Larsen et al. 1996; Lisanti et al. 2007). 
This limitation is overcome by the use of fast T1 
FLAIR, which shows significantly improved 
lesion-to-CSF contrast due to suppression of 
CSF, with similar acquisition times (Shah et al. 
2011). Both CSF artifact and scan time of axial 
imaging may be significantly decreased through 
the use of three-dimensional (3D) techniques 
(Siemens: VIBE; GE: LAVA; Philips: THRIVE) 
(Cho et  al. 2016). Detection of non-enhancing 

metastasis may be enhanced by the addition of 
sagittal myelographic T2-weighted images 
(CISS/FIESTA/FISP), and diffusion-weighted 
imaging may be a useful adjunct for detection of 
hypercellular metastases, as may be seen with 
embryonal tumors (Fig.  4.2). Optimally, initial 
MRI screening for spinal leptomeningeal metas-
tasis should be performed preoperatively due to 
the possibility of obscuration of metastases by 
postoperative sequelae, such as enhancing sub-
dural collections (Harreld et al. 2015; Warmuth-
Metz et al. 2004).

Diagnosis and follow-up for primary spinal 
cord tumors requires, at a minimum, pre- and 
post-contrast axial and sagittal thin slices 
(≤3 mm, 0 gap) through the level of the tumor, 
as well as specific imaging for leptomeningeal 
metastasis as above. Diffusion-weighted imag-
ing may be helpful for analysis of cellularity, 
and diffusion tensor imaging to assess for infil-
tration versus displacement of spinal tracts. 
Gradient echo images assist in detection of 
hemorrhage.

4.4  Advanced/Specialized/
Metabolic Imaging

4.4.1  Diffusion Tensor Imaging

In diffusion tensor imaging (DTI), directional 
diffusion gradients are applied to a T2-weighted 
(spin echo) echo-planar images (EPI) sequence 
before and after a 180° refocusing pulse. Water 
protons moving freely through these gradients 
acquire random spins and are thus dephased 
(unsynchronized), causing signal loss in voxels 
where water motion (diffusion) is significant. 
Conversely, stationary or slowly moving protons 
generate increased signal on diffusion-weighted 
images. The apparent diffusion coefficient (ADC) 
may be calculated from images acquired without 
and with a diffusion gradient and allows quantita-
tion of the displacement of water molecules over 
time (mm2/s) in a particular voxel (Mukherjee 
et al. 2008; McRobbie 2007).

In tissues, water mobility may be restricted by 
cell membranes, macromolecules, or decreased 
extracellular spaces. In such cases, signal on 
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diffusion-weighted imaging (DWI) is increased, 
and the ADC is decreased. Tumors with high cell 
density, such as embryonal tumors like medullo-
blastoma and ATRT, have decreased or “restricted” 
water diffusion and therefore appear bright on 
DWI and dark on the ADC map. This is in con-
trast to vasogenic/peritumoral edema, in which 
there is an accumulation of extracellular water 
due to blood–brain barrier breakdown or osmotic 
shifts, causing increased ADC and facilitating dif-
ferentiation from tumor (Liang et al. 2007).

Whereas water movement (diffusion) is appar-
ently equal in all directions (isotropic) in gray 
matter, in white matter it is greatest parallel to the 
fiber bundles (“tracts”) and restricted perpendic-
ular to the tracts, a property known as anisotropy. 
This is exploited in diffusion tensor imaging 
(DTI) for fiber tracking, a technique that can  

be helpful in differentiating diffuse from focal 
tumor, and that may have surgical and prognostic 
implications. DTI measures such as fractional 
anisotropy and radial diffusivity may be useful 
for quantitative assessment of myelin damage, as 
may be seen following radiation therapy in chil-
dren with brain tumors.

4.4.2  Perfusion Imaging

In dynamic susceptibility contrast (DSC) perfu-
sion MRI, signal changes measured on images 
acquired repeatedly during circulation of contrast 
are used to calculate estimated cerebral blood 
flow (CBF), mean transit time (MTT), and cere-
bral blood volume (CBV), the amount of blood 
present in a given volume of tissue at a given time 

a b c
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Fig. 4.2 Imaging spinal leptomeningeal metastasis. Non-
enhancing ependymoma metastasis is not well seen on (a) 
sagittal T1 + C, but is well seen on (b) sagittal T2WI. CSF 
was negative. Metastatic pineoblastoma studs the spinal 
cord surface on (c) sagittal T1 + C images of the upper 

spine, an appearance sometimes called “sugar coat-
ing”. Metastatic PNET/embryonal tumor is well seen on 
axial (d) CISS. Nodular medulloblastoma metastases on 
axial T2WI (e) are bright on DWI (f), which confirms 
hypercellularity
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(mL/100 g). Because of the variability of abso-
lute measurements of perfusion between scan-
ners and changes in cerebral perfusion due to 
caffeine, opioids, and/or anesthesia, perfusion is 
quantified by ratios of tumor to normal brain. 
Elevations of CBV relative to normal brain >2 
have been associated with poor prognosis (Law 
et  al. 2008), diagnostic of high-grade tumor 
(Hakyemez et al. 2005), and indicative of tumor 
recurrence rather than radiation necrosis (Mitsuya 
et al. 2010). Though relative cerebral blood vol-
ume (rCBV) is a useful adjunct to anatomic fea-
tures and diffusion characteristics, perfusion 
imaging is frequently nonspecific in pediatric 
tumors, since low-grade tumors such as pilocytic 
astrocytoma, oligodendroglioma, and choroid 
plexus papilloma may have significantly elevated 
rCBV (Borja et  al. 2013; Brandao et  al. 2013). 
However, identification of areas of increased 
rCBV within tumors, which reflect vascularity 
and frequently grade, may be useful in directing 
biopsy of large, infiltrating or heterogeneous 
tumors, and may be useful in following tumors 
through treatment.

Arterial Spin Labeling (ASL), a non-contrast 
technique, relies on magnetic “labeling” of pro-
tons entering the slice of interest, with the subse-
quent signal change as compared to a non-labeled 
control image reflecting capillary perfusion only 
(McRobbie et  al. 2007). Quantitative maps of 
cerebral blood flow (CBF) and mean transit time 
(MTT) can be obtained if a quantitative scan that 
also includes apparent T1 map is acquired, but 
because CBV cannot be calculated its utility in 
assessing brain tumors has not been established. 
Both techniques are subject to variations in 
hemodynamic factors.

4.4.3  1H MR Spectroscopy

The application of a radiofrequency pulse attuned 
to protons in a volume of brain tissue causes the 
protons in that volume to absorb the energy and 
to change from a low to a high energy state, 
known as resonance. The energy given off as the 
protons return to their low-energy state can be 
measured. Because the magnetic resonance of 

each proton depends on its local milieu, the reso-
nant signals given off by different molecules are 
“shifted” from one another by very small amounts 
on the frequency spectrum, allowing us to distin-
guish between them on MR spectroscopy. This 
shift is greater at higher magnetic field strengths, 
resulting in better separation of resonance peaks. 
In the brain, the molecules (metabolites) of inter-
est are: choline (Cho), an indicator of membrane 
turnover (phosphocholines released during 
myelin breakdown); creatine (Cr), used as a ref-
erence, but low in high-grade tumors; N-acetyl 
aspartate (NAA), a marker of membrane integ-
rity; lactate, a marker of cell death/necrosis; and 
myoinositol, a sugar alcohol product of myelin 
breakdown (McRobbie et  al. 2007). Absolute 
quantification of these metabolites may not be 
reliable, but their ratios are deranged in disease 
processes in the brain. Though an elevated 
Cho:NAA ratio may be seen in many disorders 
due to increased membrane turnover and 
decreased neuronal integrity, this ratio has also 
been found useful in grading of gliomas; 
Cho:NAA >2.2 and Cho:Cr >2 are considered a 
threshold for higher-grade tumor (Zeng et  al. 
2011). MR spectroscopy is frequently nonspe-
cific in pediatric brain tumors; for example, juve-
nile pilocytic astrocytomas (JPAs) have elevated 
Cho:NAA ratios of approximately 3.4 (Hwang 
et al. 1998), and inflammatory lesions may also 
have significantly elevated Cho:NAA ratios. 
However, MR spectroscopy may be useful for 
guiding biopsy to the most metabolically active 
region of a tumor or lesion, or for following 
changes in metabolism over time.

4.4.4  Functional MRI

Functional MR imaging (fMRI) of the brain 
depends on the coupling of local increases in 
cerebral metabolic rate of oxygen (CMRO2) and 
cerebral blood flow (CBF) to neuronal activation. 
Because the inflow of oxygenated blood “over-
shoots” the increased oxygen requirement, there 
is a local excess of intravascular oxygenated 
blood, which generates increased signal on echo-
planar images (EPI), known as the blood oxygen 
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level dependent (BOLD) response (Buxton 
2010). fMRI may be task-based to identify cen-
ters key to motor function or memory, or may be 
performed at rest to determine baseline function. 
Because these signal changes may be dominated 
by changes in oxygenation of downstream venous 
blood, localization should be considered approxi-
mate. However, fMRI can be useful for preopera-
tive assessment of feasibility of gross total 
resection of lesions in eloquent brain, by assess-
ing proximity to language, memory, or motor 
centers (Fig. 4.3).

4.4.5  Positron Emission 
Tomography

F-18-labeled fluorodeoxyglucose positron emis-
sion tomography (18FDG-PET), which relies 
upon the disproportionate uptake of fluorode-
oxyglucose by glycolytically active tumors and 
the subsequent detection of positrons emitted by 
the radioactive 18fluorine label, is not routinely 
performed for pediatric brain tumor diagno-
sis or surveillance. Although glucose uptake is 
theoretically proportional to tumor grade, grad-
ing of pediatric tumors is problematic as uptake 
values overlap in tumors of different grades; 
benign tumors such as pilocytic astrocytomas 
and choroid plexus papillomas may have high 
uptake, while higher-grade tumors such as epen-

dymoma may have low uptake (Stanescu et  al. 
2013; Zukotynski et al. 2014). It may also be dif-
ficult to distinguish tumors from normal brain, 
which has high background glucose uptake that 
may be focally increased by neuronal activation 
or regionally altered by anesthesia. However, 
like MR perfusion and spectroscopic imaging, 
18FDG-PET may be useful for guiding biopsy 
by identifying hypermetabolic tumor foci, dif-
ferentiating tumor (increased uptake) from radia-
tion necrosis (decreased uptake), and identifying 
subtle residual or recurrent tumor. Sensitivity and 
specificity of PET may be improved by registra-
tion to MRI rather than CT, improving anatomic 
visualization and reducing exposure to ionizing 
radiation (Zukotynski et  al. 2014). Sensitivity 
and specificity may also be improved through 
the use of non-FDG radiotracers targeted toward 
detecting markers of tumor cell function, such as 
increased protein synthesis (radiolabeled amino 
acids and analogues such as 11C-methionine and 
18F-DOPA), DNA synthesis (radiolabeled nucle-
osides such as 18F-fluorodeoxythymidine), cell 
membrane synthesis (11C-choline), and elevated 
oxidative metabolism (11C-acetate) (Gulyas and 
Halldin 2012).

4.5  Imaging Features 
of Pediatric Brain and  
Spine Tumors

4.5.1  Infratentorial Brain Tumors

Although brain tumors are most frequently supra-
tentorial in infants and older children, the poste-
rior fossa is the most common location for brain 
tumors in children 2–11 years of age (Rickert and 
Paulus 2001; Ostrom et al. 2015). The most com-
mon tumors in the posterior fossa are gliomas 
(astrocytomas), medulloblastomas, atypical tera-
toid/rhabdoid tumors, and ependymomas.

4.5.1.1  Medulloblastoma
Medulloblastoma, the most common malignant 
tumor in children, is a World Health Organization 
(WHO) grade IV embryonal tumor with at least 
four molecular subtypes for which location may 

Fig. 4.3 fMRI shows inferior displacement of the acti-
vated dominant expressive speech area (red/yellow) by a 
large left frontal mass
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be a marker. WNT-upregulated (wingless) tumors 
are the least common subtype (comprising about 
10%), have the best prognosis (>90% 5-year sur-
vival) with rare metastasis, and tend to occur in 
older children and teenagers (Gajjar and 
Robinson 2014). WNT tumors are extra-axial 
and tend to involve the fourth ventricle and fora-
men of Luschka (unilaterally), and less com-
monly the cerebellopontine angle (Patay et  al. 
2015). Approximately 30% of medulloblastomas 
are of the sonic hedgehog (SHH) subtype, which 
have approximately 75% 5-year overall survival 
and tend to occur within the cerebellar hemi-
sphere in children <5 years or > 16 years of age; 
15–20% are metastatic at diagnosis, and recur-
rence may be local or metastatic (Gajjar and 
Robinson 2014; Ramaswamy et al. 2013; Gibson 
et al. 2010). Group 3 tumors (about 25%) occur 
in infants and children and have the poorest prog-
nosis with approximately 50% 5-year survival. 
40–45% have leptomeningeal metastases at diag-
nosis, which remains the most important negative 
prognostic factor (Gajjar and Robinson 2014; 
Ramaswamy et  al. 2013). Group 4 tumors are 
most common (about 35%) and occur in all ages 
with male predominance and are metastatic at 
diagnosis in approximately 40%. Group 3 and 4 
tumors tend to occur in the fourth ventricle 
(Perreault et  al. 2014). Regardless of subtype, 
medulloblastomas tend to be T1 hypointense, T2 
iso- or hyperintense to cerebellum, and diffusion-
restricted; hemorrhage and/or cysts/necrosis may 
occur in any subtype, and though enhancement is 
variable overall, Group 4 tumors more commonly 
show little to no enhancement (Patay et al. 2015; 
Perreault et al. 2014) (Fig. 4.4). Metastasis is lep-
tomeningeal; hematogenous metastasis is rare, 
and usually to bone.

Patients less than 5 years of age with medul-
loblastoma, particularly those less than 2 years 
with desmoplastic histology (most frequently the 
sonic hedgehog subtype), should be screened for 
Gorlin (basal cell nevus) syndrome, as they are at 
high risk for developing basal cell carcinomas in 
the radiation field (Bree and Shah 2011). Though 
dermoid cysts may be present in infancy, other 
manifestations such as odontogenic keratocysts 
and falcine calcifications may take years to 

develop and are not reliable early indicators 
(Kimonis et al. 1997).

4.5.1.2  Atypical Teratoid Rhabdoid 
Tumor

Atypical teratoid rhabdoid tumor (ATRT) is a 
grade IV embryonal tumor which was first con-
sidered a distinct entity by the WHO in 2000 
(Ostrom et al. 2015). ATRT is a tumor of young 
children, presenting at a median age of 1 year; 
most present before 4 years of age, helping dis-
tinguish it from medulloblastoma, with which 
it is easily confused. About half occur in the 
posterior fossa, where they may occur in the 
cerebellar hemisphere or the fourth ventricle, 
with extension to the pineal recess occasionally 
raising the question of site of origin (Fig.  4.4). 
Leptomeningeal metastasis is common, and 
survival is poor; 5-year survival is only 27.5% 
(Poretti et  al. 2012; Ostrom et  al. 2015). On 
imaging, ATRTs have a variable appearance but 
are typically heterogeneous, with frequent cysts 
or necrosis and possible calcification and hem-
orrhage. Compared to gray matter, solid com-
ponents are typically iso- to hyperdense on CT, 
hypo- to isointense on T1WI and iso- to hyper-
intense on T2WI.  Restricted water diffusion is 
the rule, and may be more pronounced than with 
medulloblastoma, though definitive differentia-
tion based on ADC is not possible (Koral et al. 
2014) (Fig. 4.4). Like the original tumor, metas-
tases are frequently diffusion-restricted and best 
seen on DWI. Attention should be paid to the kid-
neys when reviewing spine imaging, as patients 
may develop synchronous malignant rhabdoid 
renal tumors (Meyers et al. 2006).

4.5.1.3  Glioma
Gliomas arise from the support cells of the CNS 
(primarily astrocytes and oligodendrocytes), and 
account for almost 50% of brain and CNS tumors 
in children (Ostrom et al. 2014). Pilocytic astrocy-
toma, a WHO grade I neoplasm, is the most com-
mon pediatric glioma and the most common 
cerebellar neoplasm, accounting for approxi-
mately 85% of cerebellar astrocytomas (Koeller 
and Rushing 2004). Generally well-circum-
scribed, about two-thirds of pilocytic astrocytomas 
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display classic “cyst and enhancing nodule” mor-
phology; the remainder appear necrotic or solid 
(Koeller and Rushing 2004). Despite their low-
grade nature, pilocytic astrocytomas may metas-
tasize via the CSF, without an associated increase 
in mortality (Koeller and Rushing 2004). Gross 
total resection is curative, but infiltrative tumor or 
involvement of the brainstem or vermis may limit 
resectability and predispose to progression. 
Though low-grade, pilocytic astrocytomas fre-
quently demonstrate imaging features typically 
associated with high-grade gliomas including 
avid enhancement, elevated cerebral blood vol-
ume (CBV) and Cho:NAA ratios >2.2 on MR 
spectroscopy (Hwang et  al. 1998; Zeng et  al. 

2011; Brandao et al. 2013). Solid components are 
typically T1 hypointense, T2 hyerintense, and 
rarely hemorrhagic or calcified. Diffusion restric-
tion suggestive of hypercellularity is absent; in 
solid components, tumor-to-normal-brain ADC 
ratios tend to be ≥1.8 (Koral et al. 2014).

Ganglioglioma, a rare mixed glioneuronal 
tumor which is rarer still in the posterior fossa 
(comprising about 0.25% of all pediatric brain 
tumors) (Dudley et al. 2015; Rickert and Paulus 
2001), may also appear solid, cystic/necrotic, or 
as cystic with a mural nodule like pilocytic astro-
cytoma, but may demonstrate hemorrhage and/or 
relatively low ADC values, assisting in differen-
tiation (Gupta et al. 2014).

T1 T1 +C T2 DWI ADC

Wingless (WNT)
Medulloblastoma

Sonic Hedgehog (SHH)
Medulloblastoma

Group 3/Group 4
Medulloblastoma

Atypical
Teratoid/Rhabdoid

Tumor
(ATRT)

Fig. 4.4 Medulloblastomas and ATRT. While wingless 
(WNT), group 3 and group 4 medulloblastomas tend to 
occur within the fourth ventricle, the sonic hedgehog 
(SHH) subtype is usually hemispheric. Otherwise, imaging 
features are essentially the same for all subtypes, with T1 

hypointensity, T2 hyperintensity, variable cysts and 
enhancement, and restricted diffusion (high signal on DWI, 
low signal on ADC) of solid components. ATRT shares the 
same signal characteristics; involvement of the pineal 
recess may raise the question of site of origin (Sag T2)
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Ependymomas are WHO grade II neuroepi-
thelial tumors comprising approximately 10% 
of intracranial neoplasms in children; two-
thirds occur in the posterior fossa. Although 
they may occur at any age, including adulthood, 
they most frequently occur in young children 
(<5 years of age), in whom prognosis is poor-
est (Rickert and Paulus 2001; Poltinnikov and 
Merchant 2006; Pajtler et  al. 2015). Posterior 
fossa ependymomas occur in the fourth ventri-
cle and typically appear isodense to gray matter 
on CT and isointense to gray matter on T1WI 
and T2WI by MRI.  They may appear either 
homogeneous or heterogeneous, with cystic/
necrotic components and small calcifications 
frequently present; hemorrhage occurs more 
rarely. Though water diffusion (ADC) is gener-

ally increased compared to normal brain (Koral 
et  al. 2014), restricted diffusion may be het-
erogeneously present, particularly in anaplas-
tic (WHO grade III) ependymomas. Though 
the conventional MRI signal characteristics are 
nonspecific, characteristic protrusion through 
the foramina of Luschka and foramen magnum 
are highly suggestive; however, this appearance 
is not pathognomonic and can occur in medullo-
blastoma (Poretti et al. 2012). Leptomeningeal 
metastasis occurs in about 15% of patients and 
is typically CSF-negative, even in the presence 
of obvious metastasis on MRI (Poltinnikov and 
Merchant 2006).

Imaging features of posterior fossa pilocytic 
astrocytomas, ependymomas, and ganglioglio-
mas are shown in Fig. 4.5.

T1 T1 +C T2 DWI

Ependymoma

Pilocytic Astrocytoma
(Classic)

Pilocytic Astrocytoma
(Solid)

Ganglioglioma

ADC

ADC

SWI

Fig. 4.5 Other posterior fossa tumors. Though signal 
characteristics of ependymomas are nonspecific, most 
do not have restricted diffusion (increased signal on 
DWI, decreased on ADC); protrusion through the 
foramina of Luschka and the foramen magnum (arrow 
head) are highly suggestive. Pilocytic astrocytomas 

(PA) may be cystic with an enhancing nodule (classic) 
or solid; the solid portions are T2 hyperintense without 
restricted diffusion. Gangliogliomas may look similar 
to PAs but are more likely to have foci of restricted dif-
fusion (arrow); hemorrhage (dark on SWI) is variably 
present
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4.5.2  Pineal, Sellar, and  
Suprasellar Tumors

4.5.2.1  Pineal Region Tumors
Pineal region neoplasms account for up to 8% 
of intracranial tumors in children. Germ cell 
tumors (GCTs) are most common (approxi-
mately 40%), followed by pineal parenchymal 
tumors (up to 27% of pineal region tumors) 
(Smith et  al. 2010). Because the pineal gland 
also contains glial and connective tissue, glio-
mas, ependymomas, ATRTs, and other tumor 
types may also arise from the pineal gland 
(Dhall et al. 2010). Dermoid/epidermoid cysts, 
arachnoid cysts, lipomas, and meningiomas 
may also arise in the pineal region. Signs and 
symptoms associated with regional mass effect 
include Parinaud syndrome, precocious puberty, 
and hydrocephalus.

Germ cell tumors (GCTs) are classified as 
germinomas or non-germinomatous GCTs (tera-
toma, yolk sac tumor, choriocarcinoma, embry-
onal carcinoma, mixed), and are more common 
in males. Among pineal GCTs, germinomas 
are the most common and occur 10 times more 
frequently in males. Frequent metastasis neces-
sitates spinal surveillance, but germinomas are 
very responsive to radiation therapy and have 
an excellent prognosis. Calcifications tend to be 
focal, either displaced or engulfed, compared to 
“blasted” calcifications in pineal parenchymal 
tumors; otherwise, they appear very similar to 
pineal parenchymal tumors on imaging—iso- to 
hyperdense on CT, iso- to hyperintense on T1 
and T2, and avid enhancement (which tends 
to be homogeneous). Restricted diffusion may 
be present (Fig. 4.6). This appearance does not 
readily differentiate germinomas from non-ger-

T1 T1 +C T2 DWI ADC

Pineoblastoma

Germinoma
(synchronous pineal &

suprasellar)

Optic pathway glioma
(hypothalamus/chiasm)

Craniopharyngioma

Fig. 4.6 Pineal and sellar/suprasellar tumors. Restricted 
diffusion (arrows) in a pineal tumor suggests pineoblas-
toma, but may be seen in other pineal parenchymal tumors 
or in germ cell tumors. Synchronous pineal and suprasellar 
masses suggest germinoma. Most optic pathway gliomas 

are pilocytic astrocytomas, with avid enhancement and no 
restricted diffusion. Craniopharyngiomas are typically cal-
cified on CT (inset). Cysts (*) are well differentiated from 
surrounding CSF on CISS/FIESTA images, which are 
heavily T2-weighted images insensitive to CSF pulsation
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minomatous GCTs, either, with the exception 
of mature teratomas which may be identified by 
the presence of fat.

Of the pineal parenchymal tumors, pineoblas-
toma, a WHO grade IV embryonal tumor, is the 
most common in children, and occurs both spo-
radically and in up to 9% of children with bilat-
eral retinoblastoma around 2 years after diagnosis 
(Brennan et  al. 2012; Chung et  al. 2007; Borja 
et  al. 2013). Pineocytoma (WHO grade I) and 
pineal parenchymal tumor of intermediate differ-
entiation (PPTID, WHO grade II or III) may also 
occur in children but are more common in adults. 
There is significant overlap in imaging appearance 
of pineal parenchymal tumors, but infiltration of 
regional structures and the presence of necrosis 
are suggestive of pineoblastoma; restricted dif-
fusion may be present in the latter, but is not a 
consistent finding (Fig. 4.6). Cystic pineocytomas 
may be differentiated from simple pineal cysts by 
internal or nodular enhancement. Leptomeningeal 
metastasis is common in  pineoblastoma; therefore 
spine imaging should also be performed (Smith 
et al. 2010). Though not pathognomonic, calcifi-
cations in pineal parenchymal tumors tend to be 
scattered or peripheral, in contrast to the focal, 
“displaced” or “engulfed” calcifications seen 
in germ cell tumors (Awa et al. 2014). Pineal or 
habenular calcifications may be seen in healthy 
young children and are not, by themselves, diag-
nostic of tumor (Whitehead et al. 2015).

4.5.2.2  Sellar and Suprasellar Tumors
Up to 50% of pediatric suprasellar tumors are 
adamantinomatous craniopharyngiomas, which 
are typically calcified, have a sellar component 
and have solid and large cystic components, 
unlike adult-type papillary craniopharyngioma, 
which are solid and suprasellar. Symptoms are 
due to mass effect; metastasis is rare (Schroeder 
and Vezina 2011). Coronal CISS/FIESTA images 
are useful for resolving tiny tumor cysts and nod-
ules, and evaluating the relationship to surround-
ing structures (Fig. 4.6).

The most common tumor of the hypothalamus/
optic chiasm is the pilocytic astrocytoma; pilomyx-
oid histology predicts more aggressive behavior. 
Seventy-five percent is present in the first decade. 
About one-third are associated with neurofibroma-

tosis type 1 (NF-1); involvement of the intracranial 
and intraorbital optic nerves is more common in 
these cases. In NF-1, tumors are generally indolent 
and minimally symptomatic, with occasional spon-
taneous regression, thus are observed until clini-
cally or radiographically progressive. For patients 
with orbital involvement, MRI should include thin 
(≤3  mm) axial and  coronal T1WI, fat-saturated 
T2WI, and post-contrast fat-saturated T1W images 
of the orbits. To prevent image blurring related to 
ocular motion, anesthesia is generally required. 
Older patients should be reminded not to wear eye 
makeup, which can cause significant artifact on 
MRI.  Surveillance in patients with NF-1-related 
optic pathway tumors should include whole-brain 
pre- and post-contrast T1WI to evaluate for addi-
tional enhancing low-grade astrocytomas, to which 
they are predisposed. Sporadic optic pathway glio-
mas are typically limited to the optic chiasm, hypo-
thalamus and optic tracts, are partially cystic, and 
behave more aggressively; leptomeningeal metas-
tasis may occur (Fig. 4.6). Though they may appear 
well-circumscribed on imaging, infiltration is com-
mon. Otherwise, imaging characteristics are simi-
lar to supratentorial and infratentorial pilocytic 
astrocytomas (Chung et  al. 2007; Koeller and 
Rushing 2004; Czyzyk et al. 2003). Gangliogliomas 
rarely involve the hypothalamus/optic chiasm and 
have an appearance similar to pilocytic astrocyto-
mas (Saleem et al. 2007).

Germinomas are the most common suprasellar 
GCT; 25–35% are suprasellar and do not have a 
gender bias. Pineal and suprasellar tumors occur 
simultaneously in 15% (Fig. 4.6). Small germino-
mas are typically homogeneous and confined to the 
infundibulum, but larger tumors may involve the 
basal ganglia (Schroeder and Vezina 2011). Though 
germinomas frequently metastasize via the CSF, 
they are very responsive to radiation therapy and 
have an excellent prognosis (Smith et  al. 2010). 
Though non-germinomatous GCTs may have cys-
tic components, solid  components are typically of 
lower signal intensity than pilocytic astrocytomas, 
assisting in differentiation (Schroeder and Vezina 
2011). Langerhans cell histiocytosis (LCH) may 
also involve the pituitary stalk; mild thickening of 
the stalk (>2.7 mm) and loss of the usual neurohy-
pophyseal T1 hyperintensity may be the earliest 
sign, but imaging may be negative early in disease.
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Hamartomas of the tuber cinereum are small, 
solid non-enhancing lesions which are isointense 
to gray matter on T1WI and T2WI with rare cysts.

Pituitary microadenomas are <10  mm in size 
and show delayed enhancement on dynamic imag-
ing. Macroadenomas are slightly more common, 
usually solid and may extend outside the sella or 
have cystic foci (Schroeder and Vezina 2011).

4.5.3  Brainstem Tumors

Approximately 10–20% of pediatric brain tumors 
occur in the brainstem, most frequently the 
pons. Most (60–80%) of these have an appear-
ance known as diffuse intrinsic pontine glioma 
(DIPG), which is an imaging-based diagnosis 
applied when a central, poorly marginated/infil-

trating, T2 hyperintense, T1 hypointense tumor 
with minimal if any enhancement and no cys-
tic or exophytic components occupies >50% of 
the axial diameter of the pons (Hankinson et al. 
2011) (Fig.  4.7). Historically, tumors meeting 
these radiographic criteria have been treated 
without biopsy, whereas those exhibiting atypi-
cal features suggesting an alternative diagno-
sis (well-circumscribed, off-midline, avidly 
enhancing, cystic/necrotic prior to treatment) are 
biopsied. However, recent efforts toward devel-
opment of targeted chemotherapies have driven 
an increase in the rate of biopsy of even typical-
appearing DIPGs, revealing the underlying diag-
noses to be a fairly equal distribution of grade 
II, III, and IV astrocytomas (Puget et al. 2015). 
The 2016 WHO classification includes DIPGs in 
the new entity termed “diffuse midline glioma, 
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Fig. 4.7 Diffuse infiltrating pontine glioma. Infiltrating 
tumor involving predominantly the dorsal pons shows a (a) 
focal T2 hypointense area (arrow) with faint enhancement 
between the pre-contrast T1 (b) and post-contrast T1WI (c), 
best seen on T1 subtraction images (d). This focus also shows 

restricted diffusion (e-DWI, f-ADC), elevated choline:NAA 
ratio (g, h) and elevated cerebral blood volume (CBV) (i) con-
sistent with focally higher-grade tumor. Diffusion tensor 
imaging (j) and tractography (k) show that the tumor infil-
trates, rather than displaces, the white matter tracts
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H3 K27M-mutant” (Louis et al. 2016). Tumors 
fitting imaging criteria for DIPG are generally 
diagnosed from 5 to 10 years of age, without 
gender bias. Although overall survival remains 
poor at a median of 9 months regardless of tumor 
grade, tumors with mesenchymal rather than pro-
liferative gene expression seem to have a better 
prognosis (Puget et al. 2015). Rarely, even typ-
ical-appearing “DIPGs” may have an alternative 
diagnosis, such as embryonal tumor (Buczkowicz 
et al. 2014).

Tumors not meeting radiographic criteria 
for DIPG represent the range of pathologies 
occurring elsewhere in white matter. Outside 
the cerebellum, pilocytic astrocytomas have 
a predilection for midline structures such as 
the brainstem; a well-circumscribed, cystic/
solid mass with avidly enhancing solid compo-
nent without restricted diffusion is highly sug-
gestive of the diagnosis (Koeller and Rushing 
2004). Gangliogliomas and embryonal tumors, 
as well as rarer tumor types, may also occur in 
the brainstem (Fig.  4.8). Because focal tumors 
may be partially or entirely resected, these have 
a better prognosis, particularly avidly enhancing, 
partially cystic and/or exophytic tumors, which 
are most frequently low-grade pilocytic astrocy-

tomas or less commonly gangliogliomas (Ramos 
et al. 2013). Therefore, radiographic differentia-
tion between focal and diffuse tumors may have 
a significant impact on management and prog-
nosis of brainstem tumors. In cases where sig-
nificant edema may obscure the margins of an 
otherwise focal brainstem tumor, DTI may be 
helpful for differentiating focal from infiltrating 
midline tumors (Figs. 4.7 and 4.8) and identify 
candidates for biopsy and/or resection.

Patients with NF-1 have an increased risk for 
astrocytomas of the brainstem, most commonly 
pilocytic or low-grade, which occur most frequently 
in the medulla or midbrain. These are most fre-
quently asymptomatic and have an indolent course, 
and are therefore typically observed unless they 
progress. Non-enhancing tumor may be difficult 
to differentiate from neurofibromatosis-related T2 
hyperintensities, which occur not only in the brain-
stem but also in the cerebellar white matter, basal 
ganglia, and thalami and appear somewhat expans-
ile. However, these lesions, which are likely caused 
by intramyelinic edema/vacuolization (Billiet et al. 
2014), do not enhance and should not be frankly 
exophytic, features more suggestive of tumor. 
Spectroscopy and degree of brainstem enlarge-
ment may be helpful in differentiating NF-related 

a b c d
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Fig. 4.8 Focal pontine tumor (embryonal tumor, NOS). 
A well-circumscribed, T2-hyperintense (a) pontine mass 
show little enhancement between pre-contrast (b) and 
post-contrast (c) T1WI, restricted diffusion consistent 
with hypercellularity on DWI (d) and ADC map (e). DTI 

tractography (f) shows displacement, rather than infiltra-
tion, of white matter tracts, suggesting at least partial 
resectability. 4.8 years later, post-contrast T1WI (g) and 
T2WI (h) show a postoperative defect with no evidence of 
recurrent tumor
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white matter lesions from non-enhancing tumor 
(Broniscer et al. 1997).

Tectal gliomas are rare (<5% of brainstem 
tumors), typically low grade (WHO grade I–II) 
and have a benign course, though they may cause 
hydrocephalus requiring shunt placement or third 
ventriculostomy if they obstruct the cerebral aque-
duct. Typically they are T1 hypo- or isointense to 
brain, T2 hyperintense and do not enhance. Like 
brainstem gliomas in NF-1, they are typically 
observed unless they are progressive or large or 
enhance prior to therapy (Ramos et al. 2013).

4.5.4  Supratentorial Brain Tumors

Brain tumors are more commonly supratento-
rial in children under age 2 and over age 10 
(Rickert and Paulus 2001; Ostrom et  al. 2015). 
Astrocytomas are most common in all ages. 
Though teratomas account for the majority of 
brain tumors diagnosed in utero, their prognosis is 
poor with only about 10% survival (Milani et al. 
2015), and in infants <1 year of age gliomas are 
therefore most common, followed by ATRT, cho-
roid plexus tumors, and tumors previously known 

as PNET (recently re categorized in the 2016 
WHO classification scheme as embryonal tumor, 
NOS) (Ostrom et al. 2015; Louis et al. 2016).

Desmoplastic infantile tumors (DIT), which 
may be gangliogliomas (DIG) or astrocytomas 
(DIA), are rare WHO grade I tumors occurring 
exclusively in infants <18 months of age, distin-
guished only by the presence of neuronal ele-
ments in DIG.  On MRI, a large, supratentorial 
mixed cystic/solid mass involving more than one 
lobe with dural attachment in an infant is sugges-
tive. Hemorrhage is uncommon but may occur. 
They may be suprasellar. Solid components 
enhance and may show restricted diffusion, 
despite the benign nature of the lesion (Jurkiewicz 
et  al. 2015). The absence of fat or calcification 
differentiates DIT from teratoma. Differential 
considerations include ATRT, ependymoma, 
embryonal tumor, NOS, and glioblastoma multi-
forme (GBM) (Bader et al. 2015) (Fig. 4.9).

Forty percent of ependymomas are supraten-
torial. In contrast to infratentorial ependymo-
mas, which are intraventricular, supratentorial 
ependymomas are largely (if not all) parenchy-
mal tumors, and tend to occur in older children/
adolescents, though they may occur at any age 

T2T1 DWI ADCT1 +C

Desmoplastic Infantile
Tumor (DIT)

Glioblastoma
Multiforme

(GBM)

Atypical
Teratoid/Rhabdoid

Tumor
(ATRT)

Fig. 4.9 Large supratentorial tumors in infants. Restricted 
diffusion (arrows) (high signal on DWI, low signal on 
ADC) is more common in the solid components of GBMs 

and ATRTs, which are also more likely to hemorrhage 
(arrows) than DITs
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(Mermuys et al. 2005). The appearance is quite 
variable; although most are fairly large at diagno-
sis and have a cystic and/or necrotic component, 
small, homogeneous cerebral ependymomas 
occur and may mimic astrocytoma. The solid 
components have variable signal on T1WI and 
T2WI, but tend to be isointense to brain on both 
sequences, with heterogeneous enhancement. At 
our institution, a large proportion of supratento-
rial ependymomas are anaplastic, which may 
account for the presence of restricted diffusion 
within the solid components of some tumors. 
Edema is common. Most seem to occur in a 
peritrigonal location, and large tumor cysts may 
protrude into the ventricle, mimicking an intra-
ventricular location (Fig. 4.10).

As described above, ATRT is a highly malig-
nant tumor of very young children, rarely occur-

ring in children >4 years of age, and is the most 
common embryonal tumor in infants <1 year of 
age (Ostrom et al. 2015). About half are supraten-
torial, where they tend to be quite large at presen-
tation (Figs. 4.9 and 4.10). The appearance and 
location are variable; though most are parenchy-
mal, they may be intraventricular or appear extra-
axial. They are most frequently both solid and 
cystic/necrotic, with frequent hemorrhage and/or 
calicification. Compared to gray matter, the solid 
components are usually T1 hypointense and het-
erogeneously T2 hyperintense, hyperdense on 
CT, and enhance (Meyers et  al. 2006; Parmar 
et al. 2006). Restricted diffusion is variably pres-
ent. ATRT should be included in the differential 
diagnosis of a large, heterogeneous supratento-
rial mass in a young child, along with other 
embryonal tumors, ependymoma, and DIT.

T2T1 DWIT1 +C

Sag T1+C

Ax GRE

CT

ADC

Ependymoma
(anaplastic)

 Primitive 
 Neuroectodermal Tumor
(Embryonal Tumor, NOS)

Atypical
Teratoid/Rhabdoid

Tumor
(ATRT)

Glioblastoma
Multiforme

(GRM)

Fig. 4.10 Supratentorial tumors in older children. 
Epen dymomas, ATRTs, and GBMs may be indistin-
guishable on imaging; all may appear solid ±cysts, with 
restricted diffusion (high signal on DWI, low signal on 
ADC) in the solid components. A peritrigonal location 

is common in ependymoma, but not pathognomonic; 
large cysts (*) may mimic the adjacent ventricle. 
Calcifications (dark on GRE, bright on CT, circled) 
are common in and ATRT and may also be present in 
ependymomas

4 Imaging Children with CNS Tumors



80

Supratentorial embryonal tumors are rare (<1% 
of pediatric brain tumors) and molecularly hetero-
geneous. Tumors previously known as primitive 
neuroectodermal tumors (PNETs) have been reclas-
sified into embryonal tumors with rhabdoid features; 
embryonal tumors with multilayered rosettes with 
and without C19MC alteration; medulloepithelioma; 
and embryonal tumor, NOS (Louis et al. 2016). 
Historically, this group of tumors have a 30–40% 
likelihood of leptomeningeal metastasis at diagnosis, 
necessitating meticulous screening of brain and spine 
at diagnosis for accurate staging (Borja et al. 2013; 
Picard et  al. 2012). Overall prognosis is poor and 
closely linked to extent of resection (Jakacki et  al. 
2015; Picard et al. 2012; Borja et al. 2013). Though 
they may occur in children of any age, supratento-
rial embryonal tumors are most common in children 
under the age of 5 (Jakacki et al. 2015). Like other 
embryonal tumors, solid components are typically 
hyperdense to gray matter on CT, isointense to gray 
matter on FLAIR and T2WI, and show restricted dif-
fusion (low ADC) due to their high nucleus-to-cyto-
plasm ratio. rCBV is elevated. Though supratentorial 
embryonal tumors  frequently appear well-circum-
scribed, many are infiltrative. Cysts/necrosis, hem-
orrhage, and calcifications are common (Borja et al. 
2013; Jakacki et al. 2015) (Fig. 4.10).

4.5.4.1  Astrocytomas
As in the posterior fossa, astrocytoma is the most 
common tumor of the cerebral hemisphere. 
Though anaplastic astrocytomas (WHO grade 
III) and glioblastoma multiforme (GBM (WHO 
grade IV) occur, most cerebral astrocytomas are 
low-grade (WHO grades I–II) and diffuse; only 
about 10% of supratentorial astrocytomas are 
pilocytic, compared to 85% in the posterior fossa 
(Koeller and Rushing 2004).

WHO grade of astrocytomas may be approxi-
mated by their degree of enhancement, restricted 
diffusion, T2 signal intensity, or application of 
advanced imaging techniques such as perfusion 
imaging and spectroscopy (Treister et  al. 2014; 
Borja et al. 2013). Low-grade cerebral astrocyto-
mas generally appear ill-defined and hypointense 
to gray matter on T1WI, hyperintense on T2WI 
and FLAIR, and show no restricted diffusion or 

enhancement. Although enhancement suggests 
higher tumor grade, there is significant overlap; 
the solid components of pilocytic astrocytomas 
may avidly enhance. Restricted diffusion (low 
ADC) suggests increased cellularity and higher 
tumor grade. Low-grade astrocytomas tend to 
have very high signal on T2WI, whereas more 
cellular (higher-grade) regions appear of lower 
T2 signal intensity due to decreased water con-
tent. Finally, higher-grade tumors, including 
GBMs (WHO grade IV) (Figs.  4.9 and 4.10), 
have a greater tendency toward hemorrhage and 
necrosis, and frequently have elevated rCBV 
reflecting increased angiogenesis, a hallmark of 
transition from lower to higher-grade glioma. 
Cho:NAA and Cho:Cr ratios are also elevated, as 
further described below. Imaging features of 
GBM may suggest underlying genetic altera-
tions; enhancement corresponds to angiogenesis, 
and to EGFR overexpression, which may inform 
treatment with EGFR inhibitors. Infiltrating 
tumor is generally present beyond the enhancing 
or bulky tumor components, tends to increase 
with anti-angiogenic therapy, and portends a 
worse prognosis (Belden et al. 2011).

Pleomorphic xanthoastrocytomas are rare 
WHO grade II cortical/subcortical neoplasms 
occurring most frequently in the temporal lobes 
of adolescents and young adults. They appear as 
well-circumscribed, cystic/solid masses with het-
erogeneous enhancement and no restricted diffu-
sion. Ganglioglioma, oligodendroglioma, and 
pilocytic astrocytoma are in the differential diag-
nosis (Borja et al. 2013).

Oligodendrogliomas occur very rarely in chil-
dren, most frequently in the frontal and temporal 
lobes. In children, <40% calcify and they are oth-
erwise nonspecific in appearance—T1 hypoin-
tense, T2 hyperintense, and without restricted 
diffusion. Enhancement is infrequent (Borja et al. 
2013).

4.5.4.2  Mixed Glioneuronal Tumors
Subependymal giant cell astrocytomas (SEGAs) 
are intraventricular mixed glioneuronal tumors 
arising almost exclusively in children and young 
adults with tuberous sclerosis complex (TSC), 
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possibly from the subependymal nodules (SEN) 
typical of the disorder, though this is controver-
sial. Both SEGA and SEN may avidly enhance; 
therefore, diagnosis of SEGA depends on docu-
mentation of serial growth of a subependymal 
nodule, or a nodule ≥1  cm in any dimension 
located at the caudothalamic groove/foramen of 
Monro. SEGA are slow-growing, but may result 
in hydrocephalus due to obstruction of the fora-
men of Monro, necessitating screening by MRI 
(Roth et  al. 2013). Signal is variable on T1WI, 
and hyperintense to gray matter on T2 and 
FLAIR. Restricted diffusion is absent, but rCBV 
and Cho:NAA ratios may be elevated (Borja 
et  al. 2013). Identification of SEN or SEGA 
should prompt evaluation for other CNS manifes-
tations of TSC, including cortical tubers and reti-
nal hamartomas.

Gangliogliomas/gangliocytomas are rare tum-
ors composed of neoplastic glial elements and 
either mature (gangliocytoma, WHO grade I) or 
neoplastic (ganglioglioma, WHO grade I-II) neu-
ronal elements. Accounting for <5% of pediatric 
CNS tumors overall, >80% occur in the cerebral 
hemispheres; more than half of these occur in the 
temporal lobe (Dudley et  al. 2015). They are 
indistinguishable from one another on imaging 
and may appear as a well-circumscribed cyst with 
mural nodule, solid mass, or mixed cystic/solid 
mass, similar to pilocytic astrocytoma (Adesina 
and Rauch 2010). Edema is unusual and, like 
many slow-growing, low-grade tumors, may be 
associated with scalloping of the overlying cal-
varium. Solid components are iso- to hypointense 
to gray matter on T1WI, hyperintense on T2, 
enhance, and show no restricted diffusion.

Dysembryoplastic neuroepithelial tumors 
(DNET) are WHO grade I mixed glioneuronal 
tumors associated with epilepsy, occurring in 
older children and young adults. The typical appe-
arance is that of a bubbly-appearing cortical mass 
with little or no enhancement, hypodense on CT, 
hypointense on T1WI, and hyperintense on T2WI.  
Rare edema, calcifications, and hemorrhage have 
been noted. They may be multiple and recur, 
necessitating imaging follow-up (Daghistani  
et al. 2013).

4.5.5  Extra-Axial Tumors

Though they are the most common intracranial 
tumor in adults, meningiomas are very rare in 
children (2–4% of all CNS tumors); the inci-
dence increases with age (Ostrom et  al. 2014, 
2015; Poretti et  al. 2012). Meningiomas are 
typically associated with the dura or are intra-
ventricular, are iso- to hypointense to gray mat-
ter on both T1 and T2-weighted MR images, 
avidly enhance, and may show restricted diffu-
sion on DWI.  Cranial nerve schwannomas are 
also rare in children and are usually seen in the 
setting of neurofibromatosis type 2 (NF-2); they 
tend to be T1 isointense, T2 hyperintense, and 
avidly enhance, and most commonly involve the 
eighth cranial nerve in the internal auditory canal 
(acoustic schwannoma). Because of the rarity of 
these tumors in children, alternative diagnoses 
should be entertained in children with extra-axial 
tumors, even those fitting these signal charac-
teristics, without additional imaging or clinical 
evidence of NF-2. Meningiomas may also occur 
following craniospinal irradiation, particularly 
in patients with predisposition syndromes like 
Gorlin (basal cell nevus) syndrome (Bree and 
Shah 2011).

Choroid plexus papillomas and carcinomas 
occur in all age groups, though more frequently 
in young children, accounting for 10–20% of 
intracranial neoplasms in infants <1 year of age. 
In children, the most common location is the lat-
eral ventricle; the fourth ventricle is less com-
mon, though more common in adults. Patients 
usually present with hydrocephalus. The imag-
ing appearance of papillomas and carcinomas is 
similar; both appear as lobulated intraventricu-
lar enhancing masses, iso- to hyperdense on CT, 
T1 iso- to hyperintense and T2 hyperintense on 
MRI. In solid portions, diffusion may be mildly 
restricted, and calcifications may be present 
(Fig. 4.11). Features suggesting carcinoma over 
papilloma include a greater degree of invasion 
of regional structures, necrosis, hemorrhage, 
and elevated myoinositol on MR spectroscopy 
(Jaiswal et al. 2013; Borja et al. 2013; Ogiwara 
et al. 2012).
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Dermoid and epidermoid cysts are benign, 
slow-growing congenital lesions with ectodermal 
elements. Dermoid cysts tend to occur in the mid-
line, are most frequently sellar/suprasellar and 
appear heterogeneously T1 hyperintense, and 

may rupture. Epidermoid cysts tend to occur off-
midline and appear similar to CSF on T1WI, 
T2WI, and FLAIR, but appear hyperintense to 
CSF on DWI, differentiating them from arach-
noid cysts (Fig. 4.12).

T1 T1 +C T2 DWI ADC

Choroid Plexus
Carcinoma

Choroid Plexus
Papilloma

Fig. 4.11 Choroid plexus papillomas and carcinomas are 
undistinguishable by imaging. Though invasion of sur-
rounding structures and hemorrhage (circled) are usually 

suggestive of carcinoma, this is not always the case, as 
demonstrated here. Either may show restricted diffusion 
(arrows)

T1 T1 +C T2 DWI CT

Dermoid Cyst

Epidermoid Cyst

Arachnoid Cyst

Fig. 4.12 Benign extra-axial cystic lesions (arrows). 
Dermoid cysts appear fat-laden, with suppression on fat-
saturation and very low density on CT. Epidermoid cysts 

have an appearance more suggestive of “dirty CSF” and 
may be distinguishable from arachnoid cysts only by 
increased signal on DWI
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4.5.6  Spinal and Cervicomedullary 
Tumors

Sixty percent of intramedullary spinal cord 
neoplasms in children are grade I–II (pilocytic 
and fibrillary) astrocytomas, followed by epen-

dymomas (30%) and gangliogliomas (15%). 
Intramedullary cord tumors typically feature 
a non-neoplastic polar cyst, which is a non-
enhancing cyst at the upper and/or lower mar-
gin of the tumor (Fig.  4.13). Tumor cysts, on 
the other hand, peripherally enhance (Fig. 4.14). 

T1 T1 +C T2

Ganglioglioma

Pilocytic Astrocytoma

Ependymoma

Fig. 4.13 Spinal and cervicomedullary tumors. Ganglio-
gliomas are relatively common at the cervicomedullary 
junction, and typically appear infiltrative with “brush-
like” enhancement. Pilocytic astrocytomas are more com-

mon than ependymomas at the cervicomedullary junction; 
regardless of location within the spinal cord, both com-
monly feature a “polar cyst”, which is a non-enhancing, 
non-neoplastic cyst at the upper and/or lower margin (*)
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Though definitive differentiation of spinal cord 
tumors is not possible by MRI, certain features 
suggest different diagnoses. Ependymomas tend 
to occur centrally within the cord and are more 
likely to hemorrhage, but less likely to have intra-
tumoral cysts than astrocytomas. Astrocytomas 

and gangliogliomas tend to be eccentric, and 
though holocord involvement may occur in astro-
cytoma, gangliogliomas are more likely to cover 
a large number (>8) of vertebral segments, with 
cysts/necrosis and hemorrhage common (Koeller 
et al. 2000; Smith et al. 2012; Gupta et al. 2014). 

T1 T1 +C T2

Pilocytic Astrocytoma

Ganglioglioma

Fig. 4.14 Pilocytic astrocytoma vs. ganglioglioma. This 
focal, enhancing cervicothoracic pilocytic astrocytoma 
features a hemorrhagic, peripherally enhancing tumor 
cyst (arrow) within its superior portion. Spinal cord gan-

gliogliomas are more likely to cover >8 vertebral body 
segments, like this mixed cystic and solid holocord gan-
glioglioma with hemorrhage (arrow head)
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Ependymomas are more frequent in patients with 
NF-2, and astrocytomas are more frequent in 
patients with NF-1. Enhancement of  astrocytomas 
and gangliogliomas is usually heterogeneous; 
avid, homogeneous enhancement is suggestive of 
ependymoma. A cleavage plane or “cap sign,” or a 
low T2 signal rim (hemosiderin) are also sugges-
tive of ependymoma. Rarer intramedullary tumor 
types include ATRT, GBM, and PNET/embryonal 
tumor; hemangioblastomas of the spinal cord are 
exceedingly rare in the absence of von Hippel-
Lindau syndrome (Smith et al. 2012).

At the cervicomedullary junction, most 
(approximately 85%) intramedullary tumors in 
children are low-grade (WHO grades I–II), with 
pilocytic astrocytoma (approximately 40%) and 
ganglioglioma (approximately 25%) being most 
common; high-grade gliomas and ependymomas 
are much less common in this location (McAbee 
et al. 2015) (Fig. 4.13). Though pilocytic astrocy-
tomas and gangliogliomas are not readily differ-
entiated on imaging, foci of restricted diffusion 
or hemorrhage may be present in gangliogliomas, 
but are uncommon in pilocytic astrocytomas 
(Gupta et al. 2014; Koeller and Rushing 2004). 
Otherwise, elevated rCBV, restricted diffusion, 
and elevated choline:NAA ratios are suggestive 
of rare, high-grade tumors.

Leptomeningeal metastases of primary brain 
tumors are the most common intradural extra-
medullary spinal tumor in children. Myxopapillary 
ependymomas (WHO grade I), which are much 
rarer in children than in adults, occur at the conus 
medullaris or from the filum terminale, or rarely 
in extraspinal locations near the sacrum. They 
may be iso- or hyperintense on T1WI, are hyper-
intense on T2WI, may hemorrhage and have het-
erogeneous enhancement. Because of their 
potential for leptomeningeal dissemination and 
high (>50%) recurrence rate in children even after 
gross total resection, long-term spinal imaging 
surveillance is recommended (Koeller et al. 2000; 
Soderlund et  al. 2012; Stephen et  al. 2012). 
Schwannomas are focal benign neoplasms of 
peripheral nerves that occur most frequently, and 
may be multiple, in NF-2. Neurofibromas are 
infiltrative nerve sheath tumors that rarely occur 
outside of NF-1 in children; some may appear as 
poorly defined masses comprised of serpigenous-

appearing signal, termed plexiform neurofibroma. 
Both neurofibromas and schwannomas may scal-
lop bone and widen neural foramina, are isoin-
tense on T1WI and hyperintense on T2WI and 
enhance. Central low signal, known as the “target 
sign,” is suggestive of neurofibroma, whereas 
cysts or fat suggest schwannoma. Malignant 
transformation of neurofibromas to malignant 
peripheral nerve sheath tumors is heralded by 
rapid growth. Meningiomas are also rare in the 
spinal canal of children outside of NF2, but are 
most commonly the clear cell variant, which is 
more aggressive due to its infiltrative growth pat-
tern and potential for metastasis (Soderlund et al. 
2012).

4.6  Future Directions in Pediatric 
CNS Tumor Imaging

Continued advances in technological imag-
ing promise to improve the noninvasive detec-
tion and specific characterization of pediatric 
CNS tumors. High-field MR spectroscopy can 
resolve previously “MR invisible” metabolites 
such as 2-hydroxyglutarate, which is associated 
with mutated isocitrate dehydrogenases 1 and 
2 in grade II and III gliomas (Choi et al. 2012), 
improving imaging-based specificity in assess-
ing tumor grade. Combined PET/MRI scanners 
improve both spatial and temporal resolution for 
brain tumor metabolic imaging, with the potential 
for nearly simultaneous, complementary mea-
sures of tumor and brain physiologic function/
markers (Stanescu et al. 2013). Targeted MRI and 
PET contrast agents currently under investigation 
may, in the future, enable detection of specific 
molecular markers for diagnosis and evaluation 
of efficacy of treatment, and permit early change 
to alternative therapeutic agents without the long 
wait to document lack of response (Gulyas and 
Halldin 2012; Iqbal et al. 2011; Abakumov et al. 
2015). Finally, the development of quiet, motion-
insensitive MR sequences promises to reduce our 
reliance on anesthesia to acquire high-resolution 
diagnostic images without compromise by motion 
(Heismann et al. 2014; Ida et al. 2014; Idiyatullin 
et al. 2006; Pierre et al. 2014), and improve the 
patient’s imaging experience.
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Predisposition Syndromes 
to Central Nervous System Cancers

Alberto Broniscer and Kim Nichols

5.1  Introduction

Recent genome-wide studies have unveiled the 
molecular characteristics of several pediatric 
central nervous system (CNS) cancers (Gajjar 
et  al. 2014). Despite this tremendous progress, 
very little is known about primary risk factor(s) 
for the development of CNS cancers in children, 
including previous exposure to ionizing irradia-
tion and genetic predisposition syndromes (Ron 
et al. 1988; Spector et al. 2015).

Despite their rare occurrence, genetic predis-
position syndromes play a disproportionately 
important role in the management of children 
with CNS cancers due to their influence on thera-
peutic strategies, treatment-related toxicities, and 
long-term prognosis, and the need for genetic 
counseling of families and screening of affected 
individuals (Listernick et al. 1994; Tabori et al. 
2010; Teplick et al. 2011; Alderfer et al. 2015). 
Likewise, the unveiling of mechanisms involved 
in rare CNS cancer predisposition syndromes has 
greatly increased our understanding of the 
somatic molecular abnormalities that occur in 
sporadic tumors (Vortmeyer et al. 1999; Lin and 
Gutmann 2013; Cowan et al. 1997).

In this chapter, we highlight important clini-
cal, genetic, and therapeutic aspects associated 

with several genetic predisposition syndromes 
that are relevant for medical professionals taking 
care of children with CNS cancers, from the ones 
commonly encountered in clinical practice (e.g., 
Neurofibromatosis type 1) to extremely rare con-
ditions that have improved the understanding of 
the biology of some of these devastating tumors. 
One of our main goals was to provide a compre-
hensive review of data in an easily accessible 
manner to help clinicians with the practical man-
agement of these complex patients.

5.2  Neurofibromatosis Type 1 
(NF-1)

A. Broniscer, M.D., M.S. (*) · K. Nichols 
Department of Oncology, St. Jude Children’s 
Research Hospital, Memphis, TN, USA
e-mail: Alberto.broniscer@stjude.org;  
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5

Online Mendelian Inheritance in Man 
(OMIM): #162200; NF1 is located at 17q11.2

• Common autosomal dominant syn-
drome with high penetrance and vari-
able clinical expression even among 
family members

• Incidence of approximately 1 in 3000
• Approximately half of affected patients 

do not have a family history of NF-1
• Syndromic features consist of skin, soft 

tissue, and neurologic manifestations, 
but may also include bone involvement 
and abnormalities in the eyes
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5.2.1  Background and Genetics

Although presumptive cases of NF-1 had already 
been described as early as the thirteenth century 
(Ahn et  al. 1996), von Recklinghausen was the 
first to recognize that some NF-1-associated non-
CNS tumors originated from nervous tissue (Ahn 
et al. 1996).

NF1 is a tumor suppressor gene. Individuals 
with NF-1 carry one mutated allele in all body 
cells (except for very rare individuals with mosa-
icism) and an additional abnormality is gained in 
the second allele in cancer cells (Lin and 
Gutmann 2013). NF1 encodes neurofibromin, a 
protein that functions as a negative regulator of 
the signaling protein RAS, which plays a key 
role in cell proliferation, differentiation, migra-
tion, and apoptosis (Lin and Gutmann 2013). 
Consequently, loss of neurofibromin expression 
and/or function secondary to biallelic NF1 
abnormalities leads to activation of RAS and 
other downstream pathways (e.g., mitogen acti-
vated kinase kinase [MEK] and mammalian tar-
get of rapamycin [mTOR] pathways) and is 
directly associated with the predisposition of 
patients with NF-1 to develop several cancers 
(Lin and Gutmann 2013).

5.2.2  Clinical Aspects

Clinical criteria to diagnose NF-1 were devel-
oped in 1987 (Table 5.1) (National Institutes of 
Health Consensus Development Conference 
Statement: neurofibromatosis. Bethesda, Md., 
USA, July 13–15, 1987 1988). Children with 
NF-1 are at an increased risk of developing sev-
eral different types of cancer, including malig-
nant peripheral nerve sheath tumor (MPNST), 
leukemia, and CNS cancers (Lin and Gutmann 
2013). Optic pathway glioma (OPG; pilocytic 
astrocytoma [World Health Organization (WHO) 
grade 1]) is the most common CNS cancer in 
children with NF-1, affecting between 15 and 
20% of patients (Listernick et  al. 1994). Optic 
nerve involvement is seen in most patients with 
OPG, 50% of which are bilateral (Listernick 
et  al. 1994; Thiagalingam et  al. 2004). While 

approximately half to two-thirds of cases affect 
the optic chiasm, isolated chiasmatic involve-
ment is less common (Listernick et  al. 1994; 
Thiagalingam et al. 2004). The median age at the 
time of diagnosis of OPG is around 4 years, with 
symptomatic patients presenting at a younger age 
(Listernick et  al. 1994). However, symptomatic 
OPG can also be diagnosed in older children, and 
occasionally even in the second and third decades 
of life (Thiagalingam et  al. 2004; King et  al. 
2003; Listernick et al. 2004). Children with NF-1 
who develop OPGs generally have a more indo-
lent course compared to those without NF-1. Half 
to two-thirds of children with NF-1 and OPG do 
not require therapy for tumor growth and/or pro-
gressive clinical problems such as vision loss 
during their follow-up (Listernick et  al. 1994; 
Thiagalingam et  al. 2004; King et  al. 2003). 
Patients with chiasmatic tumors have a higher 
risk of vision loss and precocious puberty 
(Listernick et  al. 1994). Likewise, children 
younger than 6 years seem to be at higher risk 
of vision loss secondary to OPGs (Listernick 
et al. 1994).

Children with NF-1 have an increased risk of 
developing pilocytic and other low-grade astro-
cytomas outside the optic pathway, including 
synchronous and metachronous tumors involv-
ing the brainstem and cerebellum (Bilaniuk 

Table 5.1 National Institutes of Health (NIH) criteria for 
neurofibromatosis type 1 (NF-1) (National Institutes of 
Health Consensus Development Conference Statement: 
neurofibromatosis. Bethesda, Md., USA, July 13–15, 
1987 1988)

Patients should have two or more of the following 
criteria:
1.  Six or more café-au-lait spots >0.5 cm in 

prepubertal individuals or >1.5 cm in postpubertal 
individuals

2.  Two or more neurofibromas of any type or at least 
one plexiform neurofibroma

3.  Freckling in the axillary and inguinal regions
4. Optic glioma
5.  Two or more Lisch nodules (benign iris 

hamartomas)
6.  A distinctive osseous lesion such as sphenoid 

dysplasia or thinning of long bone cortex, with or 
without pseudarthrosis

7.  A first-degree relative with NF1 by the above 
criteria
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et al. 1997; Dunn et al. 2007). Brainstem glio-
mas can affect up to 10% of children with NF-1 
and they occur in association with OPG in 40% 
of patients (Bilaniuk et al. 1997; Pollack et al. 
1996). Three types of brainstem gliomas are 
observed in children with NF-1: (1) tectal plate 
tumors, which are very indolent and commonly 
cause hydrocephalus; (2) focal enhancing low-
grade tumors; and (3) diffuse tumors, which 
may affect multiple brainstem segments. Unlike 
patients without NF-1, the latter tumors more 
commonly arise from the medulla and not from 
the pons (Pollack et  al. 1996; Molloy et  al. 
1995; Bilaniuk et  al. 1997). The presence of 
NF-1 has long been recognized as a potentially 
favorable prognostic factor in children with dif-
fuse brainstem gliomas (Milstein et  al. 1989; 
Raffel et  al. 1989). Children with NF-1 and 
focal or diffuse brainstem gliomas have an 
increased risk of hydrocephalus compared to 
those without NF-1 (Bilaniuk et  al. 1997; 
Molloy et  al. 1995; Pollack et  al. 1996). 
Children with NF-1 and brainstem gliomas may 
present with symptomatology attributable to 
brainstem involvement, often with a protracted 
course, or may be asymptomatic (Pollack et al. 
1996; Molloy et al. 1995).

High-grade gliomas are also seen in children 
with NF-1 (Rosenfeld et al. 2010; Huttner et al. 
2010), although the risk is substantially lower 
than that of low-grade tumors, and their develop-
ment may be associated with previous use of irra-
diation (Rosenfeld et al. 2010). Finally, children 
with NF-1 are at increased risk of developing 
intradural, extramedullary spinal tumors, particu-
larly intraneural and less commonly plexiform 
neurofibromas (Khong et al. 2003; Nguyen et al. 
2015). Although spinal neurofibromas were 
observed upon screening in 13% of 53 asymp-
tomatic children with NF-1 (Khong et al. 2003), 
their occurrence was more common in patients 
with symptoms attributable to spinal involvement 
(up to 70–80%) (Nguyen et al. 2015). Spinal neu-
rofibromas also more commonly affect adoles-
cents and adults than children with NF-1, which 
could be related to the natural history of these 
tumors and/or the development of symptoms 
over time (Nguyen et al. 2015).

5.2.3  Relevant Therapeutic Issues

The review of treatment for low- and high-
grade gliomas in children with NF-1 is beyond 
the scope of this chapter. However, important 
differences in therapy between patients with 
and without NF-1 need to be emphasized. 
Children with NF-1 have an increased risk of 
developing second cancers after irradiation, 
particularly other gliomas and MPNSTs, when 
compared to nonirradiated NF-1 patients 
(Sharif et  al. 2006). Cerebral vascular malfor-
mations, including arterial stenosis and occlu-
sion, and moyamoya syndrome have been 
described in 2.5% of children with NF-1 who 
were screened by magnetic resonance imaging 
(MRI) for intracranial complications (Rosser 
et al. 2005). Another study demonstrated a sig-
nificantly increased risk of symptomatic cere-
bral vasculopathy in children with NF-1 treated 
with irradiation for an OPG compared to simi-
lar patients without NF-1 (risk of 30% vs. 6%, 
respectively) (Grill et al. 1999). Children with 
NF-1 are known to be at increased risk of learn-
ing disabilities as well (North et  al. 1997). 
Therefore, patients with NF-1 and low-grade 
gliomas, particularly OPGs, are preferentially 
treated with chemotherapy irrespective of age 
(Fisher et  al. 2012). Upfront treatment with 
chemotherapy in children with NF-1 and OPGs, 
particularly with carboplatin-based regimens, 
has produced objective radiologic responses 
(complete, partial, and minor responses), dis-
ease stabilization, and improved visual acuity 
in 32%, 59%, and 32% of cases, respectively 
(Fisher et al. 2012). However, careful follow-up 
of visual function in these children is manda-
tory since worsening visual acuity was observed 
even in patients who experienced objective 
radiologic responses to chemotherapy (Fisher 
et al. 2012). Irradiation is reserved for tumors 
that do not respond to chemotherapy, particu-
larly when there is concern for visual loss. 
Based on the importance of the activation of 
downstream cellular pathways in the genesis of 
NF-1-related tumors, clinical trials using MEK 
and mTOR inhibitors are underway for children 
with NF-1 and low-grade gliomas.
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Due to their generally more favorable progno-
sis, anticancer therapy is usually recommended 
only upon documentation of overt clinical and 
radiologic progression in patients with NF-1 and 
brainstem gliomas (Pollack et  al. 1996; Molloy 
et al. 1995). Although a minority of patients with 
NF-1 and brainstem glioma may have a deadly 
course (Molloy et al. 1995), the majority of these 
patients fare well even without any anticancer 
therapy (Molloy et al. 1995; Pollack et al. 1996). 
The treatment and prognosis of children with 
NF-1 and high-grade gliomas does not differ 
from that of patients without NF-1.

5.2.4  Screening

Screening of asymptomatic children with NF-1 by 
brain MRI is not recommended since it does not 
predict tumor behavior and normal results do not 
exclude the subsequent development of OPGs 
(Listernick et  al. 1994, 2007). Furthermore, 
asymptomatic OPGs detected by MRI rarely cause 
clinical repercussion and may occasionally regress 
spontaneously (Listernick et  al. 1994; 
Thiagalingam et  al. 2004; King et  al. 2003; 
Perilongo et  al. 1999). Yearly ophthalmological 
evaluations, including visual acuity testing and 
fundoscopy, have been recommended as screening 
tools for children with NF-1, at least up to 7 years 
of age (Listernick et al. 2007; Ferner et al. 2007). 
Young children with NF-1 and known OPG should 
have their vision monitored at shorter intervals, 
particularly in the first 2 years after diagnosis 
(Fisher et al. 2012). However, the yield of visual 
acuity testing may be limited in children with 
NF-1 due to patients’ young age, lack of coopera-
tion, and presence of learning disabilities (Pilling 
and Taylor 2010). New experimental modalities 
assessing the integrity of the anterior visual path-
way, including the evaluation of the peripapillary 
retinal nerve fiber and the ganglion cell-inner 
plexiform layers by optical coherence tomogra-
phy, have shown promising results as screening 
tools to detect early vision loss in children with 
and without NF-1 and OPG (Chang et al. 2010; Gu 
et  al. 2014). However, these and other methods 
still require validation in larger patient cohorts.

Recent studies analyzing the correlations 
between genotype and phenotype in patients 
with NF-1 have shown an association between 
mutations clustering in the 5′ portion of NF1 
(exons 1 through 16) and an increased risk for 
development of OPG (Ars et  al. 2003; Sharif 
et al. 2011; Bolcekova et al. 2013). If this find-
ing is confirmed in larger studies, it is possible 
that this high-risk population may benefit 
from alternative screening recommendations 
for OPG.

5.3  Neurofibromatosis Type 2 
(NF-2)

5.3.1  Background and Genetics

J. H. Wishart first described a patient with bilat-
eral vestibular schwannomas, a hallmark of 
NF-2, in the first half of the nineteenth century 
(Ahn et al. 1996). However, it was not until 1987 
that the distinct characteristics of NF-1 and NF-2 
were clearly defined (National Institutes of 
Health Consensus Development Conference 
Statement: neurofibromatosis. Bethesda, Md., 
USA, July 13–15, 1987 1988).

OMIM: #101000; NF2 is located at 22q12.2

• Autosomal dominant syndrome with 
nearly 100% penetrance and variable 
clinical expression based on genotype 
characteristics

• Incidence varies between 1  in 25,000 
and 1 in 200,000

• Approximately half of the cases are de 
novo mutations with an unusually high 
rate of somatic mosaicism (between 25 
and 60%) depending on the severity of 
involvement

• Multitude of syndromic features con-
sisting of involvement of skin and eyes 
and predisposition to peripheral neurop-
athies and CNS cancers
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NF2, a tumor suppressor gene, was first iden-
tified in 1993 (Rouleau et al. 1993). Its product, 
merlin (also known as schwannomin) interacts 
with multiple proteins in the cell membrane and 
cytoskeleton (Asthagiri et al. 2009). This inter-
action affects the regulation of various cellular 
signaling pathways including the phospho-
inositide-3 kinase (PI3K) and MEK pathways 
by mechanisms not completely understood that 
lead to cell growth and proliferation (Asthagiri 
et al. 2009).

5.3.2  Clinical Aspects

Patients with NF-2 have a predisposition to 
develop multiple CNS cancers including schwan-
nomas, meningiomas, spinal ependymomas, and 

more rarely astrocytomas and neurofibromas 
(Asthagiri et  al. 2009). Although bilateral ves-
tibular schwannomas are a hallmark of NF-2, 
unilateral tumors or involvement of other cranial 
or peripheral nerves or spinal roots may occur 
(Asthagiri et al. 2009). Multiple clinical criteria 
to diagnose NF-2 have been described (Table 5.2) 
(Evans et al. 1992; Gutmann et al. 1997; Baser 
et al. 2011). However, recently proposed criteria 
that take into account additional parameters, 
including age of recognition of each clinical sign 
as well as genetic confirmation, seem to confer 
increased sensitivity in diagnosing NF-2, includ-
ing mosaic cases (Table 5.3) (Baser et al. 2011).

Only about 20% of patients with NF-2 are 
diagnosed at less than 15 years of age (Evans 
et  al. 1999). The presentation of children with 
NF-2 is, in general, distinct from that of adults 

Table 5.2 Diagnostic criteria for neurofibromatosis type 2 (NF-2)

1987 NIH criteria (National Institutes of Health consensus development conference statement: Neurofibromatosis. 
Bethesda, Md., USA, July 13–15, 1987 1988)
A patient who meets either condition A or B has NF-2.

A. Bilateral vestibular schwannomas (VS)
B.  First-degree family relative with NF-2 and unilateral VS or any two of neurofibroma, meningioma, glioma, 

schwannoma, or juvenile posterior subcapsular lenticular opacity
1992 Manchester criteria (Evans et al. 1992)
A patient who meets condition A, B, C, or D has NF-2.

A. Bilateral VS
B.  First-degree family relative with NF-2 and unilateral VS or any two of neurofibroma, meningioma, glioma, 

schwannoma, or posterior subcapsular lenticular opacities
C.  Unilateral VS and any two of neurofibroma, meningioma, glioma, schwannoma, or posterior subcapsular 

lenticular opacities
D.  Multiple meningiomas (two or more) and unilateral VS or any two of neurofibroma, glioma, schwannoma, or 

cataract
1997 National Neurofibromatosis Foundation Criteria (Gutmann et al. 1997)
Confirmed (definite) NF-2
A patient who meets either condition A or B has NF-2.

A. Bilateral VS
B.  First-degree family relative with NF-2 and unilateral VS <30 years or any two of meningioma, glioma, 

schwannoma, or juvenile posterior subcapsular lenticular opacity/juvenile cortical cataract
Presumptive or probable NF-2
A patient who meets either condition C or D has presumptive or probable NF-2.

C.  Unilateral VS <30 years and at least one of meningioma, glioma, schwannoma, or juvenile posterior 
subcapsular lenticular opacity/juvenile cortical cataract

D.  Multiple meningiomas (two or more) and unilateral VS <30 years or at least one of glioma, schwannoma, or 
juvenile posterior subcapsular lenticular opacity/juvenile cortical cataract

Note: In the Manchester criteria, “any two of” refers to two individual tumors or cataract, whereas in the other sets of 
criteria, it refers to two tumor types or cataract
Reprinted by permission from Macmillan Publishers Ltd.: Genet Med 13:576–581, copyright (2011)
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(Asthagiri et  al. 2009) (Evans et  al. 1999). For 
example, hearing loss, tinnitus, and facial palsies, 
which are common diagnostic findings in adults, 
are seen at presentation in only 30–40% of chil-
dren with NF-2 (Asthagiri et  al. 2009; Evans 
et al. 1999). Approximately one-third of children 
with NF-2 present with symptoms associated 
with a meningioma and 10% with symptoms 
from a spinal tumor (Evans et al. 1999). Children 
also present with mononeuropathy more com-
monly than adults (Evans et al. 1999). One of the 
main differences between children and adults 
applies to familial cases since screening of sus-
pected cases, including genetic testing, can lead 
to early detection and management of asymptom-
atic tumors (Evans et al. 1999).

Vestibular schwannoma is one of the main 
sources of morbidity in patients with NF-2 
(Asthagiri et al. 2009). Little is known about the 
natural history and growth rate of these tumors 
in children since the data are scant and the major-
ity of studies combined data from adult and pedi-

atric patients (Plotkin et al. 2014). However, at 
least one study reported a potentially slower 
growth rate in the pediatric age group (Choi 
et al. 2014). Approximately 10–18% of children 
with a meningioma are eventually diagnosed 
with NF-2 (Evans et  al. 1999; Kotecha et  al. 
2011). Patients with NF-2 have an increased risk 
of developing multifocal meningiomas and of 
experiencing tumor progression independent of 
other prognostic factors (Kotecha et  al. 2011). 
Based on this association, some studies have rec-
ommended ruling out NF-2 in all children diag-
nosed with a meningioma (Baumgartner and 
Sorenson 1996). Ependymomas are the most 
common intramedullary spinal tumors in patients 
with NF-2 (Aguilera et  al. 2011; Hagel et  al. 
2012). Multiple spinal ependymomas are present 
in up to 60% of patients with NF-2 (Plotkin et al. 
2011). Most of these tumors are WHO grade 2 
and predominantly involve the cervical spine or 
cervicomedullary junction (Hagel et  al. 2012; 
Plotkin et al. 2011).

Table 5.3 The Baser criteria for neurofibromatosis type 2 (NF-2) (Baser et al. 2011)

Feature
If present at or before 
the age of 30 years

If present after the age 
of 30 years

First-degree relative with NF-2 diagnosed by these criteria 2 2
Unilateral vestibular schwannoma 2 1a

Second vestibular schwannoma 4 3a

One meningioma 2 1
Second meningioma (no additional points for more than two 
meningiomas)

2 1

Cutaneous schwannoma (one or more) 2 1
Cranial nerve tumor (excluding vestibular schwannoma) (one or 
more)

2 1

Mononeuropathy 2 1
Cataract (one or more) 2 0

The patient is given points as shown in the table
aPoints are not given for unilateral or second vestibular schwannoma if age at diagnosis is more than 70 years
• A diagnosis of definite NF2 is established if the total number of points is 6 or more
• NF2 mutation testing is indicated if the total number of points is 4 or 5
•  A diagnosis of definite NF2 is established if a constitutional pathogenic NF2 mutation is found on mutation testing
• If no constitutional pathogenic NF2 mutation is found on mutation testing:
•  A diagnosis of mosaic NF2 is established if mosaicism for a pathogenic NF2 mutation is found in the blood or no 

detectable pathogenic NF2 mutation is found in the blood but the same pathogenic NF2 mutation is found in two 
separate NF2-associated tumors

•  Otherwise, a temporary diagnosis of possible NF2 is made, pending further clarification. Clarification may occur if 
the patient is established to have a different condition (e.g., schwannomatosis or multiple meningiomas) by standard 
diagnostic criteria or if evolution of the patient’s disease over time permits establishing a diagnosis of definite NF2 
or mosaic NF2 according to the criteria given above

Reprinted by permission from Macmillan Publishers Ltd.: Genet Med 13:576–581, copyright (2011)
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5.3.3  Relevant Therapeutic Issues

The principles of management of NF-2-related 
CNS cancers in children are similar to those used 
for adults and are based on maintenance of quality 
of life and preservation of function (e.g., hearing 
and facial function in patients with vestibular 
schwannomas) (Evans et al. 2005). The therapeu-
tic approach for children with vestibular schwan-
nomas is still controversial but most studies 
recommend observation for asymptomatic cases 
(Choi et al. 2014). Until recently, surgery or local 
irradiation, particularly radiosurgery, had been the 
only treatment modalities available for patients 
with vestibular schwannomas and NF-2. More 
recently, anticancer agents have been tested in 
such patients, particularly based on some of the 
biologic aspects of NF-2-induced tumorigenesis 
(Karajannis and Ferner 2015). Among these 
agents, bevacizumab (Avastin; Genentech, South 
San Francisco, USA; F.  Hoffmann-La Roche, 
Switzerland), a humanized IgG1 monoclonal 
antibody that binds vascular endothelial growth 
factor (VEGF), has shown activity against pro-
gressive vestibular schwannomas and the poten-
tial to improve hearing in some patients with 
NF-2 (Plotkin et al. 2009). However, these patients 
may require long-term administration of bevaci-
zumab since treatment interruption precipitates 
regrowth of tumors (Mautner et  al. 2010). 
Although irradiation may be required for children 
with NF-2, there is a concern that patients may be 
at higher risk for developing subsequent malig-
nant neoplasms in irradiated areas, including 
MPNSTs and other brain cancers (Baser et  al. 
2000). NF-2-associated spinal cord ependymo-
mas have an indolent behavior and surgical inter-
vention is only required in patients with 
progressive symptoms (Hagel et al. 2012; Aguilera 
et al. 2011). Patients with NF-2 and grade 2 epen-
dymomas can be cured if complete surgical resec-
tion is attained (Asthagiri et al. 2009).

5.3.4  Screening

Presymptomatic genetic testing of individuals at 
risk and/or suspected of having NF-2 is critical 
for early diagnosis and improved medical care 

(Asthagiri et al. 2009). However, the sensitivity 
of genetic testing for germline NF2 mutations is 
limited by the high rate of de novo cases and the 
existence of somatic mosaicism and is variable 
dependent on the clinical context (e.g., familial 
versus nonfamilial cases) (Evans et al. 2012). The 
recommendations regarding the appropriate age 
at which to obtain genetic testing in children at 
risk for NF-2 vary among different countries 
(Asthagiri et al. 2009).

Although hearing testing, particularly auditory 
brainstem response, continues to be used as a 
screen for hearing loss in patients at risk for NF-2 
(Evans et al. 2000), thin-slice brain MRI with and 
without contrast is the standard to screen for ves-
tibular schwannomas and other intracranial neo-
plasms (Evans et al. 2000). Spine MRIs are also 
recommended for at-risk children to rule out spi-
nal involvement (Evans et  al. 2012). Although 
recommendations regarding the age at which to 
start imaging vary, most studies agree that the first 
brain MRI could be obtained at 10–12 years of 
age (Evans et  al. 2005), except for severely 
affected families where it is commonly recom-
mended to begin screening 5–10 years before the 
earliest age of onset. Detailed recommendations 
for screening studies dependent on individual risk 
for NF-2 were recently published but are beyond 
the scope of this chapter (Evans et al. 2012).

5.4  Tuberous Sclerosis Complex 
(TSC)

OMIM: #191100; TSC1 is located at 9q34.13.
OMIM: #613254; TSC2 is located at 16p13.3

• Autosomal dominant syndrome with 
high penetrance but variable clinical 
expression

• Incidence varies with age, race, and 
mode of ascertainment ranging from 
1 in 6000 to 1 in 95,000

• Multitude of syndromic features affect-
ing skin, mucous membranes, CNS, 
eyes, kidneys, heart, lungs, gastrointes-
tinal tract, and endocrine system
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Table 5.4 Diagnostic criteria for tuberous sclerosis complex (TSC) (Northrup et al. 2013)

A. Genetic diagnostic criteria
The identification of TSC1 or TSC2 pathogenic mutation in DNA from normal tissue is sufficient to make a definite 
diagnosis of tuberous sclerosis complex (TSC). Pathogenic mutation clearly inactivate or impact the function of the 
TSC1 or TSC2 proteins or prevents protein synthesis. Other TSC1 or TSC2 variants whose effect on function are 
less certain do not meet these criteria, and are not sufficient to make a definite diagnosis of TSC. Note that 10–25% 
of TSC patients have no mutation identified by conventional genetic testing, and a normal result does not exclude 
TSC, or have any effect on the use of clinical diagnostic criteria to diagnose TSC.
B. Clinical diagnostic criteria
  Major features

   1. Hypomelanotic macules (≥3, at least 5-mm diameter)

   2. Angiofibromas (≥3) or fibrous cephalic plaque

   3. Ungual fibromas (≥2)
   4. Shagreen patch
   5. Multiple retinal hamartomas
   6. Cortical dysplasias, including tuber and cerebral white matter radial migration lines
   7. Subependymal nodules
   8. Subependymal giant cell astrocytoma
   9. Cardiac rhabdomyoma
   10. Lymphangioleiomyomatosis (LAM)a

   11. Angiomyolipomas (≥2)a

  Minor features
   1. “Confetti” skin lesions
   2. Dental enamel pits (>3)

   3. Intraoral fibromas (≥2)
   4. Retinal achromic patch
   5. Multiple renal cysts
   6. Nonrenal hamartomas

Definite diagnosis: Two major features or one major feature with ≥ 2 minor features
Possible diagnosis: Either one major feature or ≥ minor features
aA combination of the two major clinical features (LAM and angiomyolipomas) without other features does not meet 
criteria for a definite diagnosis
Reprinted from Pediatr Neurol 49 (4), Northrup H, Krueger DA; International Tuberous Sclerosis Complex Consensus 
Group, Tuberous sclerosis complex diagnostic criteria update: recommendations of the 2012 International Tuberous 
Sclerosis Complex Consensus Conference, 243–254, Copyright (2013) with permission from Elsevier

5.4.1  Background and Genetics

TSC was first recognized in the nineteenth cen-
tury (Morgan and Wolfort 1979). In 1880, 
Bourneville reported the association of multiple 
brain tumors with seizures and mental retarda-
tion in a child with TSC (Morgan and Wolfort 
1979). TSC1 and TSC2 were identified as the 
genes responsible for TSC in the early 1990s 
(Haines et al. 1991; European Chromosome 16 
Tuberous Sclerosis 1993). Hamartin and tuberin, 
the respective products of TSC1 and TSC2, 
interact with each other and inhibit mTOR com-
plex 1 signaling by their direct effect on Rheb 
(Inoki and Guan 2009). mTOR complex 1 sig-
naling, a cellular pathway associated with key 

cellular functions including protein synthesis, 
cell growth, and proliferation, is activated by 
abnormalities in TSC1 and TSC2 (Inoki and 
Guan 2009).

5.4.2  Clinical Aspects

TSC is characterized by the involvement of mul-
tiple organ systems with variable degrees of clin-
ical expression, even among close family 
members as much as possible (Northrup et  al. 
1993). Table 5.4 provides updated clinical, radio-
logic, and molecular criteria for the diagnosis of 
TSC (Northrup et  al. 2013). Some of the most 
significant medical problems associated with 
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TSC are related to brain involvement and include 
epilepsy, learning disability, and the risk of devel-
oping subependymal giant cell astrocytoma 
(SEGA) (Northrup et al. 2013). SEGA is radio-
logically detected in 6–20% of patients with TSC 
(Adriaensen et al. 2009).

5.4.3  Relevant Therapeutic Issues

Until recently, surgical resection had been the only 
available therapeutic option for patients with 
SEGA, particularly those with symptoms associ-
ated with hydrocephalus or enlarging tumors (Roth 
et al. 2013). Everolimus (Afinitor; Novartis Pharma 
Stein AG, Stein, Switzerland), an oral mTOR 
inhibitor approved by the FDA for the treatment of 
SEGA in patients with TSC, has produced durable 
objective responses in the majority of patients 
(Franz et  al. 2013, 2014). The choice of therapy 
between surgery and the use of mTOR inhibitors 
depends on multiple factors, including the patient’s 
clinical condition, tumor site, and available exper-
tise at each institution (Roth et al. 2013).

5.4.4  Screening

It is recommended that patients with TSC be 
screened for SEGAs with brain MRIs every 1–3 
years until the age of 25 years (Roth et al. 2013). 
These recommendations, however, can vary based 
on the clinical condition and tumor growth pattern 
for each patient. The recommended follow-up 
beyond 25 years of age is not clear since the pattern 
of growth of SEGA in this age group is limited.

5.5  Gorlin Syndrome (Also 
Known as Nevoid Basal-Cell 
Carcinoma Syndrome)

5.5.1  Background and Genetics

Although evidence of the existence of Gorlin 
syndrome dates back to 1000 B.C. (Satinoff and 
Wells 1969), this syndrome was first reported in 
1960 (Gorlin and Goltz 1960). In 1996, it was 
discovered that Gorlin syndrome is caused by 
heterozygous germline loss-of-function muta-
tions in PTCH1, which encodes a receptor for the 
Sonic Hedgehog (SHH) protein (Hahn et  al. 
1996; Johnson et al. 1996). In vertebrates, SHH 
binds to PTCH1 (Stone et al. 1996), and thereby 
prevents PTCH1-mediated inhibition of the 
transmembrane protein Smoothened (SMO). No 
longer restrained, SMO then activates the GLI 
family transcription factors, which translocate to 
the nucleus and induce expression of downstream 
genes (i.e., GLI1, GLI2, PTCH1, CCND1, BCL2, 
and MYCN). Through this mechanism, Hedgehog 
signaling regulates cell growth and differentia-
tion and is instrumental during cerebellar pattern-
ing (Ingham and McMahon 2001; Roussel and 
Hatten 2011). It is thus not surprising that dereg-
ulation of this pathway results in the develop-
mental defects and tumors typical of Gorlin 
syndrome.

Heterozygous germline PTCH1 mutations 
represent 40–85% of individuals with typical 
Gorlin syndrome (Wicking et  al. 1997; Soufir 
et  al. 2006), and mutations in SUFU and in 
PTCH2, which encodes a protein highly homol-
ogous to PTCH1, account for the remaining 
cases (Taylor et al. 2002; Smith et al. 2014b; Fan 
et  al. 2008; Fujii et  al. 2013). Recent reports 
describe rare individuals with 9q22.3 microdele-
tion syndrome who harbor large chromosomal 
deletions encompassing PTCH1 (Muller et  al. 
2012). In addition to the typical features of 

OMIM: #1109400; PTCH2 is located at 
1p34.1; PTCH1 is located at 9q22.32; 
SUFU is located at 10q24.32

• Autosomal dominant syndrome with com-
plete penetrance and variable expression

• Incidence ranges from 1  in 30,000 to 
1 in 235,000

• Approximately 20–30% of cases are 
due to de novo mutations

• Multiple syndromic features including 
macrocephaly, as well as skeletal and 
dermatologic abnormalities
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Gorlin syndrome, these patients may present 
with craniosynostosis, obstructive hydrocepha-
lus, and macrosomia (Muller et al. 2012).

5.5.2  Clinical Aspects

Gorlin syndrome is usually diagnosed based on 
physical examination and imaging findings 
according to established criteria (Table  5.5) 
(Kimonis et al. 1997). Molecular testing is used 
to confirm the diagnosis in individuals with atyp-
ical manifestations or to identify asymptomatic 
carriers when other relatives are known to be 
affected.

Medulloblastoma and meningioma are the 
two predominant CNS cancers in patients with 
Gorlin syndrome (Kimonis et  al. 1997, 2004; 
Evans et al. 1993). Approximately 5% of patients 

with Gorlin syndrome develop a medulloblas-
toma (Evans et al. 1993). The risk of developing 
medulloblastoma in patients with Gorlin syn-
drome and germline SUFU mutations seems to 
be strikingly higher compared to those with 
PTCH1 mutations (Smith et  al. 2014b). 
Medulloblastoma is usually diagnosed before 3 
years of age in patients with Gorlin syndrome 
(Smith et al. 2014b; Amlashi et al. 2003; Garre 
et al. 2009; Brugieres et al. 2012). Nodular/des-
moplastic and medulloblastoma with extensive 
nodularity are by far the most prevalent histo-
logic variants seen in these patients (Smith et al. 
2014b; Amlashi et  al. 2003; Garre et  al. 2009; 
Brugieres et  al. 2012). In addition to medullo-
blastoma and meningioma, other brain tumors 
have been reported sporadically in patients with 
Gorlin syndrome (Smith et al. 2014b; Evans et al. 
1991; Choudry et  al. 2007). However, it is not 
clear whether some of these CNS tumors result 
from the underlying genetic defect or are instead 
secondary to the irradiation used to treat medul-
loblastoma. Non-CNS cancers have been rarely 
described in patients with Gorlin syndrome 
(Cajaiba et al. 2006).

5.5.3  Relevant Therapeutic Issues

Several clinical trials have demonstrated that 
young children (less than 3 years) with nodular/
desmoplastic and medulloblastoma with exten-
sive nodularity have an excellent prognosis when 
treated with radical tumor resection followed by 
intensive combination chemotherapy without 
irradiation (Rutkowski et  al. 2005; Leary et  al. 
2011). Therefore, it is expected that nowadays 
most children with Gorlin syndrome and medul-
loblastoma will receive therapy without irradia-
tion. Still, early recognition of features suspicious 
for Gorlin syndrome is critical to avoid as much 
as possible the use of irradiation in such patients. 
The risk of secondary neoplasms after the use of 
irradiation, particularly basal-cell carcinomas 
and meningiomas, is extremely high in patients 
with Gorlin syndrome (Smith et  al. 2014b; 
Amlashi et al. 2003; Garre et al. 2009; Brugieres 
et  al. 2012; Choudry et  al. 2007; Walter et  al. 

Table 5.5 Diagnostic criteria for Gorlin syndrome 
(Kimonis et al. 1997)

A. Major criteria
1.  More than two basal-cell carcinomas, or one in a 

patient less than 20 years old
2.  Odontogenic keratocysts of the jaw, proven by 

histopathology
3. Three or more palmar or plantar pits
4. Bilamellar calcification of the falx cerebri
5. Bifid, fused or markedly splayed ribs
6. First-degree relative(s) with Gorlin syndrome
B. Minor criteria
1.  Macrocephaly determined after adjustment for 

height
2.  Congenital malformations: cleft lip or palate, frontal 

bossing, “coarse” face, moderate or severe 
hypertelorism

3.  Other skeletal abnormalities: Sprengel deformityb, 
marked pectus deformity, marked syndactyly of the 
digits

4.  Radiological abnormalities: Bridging of the sella 
turcica, vertebral anomalies such as hemivertibrae, 
fusion or elongation of the vertebral bodies, 
modeling defects of the hands and feet, or 
flame-shaped lucencies of the hands or feet.

5. Ovarian fibroma
6. Medulloblastoma

aA clinical diagnosis of Gorlin syndrome is made based on 
the presence of two major or one major and two minor 
criteria
bCongenital skeletal abnormality where one scapula sits 
higher than the other
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1997). Although meningiomas and basal-cell car-
cinomas are low-grade cancers, they may cause 
significant morbidity and may even lead to late 
deaths in these patients (Smith et  al. 2014b; 
Amlashi et al. 2003; Garre et al. 2009; Brugieres 
et  al. 2012; Choudry et  al. 2007; Walter et  al. 
1997).

Vismodegib, a small-molecule inhibitor of 
SMO, a proximal component of the SHH path-
way, has been successfully used in adults with 
advanced basal-cell carcinoma, a cancer com-
monly driven by somatic abnormalities in this 
pathway (Von Hoff et al. 2009). Vismodegib has 
also been tested in children and adults with 
medulloblastoma (Rudin et al. 2009; Gajjar et al. 
2013; Robinson et al. 2015). Activity of vismo-
degib was observed only in patients with SHH 
medulloblastoma that harbored proximal (e.g., 
PTCH1 or SMO mutations) but not distal abnor-
malities (e.g., SUFU mutations) in this pathway 
(Robinson et al. 2015; Kool et al. 2014). Although 
SMO inhibitors have already been used with 
some success in patients with Gorlin syndrome 
and basal-cell carcinomas (Tang et al. 2012), no 
information is available about their role in the 
treatment of CNS cancers in this same 
population.

5.5.4  Screening

Protocols for surveillance of children and adults 
with Gorlin syndrome have been developed 
(Bree et al. 2011). It is recommended that chil-
dren with Gorlin syndrome undergo baseline 
clinical and genetic evaluation with annual fol-
low-ups  thereafter. Dermatologic, cardiac, den-
tal, and ophthalmologic evaluations are also 
recommended at regular intervals (Bree et  al. 
2011). It is critical that imaging protocols avoid 
radiation exposure in such patients. Therefore, 
brain MRI is the preferred method to screen for 
medulloblastoma starting at baseline and then 
followed by yearly exams until the age of 8 
years (Bree et  al. 2011). Children with Gorlin 
syndrome and germline SUFU mutations may 
benefit from a more intense surveillance regi-
men with intervals between MRIs of 3 to 6 

months at younger ages (Smith et  al. 2014b). 
Brain MRIs are only recommended if symptoms 
develop in older children and adults (Bree et al. 
2011). The recommendation for imaging sur-
veillance for patients previously treated for 
medulloblastoma, particularly those who 
received irradiation, is obviously different than 
the ones described before.

Screening for Gorlin syndrome has been rec-
ommended for all children diagnosed with 
medulloblastoma with extensive nodularity 
(Garre et  al. 2009). Screening for Gorlin syn-
drome is also recommended for children with 
nodular/desmoplastic medulloblastoma who 
harbor any other major or minor criteria (Bree 
et al. 2011).

5.6  Li-Fraumeni Syndrome (LFS)

5.6.1  Background and Genetics

LFS was first described in 1969  in four fami-
lies with soft tissue sarcomas and early onset 
breast cancer (Li and Fraumeni 1969). To date, 
over 500 families have been reported, but it is 
proposed that many more may exist (Testa 
et al. 2013). The association between TP53 and 
LFS was described in 1990 (Malkin et  al. 
1990). Also commonly referred to as “guardian 
of the genome,” TP53 encodes the critical 
DNA binding protein p53, which plays essen-
tial roles in mediating cellular stress responses 
and initiating cell-cycle arrest, senescence, and 
apoptosis in response to DNA damage (Zilfou 
and Lowe 2009).

OMIM: #151623; TP53 is located at 
17p13.1

• Autosomal dominant syndrome with 
high penetrance and variable expression

• Incidence is approximately 1 in 5000
• Between 7 and 20% of affected individ-

uals have de novo mutations
• No known associated syndromic features
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5.6.2  Clinical Aspects

Several classification systems have been devel-
oped to help determine those to whom TP53 
genetic testing should be offered (Table 5.6) (Li 
et  al. 1988; Tinat et  al. 2009). Germline TP53 
mutations are generally identified in more than 
70% of patients who meet classic LFS diagnos-
tic criteria (Ruijs et  al. 2010). In contrast, the 
mutation detection rate drops to 20% in indi-
viduals classified as “Li-Fraumeni-like,” who 
exhibit some but not all of the features associ-
ated with LFS (Ruijs et al. 2010). The lifetime 
cancer risk in individuals with LFS is extraordi-
narily high, approximately 68% in men and 
93% in women, with nearly half of cancers pre-
senting in individuals under 30 years of age 
(Testa et  al. 2013; Bougeard et  al. 2015). 
Patients with LFS are at greatest risk to develop 
six core “component” cancers, including CNS 
tumors, breast cancer, soft tissue sarcomas, 
osteosarcomas,  adrenocortical carcinomas, and 
leukemias (Testa et  al. 2013; Gonzalez et  al. 
2009; Olivier et al. 2003).

CNS tumors, including glioblastoma and 
other astrocytomas, medulloblastomas, ependy-
momas, and choroid plexus carcinomas, are 
observed in approximately 25% of patients with 
LFS (Ruijs et  al. 2010; Bougeard et  al. 2015; 
Farrell and Plotkin 2007). Infiltrative astrocyto-
mas are the most common CNS cancers in 
patients with LFS (Ruijs et  al. 2010). Whereas 
TP53 germline mutations are observed in 
45–100% of children with choroid plexus carci-
noma depending on geographical variations 
(Gonzalez et  al. 2009; Custodio et  al. 2011; 
Seidinger et  al. 2011; Tabori et  al. 2010), this 
abnormality is hardly ever observed in patients 
with choroid plexus papillomas (Tabori et  al. 
2010). Somatic TP53 mutations are seen in 16% 
and 21% of wingless (WNT) and SHH medullo-
blastomas, respectively (Zhukova et  al. 2013). 
While concomitant TP53 germline mutations 
were documented in approximately half of 
patients with somatically mutated SHH medullo-
blastomas, none of the patients with WNT tumors 
harbored this abnormality (Zhukova et al. 2013). 
There appears to be a biphasic age distribution of 
CNS cancers in patients with LFS, with the high-
est prevalence rates before age 10 and after 20 
years of age (Olivier et al. 2003).

5.6.3  Relevant Therapeutic Issues

Cancers identified in patients with LFS are 
treated similarly to identical tumors in patients 
without LFS. Although it is preferential to avoid 
DNA-damaging agents (such as ionizing radia-
tion) due to the increased risk for second malig-
nancies in patients with LFS (Hisada et  al. 
1998), this is not an option for patients with 
high-grade CNS neoplasms. SHH medulloblas-
tomas with TP53 mutations, which commonly 
harbor other molecular abnormalities including 
NMYC amplification, are associated with a very 
poor prognosis (Seidinger et  al. 2011; Kool 
et  al. 2014). Likewise, children with LFS and 
medulloblastoma fare poorly despite treatment 
with craniospinal irradiation and intensive com-
bination chemotherapy (Zhukova et  al. 2013). 
The presence of somatic TP53 mutations is also 

Table 5.6 Diagnostic criteria for Li Fraumeni syndrome 
(LFS)

A. Classic criteria: (Li et al. 1988) LFS is defined by 
the presence of all of the following:
1. Proband diagnosed with a sarcoma before 45 years
2.  A first-degree relative with any cancer before 45 

years
3.  A first- or second-degree relative, along the same 

lineage, with any cancer before 45 years or a 
sarcoma at any age

B. 2009 Revised Chompret criteria: (Tinat et al. 2009)
1.  Proband with a tumor belonging to the LFS 

spectrum (i.e. soft tissue sarcoma, osteosarcoma, 
brain tumor, premenopausal breast cancer, 
adrenocortical carcinoma, leukemia, lung 
bronchoalveolar cancer) before 46 years, AND

2.  One or more first- or second-degree relatives with 
an LFS tumor (except breast cancer if the proband 
has breast cancer) before 56 years or with multiple 
tumors, OR

3.  Proband with multiple tumors (except multiple 
breast tumors), two of which belong to the LFS 
spectrum and the first of which occurred before 46 
years, OR

4.  Proband with adrenocortical carcinoma or choroid 
plexus tumor, regardless of family history
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a poor prognostic factor in patients with choroid 
plexus carcinoma compared to those without 
this abnormality (Tabori et al. 2010). Similar to 
medulloblastoma, children with LFS and cho-
roid plexus carcinoma also seem to have a worse 
outcome compared to nonaffected patients 
(Tabori et al. 2010).

5.6.4  Screening

The recommendations for screening in patients 
with LFS are emerging but no formal guidelines 
exist. For TP53 germline mutation carriers, 
annual physical examination with attention to the 
neurological examination is recommended. 
Studies are ongoing to determine whether newer 
radiologic approaches that avoid ionizing radia-
tion, alone or in combination with other screen-
ing measures, are effective in detecting tumors in 
patients with LFS.  One study of rapid whole-
body MRI with dedicated brain MRI reported 
increased survival in patients with LFS (Villani 
et al. 2011). Several larger prospective studies are 
ongoing in an effort to confirm these positive 
results.

5.7  Constitutional (or Biallelic) 
Mismatch-Repair Deficiency 
(CMMRD) Syndrome

5.7.1  Background and Genetics

Although CMMRD syndrome was only formally 
recognized in 1999 (Ricciardone et  al. 1999; 
Wang et al. 1999), its characteristics overlap with 
those of Turcot syndrome, which is the associa-
tion of CNS cancers and colonic polyposis and/or 
carcinomas (Turcot et al. 1959). The mismatch-
repair (MMR) system is a complex pathway 
involved in important cellular functions, includ-
ing the repair of small insertions and single base-
pair mismatches in DNA, immunoglobulin 
class-switch recombination, apoptosis, and sig-
naling of DNA damage (Jiricny 2006). 
Monoallelic germline mutations in MSH2, 
MSH6, MLH1, or PMS2, which are important 
components of the MMR system, cause Lynch 
syndrome, the most common form of hereditary 
colorectal cancer (Lynch and de la Chapelle 
2003). Biallelic (homozygous or compound het-
erozygous) germline mutations of the same genes 
cause CMMRD syndrome.

5.7.2  Clinical Aspects

CMMRD syndrome is characterized primarily by 
a predisposition to hematologic, CNS, colorectal 
and other cancers in the spectrum of Lynch syn-
drome, café au lait spots and other skin abnor-
malities, defects in the synthesis of 
immunoglobulin subclasses, and more rarely 
congenital malformations (Wimmer et al. 2014). 
The dermatologic and gastrointestinal involve-
ment associated with CMMRD is highly vari-
able, making the diagnosis more difficult 
(Wimmer et al. 2014; Durno et al. 2015). Due to 
the autosomal recessive pattern of transmission, 
consanguinity should raise the suspicion of this 
diagnosis although family history is commonly 
not striking for the presence of Lynch syndrome-
associated cancers (Durno et al. 2015).

CNS cancers account for 36–48% of all 
malignancies associated with CMMRD syn-
drome (Wimmer et al. 2014; Bakry et al. 2014). 
High-grade gliomas comprise approximately 
three-quarters of CNS cancers, followed by 
low-grade gliomas (up to 16%), and primitive 

OMIM: #276300.MSH2 is located at 2p21; 
MSH6 is located at 2p16.3; MLH1 is 
located at 3p22.2; PMS2 is located at 
7p22.1

• Autosomal recessive syndrome with 
very high penetrance

• Extremely rare but incidence not yet 
established

• Syndromic features include the pres-
ence of cutaneous stigmata, mostly rem-
iniscent of NF-1, and occasionally organ 
malformations
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neuroectodermal tumors/medulloblastoma (10–
18%) (Wimmer et al. 2014; Bakry et al. 2014). 
PMS2 and MSH6 germline mutations are 
observed in approximately 60% and 21–33%, 
respectively, of patients with CNS cancers and 
CMMRD syndrome (Wimmer et al. 2014; Bakry 
et  al. 2014). The histologic characteristics of 
CMMRD syndrome-associated CNS cancers 
appear indistinguishable from those of non-syn-
dromic patients. Unlike Lynch syndrome-asso-
ciated cancers (Lynch and de la Chapelle 2003), 
microsatellite instability is an unreliable tool to 
screen for CMMRD syndrome in patients with 
CNS cancers (Bakry et al. 2014). There is evi-
dence, however, that loss of expression of the 
respective MMR protein in tumor and/or normal 
tissue by immunohistochemistry may be sensi-
tive in detecting patients with CMMRD syn-
drome (Bakry et  al. 2014). However, normal 
expression of the respective MMR protein 
occurs in some patients with CMMRD syn-
drome and thus genetic testing remains the gold 
standard for confirming this diagnosis. The 
prognosis of patients with CNS cancer and 
CMMRD syndrome, particularly those with 
high-grade tumors, is unclear but some long-
term survivors have been described, suggesting 
that their outcome may not be that poor (Turcot 
et al. 1959; Hamilton et al. 1995).

5.7.3  Relevant Therapeutic Issues

To date, there are no special treatment recom-
mendations for patients with CNS cancers and 
CMMRD syndrome. Children with CMMRD 
and high-grade CNS neoplasms commonly 
undergo irradiation depending on their age, 
despite the sparse data about the sensitivity of 
MMR-deficient cancers to this treatment modal-
ity (Martin et al. 2010). Likewise, no unique che-
motherapy regimens have been applied to such 
patients; however, temozolomide and other medi-
cations that depend on an intact MMR system for 
their cytotoxic activity are believed to have no 
role in the treatment of patients with CMMRD 
syndrome (Jiricny 2006).

5.7.4  Screening

Screening protocols have been developed for 
patients with CMMRD syndrome (Table  5.7) 
(Bakry et  al. 2014; Vasen et  al. 2014). Current 
recommendations include brain MRIs at regular 
intervals to detect brain tumors. The recom-
mended age to start specific screening procedures 
varied between the two published studies (Bakry 
et  al. 2014; Vasen et  al. 2014). Early detection 
and resection of asymptomatic CNS cancers is a 
rational approach in this patient population based 
on the extremely high risk of cancer development 
and malignant transformation over time (Bakry 
et al. 2014; Shlien et al. 2015).

Table 5.7 Screening recommendations for patients with 
constitutional mismatch-repair deficiency syndrome 
(Bakry et al. 2014)

Cancer Surveillance strategy
Children
Colon Colonoscopy annuallya

Upper GI tract 
and small bowel

EGD annuallya,
Video capsule endoscopy annuallya

Brainb Ultrasound at birth and then brain 
MRI every 6 months

Leukemia, 
lymphomab

Complete blood count, erythrocyte 
sedimentation rate, lactate 
dehydrogenase every 4 months

Adults
Colon Colonoscopy annuallya

Upper GI tract 
and small bowel

EGD annuallya,
Video capsule endoscopy annuallya

Brainb Brain MRI every 6 months
Leukemia, 
lymphomab

Complete blood count, erythrocyte 
sedimentation rate, lactate 
dehydrogenase every 4 months

Uterus Ultrasound annually
Upper urinary 
tract

Ultrasound and urine cytology 
annually

Abbreviations: EGD esophagogastroduodenoscopy, GI 
gastrointestinal, MRI magnetic resonance imaging
aTo start at 3 years of age or at diagnosis
bBrain and leukemia/lymphoma screening should com-
mence at birth if diagnosed prenatally
Reprinted from Eur J Cancer 50 (5), Bakry D, Aronson M, 
Durno C et al., Genetic and clinical determinants of con-
stitutional mismatch repair deficiency syndrome: report 
from the constitutional mismatch repair deficiency con-
sortium, 987–996, Copyright 2014 with permission from 
Elsevier
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5.8  Rhabdoid Tumor 
Predisposition Syndrome 
(RTPS) 1

5.8.1  Background and Genetics

Biallelic alterations of SMARCB1 are observed in 
the majority of atypical teratoid/rhabdoid tumors 
(AT/RTs) and extra-CNS malignant rhabdoid 
tumors (Versteege et al. 1998; Biegel et al. 1999). 
This finding, combined with the description of 
patients harboring germline SMARCB1 abnor-
malities and the occurrence of multifocal and/or 
familial cases of rhabdoid tumors, led to the rec-
ognition of RTPS1  in 1998 (Biegel et  al. 1999; 
Sevenet et al. 1999). SMARCB1 is a core member 
of the SWI/SNF chromatin-remodeling complex 
that regulates gene expression and plays a key 
role in proliferation and differentiation (Kim and 
Roberts 2014). Currently, the mechanisms by 
which SMARCB1 abnormalities lead to tumori-
genesis are not well understood, but seem to 
result from global disruptions in gene transcrip-
tion due to alterations in chromatin remodeling.

5.8.2  Clinical Aspects

Although somatic SMARCB1 abnormalities have 
been described in multiple CNS and extra-CNS 
cancers (Wilson and Roberts 2011), RTPS1 has 

so far been mostly associated with the develop-
ment of AT/RTs and extra-CNS rhabdoid tumors 
(Kordes et  al. 2010; Bourdeaut et  al. 2011). 
Germline SMARCB1 abnormalities are predomi-
nantly found in younger patients (less than 2 
years) with AT/RT (Bourdeaut et al. 2011; Kordes 
et  al. 2010), with a peak incidence of 60% in 
infants less than 6 months of age (Bourdeaut 
et  al. 2011). The incidence of RTPS1 varies 
between 24 and 42% in unselected cases of AT/
RT (Bourdeaut et  al. 2011; Kordes et  al. 2010; 
Eaton et al. 2011). Despite preferentially affect-
ing younger patients, SMARCB1 germline muta-
tions have been described in older children with 
AT/RT as well (Bourdeaut et  al. 2011; Eaton 
et al. 2011). Therefore, germline SMARCB1 test-
ing is recommended for all patients with AT/
RT.  Although transmission of germline 
SMARCB1 mutations through multiple genera-
tions has been described (Taylor et al. 2000), this 
is an uncommon occurrence and most mutations 
arise de novo. For unclear reasons, the risk of 
developing AT/RT and extra-CNS rhabdoid 
tumors in patients with RTPS1 is limited to early 
infancy (Kordes et al. 2010).

Several case reports have described patients 
with heterozygous germline 22q11.2 distal dele-
tion encompassing SMARCB1 who developed 
AT/RTs or extra-CNS rhabdoid tumors (Jackson 
et  al. 2007; Sathyamoorthi et  al. 2009; Lafay-
Cousin et  al. 2009; Toth et  al. 2011; Beddow 
et al. 2011). Some of these cases displayed syn-
dromic features that are for the most part distinct 
from those found in DiGeorge (DGS) or velo-
cardio-facial syndrome (VCFS) (Ben-Shachar 
et al. 2008). Since the majority of patients with 
22q11.2 harbor deletions that are proximal to 
SMARCB1 and affect genes involved in DGS/
VCFS (Ben-Shachar et  al. 2008), their distinct 
phenotype is not surprising.

SMARCB1 germline mutations have also been 
described in a subset of patients with familial 
schwannomatosis, which is characterized by the 
development of multiple schwannomas without 
vestibular involvement (MacCollin et  al. 2005; 
Hulsebos et  al. 2007; Hadfield et  al. 2008). 
Exceptional cases of other cancers, including 

OMIM: #609322; SMARCB1 is located at 
22q11.23

• Autosomal dominant syndrome with 
high penetrance

• Extremely rare but incidence not yet 
established

• The majority of patients have no associ-
ated syndromic features, except for rare 
individuals with distal 22q11 deletions 
who may have multiple congenital mal-
formations, including cardiac defects, pre-
auricular tags, and cleft lip and palate
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multiple meningiomas and rare soft tissue can-
cers, have also been associated with SMARCB1 
germline mutations (Hulsebos et al. 2007, 2014a; 
Carter et  al. 2012; Forest et  al. 2012; van den 
Munckhof et  al. 2012). Interestingly, only rare 
families with germline SMARCB1 abnormalities 
have been described to have individuals affected 
with either schwannomatosis or AT/RTs (Eaton 
et al. 2011; Swensen et al. 2009). Genetic analy-
sis of SMARCB1 abnormalities in patients with 
schwannomatosis and AT/RT showed mostly dis-
tinct patterns (Smith et  al. 2014a). Germline 
abnormalities consisting of missense, splice site, 
or in-frame deletions affecting the 5′ and 3′ por-
tions of the gene, which cause alterations in func-
tion and/or expression of SMARCB1, 
predominated in patients with schwannomatosis 
(Smith et al. 2014a; Hulsebos et al. 2014b). On 
the other hand, patients with AT/RT were more 
likely to have nonsense mutations, whole gene or 
multiple exon deletions or duplications, which 
lead to complete loss of SMARCB1 expression 
(Smith et al. 2014a; Hulsebos et al. 2014b).

5.8.3  Relevant Therapeutic Issues

Although children with AT/RT and RTPS1 are 
presumed to have a worse prognosis than those 
without this syndrome mostly because of younger 
age, a higher incidence of multifocal disease, and 
inability to undergo irradiation (Bourdeaut et al. 
2011), long-term survivors have been reported 
(Kordes et al. 2014).

5.8.4  Screening

No established recommendations currently exist 
for the surveillance of patients with RTPS1. 
However, it is intuitive that children who harbor 
SMARCB1 germline abnormalities warrant regu-
lar monitoring for CNS and non-CNS tumors, 
particularly at young ages. Furthermore, although 
the incidence of rhabdoid tumors among patients 
with 22q11.2 distal deletion syndrome is 
unknown, it is clear that this high-risk cohort 
deserves to be screened (Beddow et al. 2011).

5.9  Rhabdoid Tumor 
Predisposition Syndrome 
(RTPS) 2

5.9.1  Background and Genetics

Monoallelic germline and biallelic somatic 
abnormalities of SMARCA4 were first recognized 
in rare patients with histologically typical AT/RT 
and rhabdoid tumors that did not harbor 
SMARCB1 abnormalities (Schneppenheim et al. 
2010; Hasselblatt et  al. 2011; Witkowski et  al. 
2013). This condition is now known as RTPS2. 
SMARCA4, another member of the SWI/SNF 
complex, is also believed to function as a tumor 
suppressor gene (Medina and Sanchez-Cespedes 
2008).

5.9.2  Clinical Aspects

Unlike RTPS1 (Kordes et  al. 2010; Bourdeaut 
et al. 2011; Eaton et al. 2011), there is evidence 
that RTPS2 occurs in the majority of young chil-
dren with AT/RT that harbor somatic SMARCA4 
mutations (Hasselblatt et  al. 2014). Several 
asymptomatic adult carriers of germline 
SMARCA4 abnormalities have been reported 
suggesting an incomplete penetrance (Hasselblatt 
et al. 2014). The only other type of cancer clearly 
associated with RTPS2 is small cell carcinoma 
of the ovary, hypercalcemic type (SCCOHT), a 
very rare undifferentiated cancer that mostly 
affects adolescents and young adults (mean age 
at diagnosis in the third decade of life) 
(Witkowski et al. 2014). Based on its histologic 

OMIM: #613325; SMARCA4 is located at 
19p13.2

• Autosomal dominant syndrome with 
incomplete penetrance

• Extremely rare accounting for less than 
5% of all inherited cases of rhabdoid 
tumors

• No known associated syndromic features
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and genetic characteristics, SCCOHT is now 
considered a form of rhabdoid tumor. SMARCA4-
mutated AT/RTs are aggressive tumors and no 
survivors have been reported to date. It is pecu-
liar that the two cancers associated with RTPS2, 
rhabdoid tumors and SCCOHT, affect patients at 
distinct age groups. This difference in presenta-
tion may be related to unique characteristics of 
precancerous progenitor cells in the ovary and 
CNS, distinct SMARCA4 mutations found in 
each type of cancer, and/or local environmental 
factors at the tumor site.

5.9.3  Relevant Therapeutic Issues

So far, patients with RTPS2 have received the 
same aggressive therapeutic approach used for 
other young children with AT/RT.

5.9.4  Screening

No recommendations exist for surveillance of 
children with SMARCA4-mutated AT/RT.

5.10  DICER1 Syndrome

5.10.1  Background and Genetics

The association of heterozygous germline 
DICER1 mutations and pleuropulmonary blas-
toma, a rare cancer of early childhood, was first 
described in 2009 (Hill et  al. 2009). DICER1 
plays a key role in processing small RNAs, 

including microRNAs, and thereby is involved in 
the modulation of messenger RNA expression 
(Foulkes et al. 2014).

5.10.2  Clinical Aspects

Germline DICER1 mutations have been observed 
in patients with several types of rare pediatric 
cancers, including pleuropulmonary blastoma, 
cystic nephroma, multinodular goiter and thyroid 
cancers, and Sertoly-Leydig cell tumors of the 
ovary (Foulkes et al. 2014). So far, four patients 
with pineoblastoma who harbored a germline 
heterozygous DICER1 mutation have been 
reported (Sabbaghian et al. 2012; de Kock et al. 
2014b). In the largest series to date, three of 18 
selected children with pineoblastoma (patients’ 
ages at diagnosis of 3, 3.3, and 17.1 years) har-
bored germline truncating mutations with con-
comitant lack of expression of DICER1 by 
immunohistochemistry in the tumor (de Kock 
et al. 2014b).

Pituitary blastoma is a very rare pituitary 
gland cancer of young children that was first 
described in 2008 (Scheithauer et al. 2008). In a 
recent study, 9 of 13 children with pituitary blas-
toma were found to have heterozygous germline 
DICER1 mutations (de Kock et al. 2014a).

Although other brain tumors, including 
medulloblastoma and cerebral medulloepitheli-
oma, have been rarely observed in families with 
germline DICER1 mutations, no clear associa-
tion has been established between these cancers 
and DICER1 syndrome (Slade et al. 2011).

5.10.3  Relevant Therapeutic Issues

No information is available about any aspects of 
therapy that might be different in children with 
DICER1 syndrome compared to nonaffected 
patients. Interestingly, a recent study described 
the sequential variation of serum levels of spe-
cific microRNAs in a child with a germline 
DICER1 mutation treated for a pleuropulmonary 
blastoma and suggested that this strategy could 
be used as a biomarker of response to therapy 

OMIM: #601200; DICER1 is located at 
chromosome 14q32.13

• Autosomal dominant syndrome with 
incomplete penetrance

• Rare but incidence not yet established
• No known associated syndromic 

features
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(Murray et  al. 2014). Sequential assessment of 
specific microRNAs in serum and cerebrospinal 
fluid may also have utility in children with brain 
tumors and DICER1 syndrome.

5.10.4  Screening

Genetic testing has been recommended for all 
patients who present with rare cancers associated 
with DICER1 syndrome, including pineoblas-
toma and pituitary blastoma, particularly when 
there is a positive family history of similar tumors 
and/or multinodular goiter (Foulkes et al. 2014; 
de Kock et al. 2014b). The need for screening in 
patients with DICER1 syndrome is undeniable, 
particularly because of the risk of developing 
multiple neoplasms (Schultz et  al. 2014). 
Although no formal guidelines have been estab-
lished to date to screen for cancers in patients 
with germline DICER1 mutation, one study rec-
ommended a baseline and annual physical exam-
ination with targeted review of systems. 
Depending on age, symptoms, and clinical find-
ings, the recommended tests include chest CT, 
renal or pelvic ultrasound, thyroid ultrasound, 
and brain MRI to rule out brain tumors.

References

Adriaensen ME, Schaefer-Prokop CM, Stijnen T, 
Duyndam DA, Zonnenberg BA, Prokop M (2009) 
Prevalence of subependymal giant cell tumors in 
patients with tuberous sclerosis and a review of the 
literature. Eur J Neurol 16(6):691–696. https://doi.
org/10.1111/j.1468-1331.2009.02567.x

Aguilera DG, Mazewski C, Schniederjan MJ, 
Leong T, Boydston W, Macdonald TJ (2011) 
Neurofibromatosis-2 and spinal cord ependymomas: 
report of two cases and review of the literature. Childs 
Nerv Syst 27(5):757–764. https://doi.org/10.1007/
s00381-010-1351-3

Ahn MS, Jackler RK, Lustig LR (1996) The early history 
of the neurofibromatosis. Evolution of the concept 
of neurofibromatosis type 2. Arch Otolaryngol Head 
Neck Surg 122(11):1240–1249

Alderfer MA, Zelley K, Lindell RB, Novokmet A, Mai PL, 
Garber JE, Nathan D, Scollon S, Chun NM, Patenaude 
AF, Ford JM, Plon SE, Schiffman JD, Diller LR, 
Savage SA, Malkin D, Ford CA, Nichols KE (2015) 
Parent decision-making around the genetic testing 

of children for germline TP53 mutations. Cancer 
121(2):286–293. https://doi.org/10.1002/cncr.29027

Amlashi SF, Riffaud L, Brassier G, Morandi X (2003) 
Nevoid basal cell carcinoma syndrome: relation with 
desmoplastic medulloblastoma in infancy. A popula-
tion-based study and review of the literature. Cancer 
98(3):618–624. https://doi.org/10.1002/cncr.11537

Ars E, Kruyer H, Morell M, Pros E, Serra E, Ravella A, 
Estivill X, Lazaro C (2003) Recurrent mutations in the 
NF1 gene are common among neurofibromatosis type 
1 patients. J Med Genet 40(6):e82

Asthagiri AR, Parry DM, Butman JA, Kim HJ, Tsilou 
ET, Zhuang Z, Lonser RR (2009) Neurofibromatosis 
type 2. Lancet 373(9679):1974–1986. https://doi.
org/10.1016/S0140-6736(09)60259-2

Bakry D, Aronson M, Durno C, Rimawi H, Farah R, 
Alharbi QK, Alharbi M, Shamvil A, Ben-Shachar 
S, Mistry M, Constantini S, Dvir R, Qaddoumi I, 
Gallinger S, Lerner-Ellis J, Pollett A, Stephens D, 
Kelies S, Chao E, Malkin D, Bouffet E, Hawkins C, 
Tabori U (2014) Genetic and clinical determinants of 
constitutional mismatch repair deficiency syndrome: 
report from the constitutional mismatch repair defi-
ciency consortium. Eur J Cancer 50(5):987–996. 
https://doi.org/10.1016/j.ejca.2013.12.005

Baser ME, Evans DG, Jackler RK, Sujansky E, Rubenstein 
A (2000) Neurofibromatosis 2, radiosurgery and 
malignant nervous system tumours. Br J Cancer 
82(4):998. https://doi.org/10.1054/bjoc.1999.1030

Baser ME, Friedman JM, Joe H, Shenton A, Wallace AJ, 
Ramsden RT, Evans DG (2011) Empirical develop-
ment of improved diagnostic criteria for neurofibro-
matosis 2. Genet Med 13(6):576–581. https://doi.
org/10.1097/GIM.0b013e318211faa9

Baumgartner JE, Sorenson JM (1996) Meningioma in the 
pediatric population. J Neuro-Oncol 29(3):223–228

Beddow RA, Smith M, Kidd A, Corbett R, Hunter AG 
(2011) Diagnosis of distal 22q11.2 deletion syndrome 
in a patient with a teratoid/rhabdoid tumour. Eur J 
Med Genet 54(3):295–298. https://doi.org/10.1016/j.
ejmg.2010.12.007

Ben-Shachar S, Ou Z, Shaw CA, Belmont JW, Patel MS, 
Hummel M, Amato S, Tartaglia N, Berg J, Sutton VR, 
Lalani SR, Chinault AC, Cheung SW, Lupski JR, Patel 
A (2008) 22q11.2 distal deletion: a recurrent genomic 
disorder distinct from DiGeorge syndrome and velo-
cardiofacial syndrome. Am J Hum Genet 82(1):214–
221. https://doi.org/10.1016/j.ajhg.2007.09.014

Biegel JA, Zhou JY, Rorke LB, Stenstrom C, Wainwright 
LM, Fogelgren B (1999) Germ-line and acquired 
mutations of INI1  in atypical teratoid and rhabdoid 
tumors. Cancer Res 59(1):74–79

Bilaniuk LT, Molloy PT, Zimmerman RA, Phillips PC, 
Vaughan SN, Liu GT, Sutton LN, Needle M (1997) 
Neurofibromatosis type 1: brain stem tumours. 
Neuroradiology 39(9):642–653

Bolcekova A, Nemethova M, Zatkova A, Hlinkova K, 
Pozgayova S, Hlavata A, Kadasi L, Durovcikova D, 
Gerinec A, Husakova K, Pavlovicova Z, Holobrada M, 
Kovacs L, Ilencikova D (2013) Clustering of mutations 

A. Broniscer and K. Nichols

https://doi.org/10.1111/j.1468-1331.2009.02567.x
https://doi.org/10.1111/j.1468-1331.2009.02567.x
https://doi.org/10.1007/s00381-010-1351-3
https://doi.org/10.1007/s00381-010-1351-3
https://doi.org/10.1002/cncr.29027
https://doi.org/10.1002/cncr.11537
https://doi.org/10.1016/S0140-6736(09)60259-2
https://doi.org/10.1016/S0140-6736(09)60259-2
https://doi.org/10.1016/j.ejca.2013.12.005
https://doi.org/10.1054/bjoc.1999.1030
https://doi.org/10.1097/GIM.0b013e318211faa9
https://doi.org/10.1097/GIM.0b013e318211faa9
https://doi.org/10.1016/j.ejmg.2010.12.007
https://doi.org/10.1016/j.ejmg.2010.12.007
https://doi.org/10.1016/j.ajhg.2007.09.014


109

in the 5′ tertile of the NF1 gene in Slovakia patients 
with optic pathway glioma. Neoplasma 60(6):655–
665. https://doi.org/10.4149/neo_2013_084

Bougeard G, Renaux-Petel M, Flaman JM, Charbonnier 
C, Fermey P, Belotti M, Gauthier-Villars M, Stoppa-
Lyonnet D, Consolino E, Brugieres L, Caron O, 
Benusiglio PR, Bressac-de Paillerets B, Bonadona V, 
Bonaiti-Pellie C, Tinat J, Baert-Desurmont S, Frebourg 
T (2015) Revisiting Li-Fraumeni syndrome from TP53 
mutation carriers. J Clin Oncol 33(21):2345–2352. 
https://doi.org/10.1200/JCO.2014.59.5728

Bourdeaut F, Lequin D, Brugieres L, Reynaud S, Dufour 
C, Doz F, Andre N, Stephan JL, Perel Y, Oberlin 
O, Orbach D, Bergeron C, Rialland X, Freneaux 
P, Ranchere D, Figarella-Branger D, Audry G, 
Puget S, Evans DG, Pinas JC, Capra V, Mosseri V, 
Coupier I, Gauthier-Villars M, Pierron G, Delattre 
O (2011) Frequent hSNF5/INI1 germline mutations 
in patients with rhabdoid tumor. Clin Cancer Res 
17(1):31–38. https://doi.org/10.1158/1078-0432.
CCR-10-1795

Bree AF, Shah MR, Group BC (2011) Consensus statement 
from the first international colloquium on basal cell nevus 
syndrome (BCNS). Am J Med Genet A 155A(9):2091–
2097. https://doi.org/10.1002/ajmg.a.34128

Brugieres L, Remenieras A, Pierron G, Varlet P, Forget 
S, Byrde V, Bombled J, Puget S, Caron O, Dufour C, 
Delattre O, Bressac-de Paillerets B, Grill J (2012) High 
frequency of germline SUFU mutations in children 
with desmoplastic/nodular medulloblastoma younger 
than 3 years of age. J Clin Oncol 30(17):2087–2093. 
https://doi.org/10.1200/JCO.2011.38.7258

Cajaiba MM, Bale AE, Alvarez-Franco M, McNamara J, 
Reyes-Mugica M (2006) Rhabdomyosarcoma, Wilms 
tumor, and deletion of the patched gene in Gorlin syn-
drome. Nat Clin Pract Oncol 3(10):575–580. https://
doi.org/10.1038/ncponc0608

Carter JM, O’Hara C, Dundas G, Gilchrist D, Collins MS, 
Eaton K, Judkins AR, Biegel JA, Folpe AL (2012) 
Epithelioid malignant peripheral nerve sheath tumor 
arising in a schwannoma, in a patient with “neuro-
blastoma-like” schwannomatosis and a novel germline 
SMARCB1 mutation. Am J Surg Pathol 36(1):154–160. 
https://doi.org/10.1097/PAS.0b013e3182380802

Chang L, El-Dairi MA, Frempong TA, Burner EL, Bhatti MT, 
Young TL, Leigh F (2010) Optical coherence tomogra-
phy in the evaluation of neurofibromatosis type-1 subjects 
with optic pathway gliomas. J AAPOS 14(6):511–517. 
https://doi.org/10.1016/j.jaapos.2010.08.014

Choi JW, Lee JY, Phi JH, Wang KC, Chung HT, Paek SH, 
Kim DG, Park SH, Kim SK (2014) Clinical course of 
vestibular schwannoma in pediatric neurofibromatosis 
type 2. J Neurosurg Pediatr 13(6):650–657. https://doi.
org/10.3171/2014.3.PEDS13455

Choudry Q, Patel HC, Gurusinghe NT, Evans DG (2007) 
Radiation-induced brain tumours in nevoid basal cell 
carcinoma syndrome: implications for treatment and 
surveillance. Childs Nerv Syst 23(1):133–136. https://
doi.org/10.1007/s00381-006-0178-4

Cowan R, Hoban P, Kelsey A, Birch JM, Gattamaneni 
R, Evans DG (1997) The gene for the naevoid 
basal cell carcinoma syndrome acts as a tumour-
suppressor gene in medulloblastoma. Br J Cancer 
76(2):141–145

Custodio G, Taques GR, Figueiredo BC, Gugelmin ES, 
Oliveira Figueiredo MM, Watanabe F, Pontarolo R, 
Lalli E, Torres LF (2011) Increased incidence of cho-
roid plexus carcinoma due to the germline TP53 R337H 
mutation in southern Brazil. PLoS One 6(3):e18015. 
https://doi.org/10.1371/journal.pone.0018015

de Kock L, Sabbaghian N, Druker H, Weber E, Hamel 
N, Miller S, Choong CS, Gottardo NG, Kees UR, 
Rednam SP, van Hest LP, Jongmans MC, Jhangiani S, 
Lupski JR, Zacharin M, Bouron-Dal Soglio D, Huang 
A, Priest JR, Perry A, Mueller S, Albrecht S, Malkin 
D, Grundy RG, Foulkes WD (2014b) Germ-line and 
somatic DICER1 mutations in pineoblastoma. Acta 
Neuropathol 128(4):583–595. https://doi.org/10.1007/
s00401-014-1318-7

de Kock L, Sabbaghian N, Plourde F, Srivastava A, Weber 
E, Bouron-Dal Soglio D, Hamel N, Choi JH, Park 
SH, Deal CL, Kelsey MM, Dishop MK, Esbenshade 
A, Kuttesch JF, Jacques TS, Perry A, Leichter H, 
Maeder P, Brundler MA, Warner J, Neal J, Zacharin 
M, Korbonits M, Cole T, Traunecker H, McLean TW, 
Rotondo F, Lepage P, Albrecht S, Horvath E, Kovacs 
K, Priest JR, Foulkes WD (2014a) Pituitary blastoma: 
a pathognomonic feature of germ-line DICER1 muta-
tions. Acta Neuropathol 128(1):111–122. https://doi.
org/10.1007/s00401-014-1285-z

Dunn IF, Agarwalla PK, Papanastassiou AM, Butler WE, 
Smith ER (2007) Multiple pilocytic astrocytomas of 
the cerebellum in a 17-year-old patient with neuro-
fibromatosis type I.  Childs Nerv Syst 23(10):1191–
1194. https://doi.org/10.1007/s00381-007-0343-4

Durno CA, Sherman PM, Aronson M, Malkin D, 
Hawkins C, Bakry D, Bouffet E, Gallinger S, Pollett 
A, Campbell B, Tabori U, International BC (2015) 
Phenotypic and genotypic characterisation of biallelic 
mismatch repair deficiency (BMMR-D) syndrome. 
Eur J Cancer 51(8):977–983. https://doi.org/10.1016/j.
ejca.2015.02.008

Eaton KW, Tooke LS, Wainwright LM, Judkins AR, 
Biegel JA (2011) Spectrum of SMARCB1/INI1 muta-
tions in familial and sporadic rhabdoid tumors. Pediatr 
Blood Cancer 56(1):7–15. https://doi.org/10.1002/
pbc.22831

European Chromosome 16 Tuberous Sclerosis C (1993) 
Identification and characterization of the tuberous scle-
rosis gene on chromosome 16. Cell 75(7):1305–1315

Evans DG, Baser ME, O’Reilly B, Rowe J, Gleeson M, 
Saeed S, King A, Huson SM, Kerr R, Thomas N, 
Irving R, MacFarlane R, Ferner R, McLeod R, Moffat 
D, Ramsden R (2005) Management of the patient and 
family with neurofibromatosis 2: a consensus confer-
ence statement. Br J Neurosurg 19(1):5–12. https://
doi.org/10.1080/02688690500081206

Evans DG, Birch JM, Orton CI (1991) Brain tumours and 
the occurrence of severe invasive basal cell carcinoma 

5 Predisposition Syndromes to Central Nervous System Cancers

https://doi.org/10.4149/neo_2013_084
https://doi.org/10.1200/JCO.2014.59.5728
https://doi.org/10.1158/1078-0432.CCR-10-1795
https://doi.org/10.1158/1078-0432.CCR-10-1795
https://doi.org/10.1002/ajmg.a.34128
https://doi.org/10.1200/JCO.2011.38.7258
https://doi.org/10.1038/ncponc0608
https://doi.org/10.1038/ncponc0608
https://doi.org/10.1097/PAS.0b013e3182380802
https://doi.org/10.1016/j.jaapos.2010.08.014
https://doi.org/10.3171/2014.3.PEDS13455
https://doi.org/10.3171/2014.3.PEDS13455
https://doi.org/10.1007/s00381-006-0178-4
https://doi.org/10.1007/s00381-006-0178-4
https://doi.org/10.1371/journal.pone.0018015
https://doi.org/10.1007/s00401-014-1318-7
https://doi.org/10.1007/s00401-014-1318-7
https://doi.org/10.1007/s00401-014-1285-z
https://doi.org/10.1007/s00401-014-1285-z
https://doi.org/10.1007/s00381-007-0343-4
https://doi.org/10.1016/j.ejca.2015.02.008
https://doi.org/10.1016/j.ejca.2015.02.008
https://doi.org/10.1002/pbc.22831
https://doi.org/10.1002/pbc.22831
https://doi.org/10.1080/02688690500081206
https://doi.org/10.1080/02688690500081206


110

in first degree relatives with Gorlin syndrome. Br J 
Neurosurg 5(6):643–646

Evans DG, Birch JM, Ramsden RT (1999) Paediatric pre-
sentation of type 2 neurofibromatosis. Arch Dis Child 
81(6):496–499

Evans DG, Huson SM, Donnai D, Neary W, Blair V, 
Newton V, Harris R (1992) A clinical study of type 2 
neurofibromatosis. Q J Med 84(304):603–618

Evans DG, Ladusans EJ, Rimmer S, Burnell LD, Thakker 
N, Farndon PA (1993) Complications of the naevoid 
basal cell carcinoma syndrome: results of a population 
based study. J Med Genet 30(6):460–464

Evans DG, Newton V, Neary W, Baser ME, Wallace A, 
Macleod R, Jenkins JP, Gillespie J, Ramsden RT 
(2000) Use of MRI and audiological tests in presymp-
tomatic diagnosis of type 2 neurofibromatosis (NF2). 
J Med Genet 37(12):944–947

Evans DG, Raymond FL, Barwell JG, Halliday D (2012) 
Genetic testing and screening of individuals at risk 
of NF2. Clin Genet 82(5):416–424. https://doi.
org/10.1111/j.1399-0004.2011.01816.x

Fan Z, Li J, Du J, Zhang H, Shen Y, Wang CY, Wang S 
(2008) A missense mutation in PTCH2 underlies 
dominantly inherited NBCCS in a Chinese family. J 
Med Genet 45(5):303–308. https://doi.org/10.1136/
jmg.2007.055343

Farrell CJ, Plotkin SR (2007) Genetic causes of brain 
tumors: neurofibromatosis, tuberous sclerosis, von 
Hippel-Lindau, and other syndromes. Neurol Clin 
25(4):925–946., viii. https://doi.org/10.1016/j.ncl. 
2007.07.008

Ferner RE, Huson SM, Thomas N, Moss C, Willshaw 
H, Evans DG, Upadhyaya M, Towers R, Gleeson M, 
Steiger C, Kirby A (2007) Guidelines for the diag-
nosis and management of individuals with neurofi-
bromatosis 1. J Med Genet 44(2):81–88. https://doi.
org/10.1136/jmg.2006.045906

Fisher MJ, Loguidice M, Gutmann DH, Listernick R, 
Ferner RE, Ullrich NJ, Packer RJ, Tabori U, Hoffman 
RO, Ardern-Holmes SL, Hummel TR, Hargrave DR, 
Bouffet E, Charrow J, Bilaniuk LT, Balcer LJ, Liu 
GT (2012) Visual outcomes in children with neuro-
fibromatosis type 1-associated optic pathway glioma 
following chemotherapy: a multicenter retrospective 
analysis. Neuro-Oncology 14(6):790–797. https://doi.
org/10.1093/neuonc/nos076

Forest F, David A, Arrufat S, Pierron G, Ranchere-Vince 
D, Stephan JL, Clemenson A, Delattre O, Bourdeaut 
F (2012) Conventional chondrosarcoma in a survivor 
of rhabdoid tumor: enlarging the spectrum of tumors 
associated with SMARCB1 germline mutations. 
Am J Surg Pathol 36(12):1892–1896. https://doi.
org/10.1097/PAS.0b013e31826cbe7a

Foulkes WD, Priest JR, Duchaine TF (2014) DICER1: muta-
tions, microRNAs and mechanisms. Nat Rev Cancer 
14(10):662–672. https://doi.org/10.1038/nrc3802

Franz DN, Belousova E, Sparagana S, Bebin EM, Frost 
M, Kuperman R, Witt O, Kohrman MH, Flamini 
JR, Wu JY, Curatolo P, de Vries PJ, Berkowitz N, 
Anak O, Niolat J, Jozwiak S (2014) Everolimus for 
subependymal giant cell astrocytoma in patients 

with tuberous sclerosis complex: 2-year open-label 
extension of the randomised EXIST-1 study. Lancet 
Oncol 15(13):1513–1520. https://doi.org/10.1016/
S1470-2045(14)70489-9

Franz DN, Belousova E, Sparagana S, Bebin EM, Frost 
M, Kuperman R, Witt O, Kohrman MH, Flamini JR, 
Wu JY, Curatolo P, de Vries PJ, Whittemore VH, 
Thiele EA, Ford JP, Shah G, Cauwel H, Lebwohl D, 
Sahmoud T, Jozwiak S (2013) Efficacy and safety of 
everolimus for subependymal giant cell astrocytomas 
associated with tuberous sclerosis complex (EXIST-
1): a multicentre, randomised, placebo-controlled 
phase 3 trial. Lancet 381(9861):125–132. https://doi.
org/10.1016/S0140-6736(12)61134-9

Fujii K, Ohashi H, Suzuki M, Hatsuse H, Shiohama T, 
Uchikawa H, Miyashita T (2013) Frameshift muta-
tion in the PTCH2 gene can cause nevoid basal cell 
carcinoma syndrome. Familial Cancer 12(4):611–614. 
https://doi.org/10.1007/s10689-013-9623-1

Gajjar A, Pfister SM, Taylor MD, Gilbertson RJ (2014) 
Molecular insights into pediatric brain tumors have 
the potential to transform therapy. Clin Cancer Res 
20(22):5630–5640. https://doi.org/10.1158/1078-
0432.CCR-14-0833

Gajjar A, Stewart CF, Ellison DW, Kaste S, Kun LE, 
Packer RJ, Goldman S, Chintagumpala M, Wallace D, 
Takebe N, Boyett JM, Gilbertson RJ, Curran T (2013) 
Phase I study of vismodegib in children with recurrent 
or refractory medulloblastoma: a pediatric brain tumor 
consortium study. Clin Cancer Res 19(22):6305–6312. 
https://doi.org/10.1158/1078-0432.CCR-13-1425

Garre ML, Cama A, Bagnasco F, Morana G, Giangaspero 
F, Brisigotti M, Gambini C, Forni M, Rossi A, Haupt 
R, Nozza P, Barra S, Piatelli G, Viglizzo G, Capra 
V, Bruno W, Pastorino L, Massimino M, Tumolo M, 
Fidani P, Dallorso S, Schumacher RF, Milanaccio 
C, Pietsch T (2009) Medulloblastoma variants: age-
dependent occurrence and relation to Gorlin syn-
drome--a new clinical perspective. Clin Cancer Res 
15(7):2463–2471. https://doi.org/10.1158/1078-0432.
CCR-08-2023

Gonzalez KD, Noltner KA, Buzin CH, Gu D, Wen-Fong 
CY, Nguyen VQ, Han JH, Lowstuter K, Longmate J, 
Sommer SS, Weitzel JN (2009) Beyond Li Fraumeni 
syndrome: clinical characteristics of families with p53 
germline mutations. J Clin Oncol 27(8):1250–1256. 
https://doi.org/10.1200/JCO.2008.16.6959

Gorlin RJ, Goltz RW (1960) Multiple nevoid basal-cell 
epithelioma, jaw cysts and bifid rib. A syndrome. N 
Engl J Med 262:908–912. https://doi.org/10.1056/
NEJM196005052621803

Grill J, Couanet D, Cappelli C, Habrand JL, Rodriguez 
D, Sainte-Rose C, Kalifa C (1999) Radiation-induced 
cerebral vasculopathy in children with neurofibro-
matosis and optic pathway glioma. Ann Neurol 
45(3):393–396

Gu S, Glaug N, Cnaan A, Packer RJ, Avery RA (2014) 
Ganglion cell layer-inner plexiform layer thickness 
and vision loss in young children with optic pathway 
gliomas. Invest Ophthalmol Vis Sci 55(3):1402–1408. 
https://doi.org/10.1167/iovs.13-13119

A. Broniscer and K. Nichols

https://doi.org/10.1111/j.1399-0004.2011.01816.x
https://doi.org/10.1111/j.1399-0004.2011.01816.x
https://doi.org/10.1136/jmg.2007.055343
https://doi.org/10.1136/jmg.2007.055343
https://doi.org/10.1016/j.ncl.2007.07.008
https://doi.org/10.1016/j.ncl.2007.07.008
https://doi.org/10.1136/jmg.2006.045906
https://doi.org/10.1136/jmg.2006.045906
https://doi.org/10.1093/neuonc/nos076
https://doi.org/10.1093/neuonc/nos076
https://doi.org/10.1097/PAS.0b013e31826cbe7a
https://doi.org/10.1097/PAS.0b013e31826cbe7a
https://doi.org/10.1038/nrc3802
https://doi.org/10.1016/S1470-2045(14)70489-9
https://doi.org/10.1016/S1470-2045(14)70489-9
https://doi.org/10.1016/S0140-6736(12)61134-9
https://doi.org/10.1016/S0140-6736(12)61134-9
https://doi.org/10.1007/s10689-013-9623-1
https://doi.org/10.1158/1078-0432.CCR-14-0833
https://doi.org/10.1158/1078-0432.CCR-14-0833
https://doi.org/10.1158/1078-0432.CCR-13-1425
https://doi.org/10.1158/1078-0432.CCR-08-2023
https://doi.org/10.1158/1078-0432.CCR-08-2023
https://doi.org/10.1200/JCO.2008.16.6959
https://doi.org/10.1056/NEJM196005052621803
https://doi.org/10.1056/NEJM196005052621803
https://doi.org/10.1167/iovs.13-13119


111

Gutmann DH, Aylsworth A, Carey JC, Korf B, Marks J, 
Pyeritz RE, Rubenstein A, Viskochil D (1997) The diag-
nostic evaluation and multidisciplinary management of 
neurofibromatosis 1 and neurofibromatosis 2. JAMA 
278(1):51–57

Hadfield KD, Newman WG, Bowers NL, Wallace A, 
Bolger C, Colley A, McCann E, Trump D, Prescott 
T, Evans DG (2008) Molecular characterisation of 
SMARCB1 and NF2 in familial and sporadic schwan-
nomatosis. J Med Genet 45(6):332–339. https://doi.
org/10.1136/jmg.2007.056499

Hagel C, Stemmer-Rachamimov AO, Bornemann 
A, Schuhmann M, Nagel C, Huson S, Evans DG, 
Plotkin S, Matthies C, Kluwe L, Mautner VF (2012) 
Clinical presentation, immunohistochemistry and 
electron microscopy indicate neurofibromatosis 
type 2-associated gliomas to be spinal ependymo-
mas. Neuropathology 32(6):611–616. https://doi.
org/10.1111/j.1440-1789.2012.01306.x

Hahn H, Wicking C, Zaphiropoulous PG, Gailani MR, 
Shanley S, Chidambaram A, Vorechovsky I, Holmberg 
E, Unden AB, Gillies S, Negus K, Smyth I, Pressman 
C, Leffell DJ, Gerrard B, Goldstein AM, Dean M, 
Toftgard R, Chenevix-Trench G, Wainwright B, Bale 
AE (1996) Mutations of the human homolog of dro-
sophila patched in the nevoid basal cell carcinoma 
syndrome. Cell 85(6):841–851

Haines JL, Short MP, Kwiatkowski DJ, Jewell A, 
Andermann E, Bejjani B, Yang CH, Gusella JF, Amos 
JA (1991) Localization of one gene for tuberous scle-
rosis within 9q32-9q34, and further evidence for het-
erogeneity. Am J Hum Genet 49(4):764–772

Hamilton SR, Liu B, Parsons RE, Papadopoulos N, Jen J, 
Powell SM, Krush AJ, Berk T, Cohen Z, Tetu B et al 
(1995) The molecular basis of Turcot’s syndrome. N 
Engl J Med 332(13):839–847. https://doi.org/10.1056/
NEJM199503303321302

Hasselblatt M, Gesk S, Oyen F, Rossi S, Viscardi E, 
Giangaspero F, Giannini C, Judkins AR, Fruhwald 
MC, Obser T, Schneppenheim R, Siebert R, Paulus 
W (2011) Nonsense mutation and inactivation of 
SMARCA4 (BRG1) in an atypical teratoid/rhabdoid 
tumor showing retained SMARCB1 (INI1) expres-
sion. Am J Surg Pathol 35(6):933–935. https://doi.
org/10.1097/PAS.0b013e3182196a39

Hasselblatt M, Nagel I, Oyen F, Bartelheim K, Russell RB, 
Schuller U, Junckerstorff R, Rosenblum M, Alassiri AH, 
Rossi S, Schmid I, Gottardo NG, Toledano H, Viscardi 
E, Balbin M, Witkowski L, Lu Q, Betts MJ, Foulkes 
WD, Siebert R, Fruhwald MC, Schneppenheim R 
(2014) SMARCA4-mutated atypical teratoid/rhabdoid 
tumors are associated with inherited germline alterations 
and poor prognosis. Acta Neuropathol 128(3):453–456. 
https://doi.org/10.1007/s00401-014-1323-x

Hill DA, Ivanovich J, Priest JR, Gurnett CA, 
Dehner LP, Desruisseau D, Jarzembowski JA, 
 Wikenheiser-Brokamp KA, Suarez BK, Whelan AJ, 
Williams G, Bracamontes D, Messinger Y, Goodfellow 
PJ (2009) DICER1 mutations in familial pleuropul-
monary blastoma. Science 325(5943):965. https://doi.
org/10.1126/science.1174334

Hisada M, Garber JE, Fung CY, Fraumeni JF Jr, Li FP 
(1998) Multiple primary cancers in families with 
Li-Fraumeni syndrome. J Natl Cancer Inst 90(8): 
606–611

Hulsebos TJ, Kenter S, Siebers-Renelt U, Hans V, 
Wesseling P, Flucke U (2014a) SMARCB1 involve-
ment in the development of leiomyoma in a patient 
with schwannomatosis. Am J Surg Pathol 38(3):421–
425. https://doi.org/10.1097/PAS.0000000000000110

Hulsebos TJ, Kenter S, Verhagen WI, Baas F, Flucke 
U, Wesseling P (2014b) Premature termination of 
SMARCB1 translation may be followed by reini-
tiation in schwannomatosis-associated schwannomas, 
but results in absence of SMARCB1 expression in 
rhabdoid tumors. Acta Neuropathol 128(3):439–448. 
https://doi.org/10.1007/s00401-014-1281-3

Hulsebos TJ, Plomp AS, Wolterman RA, Robanus-
Maandag EC, Baas F, Wesseling P (2007) Germline 
mutation of INI1/SMARCB1  in familial schwanno-
matosis. Am J Hum Genet 80(4):805–810. https://doi.
org/10.1086/513207

Huttner AJ, Kieran MW, Yao X, Cruz L, Ladner J, Quayle 
K, Goumnerova LC, Irons MB, Ullrich NJ (2010) 
Clinicopathologic study of glioblastoma in children 
with neurofibromatosis type 1. Pediatr Blood Cancer 
54(7):890–896. https://doi.org/10.1002/pbc.22462

Ingham PW, McMahon AP (2001) Hedgehog signal-
ing in animal development: paradigms and principles. 
Genes Dev 15(23):3059–3087. https://doi.org/10.1101/
gad.938601

Inoki K, Guan KL (2009) Tuberous sclerosis complex, 
implication from a rare genetic disease to common 
cancer treatment. Hum Mol Genet 18(R1):R94–R100. 
https://doi.org/10.1093/hmg/ddp032

Jackson EM, Shaikh TH, Gururangan S, Jones MC, 
Malkin D, Nikkel SM, Zuppan CW, Wainwright LM, 
Zhang F, Biegel JA (2007) High-density single nucle-
otide polymorphism array analysis in patients with 
germline deletions of 22q11.2 and malignant rhab-
doid tumor. Hum Genet 122(2):117–127. https://doi.
org/10.1007/s00439-007-0386-3

Jiricny J (2006) The multifaceted mismatch-repair sys-
tem. Nat Rev Mol Cell Biol 7(5):335–346. https://doi.
org/10.1038/nrm1907

Johnson RL, Rothman AL, Xie J, Goodrich LV, Bare JW, 
Bonifas JM, Quinn AG, Myers RM, Cox DR, Epstein 
EH Jr, Scott MP (1996) Human homolog of patched, 
a candidate gene for the basal cell nevus syndrome. 
Science 272(5268):1668–1671

Karajannis MA, Ferner RE (2015) Neurofibromatosis-
related tumors: emerging biology and therapies. Curr 
Opin Pediatr 27(1):26–33. https://doi.org/10.1097/
MOP.0000000000000169

Khong PL, Goh WH, Wong VC, Fung CW, Ooi GC (2003) 
MR imaging of spinal tumors in children with neurofi-
bromatosis 1. AJR Am J Roentgenol 180(2):413–417. 
https://doi.org/10.2214/ajr.180.2.1800413

Kim KH, Roberts CW (2014) Mechanisms by which 
SMARCB1 loss drives rhabdoid tumor growth. Cancer 
Genet 207(9):365–372. https://doi.org/10.1016/j.
cancergen.2014.04.004

5 Predisposition Syndromes to Central Nervous System Cancers

https://doi.org/10.1136/jmg.2007.056499
https://doi.org/10.1136/jmg.2007.056499
https://doi.org/10.1111/j.1440-1789.2012.01306.x
https://doi.org/10.1111/j.1440-1789.2012.01306.x
https://doi.org/10.1056/NEJM199503303321302
https://doi.org/10.1056/NEJM199503303321302
https://doi.org/10.1097/PAS.0b013e3182196a39
https://doi.org/10.1097/PAS.0b013e3182196a39
https://doi.org/10.1007/s00401-014-1323-x
https://doi.org/10.1126/science.1174334
https://doi.org/10.1126/science.1174334
https://doi.org/10.1097/PAS.0000000000000110
https://doi.org/10.1007/s00401-014-1281-3
https://doi.org/10.1086/513207
https://doi.org/10.1086/513207
https://doi.org/10.1002/pbc.22462
https://doi.org/10.1101/gad.938601
https://doi.org/10.1101/gad.938601
https://doi.org/10.1093/hmg/ddp032
https://doi.org/10.1007/s00439-007-0386-3
https://doi.org/10.1007/s00439-007-0386-3
https://doi.org/10.1038/nrm1907
https://doi.org/10.1038/nrm1907
https://doi.org/10.1097/MOP.0000000000000169
https://doi.org/10.1097/MOP.0000000000000169
https://doi.org/10.2214/ajr.180.2.1800413
https://doi.org/10.1016/j.cancergen.2014.04.004
https://doi.org/10.1016/j.cancergen.2014.04.004


112

Kimonis VE, Goldstein AM, Pastakia B, Yang ML, 
Kase R, DiGiovanna JJ, Bale AE, Bale SJ (1997) 
Clinical manifestations in 105 persons with nevoid 
basal cell carcinoma syndrome. Am J Med Genet 
69(3):299–308

Kimonis VE, Mehta SG, Digiovanna JJ, Bale SJ, Pastakia 
B (2004) Radiological features in 82 patients with 
nevoid basal cell carcinoma (NBCC or Gorlin) syn-
drome. Genet Med 6 (6):495–502. doi:10.109701.
GIM.0000145045.17711.1C

King A, Listernick R, Charrow J, Piersall L, Gutmann 
DH (2003) Optic pathway gliomas in neurofibroma-
tosis type 1: the effect of presenting symptoms on out-
come. Am J Med Genet A 122A(2):95–99. https://doi.
org/10.1002/ajmg.a.20211

Kool M, Jones DT, Jager N, Northcott PA, Pugh TJ, 
Hovestadt V, Piro RM, Esparza LA, Markant SL, 
Remke M, Milde T, Bourdeaut F, Ryzhova M, Sturm 
D, Pfaff E, Stark S, Hutter S, Seker-Cin H, Johann P, 
Bender S, Schmidt C, Rausch T, Shih D, Reimand 
J, Sieber L, Wittmann A, Linke L, Witt H, Weber 
UD, Zapatka M, Konig R, Beroukhim R, Bergthold 
G, van Sluis P, Volckmann R, Koster J, Versteeg R, 
Schmidt S, Wolf S, Lawerenz C, Bartholomae CC, 
von Kalle C, Unterberg A, Herold-Mende C, Hofer S, 
Kulozik AE, von Deimling A, Scheurlen W, Felsberg 
J, Reifenberger G, Hasselblatt M, Crawford JR, Grant 
GA, Jabado N, Perry A, Cowdrey C, Croul S, Zadeh 
G, Korbel JO, Doz F, Delattre O, Bader GD, McCabe 
MG, Collins VP, Kieran MW, Cho YJ, Pomeroy SL, 
Witt O, Brors B, Taylor MD, Schuller U, Korshunov 
A, Eils R, Wechsler-Reya RJ, Lichter P, Pfister SM, 
Project IPT (2014) Genome sequencing of SHH 
medulloblastoma predicts genotype-related response 
to smoothened inhibition. Cancer Cell 25(3):393–405. 
https://doi.org/10.1016/j.ccr.2014.02.004

Kordes U, Bartelheim K, Modena P, Massimino M, 
Biassoni V, Reinhard H, Hasselblatt M, Schneppenheim 
R, Fruhwald MC (2014) Favorable outcome of patients 
affected by rhabdoid tumors due to rhabdoid tumor pre-
disposition syndrome (RTPS). Pediatr Blood Cancer 
61(5):919–921. https://doi.org/10.1002/pbc.24793

Kordes U, Gesk S, Fruhwald MC, Graf N, Leuschner I, 
Hasselblatt M, Jeibmann A, Oyen F, Peters O, Pietsch 
T, Siebert R, Schneppenheim R (2010) Clinical and 
molecular features in patients with atypical teratoid 
rhabdoid tumor or malignant rhabdoid tumor. Genes 
Chromosomes Cancer 49(2):176–181. https://doi.
org/10.1002/gcc.20729

Kotecha RS, Pascoe EM, Rushing EJ, Rorke-Adams LB, 
Zwerdling T, Gao X, Li X, Greene S, Amirjamshidi A, 
Kim SK, Lima MA, Hung PC, Lakhdar F, Mehta N, 
Liu Y, Devi BI, Sudhir BJ, Lund-Johansen M, Gjerris 
F, Cole CH, Gottardo NG (2011) Meningiomas in 
children and adolescents: a meta-analysis of indi-
vidual patient data. Lancet Oncol 12(13):1229–1239. 
https://doi.org/10.1016/S1470-2045(11)70275-3

Lafay-Cousin L, Payne E, Strother D, Chernos J, Chan M, 
Bernier FP (2009) Goldenhar phenotype in a child with 
distal 22q11.2 deletion and intracranial atypical teratoid 

rhabdoid tumor. Am J Med Genet A 149A(12):2855–
2859. https://doi.org/10.1002/ajmg.a.33119

Leary SE, Zhou T, Holmes E, Geyer JR, Miller DC (2011) 
Histology predicts a favorable outcome in young chil-
dren with desmoplastic medulloblastoma: a report from 
the Children’s Oncology Group. Cancer 117(14):3262–
3267. https://doi.org/10.1002/cncr.25856

Li FP, Fraumeni JF Jr, Mulvihill JJ, Blattner WA, Dreyfus 
MG, Tucker MA, Miller RW (1988) A cancer fam-
ily syndrome in twenty-four kindreds. Cancer Res 
48(18):5358–5362

Li FP, Fraumeni JF Jr (1969) Rhabdomyosarcoma in chil-
dren: epidemiologic study and identification of a familial 
cancer syndrome. J Natl Cancer Inst 43(6):1365–1373

Lin AL, Gutmann DH (2013) Advances in the treatment 
of neurofibromatosis-associated tumours. Nat Rev 
Clin Oncol 10(11):616–624. https://doi.org/10.1038/
nrclinonc.2013.144

Listernick R, Charrow J, Greenwald M, Mets M (1994) 
Natural history of optic pathway tumors in children 
with neurofibromatosis type 1: a longitudinal study. J 
Pediatr 125(1):63–66

Listernick R, Ferner RE, Liu GT, Gutmann DH (2007) 
Optic pathway gliomas in neurofibromatosis-1: 
controversies and recommendations. Ann Neurol 
61(3):189–198. https://doi.org/10.1002/ana.21107

Listernick R, Ferner RE, Piersall L, Sharif S, Gutmann 
DH, Charrow J (2004) Late-onset optic pathway tumors 
in children with neurofibromatosis 1. Neurology 
63(10):1944–1946

Lynch HT, de la Chapelle A (2003) Hereditary colorectal 
cancer. N Engl J Med 348(10):919–932. https://doi.
org/10.1056/NEJMra012242

MacCollin M, Chiocca EA, Evans DG, Friedman JM, 
Horvitz R, Jaramillo D, Lev M, Mautner VF, Niimura 
M, Plotkin SR, Sang CN, Stemmer-Rachamimov A, 
Roach ES (2005) Diagnostic criteria for schwanno-
matosis. Neurology 64(11):1838–1845. https://doi.
org/10.1212/01.WNL.0000163982.78900.AD

Malkin D, Li FP, Strong LC, Fraumeni JF Jr, Nelson CE, 
Kim DH, Kassel J, Gryka MA, Bischoff FZ, Tainsky 
MA et al (1990) Germ line p53 mutations in a familial 
syndrome of breast cancer, sarcomas, and other neo-
plasms. Science 250(4985):1233–1238

Martin LM, Marples B, Coffey M, Lawler M, Lynch TH, 
Hollywood D, Marignol L (2010) DNA mismatch 
repair and the DNA damage response to ionizing 
radiation: making sense of apparently conflicting 
data. Cancer Treat Rev 36(7):518–527. https://doi.
org/10.1016/j.ctrv.2010.03.008

Mautner VF, Nguyen R, Knecht R, Bokemeyer C (2010) 
Radiographic regression of vestibular schwannomas 
induced by bevacizumab treatment: sustain under con-
tinuous drug application and rebound after drug dis-
continuation. Ann Oncol 21(11):2294–2295. https://
doi.org/10.1093/annonc/mdq566

Medina PP, Sanchez-Cespedes M (2008) Involvement of 
the chromatin-remodeling factor BRG1/SMARCA4 in 
human cancer. Epigenetics 3(2):64–68

A. Broniscer and K. Nichols

https://doi.org/10.1002/ajmg.a.20211
https://doi.org/10.1002/ajmg.a.20211
https://doi.org/10.1016/j.ccr.2014.02.004
https://doi.org/10.1002/pbc.24793
https://doi.org/10.1002/gcc.20729
https://doi.org/10.1002/gcc.20729
https://doi.org/10.1016/S1470-2045(11)70275-3
https://doi.org/10.1002/ajmg.a.33119
https://doi.org/10.1002/cncr.25856
https://doi.org/10.1038/nrclinonc.2013.144
https://doi.org/10.1038/nrclinonc.2013.144
https://doi.org/10.1002/ana.21107
https://doi.org/10.1056/NEJMra012242
https://doi.org/10.1056/NEJMra012242
https://doi.org/10.1212/01.WNL.0000163982.78900.AD
https://doi.org/10.1212/01.WNL.0000163982.78900.AD
https://doi.org/10.1016/j.ctrv.2010.03.008
https://doi.org/10.1016/j.ctrv.2010.03.008
https://doi.org/10.1093/annonc/mdq566
https://doi.org/10.1093/annonc/mdq566


113

Milstein JM, Geyer JR, Berger MS, Bleyer WA (1989) 
Favorable prognosis for brainstem gliomas in neurofi-
bromatosis. J Neuro-Oncol 7(4):367–371

Molloy PT, Bilaniuk LT, Vaughan SN, Needle MN, Liu 
GT, Zackai EH, Phillips PC (1995) Brainstem tumors 
in patients with neurofibromatosis type 1: a distinct 
clinical entity. Neurology 45(10):1897–1902

Morgan JE, Wolfort F (1979) The early history of tuber-
ous sclerosis. Arch Dermatol 115(11):1317–1319

Muller EA, Aradhya S, Atkin JF, Carmany EP, Elliott AM, 
Chudley AE, Clark RD, Everman DB, Garner S, Hall 
BD, Herman GE, Kivuva E, Ramanathan S, Stevenson 
DA, Stockton DW, Hudgins L (2012) Microdeletion 
9q22.3 syndrome includes metopic craniosynosto-
sis, hydrocephalus, macrosomia, and developmental 
delay. Am J Med Genet A 158A(2):391–399. https://
doi.org/10.1002/ajmg.a.34216

Murray MJ, Bailey S, Raby KL, Saini HK, de Kock L, 
Burke GA, Foulkes WD, Enright AJ, Coleman N, 
Tischkowitz M (2014) Serum levels of mature microR-
NAs in DICER1-mutated pleuropulmonary blastoma. 
Oncogene 3:e87. https://doi.org/10.1038/oncsis.2014.1

National Institutes of Health Consensus Development 
Conference Statement: neurofibromatosis (1988) 
Neurofibromatosis, vol 1(3). Bethesda, MD, USA, 
July 13–15, 1987. p 172–178

Nguyen R, Dombi E, Akshintala S, Baldwin A, Widemann 
BC (2015) Characterization of spinal findings in chil-
dren and adults with neurofibromatosis type 1 enrolled 
in a natural history study using magnetic resonance 
imaging. J Neuro-Oncol 121(1):209–215. https://doi.
org/10.1007/s11060-014-1629-5

North KN, Riccardi V, Samango-Sprouse C, Ferner R, 
Moore B, Legius E, Ratner N, Denckla MB (1997) 
Cognitive function and academic performance in 
neurofibromatosis. 1: consensus statement from 
the NF1 cognitive disorders task force. Neurology 
48(4):1121–1127

Northrup H, Krueger DA, International Tuberous Sclerosis 
Complex Consensus G (2013) Tuberous sclerosis com-
plex diagnostic criteria update: recommendations of 
the 2012 International Tuberous Sclerosis Complex 
Consensus Conference. Pediatr Neurol 49(4):243–254. 
https://doi.org/10.1016/j.pediatrneurol.2013.08.001

Northrup H, Wheless JW, Bertin TK, Lewis RA (1993) 
Variability of expression in tuberous sclerosis. J Med 
Genet 30(1):41–43

Olivier M, Goldgar DE, Sodha N, Ohgaki H, Kleihues 
P, Hainaut P, Eeles RA (2003) Li-Fraumeni and 
related syndromes: correlation between tumor type, 
family structure, and TP53 genotype. Cancer Res 
63(20):6643–6650

Perilongo G, Moras P, Carollo C, Battistella A, Clementi 
M, Laverda A, Murgia A (1999) Spontaneous partial 
regression of low-grade glioma in children with neu-
rofibromatosis-1: a real possibility. J Child Neurol 
14(6):352–356

Pilling RF, Taylor RH (2010) Screening children with 
NF1 for optic pathway glioma--no. Eye 24(9):1432–
1434. https://doi.org/10.1038/eye.2010.94

Plotkin SR, Merker VL, Muzikansky A, Barker FG 2nd, 
Slattery W 3rd (2014) Natural history of vestibular 
schwannoma growth and hearing decline in newly 
diagnosed neurofibromatosis type 2 patients. Otol 
Neurotol 35(1):e50–e56. https://doi.org/10.1097/
MAO.0000000000000239

Plotkin SR, O’Donnell CC, Curry WT, Bove CM, 
MacCollin M, Nunes FP (2011) Spinal ependymomas 
in neurofibromatosis type 2: a retrospective analysis of 
55 patients. J Neurosurg Spine 14(4):543–547. https://
doi.org/10.3171/2010.11.SPINE10350

Plotkin SR, Stemmer-Rachamimov AO, Barker FG 2nd, 
Halpin C, Padera TP, Tyrrell A, Sorensen AG, Jain RK, 
di Tomaso E (2009) Hearing improvement after beva-
cizumab in patients with neurofibromatosis type 2. N 
Engl J Med 361(4):358–367. https://doi.org/10.1056/
NEJMoa0902579

Pollack IF, Shultz B, Mulvihill JJ (1996) The management 
of brainstem gliomas in patients with neurofibromato-
sis 1. Neurology 46(6):1652–1660

Raffel C, McComb JG, Bodner S, Gilles FE (1989) 
Benign brain stem lesions in pediatric patients 
with neurofibromatosis: case reports. Neurosurgery 
25(6):959–964

Ricciardone MD, Ozcelik T, Cevher B, Ozdag H, Tuncer 
M, Gurgey A, Uzunalimoglu O, Cetinkaya H, Tanyeli 
A, Erken E, Ozturk M (1999) Human MLH1 defi-
ciency predisposes to hematological malignancy and 
neurofibromatosis type 1. Cancer Res 59(2):290–293

Robinson GW, Orr BA, Wu G, Gururangan S, Lin T, 
Qaddoumi I, Packer RJ, Goldman S, Prados MD, 
Desjardins A, Chintagumpala M, Takebe N, Kaste 
SC, Rusch M, Allen SJ, Onar-Thomas A, Stewart 
CF, Fouladi M, Boyett JM, Gilbertson RJ, Curran 
T, Ellison DW, Gajjar A (2015) Vismodegib exerts 
targeted efficacy against recurrent sonic hedgehog-
subgroup Medulloblastoma: results from phase II 
Pediatric brain tumor consortium studies PBTC-025B 
and PBTC-032. J Clin Oncol 33(24):2646–2654. 
https://doi.org/10.1200/JCO.2014.60.1591

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/
NEJM198810203191601

Rosenfeld A, Listernick R, Charrow J, Goldman S (2010) 
Neurofibromatosis type 1 and high-grade tumors of the 
central nervous system. Childs Nerv Syst 26(5):663–
667. https://doi.org/10.1007/s00381-009-1024-2

Rosser TL, Vezina G, Packer RJ (2005) Cerebrovascular 
abnormalities in a population of children with neurofi-
bromatosis type 1. Neurology 64(3):553–555. https://
doi.org/10.1212/01.WNL.0000150544.00016.69

Roth J, Roach ES, Bartels U, Jozwiak S, Koenig 
MK, Weiner HL, Franz DN, Wang HZ (2013) 
Subependymal giant cell astrocytoma: diagnosis, 
screening, and treatment. Recommendations from 
the international tuberous sclerosis complex consen-
sus conference 2012. Pediatr Neurol 49(6):439–444. 
https://doi.org/10.1016/j.pediatrneurol.2013.08.017

5 Predisposition Syndromes to Central Nervous System Cancers

https://doi.org/10.1002/ajmg.a.34216
https://doi.org/10.1002/ajmg.a.34216
https://doi.org/10.1038/oncsis.2014.1
https://doi.org/10.1007/s11060-014-1629-5
https://doi.org/10.1007/s11060-014-1629-5
https://doi.org/10.1016/j.pediatrneurol.2013.08.001
https://doi.org/10.1038/eye.2010.94
https://doi.org/10.1097/MAO.0000000000000239
https://doi.org/10.1097/MAO.0000000000000239
https://doi.org/10.3171/2010.11.SPINE10350
https://doi.org/10.3171/2010.11.SPINE10350
https://doi.org/10.1056/NEJMoa0902579
https://doi.org/10.1056/NEJMoa0902579
https://doi.org/10.1200/JCO.2014.60.1591
https://doi.org/10.1056/NEJM198810203191601
https://doi.org/10.1056/NEJM198810203191601
https://doi.org/10.1007/s00381-009-1024-2
https://doi.org/10.1212/01.WNL.0000150544.00016.69
https://doi.org/10.1212/01.WNL.0000150544.00016.69
https://doi.org/10.1016/j.pediatrneurol.2013.08.017


114

Rouleau GA, Merel P, Lutchman M, Sanson M, Zucman J, 
Marineau C, Hoang-Xuan K, Demczuk S, Desmaze C, 
Plougastel B et al (1993) Alteration in a new gene encod-
ing a putative membrane-organizing protein causes 
neuro-fibromatosis type 2. Nature 363(6429):515–
521. https://doi.org/10.1038/363515a0

Roussel MF, Hatten ME (2011) Cerebellum development 
and medulloblastoma. Curr Top Dev Biol 94:235–282. 
https://doi.org/10.1016/B978-0-12-380916-2.00008-5

Rudin CM, Hann CL, Laterra J, Yauch RL, Callahan CA, 
Fu L, Holcomb T, Stinson J, Gould SE, Coleman 
B, LoRusso PM, Von Hoff DD, de Sauvage FJ, 
Low JA (2009) Treatment of medulloblastoma with 
hedgehog pathway inhibitor GDC-0449. N Engl J 
Med 361(12):1173–1178. https://doi.org/10.1056/
NEJMoa0902903

Ruijs MW, Verhoef S, Rookus MA, Pruntel R, van der 
Hout AH, Hogervorst FB, Kluijt I, Sijmons RH, Aalfs 
CM, Wagner A, Ausems MG, Hoogerbrugge N, van 
Asperen CJ, Gomez Garcia EB, Meijers-Heijboer H, 
Ten Kate LP, Menko FH, van’t Veer LJ (2010) TP53 
germline mutation testing in 180 families suspected 
of Li-Fraumeni syndrome: mutation detection rate 
and relative frequency of cancers in different familial 
phenotypes. J Med Genet 47(6):421–428. https://doi.
org/10.1136/jmg.2009.073429

Rutkowski S, Bode U, Deinlein F, Ottensmeier H, Warmuth-
Metz M, Soerensen N, Graf N, Emser A, Pietsch T, 
Wolff JE, Kortmann RD, Kuehl J (2005) Treatment 
of early childhood medulloblastoma by postoperative 
chemotherapy alone. N Engl J Med 352(10):978–986. 
https://doi.org/10.1056/NEJMoa042176

Sabbaghian N, Hamel N, Srivastava A, Albrecht S, Priest 
JR, Foulkes WD (2012) Germline DICER1 muta-
tion and associated loss of heterozygosity in a pineo-
blastoma. J Med Genet 49(7):417–419. https://doi.
org/10.1136/jmedgenet-2012-100898

Sathyamoorthi S, Morales J, Bermudez J, McBride L, 
Luquette M, McGoey R, Oates N, Hales S, Biegel JA, 
Lacassie Y (2009) Array analysis and molecular stud-
ies of INI1 in an infant with deletion 22q13 (Phelan-
McDermid syndrome) and atypical teratoid/rhabdoid 
tumor. Am J Med Genet A 149A(5):1067–1069. 
https://doi.org/10.1002/ajmg.a.32775

Satinoff MI, Wells C (1969) Multiple basal cell naevus 
syndrome in ancient Egypt. Med Hist 13(3):294–297

Scheithauer BW, Kovacs K, Horvath E, Kim DS, Osamura 
RY, Ketterling RP, Lloyd RV, Kim OL (2008) Pituitary 
blastoma. Acta Neuropathol 116(6):657–666. https://
doi.org/10.1007/s00401-008-0388-9

Schneppenheim R, Fruhwald MC, Gesk S, Hasselblatt M, 
Jeibmann A, Kordes U, Kreuz M, Leuschner I, Martin 
Subero JI, Obser T, Oyen F, Vater I, Siebert R (2010) 
Germline nonsense mutation and somatic inactivation 
of SMARCA4/BRG1 in a family with rhabdoid tumor 
predisposition syndrome. Am J Hum Genet 86(2):279–
284. https://doi.org/10.1016/j.ajhg.2010.01.013

Schultz KA, Yang J, Doros L, Williams GM, Harris A, 
Stewart DR, Messinger Y, Field A, Dehner LP, Hill 
DA (2014) Pleuropulmonary blastoma familial tumor 

predisposition syndrome: a unique constellation of 
neoplastic conditions. Pathol Case Rev 19(2):90–100. 
https://doi.org/10.1097/PCR.0000000000000027

Seidinger AL, Mastellaro MJ, Paschoal Fortes F, Godoy 
Assumpcao J, Aparecida Cardinalli I, Aparecida 
Ganazza M, Correa Ribeiro R, Brandalise SR, Dos 
Santos Aguiar S, Yunes JA (2011) Association of the 
highly prevalent TP53 R337H mutation with pedi-
atric choroid plexus carcinoma and osteosarcoma in 
Southeast Brazil. Cancer 117(10):2228–2235. https://
doi.org/10.1002/cncr.25826

Sevenet N, Sheridan E, Amram D, Schneider P, 
Handgretinger R, Delattre O (1999) Constitutional 
mutations of the hSNF5/INI1 gene predispose to 
a variety of cancers. Am J Hum Genet 65(5):1342–
1348. https://doi.org/10.1086/302639

Sharif S, Ferner R, Birch JM, Gillespie JE, Gattamaneni 
HR, Baser ME, Evans DG (2006) Second primary 
tumors in neurofibromatosis 1 patients treated for optic 
glioma: substantial risks after radiotherapy. J Clin 
Oncol 24(16):2570–2575. https://doi.org/10.1200/
JCO.2005.03.8349

Sharif S, Upadhyaya M, Ferner R, Majounie E, Shenton 
A, Baser M, Thakker N, Evans DG (2011) A molec-
ular analysis of individuals with neurofibromatosis 
type 1 (NF1) and optic pathway gliomas (OPGs), and 
an assessment of genotype-phenotype correlations. J 
Med Genet 48(4):256–260. https://doi.org/10.1136/
jmg.2010.081760

Shlien A, Campbell BB, de Borja R, Alexandrov LB, 
Merico D, Wedge D, Van Loo P, Tarpey PS, Coupland 
P, Behjati S, Pollett A, Lipman T, Heidari A, Deshmukh 
S, Avitzur N, Meier B, Gerstung M, Hong Y, Merino 
DM, Ramakrishna M, Remke M, Arnold R, Panigrahi 
GB, Thakkar NP, Hodel KP, Henninger EE, Goksenin 
AY, Bakry D, Charames GS, Druker H, Lerner-Ellis 
J, Mistry M, Dvir R, Grant R, Elhasid R, Farah R, 
Taylor GP, Nathan PC, Alexander S, Ben-Shachar S, 
Ling SC, Gallinger S, Constantini S, Dirks P, Huang 
A, Scherer SW, Grundy RG, Durno C, Aronson M, 
Gartner A, Meyn MS, Taylor MD, Pursell ZF, Pearson 
CE, Malkin D, Futreal PA, Stratton MR, Bouffet 
E, Hawkins C, Campbell PJ, Tabori U, Biallelic 
Mismatch Repair Deficiency C (2015) Combined 
hereditary and somatic mutations of replication error 
repair genes result in rapid onset of ultra-hypermu-
tated cancers. Nat Genet 47 (3):257–262. doi:https://
doi.org/10.1038/ng.3202

Slade I, Bacchelli C, Davies H, Murray A, Abbaszadeh F, 
Hanks S, Barfoot R, Burke A, Chisholm J, Hewitt M, 
Jenkinson H, King D, Morland B, Pizer B, Prescott 
K, Saggar A, Side L, Traunecker H, Vaidya S, Ward 
P, Futreal PA, Vujanic G, Nicholson AG, Sebire N, 
Turnbull C, Priest JR, Pritchard-Jones K, Houlston 
R, Stiller C, Stratton MR, Douglas J, Rahman N 
(2011) DICER1 syndrome: clarifying the diagno-
sis, clinical features and management implications 
of a pleiotropic tumour predisposition syndrome. J 
Med Genet 48(4):273–278. https://doi.org/10.1136/
jmg.2010.083790

A. Broniscer and K. Nichols

https://doi.org/10.1038/363515a0
https://doi.org/10.1016/B978-0-12-380916-2.00008-5
https://doi.org/10.1056/NEJMoa0902903
https://doi.org/10.1056/NEJMoa0902903
https://doi.org/10.1136/jmg.2009.073429
https://doi.org/10.1136/jmg.2009.073429
https://doi.org/10.1056/NEJMoa042176
https://doi.org/10.1136/jmedgenet-2012-100898
https://doi.org/10.1136/jmedgenet-2012-100898
https://doi.org/10.1002/ajmg.a.32775
https://doi.org/10.1007/s00401-008-0388-9
https://doi.org/10.1007/s00401-008-0388-9
https://doi.org/10.1016/j.ajhg.2010.01.013
https://doi.org/10.1097/PCR.0000000000000027
https://doi.org/10.1002/cncr.25826
https://doi.org/10.1002/cncr.25826
https://doi.org/10.1086/302639
https://doi.org/10.1200/JCO.2005.03.8349
https://doi.org/10.1200/JCO.2005.03.8349
https://doi.org/10.1136/jmg.2010.081760
https://doi.org/10.1136/jmg.2010.081760
https://doi.org/10.1038/ng.3202
https://doi.org/10.1038/ng.3202
https://doi.org/10.1136/jmg.2010.083790
https://doi.org/10.1136/jmg.2010.083790


115

Smith MJ, Beetz C, Williams SG, Bhaskar SS, O'Sullivan 
J, Anderson B, Daly SB, Urquhart JE, Bholah Z, Oudit 
D, Cheesman E, Kelsey A, McCabe MG, Newman 
WG, Evans DG (2014b) Germline mutations in SUFU 
cause Gorlin syndrome-associated childhood medul-
loblastoma and redefine the risk associated with 
PTCH1 mutations. J Clin Oncol 32(36):4155–4161. 
https://doi.org/10.1200/JCO.2014.58.2569

Smith MJ, Wallace AJ, Bowers NL, Eaton H, Evans 
DG (2014a) SMARCB1 mutations in schwanno-
matosis and genotype correlations with rhabdoid 
tumors. Cancer Genet 207(9):373–378. https://doi.
org/10.1016/j.cancergen.2014.04.001

Soufir N, Gerard B, Portela M, Brice A, Liboutet M, 
Saiag P, Descamps V, Kerob D, Wolkenstein P, Gorin 
I, Lebbe C, Dupin N, Crickx B, Basset-Seguin N, 
Grandchamp B (2006) PTCH mutations and deletions 
in patients with typical nevoid basal cell carcinoma 
syndrome and in patients with a suspected genetic 
predisposition to basal cell carcinoma: a French study. 
Br J Cancer 95(4):548–553. https://doi.org/10.1038/
sj.bjc.6603303

Spector LG, Pankratz N, Marcotte EL (2015) Genetic and 
nongenetic risk factors for childhood cancer. Pediatr 
Clin N Am 62(1):11–25. https://doi.org/10.1016/j.
pcl.2014.09.013

Stone DM, Hynes M, Armanini M, Swanson TA, Gu 
Q, Johnson RL, Scott MP, Pennica D, Goddard 
A, Phillips H, Noll M, Hooper JE, de Sauvage F, 
Rosenthal A (1996) The tumour-suppressor gene 
patched encodes a candidate receptor for sonic 
hedgehog. Nature 384(6605):129–134. https://doi.
org/10.1038/384129a0

Swensen JJ, Keyser J, Coffin CM, Biegel JA, Viskochil DH, 
Williams MS (2009) Familial occurrence of schwan-
nomas and malignant rhabdoid tumour associated with 
a duplication in SMARCB1. J Med Genet 46(1):68–
72. https://doi.org/10.1136/jmg.2008.060152

Tabori U, Shlien A, Baskin B, Levitt S, Ray P, Alon N, 
Hawkins C, Bouffet E, Pienkowska M, Lafay-Cousin 
L, Gozali A, Zhukova N, Shane L, Gonzalez I, Finlay 
J, Malkin D (2010) TP53 alterations determine clinical 
subgroups and survival of patients with choroid plexus 
tumors. J Clin Oncol 28(12):1995–2001. https://doi.
org/10.1200/JCO.2009.26.8169

Tang JY, Mackay-Wiggan JM, Aszterbaum M, Yauch 
RL, Lindgren J, Chang K, Coppola C, Chanana AM, 
Marji J, Bickers DR, Epstein EH Jr (2012) Inhibiting 
the hedgehog pathway in patients with the basal-cell 
nevus syndrome. N Engl J Med 366(23):2180–2188. 
https://doi.org/10.1056/NEJMoa1113538

Taylor MD, Gokgoz N, Andrulis IL, Mainprize TG, Drake 
JM, Rutka JT (2000) Familial posterior fossa brain 
tumors of infancy secondary to germline mutation of 
the hSNF5 gene. Am J Hum Genet 66(4):1403–1406. 
https://doi.org/10.1086/302833

Taylor MD, Liu L, Raffel C, Hui CC, Mainprize TG, 
Zhang X, Agatep R, Chiappa S, Gao L, Lowrance 
A, Hao A, Goldstein AM, Stavrou T, Scherer SW, 
Dura WT, Wainwright B, Squire JA, Rutka JT, Hogg 

D (2002) Mutations in SUFU predispose to medul-
loblastoma. Nat Genet 31(3):306–310. https://doi.
org/10.1038/ng916

Teplick A, Kowalski M, Biegel JA, Nichols KE (2011) 
Educational paper: screening in cancer predisposition 
syndromes: guidelines for the general pediatrician. 
Eur J Pediatr 170(3):285–294. https://doi.org/10.1007/
s00431-010-1377-2

Testa JR, Malkin D, Schiffman JD (2013) Connecting 
molecular pathways to hereditary cancer risk syn-
dromes. Am Soc Clin Oncol Educ Book 33:81–90. 
https://doi.org/10.1200/EdBook_AM.2013.33.81

Thiagalingam S, Flaherty M, Billson F, North K (2004) 
Neurofibromatosis type 1 and optic pathway gliomas: 
follow-up of 54 patients. Ophthalmology 111(3):568–
577. https://doi.org/10.1016/j.ophtha.2003.06.008

Tinat J, Bougeard G, Baert-Desurmont S, Vasseur 
S, Martin C, Bouvignies E, Caron O, Bressac-de 
Paillerets B, Berthet P, Dugast C, Bonaiti-Pellie C, 
Stoppa-Lyonnet D, Frebourg T (2009) 2009 version 
of the Chompret criteria for Li Fraumeni syndrome. 
J Clin Oncol 27(26):e108–e109.; author reply e110. 
https://doi.org/10.1200/JCO.2009.22.7967

Toth G, Zraly CB, Thomson TL, Jones C, Lapetino S, 
Muraskas J, Zhang J, Dingwall AK (2011) Congenital 
anomalies and rhabdoid tumor associated with 22q11 
germline deletion and somatic inactivation of the 
SMARCB1 tumor suppressor. Genes Chromosomes 
Cancer 50(6):379–388. https://doi.org/10.1002/
gcc.20862

Turcot J, Despres JP, St Pierre F (1959) Malignant tumors 
of the central nervous system associated with familial 
polyposis of the colon: report of two cases. Dis Colon 
Rectum 2:465–468

van den Munckhof P, Christiaans I, Kenter SB, Baas F, 
Hulsebos TJ (2012) Germline SMARCB1 mutation 
predisposes to multiple meningiomas and schwanno-
mas with preferential location of cranial meningiomas 
at the falx cerebri. Neurogenetics 13(1):1–7. https://
doi.org/10.1007/s10048-011-0300-y

Vasen HF, Ghorbanoghli Z, Bourdeaut F, Cabaret O, Caron 
O, Duval A, Entz-Werle N, Goldberg Y, Ilencikova D, 
Kratz CP, Lavoine N, Loeffen J, Menko FH, Muleris 
M, Sebille G, Colas C, Burkhardt B, Brugieres L, 
Wimmer K, CMMR-D EU-CCf (2014) Guidelines 
for surveillance of individuals with constitutional 
mismatch repair-deficiency proposed by the European 
consortium “care for CMMR-D” (C4CMMR-D). J 
Med Genet 51(5):283–293. https://doi.org/10.1136/
jmedgenet-2013-102238

Versteege I, Sevenet N, Lange J, Rousseau-Merck MF, 
Ambros P, Handgretinger R, Aurias A, Delattre 
O (1998) Truncating mutations of hSNF5/INI1  in 
aggressive paediatric cancer. Nature 394(6689):203–
206. https://doi.org/10.1038/28212

Villani A, Tabori U, Schiffman J, Shlien A, Beyene J, 
Druker H, Novokmet A, Finlay J, Malkin D (2011) 
Biochemical and imaging surveillance in germline TP53 
mutation carriers with Li-Fraumeni syndrome: a pro-

5 Predisposition Syndromes to Central Nervous System Cancers

https://doi.org/10.1200/JCO.2014.58.2569
https://doi.org/10.1016/j.cancergen.2014.04.001
https://doi.org/10.1016/j.cancergen.2014.04.001
https://doi.org/10.1038/sj.bjc.6603303
https://doi.org/10.1038/sj.bjc.6603303
https://doi.org/10.1016/j.pcl.2014.09.013
https://doi.org/10.1016/j.pcl.2014.09.013
https://doi.org/10.1038/384129a0
https://doi.org/10.1038/384129a0
https://doi.org/10.1136/jmg.2008.060152
https://doi.org/10.1200/JCO.2009.26.8169
https://doi.org/10.1200/JCO.2009.26.8169
https://doi.org/10.1056/NEJMoa1113538
https://doi.org/10.1086/302833
https://doi.org/10.1038/ng916
https://doi.org/10.1038/ng916
https://doi.org/10.1007/s00431-010-1377-2
https://doi.org/10.1007/s00431-010-1377-2
https://doi.org/10.1200/EdBook_AM.2013.33.81
https://doi.org/10.1016/j.ophtha.2003.06.008
https://doi.org/10.1200/JCO.2009.22.7967
https://doi.org/10.1002/gcc.20862
https://doi.org/10.1002/gcc.20862
https://doi.org/10.1007/s10048-011-0300-y
https://doi.org/10.1007/s10048-011-0300-y
https://doi.org/10.1136/jmedgenet-2013-102238
https://doi.org/10.1136/jmedgenet-2013-102238
https://doi.org/10.1038/28212


116

spective observational study. Lancet Oncol 12(6):559–
567. https://doi.org/10.1016/S1470-2045(11)70119-X

Von Hoff DD, LoRusso PM, Rudin CM, Reddy JC, Yauch 
RL, Tibes R, Weiss GJ, Borad MJ, Hann CL, Brahmer 
JR, Mackey HM, Lum BL, Darbonne WC, Marsters 
JC Jr, de Sauvage FJ, Low JA (2009) Inhibition of 
the hedgehog pathway in advanced basal-cell carci-
noma. N Engl J Med 361(12):1164–1172. https://doi.
org/10.1056/NEJMoa0905360

Vortmeyer AO, Stavrou T, Selby D, Li G, Weil RJ, Park 
WS, Moon YW, Chandra R, Goldstein AM, Zhuang Z 
(1999) Deletion analysis of the adenomatous polypo-
sis coli and PTCH gene loci in patients with sporadic 
and nevoid basal cell carcinoma syndrome-associated 
medulloblastoma. Cancer 85(12):2662–2667

Walter AW, Pivnick EK, Bale AE, Kun LE (1997) 
Complications of the nevoid basal cell carcinoma 
syndrome: a case report. J Pediatr Hematol Oncol 
19(3):258–262

Wang Q, Lasset C, Desseigne F, Frappaz D, Bergeron 
C, Navarro C, Ruano E, Puisieux A (1999) 
Neurofibromatosis and early onset of cancers in 
hMLH1-deficient children. Cancer Res 59(2):294–297

Wicking C, Shanley S, Smyth I, Gillies S, Negus K, Graham 
S, Suthers G, Haites N, Edwards M, Wainwright B, 
Chenevix-Trench G (1997) Most germ-line mutations 
in the nevoid basal cell carcinoma syndrome lead to a 
premature termination of the PATCHED protein, and 
no genotype-phenotype correlations are evident. Am J 
Hum Genet 60(1):21–26

Wilson BG, Roberts CW (2011) SWI/SNF nucleosome 
remodellers and cancer. Nat Rev Cancer 11(7):481–
492. https://doi.org/10.1038/nrc3068

Wimmer K, Kratz CP, Vasen HF, Caron O, Colas C, 
Entz-Werle N, Gerdes AM, Goldberg Y, Ilencikova D, 
Muleris M, Duval A, Lavoine N, Ruiz-Ponte C, Slavc 
I, Burkhardt B, Brugieres L, CMMRD EU-CCf (2014) 
Diagnostic criteria for constitutional mismatch repair 
deficiency syndrome: suggestions of the European 
consortium ‘care for CMMRD’ (C4CMMRD). J 
Med Genet 51(6):355–365. https://doi.org/10.1136/
jmedgenet-2014-102284

Witkowski L, Carrot-Zhang J, Albrecht S, Fahiminiya 
S, Hamel N, Tomiak E, Grynspan D, Saloustros E, 
Nadaf J, Rivera B, Gilpin C, Castellsague E, Silva-
Smith R, Plourde F, Wu M, Saskin A, Arseneault M, 
Karabakhtsian RG, Reilly EA, Ueland FR, Margiolaki 
A, Pavlakis K, Castellino SM, Lamovec J, Mackay 
HJ, Roth LM, Ulbright TM, Bender TA, Georgoulias 
V, Longy M, Berchuck A, Tischkowitz M, Nagel I, 
Siebert R, Stewart CJ, Arseneau J, McCluggage WG, 
Clarke BA, Riazalhosseini Y, Hasselblatt M, Majewski 
J, Foulkes WD (2014) Germline and somatic 
SMARCA4 mutations characterize small cell car-
cinoma of the ovary, hypercalcemic type. Nat Genet 
46(5):438–443. https://doi.org/10.1038/ng.2931

Witkowski L, Lalonde E, Zhang J, Albrecht S, Hamel 
N, Cavallone L, May ST, Nicholson JC, Coleman N, 
Murray MJ, Tauber PF, Huntsman DG, Schonberger S, 
Yandell D, Hasselblatt M, Tischkowitz MD, Majewski 
J, Foulkes WD (2013) Familial rhabdoid tumour 
‘avant la lettre’--from pathology review to exome 
sequencing and back again. J Pathol 231(1):35–43. 
https://doi.org/10.1002/path.4225

Zhukova N, Ramaswamy V, Remke M, Pfaff E, Shih 
DJ, Martin DC, Castelo-Branco P, Baskin B, Ray 
PN, Bouffet E, von Bueren AO, Jones DT, Northcott 
PA, Kool M, Sturm D, Pugh TJ, Pomeroy SL, Cho 
YJ, Pietsch T, Gessi M, Rutkowski S, Bognar L, 
Klekner A, Cho BK, Kim SK, Wang KC, Eberhart 
CG, Fevre-Montange M, Fouladi M, French PJ, Kros 
M, Grajkowska WA, Gupta N, Weiss WA, Hauser 
P, Jabado N, Jouvet A, Jung S, Kumabe T, Lach B, 
Leonard JR, Rubin JB, Liau LM, Massimi L, Pollack 
IF, Shin Ra Y, Van Meir EG, Zitterbart K, Schuller U, 
Hill RM, Lindsey JC, Schwalbe EC, Bailey S, Ellison 
DW, Hawkins C, Malkin D, Clifford SC, Korshunov 
A, Pfister S, Taylor MD, Tabori U (2013) Subgroup-
specific prognostic implications of TP53 mutation in 
medulloblastoma. J Clin Oncol 31(23):2927–2935. 
https://doi.org/10.1200/JCO.2012.48.5052

Zilfou JT, Lowe SW (2009) Tumor suppressive functions 
of p53. Cold Spring Harb Perspect Biol 1(5):a001883. 
https://doi.org/10.1101/cshperspect.a001883

A. Broniscer and K. Nichols

https://doi.org/10.1016/S1470-2045(11)70119-X
https://doi.org/10.1056/NEJMoa0905360
https://doi.org/10.1056/NEJMoa0905360
https://doi.org/10.1038/nrc3068
https://doi.org/10.1136/jmedgenet-2014-102284
https://doi.org/10.1136/jmedgenet-2014-102284
https://doi.org/10.1038/ng.2931
https://doi.org/10.1002/path.4225
https://doi.org/10.1200/JCO.2012.48.5052
https://doi.org/10.1101/cshperspect.a001883


117© Springer International Publishing AG, part of Springer Nature 2018 
A. Gajjar et al. (eds.), Brain Tumors in Children, https://doi.org/10.1007/978-3-319-43205-2_6

Modern Principles of CNS Tumor 
Classification

Stefan M. Pfister, David Capper,  
and David T. W. Jones

6.1 Introduction

Childhood brain tumors remain a major clinical 
challenge, and one that is further complicated by 
the fact that histologically similar or even indistin-
guishable tumors can show significant molecular 
heterogeneity—something that is still under intense 
investigation. Recent advances in genome and 
epigenome research have revealed extensive clini-
cally useful features of distinct molecular entities, 
or subgroups thereof, which will help in the classi-
fication of these tumors, as well as in treatment 
stratification and therapeutic target identification.

This chapter aims at summarizing these recent 
advances in a systematic way, with a basic dis-
tinction between glial/glioneuronal and non- glial 
brain tumors (Fig. 6.1).

6.2  Molecular Classification 
of Brain Tumors

Among the non-glial brain tumors, embryonal 
tumors are by far the most common and clini-
cally relevant category in pediatric neuro-
oncology. Pineal tumors, craniopharyngioma, 
choroid plexus tumors, meningiomas, and other 
representatives (e.g., central nervous system 
(CNS) lymphomas, germ cell tumors or brain 
metastases) are less well studied in terms of 
molecular classification to date, although the 
field here is starting to develop as well (Holsken 
et  al. 2016; Brastianos et  al. 2014; Thomas 
et  al. 2016; Wang et  al. 2014; Ichimura et  al. 
2016).
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6.3  Medulloblastoma

The first histopathological brain tumor entity 
for which consistent molecular subgroups were 
identified was medulloblastoma. Based on sev-
eral independent studies (Cho et al. 2011; Milde 
et  al. 2010; Kool et  al. 2008; Northcott et  al. 
2011; Thompson et al. 2006; Remke et al. 2011), 
a consensus was reached that this heteroge-
neous entity consists of four distinct molecular 
subgroups designated Wnt/Wingless (WNT), 
Sonic Hedgehog (SHH), Group 3 and Group 4 
(Taylor et  al. 2012, Fig.  6.2). These subgroups 
have also been recognized in the update of the 
fourth edition of the World Health Organization 
(WHO) classification for CNS tumors (published 
in 2016) in accordance with the previously pub-
lished guidelines for multilayered diagnoses 
(Louis et al. 2014). Additionally, SHH medullo-
blastomas were split into two distinct subentities 
based on TP53 status (SHH-TP53 wild type and 
SHH-TP53 mutant). Several methods have been 
proposed to identify these groups, including sets 

of immunohistochemistry-based tests (Ellison 
et  al. 2011a), transcriptome analysis (either 
genome- wide or using a subset of lineage genes), 
and array-based DNA methylation analysis. The 
latter turned out to be the most robust method to 
date, and can also reliably be performed from 
very small amounts of formalin-fixed, paraffin- 
embedded (FFPE) tissue (Hovestadt et al. 2013; 
Schwalbe et al. 2013).

WNT medulloblastomas typically harbor a 
somatic activating CTNNB1 mutation in exon 3, 
which is never found in other medulloblastoma 
subgroups, and are often associated with a loss 
of one copy of chromosome 6 (Clifford et  al. 
2006). Frequent somatic TP53 mutations do not 
seem to confer an inferior prognosis within  
this  molecular subgroup (Zhukova et al. 2013). 
They typically show classic medulloblastoma 
morphology.

SHH medulloblastomas show a bimodal age 
distribution with peak incidence rates in infancy 
and adulthood. The vast majority of SHH medul-
loblastomas harbor germline or somatic altera-

Glial/glioneuronal
Tumours

Non-Glial Tumours

Meningiomas Choroid
plexus tumours

Others
(e.g. Lymphomas,
germ cell tumours)

Pineal Tumours

(atypical teratoid/
rhabdoid tumours)

(embryonal tumour with
multilayered rosettes)

Cranio-
pharyngioma

Embryonal
Tumours

Medulloblastoma
AT/RT ETMR

CNS-PNET

WNT

SHH-p53 wt

SHH-p53 mut

Group 3

AT/RT-TYR

AT/RT-MYC

Ependymoblastoma

ETANTR

Medulloepithelioma

CNS embryonal tumor, NOS

CNS HGNT with MN1 alteration

CNS HGNT with BCOR alteration

CNS EFT with CIC alteration

CNS Neuroblastoma (FOXR2 activated)AT/RT-SHH

Group 4

Fig. 6.1 Molecular classification of embryonal brain 
tumors. The term “CNS-PNET” was discarded in the 
update of the fourth edition of the WHO classification 

based on the fact that it was previously used for a weakly 
defined mixture of not otherwise specified embryonal 
tumors
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Subgroup
WNT SHH Group 3 Group 4

Gender ratio

Age distribution

Histology Classic; very rare LCA

1.0

0.5

1.0

0.5

1.0

0.5

Infant Childhood AdultInfant Childhood AdultInfant Childhood Adult Infant Childhood Adult

1.0

0.5

~5-10%

~95% OS

Lower rhombic lip
progenitor cells

CGNPs of the EGL and
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stem cells of SVZ
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~75% OS ~75% OS

Unknown

~50% OS

~15-20% ~40-45% ~35-40%

Classic; rarely LCAClassic > LCAClassic> Nodular > LCA >MBEN

Patient Survival

Proposed
Cell of origin

Metastasis@Dx

Fig. 6.2 Molecular classification of medulloblastoma. 
The histopathological spectrum of medulloblastoma com-
prises a very heterogeneous collection of four core molec-
ular entities, which display extensive heterogeneity in 

terms of demographics, frequency of metastatic spread, 
survival, cell of origin, and accompanying genetic events. 
Source: Nat Rev Cancer. 2012 Dec;12(12):818–34. doi: 
https://doi.org/10.1038/nrc3410

tions in SHH pathway genes, including PTCH1, 
SMO, SUFU, MYCN, GLI2, and SHH itself 
(Kool et al. 2014). In children between 5 and 16 
years of age (in whom SHH medulloblastomas 
generally occur less commonly), these tumors 
are often associated with anaplastic histology, 
germline TP53 mutations and extensive chromo-
some shattering (chromothripsis) in the tumor, as 
well as with inferior prognosis (Zhukova et  al. 
2013; Kool et al. 2014; Rausch et al. 2012). The 
histological spectrum of SHH medulloblastomas 
includes desmoplastic tumors and medulloblas-
toma with extensive nodularity (these two histo-
logical variants comprising almost exclusively 
SHH tumors), as well as classic and anaplastic 
medulloblastoma.

Group 3 medulloblastomas represent the most 
aggressive subgroup in clinical trial series, with 
the highest incidence of metastatic dissemina-
tion and worst prognosis (Pietsch et al. 2014). In 
addition to MYC amplification, which has been 

recognized as a molecular driver for decades 
(Scheurlen et  al. 1998), more recent discover-
ies included the presence of MYC-PVT1 fusion 
genes (Northcott et  al. 2012a) in a relevant 
subset of MYC-driven Group 3 tumors, and 
the activation of the GFI1/GFI1B oncogenes 
by enhancer hijacking (Northcott et  al. 2014). 
Moreover, genome duplication was identified 
as a frequent early event in this group (Jones 
et  al. 2012). Group 3 medulloblastomas most 
commonly show classic, anaplastic, or large cell 
morphology.

Group 4 is less well characterized in terms of 
single genetic drivers, but is very frequently asso-
ciated with the formation of an isochromosome 
17q. GFI1/GFI1B activation and genome dupli-
cation are also observed in subsets of Group 4 
tumors, and KDM6A appears to be the single 
most commonly mutated gene (Jones et al. 2012; 
Robinson et al. 2012; Pugh et al. 2012; Northcott 
et al. 2012b).

6 Modern Principles of CNS Tumor Classification
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Medulloblastoma subgrouping is already used 
for clinical decision-making in multiple ways:

• It is important to reliably detect WNT-driven 
medulloblastomas; the question of whether 
reduction of adjuvant therapy intensity is jus-
tified based on the excellent survival rates 
achieved with standard treatment protocols is 
currently being explored in large clinical 
trials.

• Since novel molecularly targeted therapies 
have entered the clinical stage for SHH medul-
loblastoma (Robinson et al. 2015), it is impor-
tant to assess the exact SHH pathway mutation 
in each tumor (and matched germline). Based 
on this information, response to Smoothened 
(SMO) inhibitors can be predicted (Kool et al. 
2014), and patients with hereditary predisposi-
tion syndromes (Gorlin Syndrome, Li 
Fraumeni Syndrome) and their families can be 
counselled and stratified to separate treatment 
protocols (e.g., omission of radiotherapy).

• MYC-amplified Group 3 tumors are consid-
ered very-high risk, and clinical trials stratify-
ing these patients to novel treatment 
approaches (e.g., upfront phase II window) 
are currently under consideration.

6.4  Atypical Teratoid Rhabdoid 
Tumors

It has long been known that the hallmark molecu-
lar feature of atypical teratoid/rhabdoid tumor 
(AT/RT) is somatic or germline inactivation of 
members of the SWI/SNF chromatin remodeling 
complex. SMARCB1 is altered in about 95% of 
cases (Versteege et al. 1998; Biegel et al. 1999), 
and is also frequently mutated in the germline, 
especially in young children (Sredni and Tomita 
2015). In the remaining 5% of cases, a mutation 
in SMARCA4 can typically be detected 
(Schneppenheim et  al. 2010; Hasselblatt et  al. 
2014). Biallelic disruption of either of these two 
genes in the tumor results in complete loss of 
protein expression, which can be detected by loss 
of nuclear staining using immunohistochemistry. 
Tumors that lack the typical histological rhabdoid 
features, but show loss of INI1 (the gene product 

of SMARCB1) have previously precluded the 
diagnosis of AT/RT, although they were otherwise 
biologically indistinguishable. In the update of 
the WHO classification, AT/RT will be defined 
by the presence of either a SMARCB1 or a 
SMARCA4 mutation in a CNS small round blue 
cell tumor, regardless of presence of a rhabdoid 
cell component.

Despite the relative genetic homogeneity of 
AT/RTs, three highly distinct molecular sub-
groups have recently been identified based on 
DNA methylation, enhancer, and gene expres-
sion profiling (Johann et al. 2016). These groups 
were termed “AT/RT-TYR” based on the specific 
overexpression of Tyrosinase in this subgroup, 
“AT/RT-SHH” because of the transcriptional 
SHH signature, and “AT/RT-MYC” based on the 
transcriptional MYC-signature, respectively. 
Interestingly, two of these groups, namely AT/
RT-TYR and AT/RT-SHH, show extensive global 
hypermethylation—only comparable to the CpG 
Island Methylator Phenotype (CIMP) observed 
in IDH-mutated glioma. This phenotype might 
comprise a rationale for epigenetic treatment 
approaches. Also noteworthy is that the type of 
SMARCB1 mutation is strikingly different 
between the subgroups: AT/RT-TYR typically 
harbor large deletions of chromosome 22q 
accompanied by mutation of the second allele, 
AT/RT-SHH are characterized by biallelic point 
mutations in SMARCB1, and AT/RT-MYC often 
show focal homozygous deletions (Fig. 6.3). The 
clinical and therapeutic impact of these molecu-
lar subgroups is yet to be assessed.

6.5  Embryonal Tumors 
with Multilayered Rosettes

Embryonal tumors with (true) multilayered 
rosettes (ETMR) have been recognized in previ-
ous versions of the WHO classification of CNS 
tumors as ependymoblastoma, embryonal tumor 
with abundant neuropil and true rosettes 
(ETANTR), and medulloepithelioma (Louis et al. 
2007). With the discovery of the specific high- 
level amplification of a micro-RNA cluster on 
chromosome 19q13.41 (C19MC) (Li et al. 2009; 
Korshunov et  al. 2010), which is detectable in 
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about 95% of cases in all of the aforementioned 
histopathological variants (Korshunov et  al. 
2014), ETMR have now become a single molecu-
larly defined entity. This amplicon also gives rise 
to a fusion between TTYH1 and C19MC, with the 
promoter of the former driving expression of the 
micro-RNAs (Kleinman et al. 2014). If the ampli-
con is not detectable in a tumor within the mor-
phological spectrum of ETMR or the testing is 
not available, it is termed embryonal tumor with 
multilayered rosettes, NOS. As another unifying 
feature, the vast majority of ETMRs show signifi-
cant expression of LIN28A, which is typically 
not observed in other brain tumors (apart from 
some cases of AT/RT with weaker, patchy expres-
sion) (Korshunov et al. 2012).

6.6  Other Primitive 
Neuroectodermal Tumors 
of the CNS

Originally, embryonal tumors of the CNS were all 
called “primitive neuroectodermal tumors” 
(PNETs) (Rorke 1983). After the distinction of 
medulloblastoma and then AT/RT as separate enti-
ties, the term PNET still remained and was used as 

a term for embryonal CNS tumors (typically 
supratentorially located) that would not fall into 
any of the other categories. The diagnostic gray 
zone, e.g., between “PNET,” anaplastic ependy-
moma, and small cell glioblastoma (among oth-
ers), has long been recognized. In the latest update 
of the WHO classification, the term “CNS-PNET” 
has disappeared, and provisionally been replaced 
by “CNS embryonal tumor, NOS.”

Based on very recent molecular studies, institu-
tionally diagnosed “CNS PNETs” can, in the 
majority of cases, be molecularly re-classified into 
a known brain tumor entity. However, at least four 
previously unrecognized molecular entities remain, 
all of which are characterized by a highly specific 
genetic event in the respective subgroup (Fig. 6.4) 
(Sturm et al. 2016). These novel molecular entities 
include: (1) CNS neuroblastoma with frequent 
FOXR2 activation, which show the most proto-
typic neuroblastic morphology and would probably 
be diagnosed as “PNET” by a vast majority of 
pathologists; (2) CNS Ewing family tumors with 
recurrent CIC fusions, which probably represent a 
CNS counterpart of Ewing-like sarcomas (also 
showing CIC fusions); (3) CNS high-grade neuro-
epithelial tumors with MN1 alteration, which 
often, but not always, show morphological features 

Fig. 6.3 Molecular classification of AT/RT. Molecular sub-
groups can be readily identified by DNA methylation analy-
sis, enhancer profiling, or gene-expression profiling. The 
subgroups show distinctively different patterns of SMARCB1 

mutation. AT/RT-TYR and AT/RT-SHH are characterized by 
extensive global hypermethylation of the tumor genome. 
Source: Cancer Cell. 2016 Mar 14;29(3):379–93. doi: https://
doi.org/10.1016/j.ccell.2016.02.001. Epub 2016 Feb 25
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of astroblastoma, and (4) CNS high- grade neuro-
epithelial tumors with BCOR alteration. The clini-
cal features of these novel entities, their response to 
adjuvant therapy, their prognosis, and additional 
genetic hits have yet to be assessed. Based on their 
unique molecular makeup, however, it is expected 
that these (and maybe additional) molecularly 
defined entities will be recognized in the 5th full 
edition of the WHO classification for CNS tumors.

6.7  Molecular Classification 
of Pediatric Gliomas 
and Glioneuronal Tumors

6.7.1  Low-Grade Glioma 
and Glioneuronal Tumors

Low-grade glioma (LGG) and low-grade glioneu-
ronal tumors (LGNT) together comprise the most 
common brain tumor group in children (Fig. 6.5). 
Recent molecular insights into their tumor biol-
ogy have, however, revealed striking differences in 

terms of the underlying driver events in different 
histopathological or molecular subgroups. Thus, in 
the very near future, summarizing everything into 
these two broad categories will no longer be appro-
priate. A characteristic unifying feature of these 
low- grade, slow-growing, typically non-metasta-
sizing entities is that they are assumed to very often 
be driven by a single oncogenic insult, e.g., BRAF 
duplication in pilocytic astrocytoma (Jones et  al. 
2008; Pfister et al. 2008), FGFR mutation, kinase 
duplication or fusion in dysembryonic neuroepithe-
lial tumors (DNET) (Rivera et al. 2016; Qaddoumi 
et al. 2016), or MYB/MYBL1 aberrations in angio-
centric and diffuse glioma (Qaddoumi et al. 2016; 
Tatevossian et  al. 2010; Ramkissoon et  al. 2013; 
Bandopadhayay et al. 2016).

For pilocytic astrocytoma (PA), it was convinc-
ingly shown in different studies that almost all 
tumors harbor mutually exclusive mutations in the 
MAPK pathway leading to constitutive activation 
(Fig. 6.6a) (Jones et al. 2013; Zhang et al. 2013). Of 
note, PA is molecularly indistinguishable from pilo-
myxoid astrocytoma, so that in the update of the 
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WHO classification this was defined a histological 
variant of PA rather than a separate entity. The most 
common single aberration in pilocytic astrocytoma, 
occurring in about 70% of cases, is a truncating 
fusion of BRAF (KIAA1549-BRAF gene fusion). A 
highly relevant fraction of PAs, particularly those 

arising in the optic nerve, chiasms, and optic tract, is 
driven by underlying germline mutations in NF1  
(a negative regulator of RAS genes in the MAPK 
pathway). Conversely, patients with neurofibroma-
tosis type 1 have an approximate risk of 10% of 
developing an optic pathway glioma before age 15. 
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Fig. 6.6 Molecular features of low-grade glioma/glio-
neuronal tumors in children. (a) Mutually exclusive aber-
rations in the MAPK pathway characterize pilocytic 
astrocytoma, the most common pediatric brain tumor. (b) 
Prototypic genetic changes in DNET (red), ganglioglioma 

(green), and angiocentric glioma (blue), with grouping 
based on DNA methylation data. Source: Nat Genet. 2013 
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Epub 2013 Jun 30. and Qaddoumi et al. Acta Neuropathol. 
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Fig. 6.5 Molecular classification of pediatric gliomas/glioneuronal tumors. Entities marked with an asterisk are con-
sidered intermediate prognosis. Molecular categories are provisional based on the authors’ experience, and are subject 
to change in future
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Collectively, these findings make pilocytic astrocy-
toma a prototypic single pathway disease and an 
excellent candidate entity for the therapeutic use of 
molecularly targeted therapies, such as inhibitors of 
MEK1/2.

In contrast to pilocytic astrocytoma, ganglio-
gliomas are much more commonly defined by 
point mutations in BRAF (V600E) instead of trun-
cating fusions (Schindler et al. 2011). This again 
comprises a very attractive drug target for future 
clinical trials with a variety of drugs available to 
directly target this aberration.

Overexpression and complex rearrangements 
involving MYB or MYBL1, often in conjunction 
with QKI, have been identified in subsets of LGGs 
for some years already (Tatevossian et al. 2010). 
When more recently larger cohorts were exam-
ined and correlated with morphology, it became 
apparent that tumors with the histopathological 
picture of an angiocentric glioma regularly show 
aberrations in MYB family genes—indicating 
that these aberrations might indeed define this 
entity (Qaddoumi et al. 2016; Ramkissoon et al. 
2013). Finally, the mechanism of the tumorigenic 
potential of MYB- QKI rearrangements was 
recently elucidated (Bandopadhayay et al. 2016).

A recent paper investigating a large num-
ber of dysembryoplastic neuroepithelial tumors 
(DNETs) (Rivera et  al. 2016) confirmed data 
from smaller series (Qaddoumi et  al. 2016) 
that different genetic aberrations in FGFR1 are 
of central importance for these tumors. In the 
majority of cases, hotspot mutations (N546K or 
K656E) were identified, whereas internal dupli-
cations occurred in a smaller subset of cases. 
Additionally, germline FGFR1 mutations appear 
to predispose to familial cases of DNET. As with 
BRAF, FGFR1 comprises a very attractive drug 
target with several highly potent inhibitors on the 
market or in development.

Diffuse leptomeningeal glioneuronal tumors 
(Gardiman et  al. 2010), also referred to as dis-
seminated oligodendroglial-like leptomeningeal 
tumor of childhood (DOLN) (Rodriguez et  al. 
2012), were recently shown to be characterized 
by concurrent KIAA1549-BRAF gene fusion and 
1p deletion (sometimes also 1p/19q co-deletion 
as observed in adult type oligodendroglioma, but 

without the ubiquitous IDH1 mutation in the 
 latter entity) (Deng et al. 2018).

Subsets of rare, but pediatric-specific, desmo-
plastic infantile astrocytomas/gangliogliomas 
harbor BRAFV600E mutations (Koelsche et  al. 
2014), whereas genetic drivers in other subsets of 
this entity remain to be determined.

Subependymal giant-cell astrocytoma com-
prises another prototypic single-hit disease, 
which occurs in patients with tuberous sclerosis, 
who harbor germline mutations in TSC1 or TSC2. 
As expected based on their biology, these tumors 
show an excellent response to targeted inhibition 
of mTOR (Franz et al. 2013).

In summary, several of these molecular enti-
ties will, in case of non-resectability, in the future 
most likely be subjected to molecularly targeted 
therapies rather than conventional radio- or che-
motherapy. Therefore, assessment of prototypic 
genetic events for molecular stratification of 
these tumors should be considered standard-of-
care diagnostics from now on.

6.7.2  High-Grade Glioma

High-grade gliomas in children by definition 
comprise gliomas of WHO grades III and IV. With 
advanced molecular classification, this paradigm 
is partially challenged, since entities like pleo-
morphic xanthoastrocytoma, which can be grade 
III when showing signs of anaplasia or grade II 
when these features are missing, show a homoge-
neous molecular picture across different grades; 
therefore, it might not be justified that a fraction 
of them is currently treated as “LGG” and another, 
yet molecularly identical fraction, is treated as 
“HGG.” Thus, two “intermediate risk” entities, 
namely pleomorphic xanthoastrocytoma and ana-
plastic astrocytoma with piloid features (Reinhardt 
et al. 2018), are listed with an asterisk in Fig. 6.5.

In children, an additional caveat with seem-
ingly high-grade gliomas according to the histo-
pathological pattern is that a proportion of these 
tumors that look like HGGs show features of true 
low-grade gliomas at a molecular level and share 
the excellent prognosis of LGGs (Korshunov 
et  al. 2015). When accounting for these, the 
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“intermediate risk” tumors, and the small number 
of IDH1-mutant pediatric glioblastomas, the sur-
vival of the remaining “true glioblastomas” is as 
bad as for adult glioblastoma.

Recent genomic discoveries in pediatric HGGs 
have revealed highly specific mutations in two 
residues of the H3.3 and H3.1 histone genes 
(Schwartzentruber et al. 2012), with mutations at 
K27 occurring both in H3.3 and H3.1, specifically 
in midline HGGs (Schwartzentruber et al. 2012; 
Buczkowicz et  al. 2014; Taylor et  al. 2014; Wu 
et al. 2014; Fontebasso et al. 2014), and G34 in 
H3.3  in hemispheric HGGs in slightly older 
patients (Schwartzentruber et al. 2012). The muta-
tion in K27, which is replaced by a methionine, 
mimics monomethylation of K27, in turn leading 
to entrapping of EZH2 (the enzyme catalyzing the 
methylation of K27) (Bender et al. 2013; Lewis 
et al. 2013). This dominant functional inactivation 
of EZH2 is associated with genome-wide loss of 
H3K27 trimethylation, which can be detected as a 
surrogate marker for the K27M mutation (Venneti 
et al. 2013). The specificity of K27M mutations to 
pediatric HGGs of the midline and the striking 
epigenetic phenotype led to the recognition of this 
as a separate molecular entity in the update of the 
WHO classification, designated diffuse midline 
glioma with H3K27 mutation. This also includes 
diffuse intrinsic pontine gliomas (DIPGs), often 
associated with mutations in ACVR1 and amplifi-
cation of PDGFRA, but also tumors in the thala-
mus (where H3 K27M mutations are typically 
associated with TP53 mutations), and throughout 
the spinal cord.

As previously mentioned, H3.3 G34 mutations 
occur almost exclusively in hemispheric tumors, 
and in slightly older patients, almost always in 
conjunction with mutations in TP53 and ATRX. 
Interestingly, it was also shown that tumors occur 
that show a “PNET-like” morphology harboring a 
G34 mutation. However, these tumors are molec-
ularly indistinguishable from G34-mutant tumors 
demonstrating a typical HGG morphology, indi-
cating that these likely belong to a single entity 
with a wide spectrum of morphological pheno-
types (Korshunov et al. 2016).

Additional molecular subgroups of HGGs in 
children as assessed by DNA methylation analysis 

include the RTK1 group with frequent amplifica-
tion of PDGFRA, the RTK2 subgroup, and a small 
subgroup characterized by co-amplification of 
MYCN and ID2, which was first described in 
Buczkowicz et  al. (2014) and now confirmed in 
independent larger cohorts (Korshunov et  al. 
2017; Sturm et al. 2016) (Fig. 6.7).

IDH1-mutated HGGs are exceedingly rare in 
younger children, but start to occur with a some-
what higher incidence in adolescence, with an 
age-peak in young adults.

6.7.3  Ependymoma

For ependymoma, one of the major challenges in 
classification is the poor reproducibility of grading, 
which was until very recently used for risk stratifi-
cation (Ellison et al. 2011b). Thus, a more reliable 
classification system is urgently needed (Fig. 6.8).

The existence of two distinct subgroups of 
posterior fossa ependymomas (PF-A and PF-B) 
has long been established (Witt et al. 2011; Mack 
et  al. 2014; Wani et  al. 2012). However, it is 
 noteworthy that a genetic driver for the clinically 
highly aggressive PF-A tumors has yet to be 
identified. The fact these two highly distinct 
groups can only be reliably separated by array- 
based DNA methylation or gene expression anal-
ysis has hindered their introduction into the 
update of the WHO classification.

In the supratentorial region, a highly prevalent 
fusion gene was identified, namely fusions of 
RELA, a downstream NFκB effector, with C11orf95 
(Parker et  al. 2014). Interestingly, these fusions, 
which might comprise a meaningful drug target but 
certainly an important diagnostic aid, exclusively 
occur in one molecular subgroup of supratentorial 
ependymoma, designated ST-EPN-RELA.

In a large and comprehensive international 
analysis of 500 primary ependymoma samples 
from all anatomic locations and across all 
grades, an additional subgroup of supratentorial 
ependymomas with a specific recurrent fusion 
gene was identified, namely fusions of YAP1 
with different partners (Pajtler et  al. 2015). 
Additionally, a distinct molecular group of sub-
ependymomas was identified in all three com-
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a

b c d

Fig. 6.7 Heatmap representation of DNA methylation-
based subgroups of pediatric HGG. Clear groups can be 
seen for Histone 3 K27 and G34-mutant tumors and IDH-
mutant tumors, while H3/IDH wildtype tumors are more 

heterogeneous, and display evidence for possible PXA-
like or low-grade-like tumors amongst the ‘true’ molecu-
lar HGGs
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partments (including the spine), as well as 
molecular subgroups highly enriched for tumors 
that were diagnosed as myxopapillary ependy-
momas or classic ependymomas of the spine 
(frequently occurring in patients with neurofi-
bromatosis type 2).

In conclusion, the advent of next-generation 
molecular tools has revolutionized the classifica-
tion of childhood brain tumors, and appreciation 
of the immediate clinical benefits of the integra-
tion of molecular data into the diagnostic process 
has only started. The power of cutting-edge 
molecular profiling tools to ever more precisely 
characterize biological tumor subsets holds enor-
mous potential for the future.
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Medulloblastoma

Nicholas G. Gottardo and Christopher I. Howell

7.1  Introduction

Medulloblastoma is a highly malignant small 
round blue cell tumor of the posterior fossa. It 
accounts for approximately 20% of all brain 
tumors in children (Pizer and Clifford 2009), is 
the most common malignant brain tumor of 
childhood and, with greater advances against 
other common cancers in children, such as acute 
leukemias, is currently responsible for about 10% 
of all childhood cancer deaths (Pizer and Clifford 
2009). Around 30% of patients present with met-
astatic disease, which is essentially restricted to 
the central nervous system (CNS), with metasta-
sis outside the brain and spinal cord reported in 
less than 1% of cases at diagnosis in large series 
(Zeltzer et al. 1999). Since the 1970s the applica-
tion of multimodal therapy including maximal 
resection followed by craniospinal irradiation 
(CSI) and chemotherapy have transformed a dis-
ease that was invariably fatal when treated with 
surgery alone to one which can be cured for 
approximately 70% of all patients. The stratifica-
tion of patients based on age, amount of residual 
tumor, and the presence of metastatic disease has 
traditionally classified patients into three distinct 
clinical groups: average-risk medulloblastoma, 

high-risk medulloblastoma, and infant medullo-
blastoma. while high-risk disease occurs in 
 children ≥3 years old with <1.5 cm2 of residual 
tumor and/or metastatic disease, while high-risk 
disease occurs in children ≥3 years old with 
≥1.5  cm2 of residual tumor or metastatic 
disease.

Historically, very young children (typically 
under 3 years of age) have by convention tended 
to be referred to as “infants.” Because the term 
infant elsewhere in pediatric practice has the spe-
cific meaning of under 1 year of age, we consider 
very young children to be the preferred term. 
Using the most common definition of <3 years of 
age, very young children account for around 25% 
of medulloblastoma patients. These patients rep-
resent a particular challenge, as they have high-
risk disease and yet the particular susceptibility 
of the developing brain preclude the use of radio-
therapy; the exact contributions to poor outcome 
of restricted treatment options, association with 
known high-risk features, and/or novel biological 
features unique to this age group (Pizer and 
Clifford 2008) are now under investigation.

Over the past two decades studies conducted 
for children with average-risk medulloblastoma 
have focused on reducing the dose of CSI in order 
to reduce the incidence and severity of the most 
damaging side effects, particularly neurocogni-
tive morbidity (Mulhern et  al. 1998, 2005; Ris 
et al. 2001). This strategy has resulted in the suc-
cessful reduction of CSI from 36 to 23.4 Gy with-
out adversely affecting efficacy. This group has an 
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overall 5-year survival rate of around 80–85% 
 following 23.4  Gy CSI, with a posterior fossa 
boost to 55.8  Gy in conjunction with platinum-
based chemotherapy (Packer et  al. 2006; 
Lannering et  al. 2012; Gajjar et  al. 2006). The 
recently closed Children’s Oncology Group 
(COG) average-risk medulloblastoma trial 
(ACNS0331) investigated a further reduction in 
CSI dose to 18 Gy for children 3–7 years, the age 
group most vulnerable to neurocognitive sequelae 
(Michalski 2016). In contrast, high-risk patients 
have survival rates approaching 70% using a vari-
ety of intensified treatments centered on increased 
radiotherapy doses (Gajjar et  al. 2006; Tarbell 
et al. 2013; von Bueren et al. 2011) [von B 2016]. 
This progress has not come about through the use 
of novel therapies, but through the improved use 
of existing ones. It is recognized however that 
such cures come at a significant cost in terms of 
treatment-related morbidity, particularly with 
regard to neurodevelopment and endocrine dys-
function; moreover improvements obtained from 
optimizing current treatment modalities have pla-
teaued as maximal doses of radiotherapy and che-
motherapy as well as the limits of stratification 
based on clinical parameters alone have been 
reached. New therapeutic options are therefore 
urgently required. Recent advances in our under-
standing of medulloblastoma biology have 
revealed four core distinct molecular medullo-
blastoma subtypes with characteristic patterns of 
genetic abnormality, demographics and clinical 
behavior, and evidence of discrete tumor origins, 
and offer the promise of improved treatment strat-
ification and novel, targeted therapies. Current 
clinical trials (NCT01878617 2013; SIOPE 
Medulloblastoma/PNET working group 2015) 
[COG ACNS 1422] designate patients with WNT 
pathway activation and no other adverse features 
as good risk, while MYC family amplification and 
large-cell/anaplastic histology have been added to 
the list of features that define high-risk disease 
(NCT01878617 2013; SIOPE Medulloblastoma/
PNET working group 2015). Future trials will 
need to incorporate rapid, up-front subgroup 
assignment to identify patients who may benefit 
from specific targeted therapies and to allow accu-
rate assessment of such treatments.

7.2  Epidemiology

Medulloblastoma is primarily a disease of child-
hood, with a median age at diagnosis of 6 years, 
however all ages are affected—from infants to 
adults, with the incidence decreasing with age. 
Of the 16,044 primary CNS tumors included in 
the Central Brain Tumor Registry of the United 
States (CBTRUS) statistical report for children 
aged 0–14 years between 2007 and 2011, 1494 
(9.3%) were classified as medulloblastoma, cor-
responding to 0.49 cases per 100,000 person-
years in the USA (Ostrom et al. 2015a, b). The 
incidence is up to 20 times less common in adults 
compared to childhood. Overall medulloblas-
toma is more common in males, with a male-to-
female ratio of 1.6:1 (Ostrom et al. 2015a, b).

7.3  Clinical Presentation

Clinical presentation in medulloblastoma is vari-
able and age-dependent. Since medulloblastomas 
arise in the posterior fossa, classically, patients 
present with symptoms suggestive of progres-
sively increasing intracranial pressure (ICP) 
reflecting obstructed cerebrospinal fluid (CSF) 
flow due to mass-effects: early morning head-
ache; vomiting and visual disturbances, associ-
ated with papilloedema on fundoscopy; and signs 
of cerebellar dysfunction such as slurred speech, 
ataxia and nystagmus (Ramaswamy et al. 2014). 
False-localizing signs such as cranial nerve pal-
sies due to raised ICP rather than direct involve-
ment of cranial nerve nuclei can also occur. A 
retrospective review of pediatric medulloblas-
toma patients (Brasme et  al. 2012) found that 
91% of older children had vomiting and 87% had 
complained of headache prior to diagnosis, 
although 35% did not have morning headache 
(Fig. 7.1). Fourteen percent had at least one sign 
of life-threatening intracranial hypertension at 
the time of diagnosis. In practice, diagnosis of 
possible brain tumors in children represents a 
significant clinical challenge (Ramaswamy et al. 
2014; Wilne et al. 2006). The French study found 
a significant delay (91 vs. 60 days from onset of 
first symptom) in diagnosis in children in whom 
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psychological explanations were ascribed to 
behavioral symptoms, such as impaired school 
performance, behavioral problems, depression, 
or anxiety; especially where headache and vomit-
ing occurred late in the development of the ill-
ness, or did not fit the classic pattern of progressive 
and inexorable deterioration; and where neuro-
logical examination or fundoscopy was normal. 
Failure to match the “classic” clinical picture 
therefore appears to provide false reassurance.

A more recent retrospective study demon-
strated that individual medulloblastoma sub-
groups (see section below) had different symptom 
intervals, with WNT and Group 4 tumors having 
a median interval of 8 weeks compared to 2 
weeks for SHH tumors and 4 weeks for Group 3 
tumors (Ramaswamy et al. 2014).

The clinical picture is further complicated in 
very young children, where features can be 
obscured by the child’s stage of anatomical and 
neurological development. In particular, raised 

ICP can be mitigated by widening of cranial 
sutures leading to increase in head circumfer-
ence, while ataxia, clumsiness, and speech prob-
lems may be interpreted as (and may still lie 
within) normal variation in acquisition of devel-
opmental milestones. Younger children are also 
more commonly affected by more benign causes 
of vomiting, such as gastroenteritis and gastro-
esophageal reflux, and may be less able to report 
symptoms such as headache even when language 
skills are well developed. Medulloblastoma in 
very young children has a longer symptom inter-
val than in older children (Ramaswamy et  al. 
2014). Features suggestive of an intracranial 
lesion in younger children include behavioral 
change, developmental delay, and, in particular, 
developmental regression (Brasme et  al. 2012). 
The most commonly reported first symptom in 
very young children was psychomotor regression 
(loss of developmental milestones) in 40%, fol-
lowed by vomiting in 28% (Fig. 7.2). By the time 
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of diagnosis, 72% of patients had vomiting, 60% 
psychomotor regression, and 60% also exhibited 
ataxia. Approximately half were reported to have 
macrocrania. Notably, however, 28% of these 
patients had neither headache nor vomiting. 
Approximately one-third of under 3 s had at least 
one sign of life-threatening intracranial hyperten-
sion at the time of diagnosis (Brasme et al. 2012).

7.4  Diagnosis

All children with a history and clinical examina-
tion suggestive of an intracranial space-occupy-
ing lesion require urgent investigation (Wilne 
et  al. 2010; Hamilton et  al. 2015). While the 
imaging investigation of choice is a contrast-
enhanced MRI of the brain and spinal cord, this 
takes some time and is likely to require general 
anesthetic in younger children who cannot be 
relied upon to stay still during the procedure 
(Wilne et al. 2010). This may not be immediately 
possible in children presenting to nonspecialist 
centers, or in those with signs of life-threatening 
intracranial  hypertension. Many children there-
fore undergo an initial CT scan which demon-

strates the presence of an intracranial mass, with 
subsequent MRI imaging of brain and spinal cord 
once the patient is stable and a general anesthetic 
is available. MR imaging allows the assessment 
of tumor size and the presence of metastases, per-
mitting staging of the disease, and allowing plan-
ning of surgical resection (Fig. 7.3).

Non-contrast CT in medulloblastoma typi-
cally shows a hyper-attenuating (or dense) lesion 
surrounded by vasogenic edema, compared with 
normal cerebellar parenchyma, which corre-
sponds to cell density. Punctate foci of calcifica-
tion, also seen in other posterior fossa tumors 
such as ependymoma, can be seen in approxi-
mately 20% of medulloblastoma cases and is not 
a particularly useful discriminator (Fig. 7.4). The 
degree of hyper-attenuation is variable. Contrast 
enhancement is usually homogeneous. 
Medulloblastoma appears iso- or hypointense 
relative to white matter on T1-weighted MRI 
images (Fig. 7.4a–c), and is often heterogeneous, 
varying between hyper- and hypointense, with 
respect to gray matter on T2-weighted imaging 
(Fig. 7.4c, d). Diffusion-weighted imaging (DWI) 
shows increased signal with associated decreased 
apparent diffusion coefficient due to cell-dense 

a b

Fig. 7.3 Axial (a) and sagittal reconstruction (b) CT 
views of medulloblastoma in the same patient, showing 
increased cell density of the tumor in comparison to nor-
mal cerebellar parenchyma. This case has punctate foci of 

calcification (arrows), which occur in around 20% of 
medulloblastoma cases and is not a useful discriminator in 
radiological diagnosis in these tumors. Images courtesy of 
Dr. Andrew Thomson (Perth Children’s Hospital)
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a b

c d

Fig. 7.4 Sagittal T1 MRI images, pre- (a) and post-gad-
olinium (b), showing mass arising from the superior 
medullary velum and filling the forth ventricle, and dem-
onstrating heterogeneous contrast enhancement within 
the tumor. The corresponding post-contrast Axial T1 
image is shown in (c). T2-weighted image of the same 
lesion (d) again shows a midline mass with a heteroge-
neous signal; with dark hypointense areas of increased 
cell density within the tumor. Diffusion-weighted (DWI) 
image (e) and corresponding apparent diffusion coeffi-

cient map (f), respectively, showing restricted diffusion 
(bright DWI) and reduced apparent diffusion coefficient 
(dark ADC) due to cell-dense tumor stroma and relatively 
few free protons (i.e., little free water) in the extracellular 
interstitial space. Metastatic disease shown in (g) sagittal 
T1 image showing “drop” metastases within spinal cord, 
appearing as high intensity (bright) signal; (h) axial T1 
image demonstrating nodular metastasis within the right 
parietal region. Images courtesy of Dr. Andrew Thomson 
(Perth Children’s Hospital)
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tumor stroma and relatively few free protons (i.e., 
little free water) in the extracellular interstitial 
space (Eran et al. 2010) (Fig. 7.4e, f).

Advances in MR imaging, including diffu-
sion weighting and MR spectroscopy, allow 
increasingly confident differentiation of 
 medulloblastoma from other posterior fossa 
tumors (e.g., ependymoma, pilocytic astro-
cytoma) by radiological appearance alone 
(Schneider et al. 2007; Bull et al. 2012; Rasalkar 
et al. 2013), and indeed recent research indicates 
that MR spectroscopy may be able to distinguish 

between histological (Fruehwald-Pallamar et al. 
2011) and molecular (Bluml et  al. 2016) sub-
types of medulloblastoma. At present and for the 
foreseeable future, however, formal diagnosis is 
made histologically on tissue samples obtained 
surgically.

In addition to identifying the presence of a 
posterior fossa mass, and raising the possible 
diagnosis of medulloblastoma, initial diagnostic 
imaging, along with postsurgical MRI (and 
increasingly intraoperative MRI (Lam et  al. 
2001; Avula et al. 2015)) also forms part of the 

e f
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Fig. 7.4 (continued)
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baseline for subsequent monitoring and follow-up 
of disease. Radiological response to treatment is 
a valuable interim marker of treatment efficacy. 
In this context, standardized approaches to imag-
ing, with respect to anatomical coverage, con-
trast, and sequences obtained, are increasingly 
being mandated as a precondition for entry into 
clinical trials (Ellingson et al. 2015), to allow for 
standardized assessment of response to treatment 
across centers. It is important that standardized 
imaging be achievable for all treatment centers, 
and that its requirements do not have the effect of 
restricting trial entry to centers with state-of-the-
art MRI scanners.

7.5  Staging

As tumor size is not prognostic and medulloblas-
toma does not metastasize via the lymphatic sys-
tem, M-stage, as defined by Chang (Chang et al. 
1969) is the only component of TNM staging 
currently used in this disease (Table 7.1).

In the absence of radiologically detectable 
metastatic disease (M2 or above), postoperative 
CSF sampling via lumbar puncture is required to 
differentiate between M0 and M1 disease. 
Optimum timing of this procedure is debated, 
with pragmatic considerations (recovery from 
surgery, “sharing” an anesthetic with central line 
insertion or postoperative imaging) often being 
important. A degree of controversy exists regard-
ing whether M3 disease is in fact more advanced 
than M2 disease, based on the direction of physi-
ological CSF circulation (Phi et  al. 2011). The 
presence of extensive M3 disease or clinical fea-
tures suggestive of spread beyond the CNS (pain, 

elevated liver, or bone enzymes) indicates a need 
for further investigation such as bone scan or 
bone marrow aspiration to confirm or refute the 
presence of M4 disease, which occurs in approx-
imately 1% of patients (Zeltzer et al. 1999).

7.6  Surgery

Many patients with medulloblastoma present 
with severe intracranial hypertension as a conse-
quence of hydrocephalus (Fig.  7.5), requiring 
emergent/urgent insertion of an external ventric-
ular drain (EVD) or definitive tumor surgery to 
re-establish CSF flow (Due-Tonnessen and 
Helseth 2007).

Surgical removal of posterior fossa tumors is 
usually performed by posterior craniotomy, via 
the occiput, with the patient in a face-down posi-
tion. Surgery and postsurgical management 
requires specialist pediatric neurosurgical, neuro-
anesthetic expertise, and intensive care facilities. 
Frozen section histology can give an indication 
of pathology while the surgical procedure is 
ongoing. While diagnosis can be achieved from 
tissue biopsy alone, current management of all 
posterior fossa tumors indicates total or near-
total surgical excision and thus primary resection 
is performed at this stage, using Cavitron 
Ultrasonic Surgical Aspiration (CUSA) equip-
ment which preferentially fragments tumor tissue 
and allows simultaneous irrigation and aspira-
tion, under visualization via an operating micro-
scope (Nejat et  al. 2008). Further postoperative 
MRI scanning is required to assess residual tumor 
volume. As with lumbar puncture, optimum tim-
ing of this investigation is currently a subject for 
debate. Recent protocols have aimed to reimage 
within 72 h of surgery (von Bueren et al. 2011), 
with a recent trend towards MRI being performed 
intraoperatively or immediately postoperatively 
(before waking the patient from anesthesia) 
where this is available (Choudhri et  al. 2014). 
Postoperatively, up to 40% of children will 
require permanent CSF diversion; either via an 
endoscopic third ventriculostomy or insertion of 
ventriculoperitoneal shunt (Due-Tonnessen and 
Helseth 2007).

Table 7.1 Chang classification of metastatic disease in 
medulloblastoma

Metastatic (M) 
stage Definition
M0 No metastasis
M1 Tumor cells present on CSF 

microscopy
M2 Intracranial metastases
M3 Spinal metastases
M4 Metastasis beyond the CNS
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7.7  Posterior Fossa Syndrome 
(Also Known as Cerebellar 
Mutism)

Posterior fossa syndrome is a recognized conse-
quence of injury to the cerebellum in children, 
that usually commences in the early (1 or 2 days 
postoperatively) (Robertson et al. 2006), but clas-
sically not immediately after posterior fossa 
tumor resection. Initially termed cerebellar mut-
ism, due to the prominent symptom of inability to 
speak, the term posterior fossa syndrome is more 
apt given the constellation of other signs and 
symptoms, including pseudobulbar palsy, truncal 
hypotonia, ataxia, irritability which can be severe, 
and altered mental status (Mulhern et  al. 2005; 
Pollack et al. 1995; Gudrunardottir et al. 2011). 
The incidence varies from 8 to 38% of patients, 
depending on the reported severity (Mulhern et al. 
2005; Pollack et  al. 1995; Gudrunardottir et  al. 
2011), with younger patients with high-risk dis-
ease at greater risk for development of posterior 
fossa syndrome (Mulhern et al. 2005). Posterior 

fossa surgery for medulloblastoma has been 
reported to be more commonly associated with 
the development of posterior fossa syndrome, 
compared with posterior fossa surgery for other 
indications (Robertson et  al. 2006). The exact 
underlying cause remains unknown but has been 
hypothesized to involve disruption of dentate-tha-
lamic-cortical tracts, possibly as a result of verm-
ian splitting (Gudrunardottir et  al. 2011), which 
results in cerebello-cerebral diaschisis with con-
sequent decreased functionality of the frontal 
areas of the cerebrum involved in language and 
higher cognition (Marien et al. 2013; Miller et al. 
2010). Consequently, avoidance of vermian split-
ting by the use of alternative surgical approaches 
such as the telovelar approach, as well as more 
gentle cerebellar retraction have been proposed to 
decrease the risk for developing posterior fossa 
syndrome (Gudrunardottir et al. 2011). No treat-
ment currently exists. Though most patients 
recover over weeks to months, some patients are 
left with significant residual life-long deficits 
including dysarthria, and motor dysfunction 
(Huber et al. 2006; Puget et al. 2009).

a b

Fig. 7.5 MRI images of medulloblastoma in a very 
young child. (a) Sagittal T1-weighted MRI image, show-
ing a large, heterogeneous mass in the cerebellum. 
Forward pressure at X results in hydrocephalus, seen as an 
enlarged third ventricle (dark area above X). Note also 
incipient “coning”-herniation of the brainstem and 

 cerebellar tonsils at Y: a life-threatening neurosurgical 
emergency. (b) T2-weighted axial MRI image of same 
patient, showing enlarged lateral ventricles and periven-
tricular transudate (arrows) due to hydrocephalus. Images 
kindly provided by Dr. James Hayden (Alder Hey 
Children’s NHS Foundation Trust)
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7.8  Histology

Histologically, medulloblastoma is an embryo-
nal tumor that may express markers of both neu-
ronal and glial lineage (Gilbertson and Ellison 
2008). In the past high-grade tumors that did not 
show signs of differentiation along either a neu-
ronal or glial path were classified as primitive 
neuroectodermal tumors (PNET), with medullo-
blastomas also being termed posterior fossa 
PNETs (Rorke 1983). However, since PNETs 
elsewhere in the CNS have been shown to be 
biologically and clinically distinct to medullo-
blastoma (Pizer and Clifford 2008; Gilbertson 
and Ellison 2008; Pomeroy et al. 2002), this ter-
minology is now redundant. Atypical teratoid 
rhabdoid tumors (ATRT) have in the past been 
mistaken for medulloblastoma, especially in 
very young children, but can now be distin-
guished by their characteristic negative staining 
for the protein INI1 (Biegel 2006).

The recently updated 2016 World Health 
Organization (WHO 2016) classification of CNS 
tumors identifies four different histopathological 
variants (Louis et al. 2016):

• Classic medulloblastoma
• Large cell/anaplastic medulloblastoma.
• Desmoplastic/nodular medulloblastoma.
• Medulloblastoma with extensive nodularity 

(MBEN).

Classic medulloblastoma consists of sheets of 
“small round blue cells”: cells with a high 
nuclear:cytoplasmic ratio and little morphologi-
cal evidence of differentiation. Arrangement of 
cells into “rosettes” (Fig.  7.6a) and “palisades” 
may be present. Individual classic tumors may 
show some signs of anaplasia or desmoplasia, 
without meeting criteria for these classifications; 
in particular, they may contain nodules with neu-
rocytic differentiation (Fig.  7.6b), but without 
internodular desmoplasia. This “biphasic” phe-
notype is classified as classic histology. Classic 
medulloblastoma is coded by the International 
Classification of Disease—Oncology as ICD-O 
9470/3. The rare melanotic and medullomyoblas-
tic types, previously considered to be separate 

entities, are classified as medulloblastoma not 
otherwise specified (also coded as 9470/3) in this 
classification (Louis et  al. 2016; Ellison 2010; 
Pfister et al. 2009).

Desmoplastic/nodular (DN) tumors are named 
for their nodules of cells that show signs of neu-
rocyte differentiation (expression of proteins 
such as synaptophysin and Neu-N, detectable by 
immunohistochemistry), with areas of internodu-
lar fibrous connective (desmoplastic) tissue, 
which stains positive for reticulin (Fig. 7.6c). In 
medulloblastoma with extensive nodularity 
(MBEN), as the name suggests, nodular features 
predominate (Fig. 7.6d). Internodular desmopla-
sia is sparse (but demonstrably present). MBEN 
is only found in under 3 s, in whom DN histology 
is also more common; both are covered by the 
ICD-O code 9471/3 (Louis et  al. 2007, 2016; 
Ellison 2010; Giangaspero et  al. 2007; 
McManamy et al. 2007). MBEN is often associ-
ated with Gorlin syndrome, also known as nevoid 
basal cell carcinoma syndrome (see Table  7.2). 
Due to the occurrence of nevoid basal cell 
 carcinomas following radiotherapy in these 
patients, radiotherapy should be avoided (Garre 
et al. 2009).

Large cell/anaplastic (LCA) medulloblas-
toma. Anaplastic tumors are characterized by 
marked cellular (i.e., nuclear) pleomorphism, 
with cell molding and wrapping, resulting in a 
crazy-paving appearance (Fig. 7.6e). Pure large-
cell tumors, where large cells with round nuclei, 
open chromatin, and single nucleoli predomi-
nate, are rare, and such cells in the vast majority 
of cases occur in conjunction with anaplasia. 
High rates of mitosis and apoptosis feature in 
both anaplastic and large-cell tumors, reflecting 
their lack of differentiation. The overlap 
between large-cell and anaplastic tumors is 
reflected by the fact that they are frequently 
grouped together in studies taking histology 
into account, and that they are assigned the same 
(ICD-O code 9474/3) by the 2007 WHO 
Classification (Ellison 2010; Louis et al. 2007; 
Giangaspero et al. 2007), consequently the ana-
plastic and large cell variants have been com-
bined in the 2016 updated WHO classification 
(Louis et al. 2016).
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Fig. 7.6 (a) Classic medulloblastoma with the typical 
cytological features of sheets of cells with large nuclei in 
comparison to overall size (high nuclear/cytoplasmic 
ratio), and rosettes (circular arrangement of cells). (b) 
synaptophysin immunostain revealing that medulloblasto-
mas usually express, in at least some cells, this marker of 
neuronal differentiation. (c) Desmoplastic/nodular medul-
loblastoma demonstrating the typical reticulin-positive 
boundary staining of nodules (black). (d) The medullo-
blastoma with extensive nodularity (MBEN) variant over-

laps with the D/N medulloblastoma but in MBEN nodular 
areas are larger and become elongated and richin neuro-
pil-like tissue. These areas contain populations of small 
round cells which exhibit a linear “streaming” pattern. (e) 
Large cell/anaplastic medulloblastoma. Nuclei in anaplas-
tic disease show marked variability in size, shape, and 
staining intensity (pleomorphism), giving a “crazy-pav-
ing” appearance; Large cell histology shows groups of 
large, round cells. Images courtersy of Dr. David Ellison  
(St Jude Children’s Research Hospital)
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The different medulloblastoma histological 
subtypes exhibit distinct clinical behavior and 
outcomes. Most notably, the large cell/anaplastic 
(LCA) subtype is an independent predictor of 
poor prognosis (Gajjar et al. 2006; Eberhart et al. 
2002; McManamy et al. 2003) (Ryan et al. 2012; 
Ellison et  al. 2011a) and is treated as high-risk 
disease in the current COG, SIOP-Europe and St 
Jude’s protocols (NCT01878617 2013; SIOPE 
Medulloblastoma/PNET working group 2015; 
Children’s Oncology Group 2016a). By contrast, 
MBEN histology is associated with good out-
come despite being confined to very young chil-
dren (Rutkowski et al. 2010), while DN histology 
has better outcome than classic histology in very 
young children (Rutkowski et  al. 2010; Leary 
et al. 2011; Dhall et al. 2008).

The different histological subtypes have dis-
tinct age distributions, with MBEN found only in 
very young children and DN histology also more 

common in this group (McManamy et al. 2007; 
Rutkowski et  al. 2010). In addition, there are 
strong associations between molecular medullo-
blastoma subgroups (see below) and particular 
histological classifications; however subgroup 
does not define histology.

7.9  Familial Cancer 
Predisposition Syndromes

The link between medulloblastoma and familial 
cancer syndromes was first identified by investi-
gation of two familial cancer syndromes: Turcot 
syndrome and Gorlin syndrome, now known to 
be associated with the Wnt/Wingless (WNT) 
signaling and Sonic Hedgehog (SHH) path-
ways, respectively. Although overall only a 
minority of patients with medulloblastoma have 
an underlying cancer predisposition syndrome, 

Table 7.2 Familial cancer predisposition syndromes associated with medulloblastoma

Familial cancer predisposition 
syndromes
(Alternative name)

Germline gene(s) 
mutated Other features

Subgroup 
association

Turcot syndrome (Turcot 
et al. 1959; Online 
Mendelian Inheritance in 
Man 2015a)

Adenomatous 
Polyposis Coli 
(APC)

Multiple adenomatous colon polyps, increased risk 
of colorectal cancer and CNS tumors 
(medulloblastoma and glioblastoma). May be 
associated with familial adenomatous polyposis 
(FAP) or lynch syndrome (hereditary non-
polyposis colorectal carcinoma (HNPCC))

WNT

Gorlin syndrome
(basal cell nevus syndrome) 
(Gorlin and Chaudhary 1960; 
Online Mendelian 
Inheritance in Man 2013; 
Smith et al. 2014)

PTCH1, SUFU Developmental abnormalities, bone cysts. 
Increased incidence of both basal cell carcinoma 
and medulloblastoma

SHH

Li Fraumeni syndrome 
(Zhukova et al. 2013; Li and 
Fraumeni Jr. 1969)

TP53 Cancer predisposition syndrome. Characterized by 
young age of onset of malignancy and multiple 
cancer types and primary sites particularly breast, 
sarcomas (rhabdomyosarcoma and osteogenic 
sarcoma), brain (particularly glioblastoma and 
medulloblastoma) adrenocortical carcinoma

SHH

Rubinstein Taybi syndrome 
(Miller and Rubinstein 1995; 
Online Mendelian 
Inheritance in Man 2015b)

CREBBP Mental retardation, postnatal growth deficiency, 
microcephaly, dysmorphic facies.
Broadened thumbs and halluces
Increased incidence of neoplasia with CNS 
disease, especially medulloblastoma

Fanconi anemia (Dewire 
et al. 2009; Online 
Mendelian Inheritance in 
Man 2012)
Complementation group D1

BRCA2 Developmental abnormalities in a number of organ 
systems, early-onset bone marrow failure
Predisposition to medulloblastoma; 
hypersensitivity to DNA crosslinking agents; 
chromosomal abnormalities
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medulloblastoma may occasionally be the ini-
tial manifestation of the presence of germline 
mutations in these predisposition syndromes. 
The mechanisms by which these syndromes 
lead to increased risk of medulloblastoma are 
increasingly being understood, and in some 
cases have been pivotal to the emerging under-
standing of disease biology and subtypes. 
Syndromes known to be associated with medul-
loblastoma are shown in Table 7.2.

7.10  Treatment 
of Medulloblastoma

7.10.1  The Past: Empiric Use 
of Radiotherapy 
and Chemotherapy

Medulloblastoma was first defined as a distinct 
CNS tumor by Cushing and Bailey in 1925 
(Bailey and Cushing 1925). Following even 
apparent complete surgical resection alone, all 
medulloblastomas recur, leading to death within 
a median time of 4 months (range 2–21 months) 
(Bailey and Cushing 1925). The introduction of 
postoperative radiotherapy by these authors in 
1919 demonstrated an increased duration of sur-
vival revealing the radio sensitivity of these 
tumors (Bailey and Cushing 1925). A report by 
Bloom and colleagues in 1969 and other similar 
reports (Hughes et  al. 1988) established radio-
therapy as the backbone of medulloblastoma 
therapy.

Encouraged by the success of chemotherapy in 
acute lymphoblastic leukemia, chemotherapy was 
empirically added as adjuvant therapy, initially 
using vincristine, lomustine, and prednisone. A 
randomized trial revealed the efficacy of chemo-
therapy for the treatment of medulloblastoma. 
Patients with metastatic disease who received 
adjuvant chemotherapy had a significantly better 
5-year EFS compared with those who only 
received radiotherapy (Evans et al. 1990). Similar 
results were reported by the first International 
Society of Pediatric Oncology (SIOP) trial (Tait 
et al. 1990). Results from a phase II trial which 
included children with relapsed medulloblastoma 

demonstrated the platinum alkylator cisplatin to 
be particularly effective against medulloblastoma 
(Sexauer et al. 1985).

Once a significant number of long-term survi-
vors were seen, several clinical risk factors 
emerged as critically important for cure, some of 
which had been noted decades earlier (Bloom 
et al. 1969). These included the extent of surgical 
resection (defined as <1.5 cm2 of residual tumor), 
the absence of metastatic disease and brainstem 
invasion (Zeltzer et  al. 1999; Tait et  al. 1990), 
such that children 3 years of age and over follow-
ing gross total resection and no metastatic dis-
ease are classified as average-risk, the remainder 
being categorized as high risk. Subsequent clini-
cal trials stratified patients according to these 
criteria.

However, disturbing data from randomized 
trials conducted by the Pediatric Oncology Group 
(POG) and the Children’s Cancer Group (CCG) 
revealed that survivors were left with significant, 
often devastating neurocognitive consequences, 
with an average of 15–20 intelligence quotient 
(IQ) scores lost for patients treated with 36 Gy 
CSI. The decline in IQ scores was most signifi-
cant in children younger than 8.5 years (IQ 70 vs. 
IQ 85) (Mulhern et al. 1998). In addition, other 
significant late sequelae such as neuroendocrine 
deficiencies have also been observed (Laughton 
et  al. 2008). More recently, the devastating 
sequelae of second malignancies have been 
increasingly appreciated (Packer et al. 2013).

7.10.1.1  Average-Risk 
Medulloblastoma

The concerns about the damaging effects of high-
dose CSI prompted clinicians to empirically 
reduce the CSI dose for patients with average-
risk disease. Initial attempts to reduce radiother-
apy alone resulted in inferior survival (Deutsch 
et al. 1996; Thomas et al. 2000).

A seminal pilot study for children aged 
between 3 and 10 years of age with average-risk 
medulloblastoma delivered reduced-dose CSI 
(23.4  Gy) followed by eight cycles of adjuvant 
chemotherapy consisting of lomustine, cisplatin, 
and vincristine (frequently termed Packer che-
motherapy) revealed that the dose of CSI could 
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be reduced from 36 Gy if combined with effec-
tive adjuvant chemotherapy (Packer et al. 1999).
This pilot study formed the basis for the COG 
A9961 trial for average-risk medulloblastoma, in 
which all patients received 23.4  Gy CSI and a 
posterior fossa boost to 55.8  Gy, with weekly 
vincristine during radiotherapy. After the com-
pletion of radiotherapy, patients were randomly 
assigned to either the standard regimen of lomus-
tine, cisplatin, and vincristine or the cyclophos-
phamide containing regimen with cisplatin, and 
vincristine following the completion of radio-
therapy. A total of 379 eligible patients were 
enrolled. The 5-year EFS was 81 ± 2%, with no 
difference in EFS in either arm of the study 
(Packer et  al. 2006). This study established 
23.4 Gy CSI as the standard dose of CSI for chil-
dren over 3 years of age with average-risk 
medulloblastoma.

To decrease the significant toxicity associated 
with cisplatin and vincristine, a multicenter study 
led by St Jude Children’s Research Hospital, 
called SJMB96, utilized a shortened schedule of 
four courses of high-dose cyclophosphamide 
(16 g/m2 cumulative dose) with stem cell support 
enabling dose intensity, in combination with 
reduced doses of cisplatin and vincristine (Packer 
et  al. 2006; Gajjar et  al. 2006). Average-risk 
patients received 23.4 Gy CSI followed by a 3D 
boost to the posterior fossa (to 36 Gy) and tumor 
bed (total dose 55.8 Gy). The 5-year EFS and OS 
for the 86 enrolled patients were 83% (CI 73–93) 
and 85% (CI 75–94) confirming that dose reduc-
tions are feasible for CSI but also for vincristine 
and cisplatin, without adversely affecting 
survival.

Another strategy to reduce the late-toxicity 
associated with radiotherapy, especially damage 
to the cochlea, has been the adoption of confor-
mal techniques limiting the boost volume to the 
tumor bed rather than the whole posterior fossa 
have been evaluated (Carrie et  al. 2005, 2009; 
Merchant et  al. 2008). These studies have 
revealed no increase in local tumor relapses com-
pared with whole posterior fossa boosts. This 
strategy was investigated in the most recently 
concluded COG average-risk medulloblastoma 
trial (ACNS0331), which assessed reduction in 

CSI dose to 18 Gy as well as a limited target vol-
ume boost to the tumor bed (termed involved 
field radiotherapy (IFRT)) (to a total of 54 Gy) in 
a randomized fashion for children 3–7 years old. 
Preliminary review of the data revealed no sig-
nificant difference between those patients who 
received IFRT versus those who received poste-
rior fossa radiotherapy (PFRT) (5-year EFS and 
OS of 82 ± 3% and 84%, respectively, for IFRT 
compared with 80.8 ± 3% and 85%, respectively, 
for PFRT) (Michalski 2016).

While the declines in IQ were less dramatic 
for children who received 23.4 Gy CSI compared 
with 36 Gy CSI, the worst declines were seen for 
those younger children (<8.5 years) at the time of 
radiotherapy, with a mean IQ loss of 4.3 points 
per year (Ris et al. 2001) revealing a significant 
impact on neurocognitive functioning of 24 Gy 
CSI. This data prompted the COG to undertake 
the most recently concluded average-risk medul-
loblastoma trial (ACNS0331), which investigated 
a further reduction in CSI dose to 18 Gy as well 
as a limited target volume boost to the tumor bed 
(to a total of 54 Gy), for children 3–7 years, the 
age group most vulnerable to neurocognitive 
sequelae. Preliminary review of the data revealed 
that empiric reduction of CSI to 18 Gy in aver-
age-risk medulloblastoma patients aged 3–7 
years of age results in inferior survival (Michalski 
2016). Analysis according to molecular sub-
groups is pending.

On the other hand, in order to exploit the che-
mosensitivity of medulloblastoma, European 
investigators focused on the timing of chemo-
therapy in relation to radiotherapy and pioneered 
the use of “sandwich chemotherapy” (pre- and 
post-radiotherapy chemotherapy). The SIOP II 
study randomized children identified as “low 
risk” to 35 Gy CSI versus 25 Gy CSI to receive or 
not receive pre-radiation chemotherapy. Children 
who received pre-radiotherapy chemotherapy 
and the lower-dose CSI had a particularly poor 
survival, with a 5-year EFS of only 41.7% (Bailey 
et al. 1995). The study revealed that delaying CSI 
was deleterious, resulting in reduced survival. 
Similarly, the German GPOH HIT ‘91 trial, 
which randomized patients to receive either two 
cycles of sandwich chemotherapy or immediate 
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radiotherapy followed by maintenance chemo-
therapy, demonstrated that for average-risk 
medulloblastoma pre-radiation chemotherapy 
was inferior to immediate radiotherapy followed 
by maintenance chemotherapy (Kortmann et al. 
2000; von Hoff et al. 2009).

The SIOP III study randomized children with 
average-risk medulloblastoma between radio-
therapy alone (36 Gy CSI with a posterior fossa 
boost to 56 Gy) and pre-radiotherapy chemother-
apy consisting of four cycles vincristine, carbo-
platin, cyclophosphamide, and etoposide, 
followed by the same radiotherapy dose. Of note, 
patients with M1 disease were also included in 
this study. The 5-year EFS for the 179 eligible 
patients was 74% for patients that received che-
motherapy followed by radiotherapy, compared 
with 60% for the group that received radiother-
apy alone. This study verified the effectiveness of 
postoperative radiotherapy alone at a dose of 
36 Gy CSI with a posterior fossa boost to 56 Gy, 
as being able to cure approximately 60% of 
patients and also confirmed that the addition of 
chemotherapy significantly improved survival 
(Taylor et al. 2003), albeit not as much as when 
used post-radiotherapy (Packer et al. 2006; Gajjar 
et al. 2006).

Building upon the radiosensitivity and proven 
efficacy of radiotherapy in medulloblastoma, the 
successor SIOP study (SIOP-PNET 4) assessed 
hyperfractionated radiotherapy (HFRT) 
(Lannering et  al. 2012). The premise behind 
hyperfractionation lies in the shorter tissue repair 
characteristics of normal tissue compared with 
tumors (Thames et al. 1982; Barton 1995).Thus in 
order to restrict toxicity to normal tissues while 
effecting greater tumor cell kill, hyperfraction-
ation involves dividing the daily radiotherapy 
dose into two small parcels, typically into 1 Gy, 
separated by 6–8  h, compared with 1.8–2  Gy 
daily for conventional fractionation. A total of 
340 patients which included patients with residual 
tumor >1.5 cm2, were randomized between HFRT 
(36  Gy CSI, 60  Gy posterior fossa and 68  Gy 
tumor bed 2 × 1 Gy fractions/day) and standard 
fractionated radiotherapy (23.4 Gy CSI and 54 Gy 
to the whole posterior fossa). All patients received 
weekly vincristine during radiotherapy and the 

same post-radiotherapy chemotherapy. There was 
no significant difference in survival, in relapse site 
or incidence of severe hearing loss between the 
two treatment arms. Inferior survival was observed 
for the 32 patients with residual tumor >1.5 cm2 
central review and those patients in whom the 
commencement of radiotherapy was delayed 
more than 49 days. Inferior survival had previ-
ously been observed for delayed start of postop-
erative radiotherapy beyond 50 days (del Charco 
et al. 1998; Paulino et al. 2003). Consistent with 
the COG A9961 trial (Packer et al. 2006), survival 
was inferior for the small number of patients 
whose imaging was not centrally reviewed 
(Lannering et al. 2012) (Table 7.3).

 Conclusions for Average-Risk 
Medulloblastoma
Overall, these studies reveal that the use of post-
radiotherapy chemotherapy (most commonly 
lomustine, cisplatin, cyclophosphamide, and vin-
cristine) has resulted in the successful reduction of 
CSI from 36 to 23.4 Gy without adversely affect-
ing efficacy, yielding a 5-year survival rate of 
between 80 and 85% (Packer et al. 2006; Lannering 
et al. 2012; Gajjar et  al. 2006). Pre-radiotherapy 
chemotherapy produces inferior survival com-
pared to post-radiotherapy chemotherapy, possibly 
as a result of the delayed initiation of radiotherapy. 
The use of HFRT does not protect against local or 
leptomeningeal relapse or reduce the incidence of 
severe ototoxicity (Lannering et  al. 2012). Real-
time central radiology review of MRI scans should 
be adopted in future international cooperative 
group trials (Gottardo et  al. 2014; Ramaswamy 
et al. 2016) to minimize the chances of inadver-
tently treating patients with excess residual disease 
or leptomeningeal dissemination as average-risk, 
with consequent decreased survival (Packer et al. 
2006; Lannering et al. 2012). Delays in initiating 
radiotherapy beyond 7 weeks after surgical resec-
tion result in inferior survival.

The majority of patients relapse within the first 
2 years and very rarely beyond 5 years. No effec-
tive therapeutic strategies exist for patients who 
relapse, with virtually no chance of cure, despite 
the use of very intensive salvage regimes includ-
ing megatherapy with autologous stem cell rescue 
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Table 7.3 Summary of selected average-risk medulloblastoma trials from the 1980s onwards

Study
Enrolment dates
Published Cases Treatment Outcome Main conclusions
SIOP II
1984–89
Bailey et al. Med 
Pediatr Oncol 
1995; 25: 
166–178

153 M0–1, 
R0, no 
brainstem 
involvement

Randomization between 35 
and 25 Gy CSI (total to PF 
55 Gy in all cases), and to 
sandwich chemotherapy 
before RTx or not

Standard RTx 
alone: 5-year EFS 
60.0 ± 7.8%
Reduced-dose RTx 
alone: 5-year EFS 
69.1 ± 7.8%
Sandwich chemo 
and Std RTx: 
5-year EFS 
75.3 ± 7.2%
Sandwich chemo 
and reduced RTx: 
5-year EFS 
41.7 ± 8.2%

No benefit to addition of 
sandwich chemotherapy 
overall, while in 
reduced-dose RTx group 
delay in starting RTx was 
detrimental. 
Discrepancies between 
local reporting of stage 
and central review.

CCG 9892
1990–94
Packer et al. 
JCO 
1999;17:2127–
2136

65 M0R0 23.4 Gy CSI (PF 55.8 Gy) 
with weekly vincristine, then 
vincristine, cisplatin and 
lomustine

5-year EFS 
78 ± 5%

Reduced-dose CSI plus 
subsequent chemotherapy 
comparable to standard-
dose RTx alone in 
previously reported 
studies

HIT-91
1991–97
Kortmann et al 
Int J Radiat Onc 
Biol phys 
2000;46:269–
279
Updated results 
von Hoff EJC 
2009

118 M0–1, 
R±

35.2 Gy CSI (PF 55.2 Gy); 
either ifosfamide, ara-C, 
etoposide, HD-methotrexate 
and cisplatin before RTx 
(sandwich), or vincristine, 
cisplatin and lomustine 
following RTx (maintenance)

3-year EFS for 
post-radiotherapy 
chemotherapy 
78 ± 6%; 65 ± 5% 
for pre-RTx 
chemotherapy 
group.
10-year EFS M0 
83 ± 6% 
maintenance vs. 
53 ± 6% sandwich 
chemotherapy 
(p = 0.004); M1 
71 ± 11% 
maintenance vs. 
36 ± 12% 
p = (0.023)

Results favor surgery-
radiotherapy-
chemotherapy sequence 
over surgery-
chemotherapy-
radiotherapy, despite 
giving additional 
post-radiotherapy 
chemotherapy to poor 
responders in the 
chemotherapy-first group. 
Presence of patients with 
M1 and R+ disease makes 
comparison with other 
studies difficult. At 10 
years, significantly worse 
OS with “sandwich” 
chemotherapy for M0 and 
M1 patients

SIOP-PNET3 
1992–2000
Taylor et al. JCO 
2003; 
21:1581–1591

179
M0R0

35 Gy CSI (PF 
55 Gy) ± preceding 
vincristine, etoposide, 
carboplatin and 
cyclophosphamide

60% 5-year EFS for 
radiotherapy-only 
patients; 74% for 
chemotherapy plus 
radiotherapy

Addition of platinum-
based chemotherapy 
improves survival 
compared to radiotherapy 
alone

A9961
1996–2000
Packer et al JCO 
2006; 24: 
4202–4208

383 M0R0 Weekly vincristine alongside 
23.4 Gy CSI (PF 55.8 Gy), 
followed by either 
vincristine, cisplatin, 
lomustine; or vincristine, 
cisplatin, cyclophosphamide 
(1 year duration maintenance 
chemo)

5-year EFS 
82 ± 3% vs. 
80 ± 3%, 
respectively (not 
significant)

No difference between 
chemotherapy arms; 
standard risk patients can 
achieve 80% + EFS with 
radiotherapy followed by 
chemotherapy.
>4% 10-year SMN 
incidence (Packer et al. 
2013) (packer neuro 
Oncol 2013)

(continued)
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(Gajjar and Pizer 2010). Although late-effects are 
less than for those patients receiving 36 Gy CSI, 
they remain problematic and continue to nega-
tively impact upon the quality of life of survivors. 
Results from the most recently closed COG aver-
age-risk medulloblastoma trial (ACNS0331), 
which investigated a further reduction in CSI dose 
to 18 Gy for children 3–7 years, as well as a lim-
ited target volume boost to the tumor bed (to a 
total of 54 Gy) reveal that empiric reductions in 
CSI to 18  Gy to average-risk patients based on 
age, rather than molecular subgrouping yield infe-
rior survival (Michalski 2016).

7.10.1.2  High-Risk Medulloblastoma
The quest for improved survival has overshad-
owed the concerns about late effects for patients 
classified as high-risk. Given the historical poor 

outcomes for these patients, therapeutic strate-
gies have focused on approaches to increase sur-
vival. Therapeutic approaches for patients with 
high-risk disease have revolved around the use of 
higher doses of neuraxis radiotherapy (36–44 Gy) 
combined with intensified chemotherapy regi-
mens (Zeltzer et  al. 1999; Gajjar et  al. 2006; 
Tarbell et  al. 2013; Kortmann et  al. 2000; von 
Hoff et al. 2009; Allen et al. 2009; Taylor et al. 
2005; Gandola et al. 2009; Jakacki et al. 2012).

The CCG921 phase III study (Zeltzer et  al. 
1999) randomized between pre-radiotherapy che-
motherapy (using the “8 in 1” regimen) and post-
radiotherapy chemotherapy (using vincristine, 
lomustine, prednisolone). All patients received 
36 Gy CSI with a posterior fossa boost to 54 Gy. 
The 5-year PFS was inferior for the pre-radio-
therapy arm.

Table 7.3 (continued)

Study
Enrolment dates
Published Cases Treatment Outcome Main conclusions
SJMB96
1996–2003
Gajjar Lancet 
Oncol 2006; 7: 
813–820

86 M0R0 23.4 Gy CSI (PF 55.8 Gy) 
followed by four cycles 
high-dose chemotherapy 
(vincristine, cisplatin, 
cyclophosphamide) and 
autologous SCR (4 months 
duration maintenance chemo)

5-year EFS 83% 
(95% CI 73–93%)

Duration of maintenance 
chemotherapy can safely 
be reduced by increasing 
intensity

SIOP-PNET 4
2001–2006
Lannering
JCO

340 HFRT vs. SFRT
CCDP, CCNU, VCR

5-year EFS: 78 vs. 
77%
No difference 
between 
randomized arms
< 1.5 cm2 residual 
82 vs. 64% 5-year 
EFS

Hyperfractionated 
chemotherapy not 
beneficial in terms of 
survival or ototoxicity; 
inferior survival for 
residual disease and for 
delay in radiotherapy 
beyond 49 days 
postoperatively

ACNS0331
2004–2014
Michalski

513 Randomization: XRT 18 vs. 
23.4 CSI AND PF vs. tumor 
bed. Followed by either 
vincristine, cisplatin, 
lomustine; or vincristine, 
cisplatin, cyclophosphamide 
(1 year duration maintenance 
chemo)

83% 5 year (23.4 
CSI vs. 72% for 18 
CSI).
No difference for 
PF vs. tumor bed 
boost

Inferior results for 18 vs. 
23.4 Gy in children aged 
3–7 years

CSI craniospinal irradiation, PF posterior fossa, RTx radiotherapy, chemo chemotherapy, EFS event-free survival, M 
Chang M-stage, R residual disease, HD high-dose, SCR stem cell rescue, HFRT hyperfractionated radiotherapy, SFRT 
standard fractionated radiotherapy
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The subsequent CCG 9931 study intensified 
both pre-radiotherapy chemotherapy and radio-
therapy by utilizing HFRT (Allen et al. 2009) for 
patients with high-risk medulloblastoma and 
CNS-PNETs, but found no significant survival 
advantage added morbidity. Of note, 17% of 
patients, which also included CNS-PNET patients, 
progressed during chemotherapy. Response to pre-
radiotherapy chemotherapy was not associated 
with improved survival, with no significant differ-
ence in survival between patients who achieved a 
CR to chemotherapy compared to those achieving 
either a partial response or stable disease. A simi-
lar result was found for patients with M2–3 dis-
ease in the SIOP-PNET-3 trial, which utilized an 
intensified pre-radiotherapy chemotherapy strat-
egy, followed by 35 Gy CSI (Taylor et al. 2005). 
The 5-year EFS was only 35% for the 68 patients 
enrolled, and at 18% the proportion of patients 
progressing during the pre-radiotherapy chemo-
therapy was almost identical to the CCG study.

Around the same time, the POG 9031 phase 
III study for high-risk medulloblastoma patients 
aged 3–18 years also addressed the question of 
timing of chemotherapy in relation to radiother-
apy (Tarbell et al. 2013). Patients were random-
ized to pre-radiotherapy chemotherapy compared 
with the same chemotherapy given post-radio-
therapy. Patients received between 35.2 and 
44 Gy CSI with a posterior fossa boost between 
53.2 and 54.4 Gy. The 5-year event-free survival 
was 68.1 ± 3% and in contrast with the CCG-921, 
no difference between the two arms was observed. 
Survival was particularly good for patients with 
macrometastatic disease, with 5-year EFS of 
69.2 ± 7.7% for M2 patients and 61.6 ± 8.4% for 
M3 patients. Patients with M4 disease had a dis-
mal prognosis, with a 5-year EFS of 22.2 ± 13.9%. 
The outcome for patients with >1.5 cm2 residual 
disease and without metastatic disease also did 
not differ significantly between patients who 
received pre-radiotherapy chemotherapy and 
immediate radiotherapy. Similar results were 
achieved for patients with >1.5  cm2 residual 
 disease and metastatic disease. The objective 
response rate was significantly higher for patients 
who received pre-radiotherapy chemotherapy 

compared to those who received immediate 
radiotherapy. Progressive disease was observed 
in 11% (12/112) of patients who received pre-
radiotherapy chemotherapy. In contrast, no 
patient progressed during immediate radiother-
apy. Again, response to chemotherapy was not 
associated with a statistically significant improve-
ment in survival.

As with average-risk disease, European trials 
also investigated “sandwich” chemotherapy for 
high-risk medulloblastoma patients. In the SIOP 
II study, high-risk medulloblastoma patients 
received post-resection chemotherapy followed 
by 36 Gy CSI with a boost to 55 Gy to areas of 
gross disease followed by lomustine, cisplatin, 
and vincristine maintenance chemotherapy. High-
risk patients did not benefit from the addition of 
sandwich chemotherapy (Bailey et al. 1995).

The German HIT 91 phase III trial (Kortmann 
et al. 2000; von Hoff et al. 2009) in which patients 
with metastatic medulloblastoma received the 
same chemotherapy regimen as average-risk 
patients, but with higher doses of CSI, yielded a 
mixed result. Patients with M1 disease had a 
10-year OS of 70  ±  12% for immediate radio-
therapy compared with 34 ± 12% for sandwich 
therapy (p = 0.02). In contrast, for patients with 
M2/3 disease the 10-year OS was almost identi-
cal between the two treatment groups (45 ± 12% 
compared with 42 ± 11% (p = 0.99)), akin to the 
POG9031 study, albeit with significantly inferior 
results.

The successor study HIT-SKK 2000, which 
enrolled 123 eligible patients with metastatic 
medulloblastoma also utilized sandwich chemo-
therapy but intensified the induction chemother-
apy, including the addition of intrathecal 
methotrexate (von Bueren et  al. 2016). For 
patients without progression, this was followed 
by 40 Gy CSI hyperfractionated non-accelerated 
radiotherapy (HART) followed by four cycles of 
maintenance with cisplatin, lomustine, and vin-
cristine. Progressive disease was observed in 
11% (14/123) of patients. The 5-year EFS and 
OS for the whole cohort were 62 and 74%, 
respectively, revealing an improvement from the 
HIT 91 trial. Poor prognostic factors included 
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LCA histology and nonresponse after the first 
cycle of chemotherapy.

In the St Jude Children’s Research Hospital 
SJMB96 trial, high-risk medulloblastoma 
patients received post-resection radiotherapy 
consisting of 36 Gy CSI for M0/1 high-risk dis-
ease and 36 to 39.6 Gy for M2/M3 high-risk dis-
ease, with boosts to sites of gross disease (Packer 
et al. 2006; Gajjar et al. 2006). Post-radiotherapy 
chemotherapy was the same as average-risk 
patients, consisting of four cycles of high-dose 
cyclophosphamide (16  g/m2 cumulative dose) 
combined with cisplatinum and vincristine with 
autologous stem cell support to enable adminis-
tration of the intensified cyclophosphamide. The 
5-year EFS and OS for the 44 enrolled patients 
were 70% (CI 55–85%) and 70% (CI 54–84%), 
respectively. For the 42 patients with M+ disease 
the 5-year EFS was 66% (CI 48–83).

An alternative therapeutic approach for 
patients with metastatic disease was used by the 
Milan group (Gandola et al. 2009) who utilized a 
sequence of high-dose chemotherapy followed 
by HART radiotherapy (two 1.3 Gy fractions/day 
for a total of 39 Gy in patients older than 10 years 
and 31.2 Gy for children under 10 years). Patients 
who achieved a CR prior to radiotherapy were to 
have maintenance therapy with vincristine and 
lomustine, while those without a CR to initial 
chemotherapy were to receive two cycles of high-
dose (HD) chemotherapy with thiotepa (900 mg/
m2) with autologous stem cell rescue. A total of 
33 consecutive patients were enrolled, one of 
whom died of a shunt infection during initial che-
motherapy. Four (12%) further patients did not 
complete pre-radiotherapy chemotherapy and 
started radiotherapy early because of disease pro-
gression on chemotherapy (n  =  2), infection 
delaying chemotherapy components (n  =  1), or 
both (n = 1). Twelve patients were judged to be in 
CR after initial chemotherapy. HART was deliv-
ered largely as planned, although there were 
some modifications due to extent of metastatic 
disease. Only 14 children received HD thiotepa. 
While the 5-year PFS and OS was 70% and 73%, 
respectively, there are significant concerns 
regarding the  neurotoxicity of high-dose alkyl-
ator agent therapy in patients who have previ-

ously been exposed to CSI. Half of children had 
neurological signs or symptoms ascribed to 
radiotherapy at a median follow-up of 82 months, 
while 6 of the 14 who had received HD thiotepa 
had MRI changes including leukodystrophy and 
volume loss.

The CCG 99702 (Nazemi et al. 2016) study 
intensified post radiotherapy therapy by utilizing 
three cycles of high-dose chemotherapy (cycles 
1 and 3: carboplatin, vincristine, thiotepa; cycle 
2: carboplatin, vincristine, cyclophosphamide) 
was stopped early after recruiting 24 eligible 
patients due to unacceptably high rates of veno-
occlusive disease (VOD) (6/24 cases overall, 
with a seventh case diagnosed with VOD at post-
mortem after death from treatment-related sep-
sis). This high rate of VOD was postulated to be 
due to the short interval (4–6 weeks) between 
prior radiotherapy with concurrent vincristine 
chemotherapy, compared to results of similar 
high-dose regimes not preceded by radiotherapy 
(HeadStart), or with longer intervals, no concur-
rent vincristine and incorporating cyclophospha-
mide rather than thiotepa (SJMB96). The 
optimum means of intensifying postsurgical 
therapy to improve survival, without unaccept-
able treatment-related morbidity, remains elu-
sive (Nazemi et al. 2016).

A phase I/II study conducted by the COG, 
called ACNS99701 assessed the feasibility of 
including carboplatin during 36  Gy CSI with 
weekly vincristine, as a radiosensitizer for high-
risk medulloblastoma patients (Jakacki et  al. 
2012). Chemo-radiotherapy was followed by a 
comparison of maintenance chemotherapy (lomus-
tine and vincristine) with or without cisplatin. The 
study enrolled a total of 81 patients between March 
1998 and November 2004. The 5-year PFS and OS 
for the whole cohort were 71 ± 6% and 78 ± 6%, 
respectively. Patients with M2 disease had a 5-year 
PFS and OS of 50 ± 16% and 70 ± 16%, while 
patients with and M3 disease had a 5-year PFS and 
OS of 67.7  ±  7% and 73  ±  6%. In this study 
patients with centrally reviewed LCA medullo-
blastoma had inferior survival.

The current COG high-risk medulloblastoma 
study (ACNS0332) (Children’s Oncology Group 
2006) is attempting to replicate the results of the 
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COG ACNS99701 pilot trial, in a phase III ran-
domized fashion. In addition, patients are also 
randomized to retinoic acid, following preclini-

cal data revealing it was a potent proapoptotic 
agent in medulloblastoma (Spiller et  al. 2008) 
(Table 7.4).

Table 7.4 Summary of selected high-risk medulloblastoma trials from the 1980s onwards

Study
Enrolment dates
Published Cases Treatment Outcome Main conclusions
CHOP
1983–91
Packer et al. J 
Neurosurg 
1994; 
81:690–698

15 M1–M3 Weekly vincristine during 
radiotherapy (36 Gy CSI; 
55.8 Gy to PF), followed by 
lomustine, cisplatin, and 
vincristine

5-year EFS 
67 ± 15%

Definite role for 
chemotherapy in the 
management of 
medulloblastoma

SIOP II
1984–89
Bailey et al 
Med Pediatr 
Oncol 1995; 
25: 166–178

135 M2+/R+ 
or with 
brainstem 
involvement

35 Gy CSI (PF 55 Gy); 
randomization to sandwich 
chemotherapy (procarbazine, 
vincristine, 2 mg/m2 
methotrexate) before RTx or 
not

Sandwich 
chemotherapy: 
5-year EFS 
56.3 ± 6.5% vs. 
52.8 ± 6.1%.

No benefit to addition of 
sandwich therapy between 
surgery and radiotherapy

CCG 921
1986–92
Zeltzer et al 
JCO 1999: 
17:832–45

188 HR Two cycles 8-drugs-in-1-day 
chemotherapy prior to 36 Gy 
CSI plus boost, followed by 
6 8-in-1 cycles vs. RTx 
followed by lomustine, 
vincristine, and prednisolone

5-year PFS 
54.5 ± 5% for 
8-in-1, 63 ± 5% 
for standard arm

Inferior results for 
“8-in-1” chemotherapy, 
attributed partly to the 
28-day delay in starting 
RTx in this arm, despite 
expected optimization of 
timing of chemotherapy 
before RTx-related 
reduced perfusion, and 
previous good results with 
multidrug chemotherapy 
in phase II trials in 
recurrent disease

POG 9031
1990–96
Tarbell et al, 
JCO 2013. 31 
(23) 2936–41

224 HR MB 
(108 M+, 
includes 
76 M0 with 
totally 
resected T3b/
T4 tumors)

Three cycles cisplatin and 
etoposide either before or 
after radiotherapy (M1: 
35.2 Gy; M2–3 40 Gy CSI; 
PF 53.2–54.4 Gy), followed 
by eight cycles 
cyclophosphamide and 
vincristine

5-year EFS: All 
patients: Chemo 
first 66 ± 4.5%; 
RTx first 
70 ± 4.4%
5-year EFS: M0/
R+: Chemo first 
59.6 ± 7.0%; RTx 
first 65.1 ± 6.8% 
(p = 0.4)
5-year EFS: M+/
R+: Chemo first 
51.2 ± 9.2%; RTx 
first 64.0 ± 9.3% 
(p = 0.2)

No difference in outcome 
between chemo first and 
RTx first groups; good 
response for M0R0 
patients with T3b/T4 
disease, who would 
currently be classified as 
standard rather than 
high-risk disease. Good 
results for M2+ disease 
achieved at the expense of 
using 40 Gy CSI dose.
Response to chemotherapy 
was not associated with a 
statistically significant 
improvement in survival 
(5-year EFS: 73 ± 7% vs. 
56 ± 17%)

(continued)
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Table 7.4 (continued)

Study
Enrolment dates
Published Cases Treatment Outcome Main conclusions
HIT-91
1991–97
Kortmann et al. 
Int J Radiat 
Onc Biol phys 
2000;46:269–
279
Updated results 
von Hoff EJC 
2009

19 M2–M3 35.2 Gy CSI (PF 55.2 Gy) 
with either ifosfamide, ara-C, 
etoposide, HD-methotrexate, 
and cisplatin before 
radiotherapy (sandwich), or 
vincristine, cisplatin, and 
lomustine following 
radiotherapy (maintenance)

3-year EFS 
30 ± 15% across 
both groups;
10-year EFS: 
Sandwich 
40 ± 12% vs. 
32 ± 11% 
(p = 0.812)

No benefit to sandwich 
chemotherapy in high-risk 
patients.

SIOP PNET3 
1992–2000
Taylor et al 
EJC 2005; 
41:727–734

68 M2–M3 Vincristine, etoposide, 
carboplatin, 
cyclophosphamide followed 
by 35.2 Gy CSI (PF 55.2 Gy)

5-year EFS 
34.7% (95% CI 
23.2–46.2%)

No apparent improvement 
in outcome for M2+ 
disease compared to 
previous studies with the 
addition of pre-RTx 
chemotherapy

SJMB96
1996–2003
Gajjar et al 
Lancet Oncol 
2006; 7: 
813–820

48 M1–M3 Topotecan pre-RTx, then 
36–39.6 Gy CSI (PF 
55.8 Gy), then four cycles 
high-dose chemotherapy 
(vincristine, cisplatin, 
cyclophosphamide) and 
autologous SCR

5-year EFS 70% 
(95% CI 
55–85%)
M+ disease 
5-year EFS was 
66% (CI 48–83).

Chemotherapy adds 
significantly to survival of 
high-risk patients; 
sequence of chemotherapy 
and choice of agent critical 
to success.
LCA histology poor 
prognostic factor

COG 99701
1998–2004 
Jakacki et al. 
JCO 2012; 
30:2648–2653

161 M+, R+, 
or ST- PNET
(81 M+)

Vincristine and daily 
carboplatin during 
radiotherapy (36 Gy plus 
boost to sites of disease), 
followed by maintenance 
chemotherapy—regimen A: 
Cyclophosphamide + 
vincristine regimen B: Same 
+ cisplatin × six cycles

5-year PFS 
71 + 11% in 
carboplatin 
dose-finding 
cohort (regimen 
A);
5-year PFS 
59 + 10% for 
standardized 
carboplatin dose 
plus cisplatin 
cohort (regimen 
B)
5-year OS 
regimen A: 82% 
5-year OS 
regimen B: 68% 
p = 0.36

Radiosensitization with 
carboplatin, followed by 
low-intensity maintenance 
chemotherapy is a 
promising strategy and is 
well tolerated. Importance 
of confirming new lesions 
by biopsy to exclude 
treatment-related effects 
noted

HIT 2000
2001–2007
von Bueren
JCO 2016

123 (M+) Cyclophosphamide, 
methotrexate, carboplatin, 
etoposide, vincristine, IT 
methotrexate × two cycles 
followed by CSI (40 Gy 
hyperfractionated or 35.2 Gy 
normofractionated) if no PD 
followed by maintenance 
with cisplatin, lomustine, 
vincristine × four cycles

5-year EFS 62%
5-year OS 74%

LCA histology and 
nonresponse after first 
HIT-SKK cycle were poor 
prognostic factors

CSI craniospinal irradiation, PF posterior fossa, RTx radiotherapy, chemo chemotherapy, EFS event-free survival, M 
Chang M-stage, R residual disease, HD high-dose, SCR stem cell rescue, PD progressive disease, IT intrathecal, LCA 
large cell/anaplastic
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 Conclusions for High-Risk 
Medulloblastoma
The outcome for patients with high-risk medul-
loblastoma has steadily improved with cure rates 
now approaching 70%, even for patients with 
macrometastatic disease (Gajjar et  al. 2006; 
Tarbell et  al. 2013; Jakacki et  al. 2012; von 
Bueren et al. 2016). The common denominator 
among studies which have achieved these sur-
vival rates is the use of higher CSI doses (39–
40 Gy) with boosts to sites of macrometastatic 
disease (Gajjar et  al. 2006; Tarbell et  al. 2013; 
von Bueren et  al. 2016) or with carboplatin 
radiosensitization when lower doses of CSI 
(36  Gy) were utilized (Jakacki et  al. 2012). 
However, such therapies are at the limits of their 
optimal therapeutic ratio with a fine balance 
between efficacy and toxicity (Gandola et  al. 
2009; Nazemi et  al. 2016). In addition, late 
effects, especially neurocognitive are most 
marked with higher doses of CSI. The use of pre-
radiotherapy chemotherapy either adds no sur-
vival benefit or is associated with inferior 
survival, where delays in prolonged radiotherapy 
delivery times ensue. Moreover, 11–18% of 
patients have been shown to progress during pre-
radiotherapy chemotherapy. The sequence of 
postsurgical therapy intensification appears to be 
critical, as high-dose thiotepa-based megather-
apy following CSI has been associated with sig-
nificant morbidity including neurotoxicity 
(Valteau-Couanet et al. 2005) or hepatotoxicity 
(Nazemi et al. 2016).

7.10.1.3  Medulloblastoma in Very 
Young Children

Historical perspective: By the early 1980s it was 
apparent that very young children (i.e., those 
below the age of 3 years) with brain tumors had 
very poor outcomes with regard to both survival 
and severity of neurodevelopmental and neuroen-
docrine effects of treatment. As a result, there 
was considerable reluctance to embark on cura-
tive treatment despite the fact that it was well 
established that many brain tumors, including 
medulloblastoma, were radiosensitive (Bloom 
et  al. 1969): in the largest population-based 
cohort of the era, 31% of 548 UK children 

 diagnosed before the age of 2 years between 
1971 and 1985 (Lashford et al. 1996; Stiller and 
Bunch 1992) died either without any treatment, 
or within 1 month of neurosurgery as their only 
treatment. US-based population studies in the 
pre-chemotherapy era include a report of 54 
cases over 40 years from 1935  in Connecticut 
(Farwell et al. 1978), and 91 cases recorded in the 
fledgling SEER registry between 1973 and 1980 
(Duffner et al. 1986). The disparity between such 
figures suggests that significant numbers of very 
young children with brain tumors were not reach-
ing specialist centers or embarking on treatment 
with curative intent.

Because many adverse effects of treatment 
were attributable to radiotherapy, attempts were 
made to investigate whether the addition of che-
motherapy following surgery would permit the 
postponement of radiotherapy until beyond the 
most critical stages of neurological development. 
Early studies were performed as single-institu-
tion case series, and recruited primarily by patient 
age rather than by histological diagnosis. The 
principle of multidrug treatment protocols was 
relatively new at the time, and one of the earliest 
trials (van Eys et al. 1985) used a MOPP regimen 
adapted from that used in lymphoma. Although 
still only recruiting an average of two patients a 
year across all types of brain tumor, this study 
demonstrated that medulloblastoma was chemo-
sensitive, and that complete responses could be 
achieved and in some cases sustained in medul-
loblastoma through the use of postoperative che-
motherapy alone.

In subsequent studies multicenter studies 
(Geyer et  al. 1994; Duffner et  al. 1999), radio-
therapy was successfully delayed for 1–2 years in 
some patients; furthermore, while the intention 
was that patients should receive radiotherapy 
according to local protocol at the end of chemo-
therapy, in practice it was common for treating 
centers not to proceed to radiotherapy in those 
children who showed no signs of active disease at 
this point. While phase 3 trials directly compar-
ing different chemotherapy protocols were not 
performed in this era, comparison of trial out-
comes suggested that, as with older children, the 
dose intensity achieved by using fewer drugs in 
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higher doses gave a superior outcome to an eight 
drugs in 1-day approach (Geyer et  al. 1994; 
Duffner et al. 1999). These trials also confirmed 
that completeness of initial resection (at this 
point in time generally assessed intraoperatively 
by the neurosurgeon rather than by cross-sec-
tional imaging) was of independent prognostic 
significance in this age group. In Europe, both the 
UKCCSG/SIOP 9204 (Grundy et  al. 2010) and 
the German HIT SKK87 studies found an excess 
of desmoplastic histology among very young 
children, with this subtype being an independent 
predictor of significantly better survival com-
pared to classic histology (Rutkowski et  al. 
2005).

Early case series and collaborative trials had 
therefore provided proof of principle that chemo-
therapy could be used to postpone and in some 
cases omit radiotherapy in the treatment of medul-
loblastoma in very young children. Subsequent 
trials sought to improve on event-free survival by 
intensifying treatment with high-dose chemother-
apy with autologous stem cell rescue or intraven-
tricular chemotherapy.

The German-led HIT-SKK 92 trial showed 
excellent 5-year progression-free survival of 
82 ± 9% for M0R0 patients using a 27-week che-
motherapy program including 36 doses of intra-
ventricular methotrexate administered via an 
implanted reservoir device (Rutkowski et  al. 
2005). Unfortunately neurodevelopmental out-
come in patients treated with intraventricular 
methotrexate was inferior to that for systemic 
chemotherapy alone, though better than for radio-
therapy in the HIT 87 cohort (Rutkowski et  al. 
2009). Follow-up MRI imaging demonstrated 
leukoencephalopathy associated with intraven-
tricular methotrexate (Rutkowski et al. 2005).

The US Head-Start high dose chemotherapy/
stem cell rescue program sought to intensify che-
motherapy in very young children through the 
use of high dose chemotherapy part of radiation-
sparing first-line therapy, while the French 
BBSFOP trial reserved high-dose chemotherapy 
until after disease progression. The French trial 
demonstrated less than 30% progression-free sur-
vival in M0R0 patients aged under 5 years with 
standard-dose chemotherapy alone (Grill et  al. 

2005), compared to 64% in the HeadStart cohort 
(Dhall et al. 2008). Recruitment of patients with 
metastatic or non-resected disease to the French 
trial was stopped early and earlier treatment 
intensification given. Both these trials had higher 
than anticipated treatment-related mortality asso-
ciated with HDC/SCR, though the later HeadStart 
II trial had fewer problems (Dhall et al. 2008).

Meta-analysis of 270 cases of medulloblas-
toma in very young children (Rutkowski et  al. 
2010) confirmed the reasonable overall prognosis 
for very young children with fully resected, non-
metastatic disease, with OR at 8 years of 77% for 
this group, compared to 50% for R+ and 27% for 
M2+. Very young children with desmoplastic or 
MBEN histology (40% of total cases) had 76% 
OS overall, and 85% for M0R0 cases. Most clini-
cal subdivisions in this meta-analysis had signifi-
cant disparity between progression-free survival 
and overall survival, representing a population of 
patients who survived following relapse or pro-
gression having subsequently received radiother-
apy (over 20% of cases in the M0R0, M0R+ and 
Desmoplastic histology groups); this was not the 
case for those with metastatic disease, in whom 
OS was nearly identical to PFS (40 vs. 35% for 
M1; 27 vs. 26% for M2–3). This contrasts with 
the survival prospects of older children who 
relapse following radiotherapy, who subse-
quently do very poorly.

The last 30 years of trials have therefore 
shown that, as in older children, MB in very 
young children is chemosensitive, and can be 
cured by even standard-dose postoperative che-
motherapy alone in a significant minority of 
cases. Increasing intensity of chemotherapy by 
intraventricular administration or using higher 
doses with stem cell support has improved this 
further, and encouragingly radiotherapy can still 
be successfully used as a rescue therapy in some 
patients in whom a radiation-sparing approach 
fails. Because of the different approach to medul-
loblastoma in this age group, very young children 
were not part of the larger medulloblastoma-spe-
cific trials that formed the initial basis for the 
explosion in our biological understanding of the 
disease, and the small medulloblastoma subsets 
of the baby brain cohorts did not initially receive 
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much scientific attention. More recently, study of 
enlarged cohorts with greater representation of 
very young children has allowed new insights 
into the biology of the disease in very young chil-
dren, and how they fit into the emerging overview 
of the disease landscape (Schwalbe et al. 2017; 
Cavalli et al. 2017).

Within the new paradigm of medulloblas-
toma subgroups, medulloblastoma in very 
young children is primarily a two-subgroup dis-
ease, with WNT cases absent in this age group, 
and Group 4 disease extremely rare (Schwalbe 
et al. 2017). In very young children, desmoplas-
tic/nodular histology occurs almost exclusively 
in the SHH subgroup and is associated with bet-
ter prognosis, and with survival with radiother-
apy salvage following disease progression. 
There is emerging evidence that SHH medullo-
blastoma can be divided further into age-defined 
subgroups (Schwalbe et al. 2017; Cavalli et al. 
2017), with an “Infant SHH” subtype character-
ized by mutations in SUFU rather than PTCH, 
and with resistance to inhibitors that act 
upstream in the SHH pathway. Group 3 disease 
is associated with rapid progression and treat-
ment failure in association with MYC amplifica-
tion and LCA histology. Again, in larger cohorts, 
subtypes within Group 3 particularly associated 
with very young children begin to emerge 
(Cavalli et al. 2017).

Future trials in the treatment of very young chil-
dren with medulloblastoma face particular chal-
lenges: While there is an excess of SHH-activated 
tumors in this age group, pathway abnormalities 
are at a level that makes primary resistance to exist-
ing SHH pathway inhibitors likely. Inhibition of 
developmental pathways will also prove challeng-
ing: preclinical studies revealed premature fusion 
of growth plates resulting in permanent epiphyseal 
disruption in young mice (Kimura et  al. 2008), 
which has since also been reported in a child treated 
with the SMO inhibitor Sonidegib (Kieran et  al. 
2017). In the current SJMB12 trial, use of the SMO 
inhibitor Vismodegib is restricted to patients who 
are  skeletally mature (St Jude’s Children’s Research 
Hospital 2013).

As with older patients, the challenge of per-
forming molecularly informed clinical trials that 

take into account the growing number of 
 identifiable medulloblastoma subgroups requires 
international collaboration to recruit sufficient 
numbers; this problem is even more pressing for 
infants who make up a relatively small percent-
age of the total and have different biology and 
restricted treatment options (Table 7.5).

 Summary of Clinical Trials 
in Medulloblastoma in Very Young 
Children
Much of our clinical understanding of medullo-
blastoma in very young children comes from 
small trials using a variety of different treatment 
regimens, often including large numbers of non-
medulloblastoma patients. The demonstration 
that different tumor types had different responses 
to chemotherapy (Geyer et  al. 1994; Duffner 
et  al. 1993) resulted in disease-specific clinical 
trials for very young children with brain tumors. 
Subsequent follow-up of patients who did not 
receive trial-mandated radiotherapy demon-
strated that some very young children with 
medulloblastoma could have long-term cure with 
surgery and chemotherapy alone (Geyer et  al. 
1994).
Later series of clinical trials for medulloblas-
toma in very young children revealed the prog-
nostic importance of histology, metastatic 
disease, and subtotal resection (Leary et  al. 
2011). Nodular desmoplastic medulloblastoma 
portends a favorable prognosis, while meta-
static disease and subtotal resection are associ-
ated with a poor prognosis. The best outcome is 
seen in patients with nonmetastatic nodular 
desmoplastic medulloblastoma, following a 
subtotal resection. The majority of these 
patients can be cured with intensive chemother-
apy alone. In addition, it is clear that some very 
young children can be rescued following dis-
ease recurrence using radiotherapy, if radio-
therapy was not used as part of up-front therapy 
(Rutkowski et al. 2010). To date no trials have 
been performed that take into account the 
increased understanding of disease biology (see 
sections below), particularly with regard to the 
molecular subgroups identified over the last 
decade.
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Table 7.5 Summary of selected very young children medulloblastoma trials from the 1980s onwards

Study
Enrolment dates
(Reference)

Cases
MB/of 
total Treatment Outcome Main conclusions

MD Anderson
1976–1984
Van Eys et al. J 
Neurooncol 1985: 
3(3)237–43

6/12 MOPP mechlorethamine, 
vincristine, procarbazine, 
prednisolone (single center 
cases series)

15/17 brain tumor 
patients had some 
response; 9 relapses 
after a median of 10.3 
months

Confirmed feasibility of 
using chemotherapy to 
delay radiotherapy in 
children with brain 
tumors

MD Anderson
1976–1988
Ater et al. J 
Neurooncol 
1997:32(3)243–52

12/17 Expanded van Eys cohort; 
restricted to MB and 
ependymoma

5/12 MB survive 
without relapse and thus 
without radiotherapy; 
8/12 survive overall

IQ and growth status was 
preserved in those who 
did not receive 
radiotherapy

POG “Baby Brain”
1986–1990
Duffner et al. 
NEJM 1993:328 
(24) 1725–31
Duffner et al. 
Neuro Oncol 1999: 
1(2)152–61

62/192 Vincristine, 
cyclophosphamide, 
cisplatin, etoposide for 1 
year (2–3 years old) or 2 
years (<2 years old at 
diagnosis), then RTx

R+ disease: 13/27 CR or 
PR after 2 courses VCR/
cyclo
5-year PFS 31.8 ± 8.3, 
OS 39.7 ± 6.9
5-year OS R0: 60 vs. 
32% for R1; M0R0 
69%; significant 
numbers did not proceed 
to RTx on completion of 
trial chemotherapy

No extra risk in delaying 
RTx by 2 years rather 
than 1 year. outcome for 
M0R0 comparable to 
contemporary trials for 
“standard risk” MB 
treated with RTx in older 
children
Use of neoadjuvant 
chemotherapy could allow 
successful delay of 
radiation therapy in 40% 
of children under the age 
of 3 years.
Cases of cure were seen 
with surgery and 
chemotherapy only.

CCG-921
1986–1992
Geyer et al. JCO 
1994:12(4)1607–15

46/96 “8 in 1 day” for 
“infants” ≤ 18 months, 
intention for either local 
RTx after two cycles or 
CSI after 1 year

R+ disease: 6/14 CR or 
PR after two cycles
3-year PFS 22 ± 6%;
M0R0 5/15 alive disease 
free at 5 years
Only 9/96 patients 
received RTx as 
mandated prior to 
relapse

Ongoing reluctance to use 
radiotherapy; most 
relapses occurred during 
chemotherapy so decision 
to omit if disease free on 
completion reasonable

CCG-9921
1993–1997
Geyer et al JCO 
2005: 
23(30)7621–31
(Leary et al. 2011)

92/299 2 different 4-drug 
induction regimes, then 
maintenance;
RTx according to R 
(post-induction) and M 
status

Regimen A 5-year EFS 
37 ± 7%, regimen B 
26 ± 7%
M0R0: 5-year EFS 
41 ± 8%; 5-year OS 
54 ± 8%
M0R+: 5-year EFS 
26 ± 9%; 5-year OS 
40 ± 11%
M+:5-year EFS 
25 ± 8%; 5-year OS 
31 ± 9%
DN: 5-year EFS 
77 ± 9%; 5-year OS 
85 ± 8%
Classic: 5-year EFS 
17 ± 5% 5-year OS 
29 ± 6%

No difference between 
induction regimens; low 
concordance with 
trial-mandated RTx
Retrospective review 
found better survival for 
desmoplastic disease and 
excluded 10/92 as 
non-MB
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Table 7.5 (continued)

Study
Enrolment dates
(Reference)

Cases
MB/of 
total Treatment Outcome Main conclusions

COG P9934
2000–2006
Ashley et al. JCO 
2012: 
30(26)3181–6

74 
(M0)

Four cycles induction 
chemotherapy followed by 
age and response adjusted 
conformal RTx

4-year EFS: 50 ± 6%; 
4-year OS: 69 ± 5.5%
DN: 4-year EFS: 
58 ± 8% 4-year OS: 
79 ± 7%
Non-DN: EFS: 
23 ± 12% 4-year OS: 
31 ± 16%

High proportion of DN 
disease
Impairment in cognition 
compared to healthy 
population but much of 
this present at diagnosis

Head start I, head 
start II
1992–1997, 
1997–2002
Dhall et al. Pediatr 
Blood Cancer 
2008:50(6)1169–75

21 
(M0)

Five cycles induction then 
HDC/SCR; no 
radiotherapy until relapse

M0R0: CCR 13/14; 
M0R+: CR 7/7 after 
induction
DN: 5-year EFS 
67 ± 16%; OS 78 ± 14%
Classic 5-year EFS 
42 ± 14; OS 67 ± 14%

High rate of toxic death in 
head start I;
71% of survivors did not 
require radiotherapy; 
better outcomes for DN 
histology

Head start II
1997–2002
Chi et al. JCO 
2004:22(24) 
4881–7

9 (M+) Five cycles induction 
including HD MTX then 
HDC/SCR; no 
radiotherapy until relapse

14/16 CR to induction, 
1 PR, 1 stable disease
8 relapses; 5 received 
RTx and 2 were rescued

No toxic deaths; good 
response rates but not 
sustained; 60% of 
survivors did not need 
radiotherapy

UKCCSG 9204
1993–2003
Grundy et al. EJC 
2010: 46(1) 
120–133

31/97 Vincristine, carboplatin, 
HD methotrexate, 
cyclophosphamide and 
cisplatin

5 M0R0, 11 M0R+, 
15 M+
5-year OS DN/MBEN 
52.9%, classic 33.3%

High proportion of 
desmoplastic and MBEN 
cases, with improved 
survival

BBSFOP
1990–2002
Grill et al. Lancet 
Oncol 2005:6(8) 
573–80
Kalifa, Grill, J 
Neurooncol 2005: 
75(3) 279–85

79 Standard-dose 
chemotherapy (carboplatin 
and procarbazine/etoposide 
and cisplatin/vincristine 
and cyclophosphamide; no 
radiotherapy until relapse

47/79 M0R0: 5-year 
PFS 29% (CI 18–44)
34/47 M0R0 & GTR: 
5-year PFS: 41% (CI 
26–58)
17/79 M0R+: 5-year 
PFS: 6% (CI 1–27)
15/79 M + RX: 5-year 
PFS: 13% (CI 4–38)

R0 cases with surgical 
subtotal resection had 
very poor survival
Standard-dose 
chemotherapy insufficient 
to prevent relapse in R1 
and M+ disease

HIT 87
1987–1992
Rutkowski et al 
Neuro Oncol 2009: 
11(2) 201–20

29 M0R0: 3-drug 
maintenance including HD 
MTX
R1M0, M+: 6-drug 
induction including HD 
MTX (two cycles) then 
maintenance; RTx at 3 
years or at relapse

10-year PFS 
48.5 ± 9.3%; 10-year 
OS 55.2 ± 9.3%
M+ no survivors at  
10 years
DN/MBEN: 10-year 
PFS & 10-year OS: 
88.9 ± 10.5%
Cla 10-year PFS: 
30.0 ± 10.3%; OS: 
40.0 ± 11.0%

Long delay in publication; 
good survival overall and 
for M0R0 cases in 
particular; metastasis 
predict poor outcome
Retrospective path review 
revealed desmoplasia to 
confer good prognosis

HIT 92
1992–1997
Rutkowski et al. 
NEJM 2005: 
352(10) 978–86

43 Three cycles induction 
chemotherapy including 
intraventricular MTX

5-year PFS 58 ± 9%; 
5-year OS: 66 ± 7%
M0R0: 5-year PFS: 
82 ± 9%; 5-year OS: 
93 ± 6%
M0R+: 5-year PFS: 
50 ± 13%; 5-year OS: 
56 ± 14%
M+ RX: 5-year PFS: 
33 ± 14%; 5-year OS: 
38 ± 15%

High rates of survival 
with intraventricular 
MTX, particularly for 
M0R0 disease but even in 
high-risk cases;
Evidence of 
developmental damage 
attributable to 
intraventricular MTX

(continued)
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Table 7.5 (continued)

Study
Enrolment dates
(Reference)

Cases
MB/of 
total Treatment Outcome Main conclusions

HIT 2000
2000–2006
Von Bueren et al 
Neuro Oncol 2011: 
13(6) 669–79

48 
(M0)

Three cycles induction 
chemotherapy including 
intraventricular MTX, then 
two cycles consolidation if 
in CR

5-year survival without 
receiving CSI was 
59 ± 7%
DN: 5-year EFs 
95 ± 5%; 5-year OS 
(100 ± 0%)
Classic: 5-year EFS 
30 ± 11%; 5-year OS 
68 ± 10%
LCA: 5-year EFS/OS: 
33 ± 27%
R0: 5-year EFS 
60 ± 9%; 5-year OS 
84 ± 6%
R+: 5-year EFS 
33 ± 19%; 5-year OS 
50 ± 20%

Confirmed Desmoplasia 
and MBEN as a strong 
favorable prognostic 
factor; high proportion of 
classic disease relapsed 
without radiotherapy

CSI craniospinal irradiation, PF posterior fossa, RTx radiotherapy, chemo chemotherapy, EFS event-free survival, M 
Chang M-stage, R residual disease (R0: no residual disease; R+: residual disease; RX: any R status), HD high-dose, 
SCR stem cell rescue, Cla Classic histology, DN desmoplastic/nodular histology, MBEN medulloblastoma with exten-
sive nodularity, LCA large cell/anaplastic histology, GTR gross total resection

7.11  Relapsed Medulloblastoma

With the exception of very young patients who 
relapse following radiation-sparing treatment and 
can subsequently be salvaged using radiotherapy, 
outcome in relapsed medulloblastoma is cur-
rently dismal (Pizer et al. 2011), with little pros-
pect for cure. The biology of relapsed disease is 
poorly understood, as most biological studies, 
cell lines, and animal models have been based on 
primary tumor samples that are derived from 
material obtained at initial surgery, and re-biopsy 
at relapse has only rarely been performed. The 
importance of obtaining biological samples at 
relapse is increasingly being recognized, although 
there are competing considerations, notably the 
morbidity of surgery in what is still regarded as a 
palliative setting.

There is increasing evidence from paired diag-
nostic and relapse samples that significant changes 
in medulloblastoma biology occur during the 
course of treatment. In a cohort of 29 relapsed 
patients, a combination of MYC-family amplifica-
tion and TP53 pathway defects was acquired in 
32% of cases, while such abnormalities were not 

lost if present at initial biopsy (Hill et al. 2015). In 
a mouse model of relapsed SHH medulloblas-
toma (produced by partial resection followed by 
18 Gy radiotherapy of tumors arising in mice with 
SHH pathway mutation) substantial genetic diver-
gence was found between the original tumors and 
those recurring post treatment, possibly due to a 
clonal selection effect of radiotherapy (Morrissy 
et  al. 2016). Driver Trp53 mutations were not 
clonal at diagnosis but did become so at relapse. 
The same authors noted significant differences in 
somatic mutations in paired diagnostic and relapse 
samples from patients treated for medulloblas-
toma. Relapsed samples had increased prevalence 
of somatic mutations (a median fivefold increase 
in the majority of tumors), while many mutations 
found at diagnosis (60% of the total) were reduced 
or absent from relapse samples and many relapse 
samples had de novo mutations not seen in pri-
mary tumors. Almost 80% of recurrent SHH 
medulloblastomas were found to have TP53 path-
way mutations, DYNC1H1 mutations, or chromo-
some 14 loss. Despite the acquisition of new 
driver mutations by the tumors in these studies, all 
cases studied remained in the same subgroup at 
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relapse as at diagnosis, confirming the link 
between subgroups and fundamental and early 
changes in the development of the disease. Thus, 
evidence is emerging that tumor biology and 
behavior in patients who relapse is unlikely to be 
adequately represented or predicted by samples 
obtained at diagnosis. To ensure appropriate 
selection and assessment of targeted therapies at 
relapse, it will be important to confirm the pres-
ence of molecular targets in relapsed disease 
before embarking on treatment.

7.12  Late Effects 
of Medulloblastoma Therapy

Late effects in medulloblastoma survivors are 
complex and multifactorial, and affect a num-
ber of organ systems. Mechanical effects of the 
tumor itself, raised intracranial pressure, local 
damage to the cerebellum and its connections 
attributable to surgical resection, postoperative 
radiotherapy, and chemotherapy, as well as dis-
ruption of normal development because of pro-
longed periods of hospitalization all contribute 
to neurodevelopmental and cognitive problems, 
while cachexia and inadequate caloric intake 
due to treatment-related nausea are implicated 
in poor growth immediately following surgery 
and later complicated by effects of CSI: onset 
of growth hormone insufficiency and direct 
effects on growth of the bones of the axial skel-
eton, and dysfunction of the hypothalamo-
gonadal axis affecting timing and control of 
pubertal growth (Meacham et al. 2004; Fouladi 
et al. 2005).

7.13  Impact of CSI on Neurological 
Development

CSI in particular is implicated in medulloblas-
toma late effects. It is a particular feature of 
medulloblastoma treatment compared to other 
pediatric malignancies, having been superseded 
by intrathecal and high-dose chemotherapy in the 
prophylaxis of CNS disease in leukemias. Other 
brain tumors can be adequately treated by sur-

gery alone in the case of low-grade tumors such 
as low-grade gliomas, or by localized radiother-
apy without whole CNS coverage in the case of 
ependymomas.

A systematic review (Hanzlik et al. 2015) of 
papers published between 2000 and 2012 study-
ing neuropsychological outcomes in a total of 
456 children (age 0–18 years at diagnosis) treated 
for posterior fossa tumors and with a minimum 
follow-up of 3 years post-diagnosis found that 
medulloblastoma survivors consistently had sig-
nificantly worse scores for IQ, memory, and 
attention/executive function than standardized 
population means, with medulloblastoma survi-
vors tending to fare worse than survivors of both 
ependymoma and astrocytoma in studies where 
such comparisons were made. All 212 medullo-
blastoma patients in this review received CSI, 
despite 5 of 9 individual studies reporting the 
inclusion of children under the age of 3 years. 
Risk factors consistently associated with worse 
neuropsychological outcome included younger 
age at diagnosis, and whole brain rather than 
focal irradiation. While IQ scores in medullo-
blastoma patients are reported to be subject to 
ongoing decline (Ris et  al. 2001; Palmer et  al. 
2007), reduction in IQ in ependymoma patients 
who had received posterior fossa radiation was 
static over a 5-year period following treatment 
(Netson et al. 2012).

A prospective longitudinal study compared 
the effects of risk-adapted CSI dose (23.4 vs. 
36  Gy) on IQ and academic achievement 
(Mulhern et al. 1998). All patients were treated 
with the same adjuvant chemotherapy. Average-
risk and high-risk patients revealed a decrease in 
mean IQ (0.99 vs. 3 IQ points/year), with the 
greatest decreases seen in younger (<7 years) 
patients (2.41 and 3.71 IQ points/year for aver-
age-risk and high-risk patients, respectively). 
These findings support the notion that CSI dose 
reductions for patients with average-risk disease 
result in increased preservation of neurocognitive 
function.

Ongoing loss of cognitive function long after 
radiotherapy in medulloblastoma is thought to be 
due to white matter loss. An MRI imaging study 
of 42 children with medulloblastoma CSI found 
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that approximately 70% of the observed correla-
tion between age at radiotherapy (and hence time 
since radiotherapy) and IQ was explained by dif-
ferences in normally appearing white matter vol-
ume (Mulhern et  al. 2001); later studies have 
shown correlations with individual components 
of cognitive function (Brinkman et  al. 2012). 
Intrathecal methotrexate chemotherapy has also 
been implicated in white matter loss through 
long-term follow-up of twenty survivors of two 
consecutive historical cohorts, the first of which 
(1985–90) received intrathecal (IT) methotrexate 
in addition to postoperative chemo- and radio-
therapy, while the second (1990–95) did not. The 
earlier cohort had worse cognitive outcomes, 
which correlated with extent of MRI findings of 
leukomalacia (Riva et al. 2002).

In recent years, prospective studies have 
looked at individual components of cognitive 
ability, with the aim of identifying which specific 
domains require intervention and rehabilitation. 
A study looking at processing speed, attention, 
and working memory in 126 childhood medullo-
blastoma survivors (Palmer et  al. 2013) found 
that younger age at diagnosis was associated with 
a worse outcome for processing speed, while 
high-risk disease predicted worse outcome over 
all three domains. A different study used a stan-
dardized tool to investigate 12 different domains 
in a heterogeneous sample of eight children 
treated for medulloblastoma in childhood, at 
around 3 and 5 years posttreatment. This small 
study again found ongoing deterioration in cog-
nitive function in most indices, with verbal com-
prehension, perceptual organization, social 
perception, and psychomotor skills particularly 
affected, and identified a need to plan for social 
as well as educational rehabilitation following 
treatment (Saury and Emanuelson 2011).

While increasingly complex psychometric 
testing, performed with progressively greater 
maturity of follow-up, is now being studied, there 
has been renewed interest in long-term “real-life” 
outcomes. An early, single-center case series of 
37 very young medulloblastoma patients, all 
treated with radiotherapy between 1956 and 
1988, found 13 still living and an additional 3 
who survived for 10 years post treatment. Of 

these 16 survivors, 9 had attended mainstream 
schools with support for learning difficulties and 
6 had attended special schools. Of the 9 survivors 
who had reached school leaving age, 1 of the 2 
who had obtained a job had managed to keep it 
until dying at the age of 22 from complications of 
chemotherapy. None of the survivors had married 
and only 1 was noted to be living independently 
(Kiltie et al. 1997). A more recent single-center 
series of 33 infants diagnosed with any brain 
tumor under the age of 1 year and treated between 
1982 and 2005 found that of 20 survivors, 12 had 
a good outcome (defined as no or mild disability 
and leading an active life). Ten were either attend-
ing mainstream schooling or in skilled employ-
ment. Fourteen had some form of neurological 
deficit, including seizures, limb weakness, and 
cranial nerve dysfunction. One survivor still 
needed assisted ventilation and gastrostomy 
feeding. Again in this series, diagnosis of medul-
loblastoma (n  =  3) was associated with worse 
outcome (Pillai et al. 2012).

7.14  Hearing Deficits

Audiologic toxicity is a major and frequently 
permanent side effect endured by medulloblas-
toma patients, mainly due to the use of cisplatin, 
but also secondary to the use of radiotherapy. 
Indeed, in the COG A9961 study, which utilized 
23.40 Gy CSI and cisplatin-based chemotherapy, 
cumulative Grade 3 or 4 toxicity was seen in 
nearly one-quarter of the patients (Packer et  al. 
2006).

7.15  Endocrine Outcomes

Therapy for medulloblastoma involves radiation 
doses to the hypothalamic-pituitary axis resulting 
in significant endocrinologic toxicity, including 
growth hormone, thyroid hormone, adrenocorti-
cotropic hormone (ACTH), and sex steroid defi-
ciencies. Studies suggest that almost all children 
treated with radiation doses in excess of 35.00 Gy 
will develop growth hormone deficiency, which 
generally occurs within the first 5 years after 
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treatment (Sklar and Constine 1995). Indeed, a 
prospective study for medulloblastoma, called 
SJMB96 (Laughton et al. 2008), where patients 
received risk-adapted CSI (23.4 Gy for average 
risk, 36.0  Gy for M0/1 high-risk disease and 
36.0–39.6  Gy for M2/M3 high-risk disease), 
found that almost all patients (4-year cumulative 
incidence 93 ± 4% overall) experienced growth 
hormone failure which was associated with 
impaired linear growth. Of note while no signifi-
cant difference was observed between the differ-
ent treatment groups, the estimated decline in 
height z-scores was significantly greater in high-
risk patients compared with average-risk patients, 
possibly due to the direct effects on bone in those 
receiving higher doses of CSI. Similarly, ACTH 
deficiency was not influenced by hypothalamic 
radiation dose, with a 36 ± 7% cumulative inci-
dence for average-risk patients compared with 
41  ±  10% cumulative incidence for high-risk 
patients. In contrast, TSH deficiency and primary 
hypothyroidism were both significantly more 
common in high-risk patients than average-risk 
patients (89 ± 13% vs. 54 ± 9%, and 44 ± 19% vs. 
11  ±  8%, respectively). Consistent with these 
data a recent review of 109 children of all ages 
treated for medulloblastoma in a single center 
over a 20-year period from 1982 to 2002 
described endocrine outcomes in 35 survivors for 
whom both treatment and late effects data was 
available (Uday et al. 2015). 34/35 patients (97%) 
developed complete or partial growth hormone 
deficiency. 16/35 survivors (46%) developed 
ACTH deficiency, and seven patients (20%) had 
precocious puberty, while one presented with 
delayed puberty. Eight survivors (23%) devel-
oped gonadal dysfunction as adults (7 males, 5 
with primary hypogonadism (14%) of whom 3 
(9%) had previously had either precocious or 
delayed puberty, and 2 with secondary hypogo-
nadism (6%); 1 female (3%) with primary hypo-
gonadism). Twenty (57%) survivors developed 
primary hypothyroidism, with six being symp-
tomatic at presentation and the remainder diag-
nosed on routine follow-up screening. Reducing 
the CSI dose appears to improve endocrine out-
comes. For example, in a small series (Xu et al. 
2004) of seven survivors who had been treated 

with 18  Gy CSI, although all seven patients 
required GH replacement, adult and sitting 
heights were significantly greater for the group 
that received 18  Gy compared to a historical 
cohort of 12 comparable children who received 
between 23 and 39 Gy CSI. Notably adult heights 
for the 18 Gy cohort were not different from mid-
parental heights. In addition, hypothyroidism, 
hypoadrenalism, hypogonadism, and precocious 
puberty were all absent or less frequent in the 
18 Gy group. The authors concluded that endo-
crine morbidity was significantly reduced with 
18 Gy CSI (Xu et al. 2004).

In summary, a strong correlation between total 
radiation dose and the development of pituitary 
hormone deficiencies exists. Lower doses of CSI 
(18–24  Gy) are likely to cause isolated growth 
hormone deficiency, whereas higher doses 
(>60 Gy) frequently cause panhypopituitarism. A 
variable endocrine phenotype has been observed 
with intermediate doses. A high dose spread over 
a longer period of time in smaller fractions is 
likely to reduce the incidence of hypopituitarism 
(Uday et al. 2015). While survivors now undergo 
regular long-term follow-up, and the availability 
of hormone replacement means that deficiencies 
can be treated, the high prevalence of endocrine 
late-effects is still a significant contributor to 
treatment-related morbidity (Mostoufi-Moab and 
Grimberg 2010). Of note, growth hormone treat-
ment has been shown not to be associated with an 
increased risk of medulloblastoma relapse, as 
was previously speculated (Rohrer et  al. 2010; 
Darendeliler et al. 2006).

7.16  The Present: Molecular 
Stratification 
of Medulloblastoma

Over the past decade, the application of high-
throughput array techniques to combined inter-
national cohorts totaling more than 1300 
children with medulloblastoma has led to an 
avalanche of data and the dissection of the com-
plex molecular biology of medulloblastoma. 
Whereas medulloblastoma was previously con-
sidered one disease, these studies have identified 
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a compendium of at least four different diseases, 
defined by unique molecular profiles, clinical 
behavior, and outcomes.

The first transcriptomic analysis of a number 
of different malignant pediatric brain tumors in 
2002 showed medulloblastoma, PNET, ATRT, 
and high-grade glioma to be distinct biological 
entities (Pomeroy et  al. 2002). Subsequent 
cohorts, initially numbering a few dozen cases in 
the mid-2000s (Thompson et al. 2006; Kool et al. 
2008) and building to nearly 200 patient samples 
in 2011 (Cho et al. 2011) demonstrated the exis-
tence of between 4 and 6 identifiable medullo-
blastoma subgroups. Common to all analyses 
were groups characterized by abnormalities in 
the WNT and SHH pathways, already identified 
due to their involvement in inherited cancer syn-
dromes. The remaining Non-WNT, Non-SHH 
tumors were divided between 2 to 4 subgroups, 

which while distinct from the SHH and WNT 
subgroups, showed a considerable degree of 
overlap between themselves. All studies found 
distinct subgroups within the non-WNT/SHH 
grouping, variously associated with isochromo-
some 17q and other chromosome 17 abnormali-
ties, LCA histology, and MYC copy number 
abnormalities. The studies with the largest cohorts 
all identified subgroups associated with photore-
ceptor gene expression and neuronal activation, 
with a degree of overlap between the two (Kool 
et al. 2008; Cho et al. 2011). A consensus confer-
ence in Boston in late 2010 (Taylor et al. 2012) 
subsequently settled on four core subgroups com-
prising WNT, SHH, Group 3, and Group 4 medul-
loblastoma, with a recognition that future 
subdivisions within these subgroups was likely 
(Taylor et al. 2012; Northcott et al. 2011a; Kool 
et al. 2012) (Fig. 7.7). This molecular subgrouping 
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Fig. 7.7 Schematic diagram illustrating the four consen-
sus subgroups identified in medulloblastoma, with their 
associated demographic, clinical, and biological features, 

and their relationships to previous attempts at subgroup-
ing. Taken from Taylor et al. (2012)

N. G. Gottardo and C. I. Howell



161

has also been incorporated into the updated WHO 
classification of Tumors of the Central Nervous 
System, which utilizes a tiered approach to diag-
nosis (Louis et al. 2016).

Importantly, these subgroups are of immediate 
clinical value: the WNT subgroup, while the least 
common, identifies a group of childhood tumors 
with excellent prognosis (Ellison et  al. 2005; 
Clifford et al. 2006), while small-molecule inhibi-
tors of the SHH pathway are available for targeted 
therapy in the SHH subgroup (Rudin et al. 2009; 
Gajjar et al. 2013). Identification of medulloblas-
toma subgroups has also enabled resolution of 
previously inconclusive data regarding the prog-
nostic significance of mutations and cytogenetic 
abnormalities found in medulloblastoma and 
allowed the development of subgroup-specific 
classifications combining with clinical and bio-
logical variables (Shih et al. 2014) (Table 7.6).

Although no unifying mutation has been 
identified and most of the mutations found in 
medulloblastoma were restricted to single cases, 
recurrent mutations in chromatin-regulating 
genes have been identified in up to 40% of 
medulloblastomas, many of which were sub-
group specific (Jones et al. 2012, 2013), while a 
smaller proportion were seen across all four sub-
groups (e.g., mutations in MLL2 and MLL3 
(Parsons et  al. 2011)). Higher-level bioinfor-
matic analysis of chromatin immunoprecipita-
tion and sequencing (ChIP-seq) data has 
permitted the identification of networks of 
enhancers and superenhancers (large regions 
containing multiple enhancers) that map to the 
four major medulloblastoma subgroups, and in 
the case of Group 4, a superenhancer signature 
has indicated a possible cell of origin for this 
subgroup (Lin et  al. 2016). Thus, epigenomic 

dysregulation has emerged as a critical step in 
medulloblastoma pathogenesis.

The genetic landscape of medulloblastoma. 
Recurrent genetic aberrations identified in medul-
loblastoma (derived from Northcott et al. 2012a, 
b, Robinson et al. 2012, Pugh et al. 2012, Jones 
et al. 2012, and Northcott et al. 2014), averaged 
and displayed proportionally by height of terrain 
peaks. The figure reveals the unique subgroup-
specific molecular aberration and highlights chro-
matin remodeling mutations as the unifying theme 
among all four medulloblastoma subgroups. 
Wingless (WNT) medulloblastoma (left; blue icy 
landscape), the most molecularly homogenous 
group, consists of CTNNB1 mutations in 85%, 
monosomy 6 in 80%, DDX3X mutation in 50%, 
TP53 mutation in 13%, and mutations in chroma-
tin remodeling genes in 49.5% (composed of 
mutations in SMARCA4 [25%], MLL2 [12.5%], 
CREBBP [6%], TRAPP [3%], and MED13 [3%]). 
For the chromatin remodeling peaks (darker col-
ored shading), only the most commonly mutated 
gene is labeled. Sonic hedgehog (SHH) medullo-
blastoma (bottom; red volcanic landscape) con-
sists of PTCH1 mutation/deletion in 29%, TP53 
mutation in 18%, DDX3X mutation in 11%, GLI2 
amplification/mutation in 8%, MYCN amplifica-
tion in 6%, SUFU mutation in 6%, SMO mutation 
in 3%, PTEN deletion in 2.5%, MYCL1 amplifica-
tion in 2%, CDK6 amplification in 1%, MYCC 
amplification in 0.7%, and mutations in chroma-
tin remodeling genes in 21% (composed of muta-
tions in MLL2 [12%], BCOR [3%], LBD1 [3%], 
NCOR2 [1.5%], and SMARCA4 [1.5%]). Group 3 
medulloblastoma (top; yellow desert rocky ter-
rain) is characterized by GFI1/1B structural vari-
ants (e.g., inversions, duplications) in 41%, 
isochromosome (iso) 17q in 26%, transforming 

Table 7.6 Proposed stratification algorithm based on molecular subgroup; M stage; GLI2 and MYC amplification 
status, and cytogenetic abnormalities in chromosomes 11, 14 and 17 (Shih et al. 2014)

WNT SHH Group 3 Group 4
High risk Either GLI2 amp, OR 

both 14q loss and M+
Any one of MYC amp OR 
iso17q OR M+

Neither 11 loss nor  
17 gain; M+

Standard risk No GLI2 amp; 14q loss 
OR M+;

None of the above Neither 11 loss nor  
17 gain; M-

Low risk All low risk None of the above Either 11 loss or 17 gain

M+ metastatic disease at presentation, amp amplification, iso17q isochromosome 17q

7 Medulloblastoma



162

growth factor (TGF)—signaling in 20%, MYCC 
amplification in 17%, PVT1 alterations in 12%, 
OTX2 amplification in 8%, MYCN amplification 
in 4%, DDX3X mutation in 3%, CDK6 amplifica-
tion in 1%, and mutations in chromatin 
 remodeling genes in 28.5% (composed of muta-
tions in SMARCA4 [10.5%], other KDM family 
members [5%], MLL2 [4%], KDMA6A [3%], 
GPS2 [3%], MLL3 [1%], CREBBP [1%], and 
CHD7 [1%]). Group 4 medulloblastoma (right; 
green forest mountain terrain) is characterized by 
iso 17q in 80%, GFI1/1B structural variants in 
10%, SNCAIP tandem duplications in 10%, 
OTX2 amplification in 5.5%, MYCN amplifica-
tion in 5%, CDK6 amplification in 5%, TP53 
mutation in 1%, MYCC amplification in 1%, and 
mutations in chromatin remodeling genes in 30% 
(composed of mutations in KDMA6A [13%], 
other KDM family members [4%], MLL3 [3%], 
CHD7 [3%], ZMYM3 [3%], MLL2 [2%], GPS2 
[1%], and BCOR [1%])

7.16.1  WNT-Subgroup 
Medulloblastoma

The WNT subgroup is the best-characterized and 
least common subgroup, accounting for approxi-
mately 10% of medulloblastoma patients 
(Table 7.7). The association of Turcot syndrome 
with medulloblastoma (see Table 7.1) led to the 
identification of a subset of childhood medullo-
blastoma with aberrant WNT signaling, nuclear β 
catenin immunopositivity, and good prognosis 
prior to the era of expression analysis (Ellison 
et  al. 2005; Clifford et  al. 2006; Pomeroy and 
Sturla 2003).

WNT-subgroup medulloblastoma has a 
female preponderance and generally arises in 
older children, with a median age of 10 years; 
WNT tumors have not been reported in children 
under the age of 3 years. Almost all WNT sub-
group medulloblastomas exhibit classic histol-
ogy, though occasionally there are LCA.  The 
nodular desmoplastic histological variant of 
medulloblastoma has not been reported in 
patients with WNT subgroup medulloblastoma 
(Ellison et  al. 2011a, b). Most are non-metat-
static at presentation (Kool et al. 2012). Animal 
studies suggest that they originate from cells 
located in the lower rhombic lip (Gibson et  al. 
2010) and occur as a result of aberrant cell 
migration; therefore, as a result they are most 
frequently located centrally and adherent to the 
brainstem (Fig.  7.9a). This location may have 
clinical implications at the time of surgical 
 resection, in particular in relation to develop-
ment of posterior fossa syndrome (see Sect. 7.7). 
Monosomy 6 is the hallmark cytogenetic abnor-
mality of WNT subgroup and occurs in around 
85% of cases (Gajjar et al. 2006; Ellison 2010; 
Ellison et  al. 2011a, b; Fattet et  al. 2009). 
Otherwise, WNT tumors are largely devoid of 
recurrent focal regions of deletion or gain 
(Northcott et al. 2012b).

MBWNT is also very homogenous at a molecu-
lar level, and is defined by specific recurrent 
mutations (Jones et  al. 2012; Northcott et  al. 
2012a; Robinson et  al. 2012; Pugh et  al. 2012) 
(Fig. 7.8). Mutations in exon 3 of the CTNNB1 
gene occur in 85% of cases, and result in reduced 
cytoplasmic degradation and nuclear accumula-
tion of the WNT pathway transcription factor 
β-catenin. Mutations in DDX3X, which encodes 

Table 7.7 Frequency of the four medulloblastoma subgroups

Reference
Total number of 
samples WNT SHH Group 3 Group 4

Northcott et al. (2011b) 827 76 (9%) 266 (32%) 168 (20%) 317 (38%)
Robinson et al. (2015) 93 11 (12%) 13 (14%) 17 (18%) 38 (41%)
Pugh et al. (2012) 92 6 (6.5%) 23 (25%) 33 (36%) 30 (32.6%)
Jones  et al. (2012) 125 15 (12%) 30 (24%) 26 (21%) 40 (32%)
Average 1137 10% 24% 24% 36%

N. G. Gottardo and C. I. Howell



163

Fig. 7.8 The genetic landscape of medulloblastoma (taken 
from Gajjar et al. 2015). Recurrent genetic aberrations 
identified in medulloblastoma (derived from Northcott et 
al. 2012a, b; Robinson et al. 2012; Pugh et al. 2012; Jones 
et al. 2012; and Northcott et al. 2014), averaged and dis-
played proportionally by height of terrain peaks. The fig-
ure reveals the unique subgroup-specific molecular 
aberration and highlights chromatin remodeling muta-
tions as the unifying theme among all four medulloblas-
toma subgroups. Wingless (WNT) medulloblastoma (left; 
blue icy landscape), the most molecularly homogenous 
group, consists of CTNNB1 mutations in 85%, mono-
somy 6 in 80%, DDX3X mutation in 50%, TP53 mutation 
in 13%, and mutations in chromatin remodeling genes in 
49.5% (composed of mutations in SMARCA4 [25%], 
MLL2 [12.5%], CREBBP [6%], TRAPP [3%], and 
MED13 [3%]). For the chromatin remodeling peaks 
(darker colored shading), only the most commonly 
mutated gene is labeled. Sonic hedgehog (SHH) medul-
loblastoma (bottom; red volcanic landscape) consists of 
PTCH1 mutation/deletion in 29%, TP53 mutation in 18%, 
DDX3X mutation in 11%, GLI2 amplification/mutation 
in 8%, MYCN amplification in 6%, SUFU mutation in 
6%, SMO mutation in 3%, PTEN deletion in 2.5%, 
MYCL1 amplification in 2%, CDK6 amplification in 1%, 

MYCC amplification in 0.7%, and mutations in chromatin 
remodeling genes in 21% (composed of mutations in 
MLL2 [12%], BCOR [3%], LBD1 [3%], NCOR2 [1.5%], 
and SMARCA4 [1.5%]). Group 3 medulloblastoma (top; 
yellow desert rocky terrain) is characterized by GFI1/1B 
structural variants (e.g., inversions, duplications) in 41%, 
isochromosome (iso) 17q in 26%, transforming growth 
factor (TGF)-signaling in 20%, MYCC amplification in 
17%, PVT1 alterations in 12%, OTX2 amplification in 
8%, MYCN amplification in 4%, DDX3X mutation in 
3%, CDK6 amplification in 1%, and mutations in chroma-
tin remodelling genes in 28.5% (composed of mutations 
in SMARCA4 [10.5%], other KDM family members 
[5%], MLL2 [4%], KDMA6A [3%], GPS2 [3%], MLL3 
[1%], CREBBP [1%], and CHD7 [1%]). Group 4 medul-
loblastoma (right; green forest mountain terrain) is char-
acterized by iso 17q in 80%, GFI1/1B structural variants 
in 10%, SNCAIP tandem duplications in 10%, OTX2 
amplification in 5.5%, MYCN amplification in 5%, CDK6 
amplification in 5%, TP53 mutation in 1%, MYCC ampli-
fication in 1%, and mutations in chromatin remodeling 
genes in 30% (composed of mutations in KDMA6A 
[13%], other KDM family members [4%], MLL3 [3%], 
CHD7 [3%], ZMYM3 [3%], MLL2 [2%], GPS2 [1%], 
and BCOR [1%])
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for an RNA helicase required for chromosomal 
segregation, are enriched in MBWNT, being pres-
ent in 50% of cases compared to 11 and 3% of 
SHH and Group 3 tumors, respectively. Frequent 
coexistence of DDX3X and CTNNB1 gene muta-
tions suggests these may cooperate in the devel-
opment of WNT subgroup medulloblastoma.

Of note, approximately 12–15% of WNT 
tumors are found to harbor TP53 mutations; how-
ever, these are not associated with a poor progno-
sis or with underlying TP53 germline mutations 
(Li Fraumeni syndrome) (Zhukova et  al. 2013; 
Shih et al. 2014; Lindsey et al. 2011) in this sub-
group. In WNT tumors, chromatin dysregulation 
occurs either through mutations in MLL2 (13%) 
or the SWI/SNF chromatin remodeling complex 
member SMARCA4 (25%) (Jones et  al. 2012; 
Northcott et  al. 2012a; Robinson et  al. 2012; 
Pugh et al. 2012).

Most notably, MBWNT has the best prognosis 
of all subgroups. Patients with MBWNT have 
excellent survival using contemporary therapy, 
with 5-year EFS over 90% (Gajjar et  al. 2006; 
Ellison et  al. 2005, 2011b; Fattet et  al. 2009). 
Preclinical studies suggest that the excellent 
prognosis associated with MBWNT is due to 
increased permeability of the blood brain barrier, 
secondary to paracrine signals driven by mutant 
β-catenin, which allows high levels of 
 chemotherapy to build up within the tumor 
(Phoenix et al. 2016). While patients with MBWNT 
and LCA histology appear to retain a favorable 
outcome, the small number of cases reported (6% 
of MBWNT patients) makes the prognosis of this 
rare patient group uncertain (Ellison 2010; 
Ellison et al. 2011b). Given the extremely good 
prognosis of MBWNT, the pressing clinical need in 
this group is to de-escalate treatment to reduce 
therapeutic toxicity while maintaining the excel-
lent prospects for long-term overall survival. 
MBWNT tumors may be identified by using immu-
nohistochemistry for nuclear β-catenin immuno-
reactivity on formalin-fixed paraffin embedded 
tissue, fluorescent in situ hybridization (FISH) to 
identify monosomy 6, or sequencing tumor DNA 
for mutations in CTNNB1 (Ellison 2010; Ellison 
et  al. 2011b). Combined β-catenin, YAP1 and 
filamin A immunoreactivity robustly confirms 

the status of WNT-driven medulloblastomas 
(Ellison et al. 2011b), while Sanger sequencing 
of CTNNB1 and methylation profiling may be 
even more reliable (Pietsch et al. 2014). For the 
purposes of clinical trials and treatment stratifica-
tion, current international consensus suggests 
that WNT tumors should be identified using two 
diverse methods including nuclear β-catenin 
immunoreactivity, monosomy 6 by FISH or SNP 
array, or a CTNNB1 mutation, WNT pattern by 
DNA methylation or by gene expression 
(Gottardo et al. 2014; Ramaswamy et al. 2016).

7.16.2  SHH Subgroup 
Medulloblastoma

The SHH subgroup is named for the sonic hedge-
hog signaling pathway, an important regulator of 
the growth and development of neural progenitor 
cells (Yang et al. 2008). SHH pathway activation 
is unique to MBSHH, with around 87% of SHH 
tumors having identifiable mutations (e.g., 
SUFU, PTCH, SMO) or amplification (e.g., 
GLI1, GLI2) within the pathway (Kool et  al. 
2014). MBSHH accounts for approximately one-
quarter of medulloblastoma cases (Table  7.7), 
most of which are of nodular desmoplastic histol-
ogy (Kool et al. 2008; Cho et al. 2011), although 
classic and LCA histology also occur. The sex 
distribution is equal between males and females. 
Almost half of SHH cases and one-fifth of G3 
cases harbor 9q loss. Animal studies suggest that 
SHH tumors arise from cerebellar granule neuron 
precursor cells (Gilbertson and Ellison 2008) and 
consequently these tumors are frequently located 
in the cerebellar hemispheres (Fig.  7.9b, c). 
MBSHH have a bimodal age distribution, occur-
ring most commonly in very young children and 
adults, and are relatively rare during older child-
hood, while emerging evidence indicates the 
existence of biologically distinct subsets of 
MBSHH occurring at different ages (Schwalbe 
et al. 2017; Cavalli et al. 2017). Unlike MBWNT, 
significant genomic heterogeneity is observed 
among the SHH subgroup (Fig.  7.8). Overall, 
around 20% of MBSHH patients have TP53 muta-
tions (Zhukova et al. 2013), often associated with 
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LCA histology, 17p loss (25%) or MYCN (Jones 
et al. 2012; Pfaff et al. 2010), and GLI2 amplifi-
cations (Kool et al. 2014). Copy number abnor-
malities of other p53 pathway components 
(MDM4 and PPM1D amplifications, focal TP53 
deletions) occur exclusively in SHH tumors. 
Other notable pathways targeted in SHH sub-
group medulloblastoma are IGF signaling 
(IGF1R and IRS2 amplifications) and the PI3K 
pathway (PI3KC2G and PI3KC2B amplification; 
PTEN deletions). SHH tumors also contain muta-
tions in chromatin remodeling genes in approxi-
mately 30% of cases; 14% of SHH tumors are 
characterized by mutations or amplifications tar-
geting members of the nuclear receptor co-
repressor (N-CoR) complex, as well as MLL2 
(12%) and SMARCA4 (1.5%) mutations.

Emerging evidence from sequencing (Kool 
et  al. 2014) and methylation (Schwalbe et  al. 
2017) studies indicates age-dependent subdivi-

sions within the SHH subgroup (Kool et al. 2012, 
2014; Northcott et al. 2011b). PTCH1 mutations 
occur commonly in all three age groups and are 
rarely associated with additional mutations; a 
third of these are germline mutations (Gorlin 
syndrome). In contrast, other mutations are age-
dependent: SUFU mutations occur most com-
monly in under 3 s, while TP53 mutation occurs 
predominantly in older children, with 80% hav-
ing germline mutations (Li Fraumeni syndrome) 
(Kool et  al. 2014). MYCN and GLI2 amplifica-
tions often occur in TP53-mutated MBSHH tumors, 
often alongside multiple other abnormalities that 
indicate chromothripsis (Kool et al. 2014). Such 
mutations and events are rare or absent in very 
young children. TP53 mutation is associated with 
poor outcome in MBSHH (Tabori et  al. 2010), 
while in the absence of TP53 mutation or clinical 
risk factors MBSHH has 5-year OS of 76% 
(Zhukova et al. 2013).

a b c

d e f

Fig. 7.9 Classic MRI characteristics for the different 
molecular subgroups. (a) WNT medulloblastoma: axial 
post-contrast T1 image demonstrating centrally located 
tumor adjacent to the brainstem. (b) and (c) SHH medullo-
blastoma: axial and coronal post-contrast T1 images 

 revealing tumor in cerebellar hemisphere. (d), (e) and (f) 
Group 3 medulloblastoma: axial and spinal post-contrast T1 
images showing widespread leptomeningeal dissemination, 
commonly seen in Group 3 disease. Images courtesy of Dr. 
Amar Gajjar (St Jude Children’s Research Hospital)

7 Medulloblastoma



166

SFRP1, GLI1, and GAB1 have been proposed 
as subgroup-specific immunohistochemical 
markers for MBSHH (Taylor et al. 2012; Northcott 
et al. 2011a; Ellison et al. 2011b; Min et al. 2013), 
although at present an expression or methylation 
signature consistent with that of a SHH subgroup 
tumor is considered optimum (Gottardo et  al. 
2014).

7.16.3  Group 3 and Group 4 Tumors 
(Also Collectively Known 
as Non-SHH/Non-WNT 
Subgroup)

The current consensus considers two further sub-
groups, which in the absence of characteristic 
driving pathway aberrations are referred to as 
Group 3 and Group 4. Together these subgroups 
account for 60–65% of children with medullo-
blastoma. Group 3 and Group 4 represent a con-
tinuum with clear molecular separation at the 
extremes of the spectrum. MYC amplification is 
the dominant discriminatory driver in Group 3, 
whereas MYCN amplification is more commonly 
encountered in Group 4 (as well as the SHH sub-
group) and tandem duplication of SNCAIP 
(α-synuclein-interacting protein) is seen exclu-
sively in Group 4 medulloblastoma (Northcott 
et  al. 2012b). Notably, Group 3 and Group 4 
share significant molecular overlay representing 
an intermediate, difficult to classify subgroup. 
Clinical and molecular features common to 
Group 3 and Group 4 include male predominance 
(2:1 M:F ratio), the presence of isochromosome 
17q, amplification or overexpression of the onco-
gene OTX2 (66% prevalence in Group 4 com-
pared with 26% in Group 3), more frequent 
occurrence of tetraploidy, identified as an early 
and common driver event (1/4 alleles affected) 
(Jones et al. 2012), and the infrequent existence 
of driver mutations. “Enhancer hijacking” has 
emerged as the hallmark molecular feature in 
Groups 3 and 4. This process results in recurrent 
structural variants (deletions, duplications and 
inversions) converging on a hotspot on chromo-
some 9q34, which results in the juxtaposition of 
the proto-oncogene Growth Factor Independent 
1 (GFI1) in approximately 40% of Group 3 and 

of the related gene GFI1B in 10% of Group 4 
tumors, next to active enhancer elements 
(Northcott et al. 2014). Thus, through the activa-
tion of diverse structural variants, GFI1 and 
GFI1B are major drivers in Group 3 and Group 4 
medulloblastoma.

7.16.3.1  Group 3 Tumors
MBgroup3 tumors comprise around one-quarter of 
all medulloblastomas and occur predominantly in 
very young children and in older children. The 
LCA histology is enriched, particularly in very 
young children, although overall most MBgroup3 
cases have classic histology. Prevalence of metas-
tasis, especially macrometastatic disease (M2+), 
is highest in these tumors, with between 30 and 
50% of Group 3 patients presenting with dissemi-
nated disease (Taylor et  al. 2012) (Fig.  7.9d–f). 
No single defining pathway or event unifies this 
subgroup, although photoreceptor gene programs 
are frequently upregulated. Although Group 3 
medulloblastomas demonstrate a relative paucity 
of individual driver gene mutations, approxi-
mately one-third of cases exhibit deregulated his-
tone methylation via a number of different gene 
mutations, including SMARCA4, KDM6A and 
other KDM family members, and MLL2 (Fig. 7.8). 
In addition, Group 3 tumors appear to utilize 
alternate mechanisms to achieve the same func-
tional result, since for tumors where no mutation 
was identified, increased expression of the poly-
comb gene ENZ2, replicated the consequences of 
chromatin modifying gene mutations. In addition, 
copy number profiling revealed dysregulation of 
genes which regulate the TGF-β signaling, either 
through gain (ACVR2A, ACVR2B, and TGFBR1) 
or deletion of pathway inhibitors (CD109, 
FKBP1A, and SNX6) in 20% of Group 3 tumors. 
OTX2, a known target of TGF-β signaling in the 
developing nervous system, is also amplified in 
approximately 8% of Group 3 patients. Notably, 
MYC amplification and OTX2 amplification are 
mutually exclusive. Group 3 tumors have the 
worst outcome of the four subgroups, with relapse 
occurring early and an overall 5-year survival of 
58% in children and 39% in those aged under 4 
years (Kool et al. 2012). For patients with meta-
static disease and MYC amplification, survival is 
dismal (Cho et al. 2011).

N. G. Gottardo and C. I. Howell



167

Currently, the best marker for identifying Group 
3 is clustering with other Group 3 tumors, and 
although immunohistochemical positivity for 
NPR3 has been proposed as an alternative (Taylor 
et al. 2012; Northcott et al. 2011a), other studies 
have reported a lack of sensitivity (Min et  al. 
2013). This subgroup harbors the most promising 
candidate for a clinically and biologically distinct 
subordinate subtype, with MYC amplification 
identifying a putative “3α” group, which corre-
lates with the C1 MYC subgroup reported by Cho 
and colleagues (2011). In contrast, non MYC-
amplified 3b tumors correspond to Cho and col-
leagues’ C5 photoreceptor group and share a 
similar outcome to Group 4 tumors. Given the 
very poor prognosis of Group 3, greater under-
standing of its pathogenesis and development of 
practical biomarkers and accurate experimental 
mouse models are research priorities (Taylor 
et al. 2012).

7.16.3.2  Group 4 Tumors
Group 4 is the largest subgroup, accounting for 
just over one-third of medulloblastoma cases 
(Table 7.7). Group 4 represents the prototypical 
medulloblastoma case, with onset in childhood 
rather than infancy or adulthood, classic histol-
ogy, and the strongest association with isochro-
mosome 17q (80% of cases). There is a strong 
male predominance, with a 2:1 ratio between the 
sexes, and interestingly 80% of MBgroup4 females 
have loss of an X chromosome (Taylor et  al. 
2012). Biologically, however, this subgroup is the 
least well-understood. The most common copy 
number aberration identified in Group 4 tumors 
was a single-copy gain of SNCAIP arising from a 
tandem duplication, which is present in around 
10%. SCNAIP duplications were associated with 
isochromosome 17q, but mutually exclusive of 
copy number abnormalities, including MYCN and 
CDK6 amplifications which are also commonly 
found in MBgroup4 (Fig. 7.8). Insights derived from 
the discovery of superenhancers have identified 
deep cerebellar neurons of the nuclear transitory 
zone, or possibly their precursors in the upper 
rhombic lip, as the putative cell of origin for 
Group 4 medulloblastoma (Lin et al. 2016).

The prognosis of Group 4 tumors is intermedi-
ate, with 5-year OS of approximately 60% for 

both children and the under 4 age group (Kool 
et  al. 2012). In contrast, Group 4 patients with 
metastatic disease have a higher risk of relapse. 
Among Group 4 patients, those with either chro-
mosome 11 loss or gain of chromosome 17 were 
found to be low risk, regardless of metastases; in 
cases lacking both these cytogenetic features, 
metastasis at presentation differentiated between 
high and intermediate risk. The few very young 
children within this subgroup (Shih et al. 2014) 
have a poor prognosis.

Like MBgroup3, subgroup affiliation is currently 
best defined by clustering with other Group 4 
tumors. KCNA1 immunopositivity has been pro-
posed as a surrogate marker (Taylor et al. 2012; 
Northcott et  al. 2011a), although this has been 
reported as lacking in specificity (Min et  al. 
2013). MBgroup4 tumors exhibit a relative paucity 
of mutations, but as with MBgroup3deregulated his-
tone methylation is a principal feature. Copy 
number profiling also reveals deregulated 
NF-Kappa B signaling, and infrequent homozy-
gous deletions of KDM6A (Northcott et  al. 
2012b).

Further bioinformatic studies in larger cohorts 
(Schwalbe et al. 2017; Cavalli et al. 2017) have 
now provided the resolution to identify clinically 
relevant subdivisions of the four consensus sub-
groups from methylation and gene expression 
patterns. Unsurprisingly, the fault-lines within 
subgroups have occurred around events known to 
be enriched in but not universal to particular sub-
groups, such as MYC amplification in G3, and 
MYCN amplification in SHH and G4. Subtypes 
within the SHH subgroup are also defined by age, 
with MB-SHH in very young children identified 
as being distinct from SHH-activated disease in 
older children and adults.

7.17  The Future: Incorporation 
of Medulloblastoma 
Subgroup-Specific Therapies

The experience of the last four decades has shown 
that the successful treatment of medulloblastoma 
in children requires neurosurgery followed by 
radiotherapy and chemotherapy. To minimize the 
adverse effects of current treatments, improved 
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stratification and new therapeutic options are 
required. Given the distinct clinical behavior and 
survival outcomes of the different molecular sub-
groups, a major feature of the next generation of 
medulloblastoma clinical trials will be the adop-
tion of an integrated classification system based 
on clinical, histological, and molecular criteria in 
order to allow more precisely risk-stratified ther-
apy. Thus, generic pan-medulloblastoma clinical 
trials will give way to subgroup-specific trials. 
Subgroup-based stratification will permit a 
decrease in therapy for patients with the best out-
come to decrease morbidity, while introducing 
novel subgroup-specific therapies for the other 
subgroups. Current clinical trials from a number 
of collaborative groups have reached the stage 
where they have begun to stratify treatment on 
the basis of molecular subgroups. The St Jude 
Children’s Research Hospital Trial SJMB12 
incorporates WNT, SHH, and non-WNT/non-
SHH subgroups into its stratification, investigat-
ing the effects of reducing therapy for WNT 
patients, while incorporating the SMO inhibitor, 
vismodegib, for older patients with SHH tumors, 
although a different target will be required in 
tumors driven by mutations downstream in the 
SHH pathway (Kool et al. 2014; Robinson et al. 
2015). Novel cytotoxic chemotherapy is being 
utilized in high-risk patients with non-WNT/non-
SHH subgroup medulloblastoma (St Jude’s 
Children’s Research Hospital 2013). Meanwhile, 
both the SIOP-Europe PNET 5 (SIOPE 
Medulloblastoma/PNET Working Group 2015) 
and COG ACNS1422 (Children’s Oncology 
Group 2016b) medulloblastoma trials prospec-
tively identify the WNT subgroup medulloblas-
toma and are also de-escalating both CSI dose 
and chemotherapy in these patients.

7.17.1  Mouse MB Models 
and Patient-Derived 
Xenografts

Novel subgroup-specific therapies for the other 
subgroups are also needed, but patient numbers 
limit the rate of new clinical trials. Preclinical 
testing using sophisticated animal models that 

better represent the human disease enables 
 preliminary testing of many more drugs more 
rapidly than can be evaluated in the clinic. The 
increased understanding of the underlying biol-
ogy and drivers of medulloblastoma has led to the 
development of a large number of genetically 
engineered mouse models representative of three 
of the different medulloblastoma subgroups, 
including a large number of SHH models, several 
Group 3 models (Kawauchi et al. 2012; Pei et al. 
2012; Hanaford et al. 2016; Swartling et al. 2012) 
and one WNT model (Gibson et  al. 2010).To 
date, no genetically engineered Group 4 models 
have been generated. The majority of these mod-
els have focused on mutations in SHH pathway 
genes (Ptch1, Smo, Sufu) in conjunction with 
Trp53 knockout to increase the penetrance of the 
SHH pathway gene mutations, or on MYC-
family (Myc, Mycn) stabilizing mutations or 
expression, again often in conjunction with Trp53 
knockdown or manipulation (Roussel and 
Robinson 2013). In analysis of gene expression 
in a representative cohort of over 400 MB cases 
and 140 tumors derived from 20 different mouse 
models of medulloblastoma found a single model 
corresponding to MBWNT, 14 corresponding to 
MBSHH (mostly driven by Ptch1 or Smo) and 5 
corresponding to MBGroup3 (all containing Myc/
Mycn amplification and/or Trp53 abnormalities) 
(Poschl et al. 2014). This raises the concern that 
the increasingly recognized diversity within sub-
groups (Cavalli et al. 2017) is not adequately rep-
resented in traditional mouse models.

As an alternative to genetically engineered 
mouse models, patient-derived xenografts (PDX) 
are established by direct injection of medulloblas-
toma cells into the cerebellum of immune-defi-
cient mice (Zhao et  al. 2012). Because this 
approach avoids the selective, adaptive, and pro-
gressive changes associated with long-term 
in vitro culture, these are considered to better rep-
resent human medulloblastoma than traditional 
medulloblastoma cell lines that have been injected 
into the cerebellum of immune-deficient mice.

A number of promising therapies have been 
assessed using preclinical models. The novel 
cytotoxic agents gemcitabine and pemetrexed 
(Morfouace et al. 2014) showed activity against 
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MB in mouse models (Ramaswamy et al. 2014) 
and have subsequently been incorporated into a 
front-line clinical trial for medulloblastoma (St 
Jude’s Children’s Research Hospital 2013). 
Small-molecule inhibitors of bromodomain and 
extra terminal (BET)-containing proteins have 
been shown to be active against MYC-amplified 
medulloblastoma cell lines in  vitro, and PDX 
models derived from children with Group 3 
medulloblastoma and LCA histology tumors 
(Bandopadhayay et  al. 2014). In addition, BET 
bromodomain inhibitors appear to overcome the 
primary (Kool et al. 2014) and secondary (Rudin 
et  al. 2009) resistance associated with SMO 
inhibitors in SHH medulloblastomas, by modu-
lating GLI transcription downstream of SMO and 
SUFU in a mouse model (Tang et al. 2014).

7.18 Summary

For very young children with medulloblastoma a 
greater understanding of the underlying disease 
biology is required. Historically, many such 
patients have been treated in clinical trials that 
have recruited patients with brain tumors of 
diverse pathological types, with the aim of eval-
uating the effects of treatment protocols that 
sought to minimize or delay the use of CSI and 
its attendant adverse effects on growth and 
development. Future trials should categorize pri-
marily by diagnosis, rather than by age category, 
and very young children should be treated on 
appropriate medulloblastoma-specific trials to 
take advantage of innovations in subgroup-spe-
cific management of medulloblastoma. Such tri-
als should also make age-specific provision to 
avoid or substitute radiotherapy as a first-line 
treatment.

With the increasing subdivision of medullo-
blastoma into subgroup-specific categories, large 
trial cohorts will be required, necessitating an 
even greater degree of international collaboration 
and cooperation than currently exists. Future tri-
als should aim to recruit as close to 100% of eli-
gible patients as possible, and to collect clinical 
data and biological data from all patients 
(Kotecha et al. 2015).
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Ependymoma

Hendrik Witt and Kristian W. Pajtler

8.1  Epidemiology

Ependymomas account for approximately 12% 
of all childhood brain tumors (Louis et al. 2007). 
In the United States, about 170 new ependymo-
mas per year were diagnosed in children and 
young adult patients below the age of 25 years 
(Allen et  al. 1998). In a cohort of ependymal 
tumors of central nervous system (CNS) of the 
Central Brain Tumor Registry of the United 
States (CBTRUS), the annual age-adjusted inci-
dence rate was 0.41/100,000 in adult and pediat-
ric patients (Villano et al. 2013). In a study by the 
Canadian Pediatric Brain Tumor Consortium 
(CPBTC) of the incidence, management, and 
outcomes of Canadian infant brain tumor patients, 
a mean annual age-adjusted incidence rate for 
infant ependymomas of 4.6 per 100,000 children 
years was described (Purdy et  al. 2014). The 
mean age at diagnosis ranges from 4 to 6 years, 
and 12 to 30% are diagnosed in children below 
36 months of age (Purdy et al. 2014; Reni et al. 
2007). There is a male predominance for devel-

oping an intracranial ependymoma, with a male/
female ratio of 1.8 (Pajtler et  al. 2015; Purdy 
et al. 2014).

About 70% of childhood ependymomas arise 
within the posterior fossa (PF), 25% within the 
supratentorial (ST) compartment, and about 5% 
within the spinal (SP) canal (Kilday et al. 2012; 
Modena et al. 2012). The majority of spinal cord 
ependymomas arise in adolescents; ependymoma 
of the spine or cauda equina is a rarity in children 
under 10 years. In contrast, the primary location 
of ependymal tumors in adult patients is the spi-
nal cord or cauda equina in approximately 
50–60% of cases (Pajtler et  al. 2015; Villano 
et al. 2013).

Overall, the outcome of intracranial ependy-
moma in children still remains unsatisfactory. 
The clinical outcome varies across several pedi-
atric ependymoma studies; however, approxi-
mately 40% of childhood patients cannot be 
cured with current treatment regimens, the major-
ity of whom are young children under 4 years of 
age (Gajjar et  al. 2014; Korshunov et  al. 2010; 
Merchant et  al. 2009). Within the entire child-
hood ependymoma population up to the age of 18 
years, 5-year progression-free survival (PFS) 
rates range from 23% to 74%, and overall sur-
vival (OS) varies between 40 and 75% (Cage 
et al. 2013; Pajtler et al. 2015; Pejavar et al. 2012; 
Witt et al. 2011). Spinal ependymomas, includ-
ing myxopapillary (SP-MPE) and classic epen-
dymomas (SP-EPN), are rare in children. Spinal 
ependymomas have excellent long-term survival 
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rates, although relapses are seen regularly; myxo-
papillary and classic spinal ependymoma have 
10-year OS rates of nearly 100% (Bandopadhayay 
et al. 2015; Mack et al. 2014; Pajtler et al. 2015).

Recurrences and metastases are serious conse-
quences of intracranial ependymomas; about 
50% of children with intracranial ependymomas 
develop a relapse (Antony et  al. 2014). The 
majority of relapses develop within the first 3 
years, typically at the site of the primary tumor 
(Witt et al. 2011; Zacharoulis et al. 2008). About 
20% of failures have isolated distant recurrence 
(Merchant et al. 2004). Even late recurrences are 
not uncommon (Witt et  al. 2011); in particular, 
patients with ST-RELA-EPN have a significant 
relapse rate 5 years following diagnosis (Pajtler 
et al. 2015). The OS drops from 75% at 5 years to 
only 49% at 10 years in patients with a RELA 
fusion positive ependymoma. Meningeal dissem-
ination occurs with an incidence of 9–20% in 
pediatric ependymomas (Zacharoulis et al. 2008). 
Twenty-nine percentage of patients with meta-
static disease at diagnosis are infants (Purdy et al. 
2014). In the vast majority of patients (90%) with 
primary metastatic dissemination, the primary 
tumor is a Group A tumor of the posterior fossa, 
while only 10% have supratentorial localization 
and harbor the RELA fusion (Zacharoulis et  al. 
2008).

8.2  Pathogenesis and  
Molecular Subgroups

Ependymal tumors comprise a heterogeneous 
group of neuroepithelial malignancies of the CNS 
with variable prognosis that can occur in children 
and adults along the entire neuraxis, including 
the spine, posterior fossa, and supratentorial 
brain regions. Accurate histopathological diagno-
sis according to the World Health Organization 
(WHO) classification for CNS tumors (Louis 
et al. 2007) is challenging for ependymal tumors. 
In particular, distinction between grade II ependy-
momas and grade III anaplastic ependymomas is 
often difficult, with poor interobserver reproduc-
ibility even if performed by experienced neuropa-
thologists (Ellison et al. 2011; Tihan et al. 2008). 

In addition, many tumors contain isolated areas 
and each represents a distinct grade, resulting 
in the challenge of predicting which component 
of the tumor will influence the overall biologic 
behavior. Although histopathological similarities 
can be recognized among variants of ependy-
moma at different anatomical sites, the under-
lying molecular biology is heterogeneous, with 
distinct genetic and epigenetic alterations as well 
as diverse transcriptional programs (Cashman 
et  al. 2002; Dyer et  al. 2002; Korshunov et  al. 
2010; Mack et  al. 2014; Mendrzyk et  al. 2006; 
Parker et al. 2014; Wani et al. 2012; Witt et al. 
2011).

Ependymomas, as many cancers, are charac-
terized by chromosome copy number aberrations 
(CNAs), which illustrates a hallmark of the 
development of malignant tumors. Many differ-
ent CNAs, representing chromosomal instability, 
affect all subtypes of pediatric ependymomas: 
ST-EPN-RELA, ST-EPN-YAP1, Group A epen-
dymomas, and especially Group B tumors (Pajtler 
et al. 2015; Witt et al. 2011). The only chromo-
somal aberration that is associated with Group A 
ependymomas is gain of chromosome 1q; more 
often these high-risk tumors represent a balanced 
chromosomal profile (Witt et al. 2011).

The single molecular marker that has repeatedly 
shown an association with unfavorable outcome 
is gain of chromosome arm 1q (Godfraind et  al. 
2012; Kilday et  al. 2012; Korshunov et  al. 2010; 
Mendrzyk et al. 2006; Modena et al. 2012; Witt et al. 
2011), particularly in PF ependymomas of child-
hood. Accordingly, a multivariable analysis within 
a large molecular classification study of ependy-
mal tumors identified gain of chromosome arm 1q 
to be of independent prognostic value for both OS 
and PFS in PF-EPN-A patients (Pajtler et al. 2015). 
Hence, chromosome 1q may host candidate genes 
involved in ependymoma tumorigenesis or tumor 
progression. This particular region is quite large, 
which makes it difficult to pinpoint specific genes 
that represent drivers or passengers of ependymoma 
development. Potential transforming oncogenes 
located on chromosome 1q, especially within the 
hotspot region 1q21–32, include DUSP12 (1q23.3), 
S100A10 (1q21), CHI3LI (1q32.1), TPR, SHC1, 
JTB, and HSPA6 (1q32) (Kilday et al. 2009).
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One other frequently described genomic aber-
ration in high-risk ependymomas is homozygous 
deletion of CDKN2A/p16INK4a, which has repeat-
edly been detected in supratentorial ST-EPN-
RELA ependymomas (Korshunov et  al. 2010; 
Milde et  al. 2011; Poppleton and Gilbertson 
2007; Taylor et  al. 2005; Witt et  al. 2011). 
CDKN2A/p16INK4a, a tumor suppressor gene 
located at 9p21.3, regulates neural stem cell pro-
liferation, and its deletion has been shown to rap-
idly expand progenitor cell numbers in developing 
neural tissue (Johnson et al. 2010; Poppleton and 
Gilbertson 2007). The first evidence that homo-
zygous deletion of CDKN2A/p16INK4a is a key 
factor of ependymoma pathogenesis was deliv-
ered by Johnson and colleagues (Johnson et  al. 
2010). They developed a genetic engineered 
mouse model based on neural stem cells from an 
Ink4a/Arf-null background and including ampli-
fication of EPHB2. Interestingly, this model 
delivered supratentorial ependymomas in  vivo, 
representing a RELA fusion negative subtype 
(Atkinson et al. 2011; Johnson et al. 2010; Wright 
et al. 2015).

In spinal ependymoma, the neurofibromatosis 
type 2 gene (NF2) has long been known to be a 
hallmark genetic aberration occurring either as 
hereditary germline or as sporadic mutation 
(Ebert et  al. 1999; Rubio et  al. 1994). Since 
CNAs most likely do not occur randomly and 
might therefore contain drivers of cancer, 
Mohankumar et  al. performed a cross-species 
in vivo screen of 84 candidate oncogenes and 39 
candidate tumor suppressor genes (TSG), located 
within 28 recurrent CNAs in ependymoma 
(Mohankumar et  al. 2015). In this study, the 
authors identified eight new ependymoma onco-
genes and ten new ependymoma TSGs, which 
converged on dysregulation of specific cell func-
tions, including trafficking of the growth factor 
receptors FGFR and EGFR, and epigenetic modi-
fiers known to be oncogenic in ependymoma. 
The next step is to analyze whether any of these 
newly identified ependymoma oncogenes or 
TSGs may generate ependymomas that faithfully 
model distinct molecular subgroups.

The first evidence of localization-specific 
molecular subgroups was presented by Korshunov 

and colleagues based on gene expression analysis 
(Korshunov et  al. 2003). This study delivered 
novel findings of biochemical pathways that are 
particularly intriguing in the pathogenesis of 
ependymomas and suggested that ependymomas 
comprise molecularly distinct and localization-
specific diseases. In a complex cross-species 
study, Johnson et al. provided evidence that these 
molecular differences are based on different cells 
of origin (Johnson et al. 2010). Additional studies 
were published afterwards, which identified dis-
tinct molecular subtypes within each anatomical 
compartment (Johnson et al. 2010; Pajtler et al. 
2015; Wani et  al. 2012; Witt et  al. 2011). The 
study by Johnson and colleagues performed a 
gene expression analysis of 83 ependymomas, 
including tumors from supratentorial, infratento-
rial, and spinal locations (Johnson et  al. 2010). 
They were able to identify nine molecular sub-
groups in total, although their clinical relevance 
was uncertain, as detailed patient information 
and outcome data was not available.

For the first time, two molecular subtypes of 
posterior fossa ependymomas were described as 
two distinct diseases. Group A (PF-EPN-A) and 
Group B (PF-EPN-B) tumors are demographi-
cally, transcriptionally, genetically, and clinically 
distinct entities (Witt et  al. 2011). Group A 
patients are most often young children and the 
tumors are located laterally within the posterior 
fossa and harbor a balanced genome, and are 
much more likely to exhibit recurrence, metasta-
sis at recurrence, and death compared with Group 
B patients. These two distinct molecular sub-
groups were consistently described in other inde-
pendent studies using different methodologies 
and non-overlapping patient cohorts (Mack et al. 
2014; Pajtler et al. 2015; Wani et al. 2012; Witt 
et al. 2011). Group A ependymomas show over-
expression and activation of classic cancer-
related signaling pathways, such as EGFR, 
PDGF, RAS, ECM, VEGF, MAPK, and integ-
rins. Interestingly, Group B ependymomas com-
prise very instable chromosomes, featuring large 
chromosomal aberrations, partially affecting 
whole p- or q-arms of a chromosome or the entire 
chromosome. Gene expression analyses of Group 
B ependymomas revealed activation of genes 
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involved in ciliogenesis and microtubule assem-
bly, as well as mitochondrial metabolism (Witt 
et  al. 2011). A following study confirmed the 
identification of two molecular subtypes. Group 
1 (Group A) tumors demonstrated overexpres-
sion of genes associated with mesenchyme, and 
were associated with younger age and poor 
event-free survival (EFS), similar to the findings 
by Witt and colleagues in Group A ependymomas 
(Wani et  al. 2012). Group 2 (Group B) tumors 
were associated with favorable clinical outcome, 
tended to occur in adolescent children and young 
adults, and did not express genes associated with 
altered gene ontology terms in their transcrip-
tomes (Wani et al. 2012).

A recent study by Mack and colleagues 
detected no recurrent mutations and an overall 
very low mutation rate, with an average of five 
somatic mutations per tumor, in both molecular 
subgroups Group A and Group B (Mack et  al. 
2014). In contrast, DNA methylation patterns 
were dissimilar between the subgroups. Since 
Group A displayed a higher proportion of meth-
ylated CpG-islands within promoter regions as 
compared to Group B, Group A was identified as 
CpG-island methylator phenotype (CIMP). 
Remarkably, transcriptional silencing in Group A 
tumors driven by CpG methylation converged on 
targets of the polycomb repressive 2 complex 
(PRC2), which represses differential gene expres-
sion through trimethylation of the H3K27 histone 
mark. This prompted speculation that PRC2 
complex hyperactivity might cause tumor sup-
pressor gene silencing with subsequent gene 
silencing by DNA CpG hypermethylation con-
tributing to PF-EPN-A tumor pathogenesis 
(Mack et  al. 2014). In this study, epigenetic 
agents were investigated as a potential novel 
treatment option for Group A tumors both in vitro 
and in vivo in patient-derived xenograft models. 
The preclinical treatment approaches using either 
5-aza-2′-deoxycytidine, 3-deazaneplanocin A, or 
GSK343 (a selective inhibitor of the H3K27 
methyltransferase, EZH2) demonstrated good 
response in cells and mice bearing Group A 
tumors, accompanied by marked de-repression of 
gene sets enriched for EZH2 targets upon treat-
ment with epigenetic modifying agents. These 

results are promising for treatment strategies tar-
geting DNA CpG-methylation, PRC2/EZH2, and 
histone deacetylases of this chemotherapy-resis-
tant disease. Since Group A and B subgroups har-
bor distinct transcriptomic, genetic, epigenetic, 
and clinical features, these features are substan-
tially more informative than the WHO grading 
alone (Archer and Pomeroy 2011).

Notably, in a recent large-scale genomic study 
of supratentorial ependymomas, Parker and col-
leagues discovered a fusion between RELA, 
which encodes an NF-κB component, and the 
poorly characterized gene C11orf95 caused by 
chromothripsis on chromosome 11 as the first 
driver event in ST ependymomas. Chromothripsis 
is a recently discovered phenomenon of genomic 
rearrangement arising during a single genome-
shattering event. This fusion was found to drive 
tumorigenesis in the absence of any other genetic 
alteration when aberrantly expressed in neural 
stem cells (NSCs) and could be identified in more 
than 70% of ST ependymomas. The RELA gene 
encodes for p65, which is a downstream target of 
the NF-κB signaling pathway, acting as a tran-
scription factor and regulating several biological 
actions of cell maintenance. Importantly, a genet-
ically engineered mouse model was successfully 
developed based on the C11orf95-RELA gene 
fusion. NSCs from an Ink4a/Arf-null background 
were transduced with the retroviruses carrying 
the C11orf95-RELA fusion. These transgenic 
NSCs were then implanted into the cerebrum and 
developed supratentorial ependymomas within a 
few days. Hence, this supratentorial ependy-
moma subtype model delivers excellent opportu-
nities for preclinical drug testing in vivo. In line 
with findings of the study by Mack and col-
leagues, no recurrent somatic mutations were 
detected in posterior fossa ependymomas, includ-
ing Group A and Group B. Drivers of PF ependy-
momas have not yet been identified.

A powerful clinical stratification system com-
prising all ependymal tumors is still lacking. A 
recent comprehensive study addressed this chal-
lenge by developing an unbiased, robust, and uni-
form molecular classification of ependymal 
tumors that adequately reflects the full biological, 
clinical, and histopathological heterogeneity 
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across all age groups, grades, and major anatomi-
cal CNS compartments (Pajtler et al. 2015). DNA 
methylation patterns of tumor cells were found to 
represent a very stable molecular memory of the 
respective cell of origin throughout the disease 
course (Hoadley et  al. 2014; Hovestadt et  al. 
2014), thus making this assessment particularly 
suitable for tumor classification. By applying an 
integrated analysis including genome-wide DNA 
methylation profiles for 500 ependymal tumors, 
Pajtler et al. identified nine distinct molecular sub-
groups, three within each CNS compartment 
(Fig. 8.1). One of the subgroups within each com-
partment was enriched with grade I subependymo-
mas (SE), designated SP-SE, PF-SE, and ST-SE, 
comprising only adult patients. Other molecular 

subgroups within the spine showed a relatively 
good concordance with the histopathological sub-
types myxopapillary ependymoma (SP-MPE) and 
classic ependymoma (SP-EPN). The two remain-
ing molecular subgroups within the hindbrain 
were identified as the above-described PF-EPN-A 
and B subgroups (Fig. 8.2). Consistent with find-
ings by Parker et al., the largest supratentorial sub-
group was characterized by RELA-C11orf95 gene 
fusions and therefore termed ST-EPN-RELA. The 
third ST subgroup was characterized by highly 
recurrent fusions to the oncogene YAP1, thus des-
ignated ST-EPN-YAP1 (Fig. 8.2). Importantly, it 
was also shown that subgroup classification 
remains stable at the time of recurrence (Pajtler 
et  al. 2015). Genome-wide DNA copy number 
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Fig. 8.1 Molecular subgroups of ependymal CNS tumors adapted from Pajtler et al. (2015)
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profiles showed strong differences of DNA CNAs 
between the nine molecular subgroups. Patterns of 
chromothripsis were only seen in ST-EPN-RELA 
tumors, mainly involving chromosome 11, consis-
tent with the findings of the Parker study (Parker 
et  al. 2014). In contrast, ST-EPN-YAP1 tumors 
frequently displayed focal CNAs around the YAP1 
locus that is also located on chromosome 11.

The nine molecular subgroups identified 
in the study by Pajtler and colleagues were 
closely associated with distinct demograph-
ics and clinical outcomes (Pajtler et al. 2015). 
As reported before, tumors of the PF-EPN-A 
subgroup were almost exclusively found in 
young children, but the ST-EPN-YAP1 and 
the ST-EPN-RELA subgroups were also much 
more common in pediatric patients (Fig. 8.2). 
Tumors of the other subgroups were more com-
mon or exclusively found in adults. Whereas 
patients with PF-EPN-A and ST-EPN-RELA 
tumors predominantly showed poor outcome, 
patients in the other subgroups mostly had an 
excellent prognosis. These data require further 

validation in prospective studies. In addition, 
molecular subgroup and level of resection were 
found to be independent markers of outcome. In 
contrast, WHO grading did not show any pre-
dictive impact. Thus, risk stratification based 
on robust and uniform molecular subgrouping 
was found to be superior to histopathological 
grading.

In-depth and comprehensive analyses of the 
molecular landscape of ependymal tumors have 
created new opportunities to identify relevant 
therapeutic targets in these treatment-resistant 
tumors. In addition, more accurate risk stratifi-
cation based on molecular subgroups is expected 
to improve clinical care of patients with ependy-
moma. Future application of molecular classifi-
cation approaches in a clinical setting might 
enable adjustment of treatment aggressiveness 
and assessment of treatment efficacies in the 
context of specific molecular subgroups, thereby 
refining current treatments and ultimately allow-
ing for direct implementation of targeted 
therapies.

Supratentorial Ependymoma
RELA fusion positive (ST-EPN-RELA)
- C11orf95-RELA fusion (70%)
- children and young adults
- poor overall survival

Posterior Fossa Ependymoma
Group A (PF-EPN-A)
- epigenetic modifications, no SNVs
- young children
- poor overall survival

Group B (PF-EPN-B)
- chromosomal defects
- adolescense children, adults
- good overall prognosis

Myxopapillary
- adolecent children, adults
- WHO°I
- good overall prognosis

Spinal Ependymoma
Classic
- adolecent children, adults
- WHO°II
- good overall survial

YAP1 fusion positive (ST-EPN-YAP1)
- children

Fig. 8.2 An overview of molecular subgroups of pediatric ependymomas
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8.3  Preclinical Models

Apart from oncogenic aberrations in the three 
molecular subtypes of ependymal tumors, includ-
ing recurrent fusions to RELA and YAP1 (in 
ST-EPN-RELA and ST-EPN-YAP1, respec-
tively) as well as frequent mutations of the NF2 
gene (in SP-EPN), little is known about the aber-
rant cellular and molecular processes that drive 
ependymal brain tumors. Limited availability of 
in vitro and in vivo model systems has especially 
hampered efforts to understand tumor biology 
and to test novel therapies for ependymoma. 
Efforts to establish permanent ependymoma cell 
lines have largely been unsuccessful, as many of 
the cultured ependymoma cells can only survive 
for a short period of time (Jennings et al. 1994).

Brisson and colleagues were able to maintain 
two of their 11 cultures, one from a grade III 
hindbrain ependymoma in a 3-year-old child and 
one from a grade II ependymoma in a 63-year-
old patient, long-term in  vitro. However, these 
cells proliferated unusually slowly, requiring 2 
years to reach passage 18 (Brisson et al. 2002). In 
addition, relatively complex culture conditions 
were needed for successful propagation of 
tumoral ependymocytes since they had to be 
cocultured in a 3D culture with endothelial cells. 
Only very few groups have reported successful 
establishment of permanent ependymal cell lines 
growing as monolayers. Interestingly, most of 
these in  vitro models were derived from xeno-
graft models of ependymal tumors. The cell line 
BXD-1425EPN, which was generated from a 
passage II xenograft tumor, expressed similar dif-
ferentiation markers to the ependymal xenograft 
tumor, maintained identical chromosomal abnor-
malities, and was capable of forming tumors in 
the brains of immunodeficient mice (Yu et  al. 
2010). Guan et  al. successfully established two 
in vitro models, BT-44 and BT-57, using human 
xenografts. Both models stained positive for 
GFAP and vimentin in the cytoplasm, harbored 
ultrastructural characteristics of ependymal cells, 
including numerous microvilli and microfila-
ments, and displayed aberrant activation of typi-
cal signaling pathways, such as EGFR (Guan 
et  al. 2011). Whereas BXD-1425EPN was pas-

saged in  vitro more than 70 times, BT-44 and 
BT-57 cells could only be passaged serially for 
15–20 passages before the cells underwent senes-
cence (Guan et al. 2011; Yu et al. 2010). Bobola 
et  al. (2005) examined the contribution of the 
DNA repair protein O6-methylguanine-DNA 
methyltransferase (MGMT) to BCNU and temo-
zolomide resistance in newly characterized epen-
dymoma cell lines Res196, 253, and 254. These 
cell were grown as monolayers and could be 
maintained in continuous culture for >50–100 
passages. The cells were reported to form spher-
oids if maintained under suspension culture con-
ditions. Immunohistochemistry revealed strong 
to moderate expression of glial fibrillary acidic 
protein and neuron-specific nuclear protein as 
well as moderate expression of synaptophysin, 
except for Res254.

It has been reported that multipotent CD133 
positive cells, which show features of radial glia 
(the progenitors that are known to give rise to 
ependymal cells), are cancer-initiating cells 
(CSC) and can be cultured from human ependy-
momas using the neurosphere assay (Taylor et al. 
2005). Since the defining characteristics of stem-
ness, that is self-renewal and tumor propagation, 
are often lost in serum-cultured cell lines of brain 
tumors (Lee et  al. 2006), other groups tried to 
more closely mirror the phenotype of primary 
ependymal tumors by culturing cells as neuro-
spheres rather than as monolayers. In order to 
elucidate the role of CSCs in pediatric brain 
tumor drug resistance, ependymoma cell lines 
nEPN1 and nEPN2 were established from a 
recurrent supratentorial and a primary posterior 
fossa ependymoma, respectively (Hussein et  al. 
2011). Both cell lines rapidly formed neuro-
spheres when cultured under appropriate condi-
tions and retained CNAs of the original 
corresponding tumor. A comparison of neuro-
sphere culture with monolayer culture revealed a 
higher capacity for multilineage differentiation 
of neurosphere-derived cells (Hussein et  al. 
2011). Notably, the neurospheroids also demon-
strated an increased resistance to etoposide com-
pared with monolayer-derived cells. The 
spherogenic and proliferative properties of brain 
tumor stem cells are known to be dependent on 
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epidermal growth factor (EGF) that binds to the 
EGF receptor (EGFR) (Vescovi et  al. 2006). In 
addition, ERBB receptor signaling promotes 
ependymoma cell proliferation (Gilbertson et al. 
2002). Based on this knowledge, Servidei et al. 
analyzed the effects of EGFR blockade on epen-
dymoma CSCs (Servidei et  al. 2012). In this 
study, two ependymoma CSC lines were estab-
lished from recurrent infratentorial pediatric 
ependymoma, designated EPP and EPV.  Both 
cell lines expressed markers of radial glia and 
showed renewal ability as well as multipotency. 
Interestingly, inhibition of EGFR led to marked 
reduction of clonogenicity and proliferation 
accompanied by a strong decrease of CD133 pos-
itive cell content. However, although CD133 
expression markedly differed between EPP and 
EPV cell lines (94% vs. 6%, respectively), both 
lines generated tumors with 100% penetrance 
when orthotopically transplanted without prior 
sorting procedures (Servidei et al. 2012). These 
findings finally prompted the authors to speculate 
that CD133 might not unambiguously identify 
tumorigenic cells in ependymoma.

Another stem cell model, DKFZ-EP1NS, was 
derived from metastasis (malignant ascites) of a 
patient with highly aggressive supratentorial ana-
plastic ependymoma WHO III (Milde et  al. 
2011). DKFZ-EP1NS cells were kept in culture 
for up to 9 months, corresponding to over 30 pas-
sages. Although these cells clearly displayed 
long-term self-renewal capacity, in contrast to the 
model described by Servidei and colleagues, they 
were completely negative for CD133. Cells 
deriving from this model were intrinsically resis-
tant to temozolomide, vincristine, and cisplatin, 
thus mimicking the broad chemoresistance of 
primary ependymal tumors. In clear contrast, 
DKFZ-EP1NS cells were susceptible to a panel 
of histone deacetylase inhibitors (HDACi) (Milde 
et  al. 2011). Recent further in-depth molecular 
analyses could assign this model to one of the 
supratentorial molecular subgroups of ependy-
moma, ST-EPN-RELA (Pajtler et al. 2015).

Another approach that allows for a limited 
number of in vitro experiments, e.g., preclinical 
drug testing, is short-term cultures of ependy-
moma. Cells within short-term cultures are des-

tined to undergo senescence after a certain 
number of passages but have the advantage of 
being less different from the original tumor than 
cells from long-term cultures, which often harbor 
additionally acquired DNA alterations. In order 
to test the effect of epigenetic modifiers on epen-
dymal tumors, Mack et al. established four short-
term, patient-derived primary ependymoma 
cultures from two PF-EPN-A tumors (E517/
E520) and two childhood supratentorial ependy-
momas (E478/E479) (Mack et al. 2014). Notably, 
they were unable to grow ependymomas of the 
less aggressive subtype, PF-EPN-B, in vitro.

To date, approaches to model ependymoma 
in  vivo have been mainly based on patient-
derived xenografts. Genetically engineered 
mouse models that spontaneously develop epen-
dymal tumors are not available. In order to facili-
tate transplantation and monitoring processes, 
tumors are often injected subcutaneously. 
Examples of these subcutaneous xenograft mouse 
models are D528EP, D612EP, and HxBr5 
(Horowitz et  al. 1987; McLendon et  al. 1996). 
Other subcutaneous xenograft models, BT-46, 
-41, -44, -54, are part of the National Cancer 
Institute supported Pediatric Preclinical Testing 
Program, which systematically evaluates new 
agents against childhood solid tumors (Houghton 
et al. 2007). However, since subcutaneous xeno-
graft models often fail to replicate the complex 
interactions between tumors and their native 
microenvironment (Gilbertson and Gutmann 
2007; Gutmann et  al. 2006, b; Morton and 
Houghton 2007), attempts have been made to 
transplant human tumor cells directly into the 
brains of immunodeficient mice to create ortho-
topic xenograft mouse models. This direct injec-
tion of human primary tumors, ideally into 
anatomically matched locations of the rodent 
brain, is expected to better replicate the biology 
of the original lesion. In addition, this approach 
does not circumvent the blood brain barrier and 
might therefore have better predictability of 
future clinical treatment success when used for 
preclinical drug testing purposes. Guan et  al. 
developed an intracranial disease model of epen-
dymoma by engrafting xenograft tissue speci-
mens, BT-44 and BT-57 (both from anaplastic 
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posterior fossa ependymomas in children), that 
were minced into single-cell suspensions and 
were injected into the caudate nucleus of athymic 
mice (Guan et al. 2011). All of the mice injected 
with tumor cells developed signs of neurological 
deficit or became moribund within a period of 
100–150 days after injection. Histopathological 
examination of the resulting tumors revealed 
pseudorosette formation, a typical phenotype of 
ependymoma. Comparing Ki-67 expression of 
intracranial tumors to its expression in subcuta-
neous xenografts, the investigators found a higher 
index in intracranial tumors, suggesting that the 
microenvironment indeed influences tumor 
growth. Interestingly, serial transplantation of 
xenograft tumors led to repeated tumor formation 
without changes of growth patterns (Guan et al. 
2011).

In an attempt to develop clinically relevant 
animal models of ependymoma, Yu et al. directly 
injected a fresh surgical specimen (100,000 pri-
mary tumor cells) from a recurrent anaplastic 
ependymoma in a 9-year-old patient into the right 
cerebrum of RAG2/severe complex immune defi-
ciency (SCID) mice. All five mice receiving the 
initial transplantation of the patient tumor devel-
oped signs of neurological deficit or became 
moribund within 97–144 days after injection. 
The orthotopic xenograft tumors, termed 
IC-1425EPN, shared nearly identical histopatho-
logical features with the original tumor and also 
maintained gene expression profiles resembling 
that of the original patient tumor. Notably, the 
model also preserved a small cancer stem cell 
pool (0.25–2.2%) during repeated in  vivo sub-
transplantations. Similar to the typical growth 
patterns of primary ependymomas, the xeno-
grafts appeared to be well demarcated. However, 
subtle analyses of the neighboring brain paren-
chyma could identify infiltrating tumor cells. In 
another study by Hussein et  al., two xenograft 
models of ependymoma, nEPN1 and 2, were 
established (Hussein et  al. 2011). Although the 
spindle-cell component of the tumor of origin 
was retained in nEPN1, ultrastructural examina-
tion of the xenograft did not show typical cilia 
that were present in the primary. In a similar line, 
nEPN2 xenograft was negative for glial and neu-

ronal markers, was less well differentiated, and 
lost classical morphological features of ependy-
moma compared to the primary tumor. This 
points to the importance of constantly monitoring 
xenograft tumors used for preclinical testing as 
their biology might change due to different 
microenvironmental settings or evolution of cer-
tain subclones. Orthotopic xenotransplantation of 
the CSC models, EPP, EPV, and DKFZ-EP1NS, 
described above, gave rise to tumors after 67, 95, 
and 297 days, respectively (Milde et  al. 2011; 
Servidei et  al. 2012). All tumors were well 
demarcated and closely resembled the histopath-
ologic features of the primary tumors.

Milde and colleagues performed a serial trans-
plantation of DKFZ-EP1NS cells from orthotopic 
xenografts and yielded secondary tumors in half 
the time compared to the initial transplantation 
(Milde et al. 2011). The observed acceleration of 
tumor formation suggests a selection for more 
aggressive cellular subclones and might therefore 
represent a model to study progressive disease. In 
addition, DKFZ-EP1NS cells were found to har-
bor a certain transcriptome plasticity, since they 
express a neural stem cell-like program when 
growing as neuropsheres but recapitulate a profile 
of primary ependymomas upon in vivo transplan-
tation (Milde et al. 2011). On the basis of previous 
work showing that intracranial and spinal ependy-
momas are propagated by radial glia-like cancer 
stem cells (Taylor et al. 2005), Johnson et al. rea-
soned that regionally and developmentally distinct 
radial glia cells, functioning as NSCs in the 
embryo and being a precursor of adult NSCs, 
might give rise to individual subgroups of ependy-
moma (Johnson et al. 2010). Embryonic cerebral 
NSCs with a deleted Ink4a/Arf locus, which 
encodes Cdkn2a and b that are frequently lost 
from human supratentorial ependymomas, were 
isolated from mice. The NSCs were challenged 
with overexpression of Ephb2, which is selectively 
amplified and/or overexpressed in cerebral epen-
dymomas. Fifty percent of mice orthotopically 
implanted with these cells developed brain tumors 
within 200 days. The resulting mouse tumors were 
histologically indistinguishable from human epen-
dymoma and displayed characteristic pseudoro-
settes, thus representing the first transgenic mouse 
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model of supratentorial ependymoma. A cross-
species genomics approach matched the transcrip-
tome of these tumors to the human supratentorial 
ependymoma subgroup D defined by Johnson 
et al.; this subgroup showed some overlap with the 
DNA methylation based molecular subgroups 
ST-EPN-RELA and ST-SE (Johnson et al. 2010; 
Pajtler et  al. 2015). An integrated in  vitro and 
in  vivo high-throughput drug screen using this 
model identified the generic chemotherapeutic 
agent 5-fluorouracil as possessing selective toxic-
ity against this specific subtype and therefore clini-
cal trials have begun (Atkinson et al. 2011; Wright 
et al. 2015).

After having identified that around 70% of 
supratentorial ependymomas harbor a RELA-
C11orf95 fusion, Parker et  al. also used NSCs 
from Ink4a/Arf-null transgenic mice to test the 
transforming capacity of RELA fusion proteins 
(Parker et  al. 2014). All mice implanted with 
NSCs transduced with the RELA fusion type 1 
developed brain tumors within 20 days that reca-
pitulated the histopathology and molecular pat-
terns of RELA fusion positive human 
supratentorial ependymoma, proving this as an 
accurate model for the aggressive subtype of 
ST-EPN-RELA tumors (Parker et  al. 2014). 
Aside from the advantage for biological and pre-
clinical studies that these mouse models closely 
recapitulate characteristics of primary human 
ependymoma, large-scale testing of potential 
new drug-leads might rapidly lead to expensive 
and labor-intensive endeavors. In this context, 
Eden et al. recently reported on an intermediary 
platform between high-throughput drug screens 
and mice by adapting mouse models of pediatric 
brain tumors to grow as orthotopic xenografts in 
the brains of zebrafish (Eden et  al. 2015). Red 
fluorescence protein (RFP)-expressing tumor 
cells were isolated from ependymal tumors that 
were generated from Ink4a/Arf deleted NSCs ret-
rovirally transduced either with EPHB2, as 
described by Johnson et al. (Johnson et al. 2010), 
or with RTBDN, a novel potential ependymoma 
oncogene (Mohankumar et  al. 2015). Cells that 
were injected via the intranasal route into the 
cerebrum of anesthetized, 30-day-old, dexameth-
asone immunosuppressed zebrafish formed 

tumors that recapitulated the histology of the par-
ent ependymal tumor with pseudorosettes and 
immunoreactivity for GFAP.  In the future, the 
described model might therefore serve as an 
inexpensive and rapid method to study drug effi-
cacy in large cohorts of brain tumor-bearing 
zebrafish prior to further formal efficacy testing 
in mice.

Accurate in vitro and in vivo models of epen-
dymoma subtypes are crucial to gain further 
insights into the biological mechanisms that are 
underlying this disease, as well as to adequately 
reflect ependymoma heterogeneity during pre-
clinical drug testing. However, diagnoses of most 
primary tumors from which the above-described 
models were generated are based on histopatho-
logical findings only and lack further molecular 
characterization. In most cases, the resulting pre-
clinical models were not further molecularly ana-
lyzed either. This involves the danger that 
promising novel therapeutic approaches against 
ependymoma are tested in unselected and poten-
tially even inadequate tumor models, resulting in 
the rejection of drugs that otherwise might have 
been taken further. Comprehensive molecular 
profiling studies conducted in recent years have 
identified distinct molecular subgroups that are 
defined by different genetic alterations and 
largely differ in patient age and outcome (Mack 
et al. 2014; Pajtler et al. 2015; Wani et al. 2012; 
Witt et al. 2011). Existing and upcoming model 
systems of ependymoma should be analyzed for 
subgroup affiliation to allow for molecularly 
informed preclinical studies, which is expected to 
ultimately increase the likelihood for successful 
clinical studies.

8.4  Clinical Studies

Currently, the therapeutic strategy for pediatric 
ependymomas is maximal neurosurgical resec-
tion, followed by irradiation and in some cases 
chemotherapy. The clinical presentation is often 
nonspecific, especially in young children. The 
most common presentation (56%) is vomiting, 
which is related to increased intracranial pressure 
from obstructive hydrocephalus (Purdy et  al. 
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2014). Patients may also present with headache 
or with cerebellar or lower cranial nerve dysfunc-
tion; in young children, lethargy and irritability 
may be the only presenting symptoms.

Complete neurosurgical resection is still the 
most important prognostic factor of overall out-
come of ependymoma (Korshunov et  al. 2010; 
Merchant et  al. 2009; Pajtler et  al. 2015; Witt 
et  al. 2011). Considerable advances have been 
made in the past decades to cure a substantial 
proportion of children with these tumors. 
However, many children still succumb to their 
disease, and many survivors suffer from severe 
long-term cognitive, neurological, endocrine, 
and psychosocial sequelae of the intensive multi-
modal treatment that includes surgery and radio-
chemotherapy. Although the standard of care for 
intracranial ependymomas often includes chemo-
therapy, the results of chemotherapy efficacy 
studies vary and therefore its use as an adjuvant 
part of treatment is still controversial (Bouffet 
and Foreman 1999; Grundy et  al. 2007; 
Massimino et al. 2004; Venkatramani et al. 2013). 
Prolonged dose-intensive chemotherapy, includ-
ing the drugs cyclophosphamide, vincristine, cis-
platin, and etoposide, applied to patients with 
malignant brain tumors resulted in increased EFS 
only for patients with ependymoma (Strother 
et al. 2014).

The role of chemotherapy in the treatment of 
ependymoma is not well established, and 
response rates to single agent or combination 
chemotherapy in recurrent ependymoma are dis-
appointing (Bouffet et  al. 2009). It has been 
shown, however, that chemotherapy can be effec-
tively used to delay the beginning of radiotherapy 
in very young children, without compromising 
their prognosis (Grundy et al. 2007). Recent and 
ongoing clinical trials are examining the role of 
neoadjuvant chemotherapy in unresectable or 
disseminated disease, as well as in the adjuvant 
setting post-radiation therapy for high-risk 
patients (Gajjar et al. 2013).

In North America and across Europe, pediatric 
patients with a diagnosis of an ependymoma are 
commonly enrolled in one of two clinical studies: 
in North America the Children’s Oncology Group 
trial ACNS0831 (NCT01096368) and in Europe 

SIOP Ependymoma II trial (EudraCT No. 2013–
002766-39). The ACNS0831 study is a phase III 
randomized trial of post-radiation chemotherapy 
in patients with newly diagnosed ependymomas 
between the ages of 1 and 21 years. This study 
aims to answer whether the application of main-
tenance chemotherapy after radiation will 
increase PFS and OS rates or will generate addi-
tional toxicity. Endocrine, neuropsychological, 
and neurological long-term side effects of treat-
ment are evaluated in detail. Prospectively, 
molecular classification and genetic alterations of 
distinct molecular subtypes of ependymomas are 
studied.

The ACNS0831 comprises three major treat-
ment arms; for each arm, the level of neurosurgi-
cal resection is an essential part of stratification. 
The first arm includes patients with subtotal 
resected tumor, independent of age, histological 
WHO grade or localization. Their treatment 
begins with induction chemotherapy consisting 
of: Cycle A—vincristine, carboplatin, and cyclo-
phosphamide, and Cycle B—vincristine, carbo-
platin, and etoposide. After 7 weeks of the 
induction regimen, a response assessment is 
scheduled and, in selected cases, a second look 
surgery is performed. Depending on the response 
to chemotherapy and level of resection, patients 
may receive conformal radiation therapy and then 
be randomized to receive maintenance chemo-
therapy or observation. Patients with stable or 
progressive disease or with residual disease after 
second look surgery are treated with conformal 
radiation therapy and maintenance chemotherapy. 
Maintenance chemotherapy consists of four 
cycles of vincristine, carboplatin, and cyclophos-
phamide, and etoposide. The second arm includes 
children with gross or near total resected ependy-
momas, of any histological grade for infratento-
rial tumors and only anaplastic supratentorial 
tumors. This treatment cohort will receive confor-
mal radiotherapy, followed by randomization to 
maintenance chemotherapy versus observation. 
Only microscopically completely resected supra-
tentorial ependymoma patients with classic his-
tology are stratified into the third arm. These 
children will be observed without any further 
treatment approaches. The major goal of the 

8 Ependymoma



188

ACNS0831 trial is the determination of EFS and 
OS of children with completely resected tumors 
after treatment with postoperative conformal radi-
ation therapy. Additionally, to address the ques-
tion of whether chemotherapy improves clinical 
outcome, patients will be randomized to treatment 
arms with or without maintenance chemotherapy.

The SIOP Ependymoma Program II is a 
European clinical study that includes patients 
diagnosed with ependymoma until 22 years of 
age. This trial aims to improve the precision of 
the primary diagnosis of ependymoma and to 
evaluate distinct therapeutic regimens in children 
and young adults. An important advantage of this 
study is the precise analyses of molecular pat-
terns as an integral biological study. This high 
priority initiative is an essential element of the 
overall program to improve the future treatment 
of ependymoma. Patients will be enrolled in one 
of three different strata according to the result of 
the neurosurgical resection, and their age or eligi-
bility and suitability to receive radiotherapy. 
Each therapeutic strata will be evaluated in a spe-
cific randomized fashion to verify the proposed 
therapeutic strategies. Before the final strata 
assignment, another evaluation to determine 
whether second look surgery is indicated will be 
performed. This step underlines the importance 
of gross total resection of these tumors. Stratum 1 
is designed as a randomized phase III study. 
Children and young adults between the age of 1 
year and 22 years with no measurable tumor resi-
due will be included in this treatment cohort. 
These patients will be randomized to receive con-
formal radiotherapy followed by either 16 weeks 
of maintenance chemotherapy, including the 
drugs vincristine, etoposide, cyclophosphamide, 
and cisplatin, or observation. The aim of this stra-
tum is to determine the clinical impact of mainte-
nance chemotherapy after surgical complete 
resection followed by conformal radiotherapy in 
terms of PFS of intracranial ependymomas. 
Stratum 2 is designed as a randomized phase II 
trial for patients between 1 year and 22 years of 
age who have inoperable measurable residual 
disease. The initial randomization includes 
induction chemotherapy with vincristine, etopo-
side, and cyclophosphamide with or without 

high-dose methotrexate. A subsequent response 
assessment will evaluate the possibility of second 
look surgery. If no residual disease is detected, 
conformal radiotherapy will be performed fol-
lowed by maintenance chemotherapy. If there is 
residual inoperable tumor, a boost of radiother-
apy to the residual tumor will be delivered after 
conformal radiotherapy and maintenance chemo-
therapy. The application of high-dose methotrex-
ate will generate results that will guide decisions 
regarding whether methotrexate should be inves-
tigated in future phase III trials. Stratum 3 is 
designed as a randomized phase II chemotherapy 
study in children <12 months of age or those not 
eligible to receive radiotherapy. Within this treat-
ment cohort, all patients will receive intensified 
chemotherapy including vincristine, carboplatin, 
cyclophosphamide, and cisplatin, and will then 
be randomized to receive the HDACi, valproate. 
The goal of this stratum is the evaluation of the 
benefit of postoperative dose intense chemother-
apy administered alone or in combination with 
valproate. In very young children, the chemother-
apeutic treatment is maximized while aiming to 
minimize the risk of drug resistance. The infor-
mation collected about the outcome of infants 
enrolled in this study will be of considerable ben-
efit toward informing future international studies 
for the ependymoma population. In stratum 3, 
children under 12 month of age comprise defini-
tively high-risk tumors including the Group A 
subtype. These tumors potentially could profit 
from HDACi therapy, based on evidence from 
preclinical models in which epigenetic therapies 
of Group-A tumors in vivo showed good response 
rates (Mack et al. 2014). Both of the above men-
tioned studies will document the molecular sub-
type classification up-front, and will try to 
implement risk stratification based on molecular 
subgroup information in the near future.

An exemplary translational approach was dem-
onstrated by the preclinical development of a 
supratentorial subtype model (Johnson et  al. 
2010), followed by a comprehensive drug screen 
discovery (Atkinson et  al. 2011), and finally the 
generation of a phase I 5-fluorouracil study for 
recurrent ependymoma (Wright et al. 2015), which 
demonstrated antitumor activity of 5-fluorouracil 
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in human intracranial ependymoma. The preclini-
cal rationale to translate this approach into a clini-
cal trial was based on a genetic model, which 
recapitulated a subtype of fusion-negative supra-
tentorial ependymomas, but not tumors with a 
C11orf95-RELA fusion. In preclinical analyses it 
was discussed that 5-FU treatment of a C11orf95-
RELA human xenograft was not successful 
(Wright et al. 2015). Hence, it has to be clarified 
which molecular subtype of supratentorial epen-
dymomas possibly can profit from 5-FU therapy. 
Additionally, a selection approach has to be devel-
oped that allows the identification of those patients 
who will profit from this particular experimental 
treatment approach.

Clinical outcome in children with recurrent 
disease from intracranial ependymoma remains 
extremely poor, regardless of age and initial treat-
ment (Messahel et  al. 2009; Zacharoulis et  al. 
2010). In relapsing children, phase II studies 
overall report a low response rate with standard 
(Bouffet and Foreman 1999) or high-dose che-
motherapy (Grill and Kalifa 1998). Metronomic 
therapies have produced long-term stabilizations 
(Robison et al. 2014). The use of targeted treat-
ment strategies has shown disappointing results 
so far. Most recently, the Collaborative 
Ependymoma Research Network (CERN) devel-
oped an open-label trial using the drugs bevaci-
zumab and lapatinib in the framework of a phase 
II study in children with recurrent or refractory 
ependymomas (DeWire et  al. 2015). The dual 
therapy was well tolerated by the patients, but 
was ineffective in children with recurrent epen-
dymomas. The improved understanding of epen-
dymoma molecular biology by comprehensive 
genetic and epigenetic studies has provided a 
large source of preclinical testing modalities. 
Several new targets and pathways have been 
identified during recent years, such as RELA-
C11orf95 fusion and NF-kappaB activation in 
supratentorial ependymomas (Parker et al. 2014), 
and the response of epigenetic modifiers, e.g., 
HDACi and inhibitors of the polycomb repres-
sive complex 2 (PRC2) in vitro and in vivo (Mack 
et al. 2014; Milde et al. 2011). Other preclinical 
studies have proposed that response to poly ADP 
ribose polymerase (PARP) inhibitors, e.g., olapa-

rib which has been shown to be a radiosensitizer 
in childhood ependymoma (van Vuurden et  al. 
2011), or Hippo signaling pathway inhibitors in 
YAP1 fusion positive ependymomas (Pajtler et al. 
2015) could be future areas for targeted therapy 
approaches. However, the translation process 
from preclinical studies into clinical phase I or II 
trials is a time consuming challenge.

Based on experience with the comprehensive 
spectrum of newly discovered genetic and epi-
genetic alterations in pediatric ependymomas, 
combination targeted treatment approaches are 
promising. In terms of the low numbers of this 
rare disease, multi-center studies should be more 
effectively employed to increase the enrollment 
numbers of ependymoma patients. Future treat-
ment approaches for ependymomas should 
include up-front stratification of subtypes. 
Further novel targeted treatment decisions should 
be made based on preclinical experiences with 
in vitro and in vivo treatment of subtype-specific 
ependymoma models. Eventually, novel treat-
ment approaches will broaden and replace cur-
rent chemotherapy trials in the foreseeable future.
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High-Grade Glioma, Including 
Diffuse Intrinsic Pontine Glioma

Matthias A. Karajannis, Matija Snuderl, 
Brian K. Yeh, Michael F. Walsh, Rajan Jain, 
Nikhil A. Sahasrabudhe, and Jeffrey H. Wisoff

9.1  Introduction

High-grade (malignant) gliomas are relatively 
rare, and comprise approximately 10% of all 
brain tumors diagnosed in children, with no gen-
der predilection. Following the World Health 
Organization (WHO) Classification of Tumors of 
the Central Nervous System, the vast majority of 
pediatric high-grade gliomas can be classified 

histologically as either anaplastic astrocytoma 
(WHO grade III) or glioblastoma (WHO grade 
IV). Refining the traditional histology-based 
classification and grading schema, the recently 
updated WHO classification has introduced sev-
eral molecularly defined HGG entities based on 
key discoveries in molecular genetics of HGG 
over the past decade (Louis et al. 2016).

The vast majority of pediatric HGG are con-
sidered “primary” HGG, whereas HGG in adults 
often arise from low-grade gliomas that under-
went stepwise malignant transformation 
 (“secondary” HGG) (Lai et al. 2011). Radiation-
induced HGG may occur in both children and 
adults, with a median latency period of approxi-
mately 9 years (Elsamadicy et al. 2015), and ion-
izing radiation remains the only proven exposure 
risk factor for HGG.  Interestingly, atopy has 
been linked to a risk reduction of up to 40% in 
developing glioma (Linos et al. 2007).

A unifying biological feature of HGG is the 
diffuse infiltration of tumor cells into the central 
nervous system (CNS), representing a major 
therapeutic challenge (Kelly et  al. 1987). This 
means that even in patients in whom a radical 
tumor resection can be achieved at diagnosis, dis-
seminated tumor cells remain well beyond the 
areas of signal abnormalities seen on MRI.

The molecular features and dismal clinical 
outcome of diffuse intrinsic pontine glioma 
(DIPG) are highly similar to pediatric HGG aris-
ing in other anatomical midline structures of the 
CNS, such as thalamic or spinal cord HGG. As a 
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result, these “midline pediatric HGGs” can be 
viewed as a spectrum along a single molecular 
and clinicopathological entity (Sturm et al. 2012; 
Fontebasso et al. 2014).

HGG are relatively resistant to standard thera-
pies, including radiation therapy (RT) and che-
motherapy. As a result, the prognosis remains 
dismal and little progress in terms of outcome has 
been achieved over the past decades. However, 
recent major advances in our understanding of 
the molecular genetics and biology of pediatric 
HGG provide hope for the future by opening 
multiple avenues for the development of novel 
therapeutic approaches.

9.2  Clinical Presentation 
and Diagnosis

HGG can develop at any age, and while the most 
common locations include the cerebral white mat-
ter and deep midline structures, HGG may arise 
anywhere in the CNS. The clinical presentation is 
dependent on the anatomical location of the tumor, 
as well as on the age of the patient. The signs and 
symptoms prior to diagnosis are usually rapidly 
evolving, and may include raised intracranial pres-
sure, focal neurological deficits, and/or seizures.

Depending on the suspected tumor location, 
an MRI (with and without contrast) of the brain 
and/or spine is typically performed initially. CNS 
dissemination at diagnosis, including distant 
sites, is present in approximately 3% of HGG 
patients (Benesch et al. 2005), and secondary dis-
semination can be observed in over 20% (Wagner 
et  al. 2006). In DIPG patients, leptomeningeal 
dissemination is present in up to 20% of patients 
at diagnosis (Sethi et al. 2011). Therefore, com-
plete neuroimaging of the entire neuraxis (brain 
and total spine) in all pediatric patients with 
HGG, including DIPG, is recommended. 
Although tumor cells can occasionally be found 
in the CSF (Benesch et  al. 2005), a diagnostic 
lumbar puncture is not considered a standard part 
of initial staging. With very rare exceptions, 
HGG do not disseminate outside the CNS.

In patients with a compatible clinical history 
and imaging findings, the diagnosis of DIPG can 

be established without tissue confirmation. Onset 
of clinical symptoms is generally rapid, within 
weeks to a few months. A history of long-standing 
or slowly progressive symptoms should prompt 
investigations to rule out other diagnoses, includ-
ing nonneoplastic conditions such as Alexander 
disease (Tavasoli et  al. 2017). A classic triad of 
symptoms on DIPG patients includes cerebellar 
signs (e.g., ataxia, dysmetria, dysarthria), long-
tract signs (e.g., increased tone, hyperreflexia, clo-
nus, Babinski sign, hemiparesis), and unilateral or 
bilateral cranial nerve palsies (e.g., abducens and 
facial palsy). In addition, hemiparesis and ataxia 
are frequently present. Obstructive hydrocephalus 
is present in approximately 10% of patients with 
DIPG at the time of diagnosis. Although there are 
no formally established standard diagnostic crite-
ria for DIPG, commonly suggested imaging char-
acteristics include an intrinsic, central location 
involving more than 50% of the axial diameter of 
the pons, indistinct tumor margins, T1 hypointen-
sity, T2 hyperintensity; partial or enhancement fol-
lowing gadolinium administration; encasement of 
the basilar artery and the absence of cystic or exo-
phytic components (Hankinson et al. 2011). These 
imaging characteristics help differentiate DIPGs 
from other brain stem tumors, such as low-grade 
gliomas including dorsally exophytic brain stem 
gliomas, cervicomedullary junction tumors, and 
focal low-grade gliomas of the midbrain or brain 
stem, which require tissue confirmation.

The recognition of unique molecular genetic 
drivers of DIPG and paucity of tissue samples for 
research, especially pretreatment, has prompted a 
resurgence of diagnostic biopsies for DIPG, pre-
dominantly in the setting of clinical trials 
(Hamisch et  al. 2017). As novel therapies are 
being developed to target unique molecular driv-
ers present in subsets of DIPGs, the role for 
biopsy at diagnosis as part of “precision medi-
cine” efforts will likely increase in the future.

In non-DIPG patients, initial treatment is gener-
ally surgical, with maximal safe resection of the 
tumor. In patients for whom this is not possible, a 
tumor biopsy should be performed to obtain diag-
nostic tissue. The clinical prognostic factors that are 
linked to outcome include extent of resection and 
histological grade, with gross total resection and 
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anaplastic astrocytoma histology (WHO grade III) 
being associated with a more favorable prognosis 
(Pollack et al. 2003; Cohen et al. 2011).

Several heritable tumor predisposition syn-
dromes (see Chap. 5) have been found to be asso-
ciated with HGG in children. Patients with 
Li-Fraumeni syndrome (LFS), an autosomal-
dominant condition caused by mutations in the 
tumor suppressor p53, have an increased risk of 
developing HGG (Li et  al. 1988), and somatic 
mutations in p53 (TP53) are also commonly 
found in pediatric HGG in non-LFS patients 
(Pollack et al. 1997, 2002; Schwartzentruber et al. 
2012), which can usually be differentiated through 
integrated tumor normal sequencing (Zhang et al. 
2015). While patients with neurofibromatosis 
type 1 (NF1) most commonly develop low-grade 
(i.e., optic pathway) gliomas, they are also at 
increased risk for HGG (Byrne et al. 2017), espe-
cially secondary HGG if treated with prior 
RT. Patients with the autosomal recessive consti-
tutional mismatch repair deficiency syndrome 
(CMMR-D) are also predisposed to developing 
HGG and frequently have café-au-lait macules 
similar to NF1, which can result in misdiagnosis 
(Bakry et  al. 2014; Wimmer and Kratz 2010; 
Wimmer et  al. 2017; Suerink et  al. 2017). 
CMMR-D is caused by germline biallelic (homo-
zygous or compound heterozygous) mutations in 
one of the DNA mismatch repair (MMR) genes: 
MLH1, MSH2, MSH6, and PMS2. Germline 
monoallelic mutations in MMR genes are found 
in hereditary nonpolyposis colon cancer, Lynch 
syndrome, and brain tumor polyposis syndrome 
type 1 (BTPS1 or Turcot type 1). Patients with 
CMMR-D are at increased risk for developing 
malignant brain tumors including HGG, as well 
as gastrointestinal and hematological cancers, 
typically within the first two decades of life. This 
information is highly relevant to therapy, as chil-
dren with CMMR-D are excellent candidates for 
immunotherapy with immune checkpoint inhibi-
tors (Bouffet et al. 2016).

Given the considerable prevalence of undiag-
nosed or underdiagnosed heritable tumor predis-
position syndromes, referral to a clinical geneticist 
should be offered to all families affected by child-
hood HGG.

9.3  Neuroimaging

Magnetic resonance imaging (MRI) of the brain, 
and preferably the entire neuraxis should be per-
formed at diagnosis and to monitor response to 
treatment. At the very minimum, it should 
include T1-weighted sequences (both before 
and after contrast), T2-weighted and fluid atten-
uated inversion recovery (FLAIR) sequences, 
and diffusion-weighted imaging (DWI). 
Pediatric HGG generally enhance after contrast 
injection, and appear hypointense on 
T1-weighted images and hyperintense on 
T2-weighted sequences. Areas of necrosis, seen 
as low-density regions on T1-weighted images, 
may be present. Most HGG demonstrate peritu-
moral edema, which appears as a surrounding, 
hyperintense region of signal abnormality on 
T2-weighted images, but may be minimal to 
absent, as shown in Figs. 9.1 and 9.2. Depending 
on location, the differential diagnosis based on 
imaging alone can be very broad, and may 
include low-grade gliomas, ependymomas, and 
germ cell tumors, among others.

9.3.1  MR Perfusion Imaging

MR perfusion imaging is a technology that 
provides hemodynamic parameters such as rel-
ative cerebral blood volume (rCBV) and cere-
bral blood flow (CBF), and can be applied to 
specific regions of interest. MR perfusion stud-
ies are typically obtained using gadolinium 
contrast agents, and perfusion imaging with 
dynamic susceptibility contrast (DSC)-MRI 
applies kinetic modeling to generate perfusion 
maps of various hemodynamic parameters and 
assess the cerebral microvasculature (Cha et al. 
2002; Griffith and Jain 2015). Malignant brain 
tumors, including HGG, typically have ele-
vated rCVB values compared to normal brain, 
as shown in Fig. 9.3. The utility of DSC-MRI 
in differentiating low-grade gliomas from 
HGG in the pediatric population is limited, 
however, mainly due to the frequently ele-
vated  perfusion values seen in pilocytic 
astrocytomas.
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9.3.2  MR Spectroscopy

MR Spectroscopy (MRS) allows for the measure-
ment of the relative composition of metabolites, 
including N-acetylaspartate (NAA), choline, cre-
atinine, lipid, and lactate. In select cases, MRS 
can be a useful adjunct to standard MRI to help 
differentiate tumor from normal tissue and recur-
rent disease from treatment-related changes 
(Guzman-De-Villoria et al. 2014). HGG is often 
associated with lower levels of NAA and creatine 
and higher levels of choline and lactate (Guzman-
De-Villoria et al. 2014), as shown in Fig. 9.4.

9.3.3  18F-Fluorodeoxyglucose 
Positron Emission 
Tomography (FDG-PET)

Metabolic imaging using FDG-PET has been 
explored in pediatric brain tumors (Zukotynski 
et al. 2014), but generally is of limited utility in 
the management of children with HGG and there-
fore rarely performed.

9.4  Surgical Considerations

HGG have historically been considered to be a 
nonsurgical disease since surgical resection alone 
is rarely, if ever, curative. However, multiple 
studies over the past two decades have shown that 
the extent of surgical resection is an independent 
determinant of survival, and when combined 
with chemotherapy and radiation, offers the best 
chance of durable disease control.

Although the data on surgical resection is less 
robust in the pediatric population, it is the current 
standard of practice that gross total or radical 
resection should be attempted when possible 
based on tumor location and the acceptability of 
postoperative deficits. In experienced centers, it 
is feasible to obtain a radical resection in deep 
tumors. In those midline tumors for which open 
resection is not considered to be feasible, tissue 
diagnosis should be obtained with a stereotactic 
or endoscopic biopsy.

When determining the appropriate surgical 
management plan, the most important factor in 
determining the feasibility of radical resection 

Fig. 9.1 DIPG—conventional MRI.  Upper Panels: 
4-year-old male presenting with 3-week history of left-
sided facial droop, head tilt, and ataxia. MRI brain shows 
an expansile, T2/FLAIR hyperintense, infiltrating, 
expansile mass located in the pons (left panel), with no 

contrast enhancement on T1-weighted post-contrast 
imaging (right panel). The history and imaging character-
istics were consistent with DIPG, establishing the diagno-
sis. The patient was subsequently treated with 
involved-field external beam radiation therapy
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is tumor location and relationship to eloquent 
cortex and white matter pathways. Supratentorial 
tumors within the cerebral hemispheres not 
involving eloquent cortex have been amenable 
to radical or gross total resections. Extensive 
resections have not previously been attempted 
with deeper lesions near midline structures, 
such as thalamic tumors, due to potential for 
significant postoperative neurologic deficit. 

This likely contributes to the historically poorer 
survival outcomes associated with midline 
tumors (Eisenstat et  al. 2015; McCrea et  al. 
2015). In one study, age < 3 years was shown to 
predict greater likelihood of survival in patients 
with high-grade gliomas (Qaddoumi et  al. 
2009). Gross total resection has also been shown 
to have improved survival in females versus 
males (McCrea et al. 2015).

Fig. 9.2 HGG—conventional MRI. Upper Panels: 
10-year-old female presenting with obstructive hydro-
cephalus due to a midbrain mass. The tumor is heteroge-
neously enhancing on T1-weighted post-contrast imaging 
with areas of cystic/necrotic change (left), and further sig-
nal abnormality is seen extending into the left thalamus on 
pre-contrast T2 (middle panel) and post-contrast FLAIR 
(right panel). Dynamic perfusion imaging demonstrated 
rCBV values of the enhancing component up to 12 times 
of normal-appearing white matter of the right frontal lobe. 
The nonenhancing FLAIR abnormality showed rCBV 
values 4 times of normal white matter. Histology was ana-
plastic astrocytoma (WHO grade III) and molecular test-

ing revealed a K27 subgroup glioblastoma with driver 
mutations in H3F3A (K28M), FGFR1 (N546K), and NF1 
(E1436fs*4, W2317*). Lower Panels: 13-year-old male 
presenting with a seizure and a left frontal lobe mass. The 
tumor is partially cystic/necrotic and heterogeneously 
enhancing on T1-weighted post-contrast imaging (left), 
and no appreciable peritumoral edema seen on pre-con-
trast T2 (middle panel) or post-contrast FLAIR (right 
panel). Histology was glioblastoma (WHO grade IV) and 
molecular testing revealed an RTK-I subgroup glioblas-
toma with loss of CDKN2A/B and RB1, as well as ampli-
fication of MDM2 and CDK4
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Fig. 9.3 Utility of MR perfusion imaging in differentiat-
ing high-grade from low-grade gliomas. (a) 10-year-old 
male with glioblastoma, same patient shown as in Fig. 9.1, 
lower panel. (b) Perfusion analysis (DSC T2* CBV para-
metric map) demonstrating marked hyper-perfusion of the 
enhancing lesion with rCBV measuring in the range of 
6.0–8.5 relative to the normal-appearing white matter, 
suggesting a high-grade tumor. (c) 9-year-old male pre-

senting with headaches and a left frontal lobe mass, het-
erogeneously enhancing on post-contrast T1-weighted 
image, similar in appearance to the glioblastoma shown in 
the upper row (a). (d) Perfusion analysis demonstrated 
low rCBV in the range of 1.5 relative to the normal-
appearing white matter, suggesting a low-grade glioma 
which was subsequently confirmed by histopathology

9.4.1  Extent of Resection

The positive impact of surgical resection on sur-
vival has been well documented in the adult HGG 
literature due to the larger patient population. 
Sanai et al. showed that even a 78% reduction in 
tumor volume has survival benefit, with survival 

increasing as percent of resection increases 
(Sanai et  al. 2011). A review of 21,783 adult 
GBM patients also showed improved survival 
with gross total resection compared to subtotal 
resection (Zinn et al. 2013).

Given the lower incidence of HGG in the pedi-
atric population, there are only limited studies 
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with small sample sizes that assess the effect of 
extent of resection on survival. However, these 
studies confirm that there is survival benefit with 
greater extent of resection (Walston et al. 2015). 
Radical tumor resection (>90%) correlated with 
improved disease-free and overall survival (OS) 
in a prospective Children’s Cancer Study Group 
(CCSG) study (Wisoff et  al. 1998). 5-year pro-
gression-free survival (PFS) rates were 35 ± 7% 
in radical resection versus 17 ± 4% in less exten-
sive resections. In a retrospective review of 37 
patients with glioblastoma, gross total resection 
was associated with a median OS of 45.1 months 
compared to 8.7 months for subtotal resection 
(Yang et al. 2013). An analysis of 6212 pediatric 
glioma patients from the Surveillance, 
Epidemiology, and End Results (SEER) database 
also showed extent of resection to be positively 

correlated with survival outcomes (Qaddoumi 
et al. 2009). A more recent retrospective review of 
97 patients also showed improved median OS at 
3.4 years for radical resection versus 1.6 years for 
subtotal resection (McCrea et al. 2015).

9.4.2  Surgical Adjuncts

Recent advances in surgical adjuncts are now 
being utilized to increase extent of resection 
while reducing morbidity. Stereotactic naviga-
tion, real-time neurophysiologic monitoring, 
 cortical mapping, identification of critical white 
matter pathways with diffusion tensor tractogra-
phy, and intraoperative MRI have allowed 
increasingly radical removal of glial tumors with 
preservation of neurological function. Tumor 
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Fig. 9.4 Utility of MR spectroscopy in differentiating 
high-grade from low-grade gliomas. Upper panel: 9-year-
old male presenting with headache and a nonenhancing, 
diffuse brain stem low-grade glioma noted on sagittal (a) 
post-contrast T1-weighted and (b) T2-weighted images. 
(c) Single-voxel MR spectroscopy demonstrated mildly 
increased choline/creatine ratio and relatively normal-
appearing NAA, consistent with a low-grade glioma. 

Lower panel: 10-year-old female presenting with obstruc-
tive hydrocephalus due to a necrotic enhancing midbrain 
mass as seen on axial (d) post-contrast T1-weighted and 
(e) T2-weighted images. (f) Single-voxel MR spectros-
copy demonstrated markedly increased Cho/Cr ratio and 
markedly decreased NAA consistent with HGG. Histology 
was anaplastic astrocytoma (WHO grade III) and molecu-
lar testing revealed a K27 subgroup glioblastoma
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resection can be brought to the edge of functional 
cortex and deep lesions can be resected through 
neurophysiologic and neuro-anatomic corridors 
that were previously not appreciated.

Diffusion tensor tractography (DTT) is 
increasingly part of the preoperative planning. 
This imaging modality allows for visualization of 
specific white matter tracts, such as the cortico-
spinal tract, in order to spare these areas during 
surgery (Kupper et  al. 2015). In a prospective 
study of 11 pediatric patients with optic pathway 
gliomas, DTT was used to differentiate the optic 
pathways from surrounding tumor (Ge et  al. 
2015). Moshel et al. showed that DTT combined 
with stereotactic navigation could be used to 
identify the posterior limb of the internal capsule 
in order to avoid it during the resection of tha-
lamic tumors (Moshel et al. 2009).

Choudhri et  al. performed a retrospective 
review of 194 patients who had intraoperative 
MRI during resection of various primary CNS 
tumors (Choudhri et al. 2014). In this series, 21% 
of patients underwent more extensive resection 
after intraoperative MRI.  Increased operative 
time was offset by eliminating the need for a 
postoperative MRI.

Another intraoperative adjunct is the use of 
5-aminolevulinic acid (5-ALA). 5-ALA is cur-
rently not part of the standard of care in the US, 
but internationally has been shown to increase 
extent of resection in adult HGG by causing fluo-
rescence of the tumor tissue. Small series have 
shown the same fluorescence in pediatric HGG 
with no negative side effects (Beez et  al. 2014; 
Barbagallo et al. 2014).

9.5  Histopathology 
and Molecular Pathology

Historically, the World Health Organization 
(WHO) classification of tumors of the nervous 
system did not distinguish “pediatric” from 
“adult” HGG.  Recent major discoveries, how-
ever, have led to significant changes in our under-
standing of the molecular genetics and biology of 
pediatric gliomas, and it has become evident that 
adult and pediatric HGG can be subdivided into 
molecular entities with distinct biology and clini-

cal behavior (Sturm et  al. 2014; Mackay et  al. 
2017). While all of these entities have specific 
age predilections, the notion of two distinct and 
separate entities of “adult” and “pediatric” HGG 
has become outdated. Furthermore, the molecu-
lar classification of gliomas has revealed major 
limitations of the historical histology-based 
WHO grading system for diffuse gliomas (Reuss 
et  al. 2015). As a result, the recently updated 
2016 WHO classification of tumors of the ner-
vous system has introduced several important 
changes relevant to the diagnostic classification 
of pediatric HGG (Louis et al. 2016).

9.5.1  Molecular Genetics 
and Molecular Subgroups

Pediatric HGG can be divided into molecular 
subgroups characterized by distinct oncogenic 
driver mutations, DNA methylation profiles, and 
gene expression. These subgroups, which are 
summarized in Fig.  9.5, differ substantially in 
regard to clinical behavior, including age predi-
lection, anatomical locations, and survival (Sturm 
et al. 2012; Korshunov et al. 2015; Mackay et al. 
2017). Each subgroup is linked to recurrent onco-
genic driver mutations, including histone H3 
K27M and G34R/V mutations, isocitrate dehy-
drogenase (IDH1/2) mutations, and BRAFV600E 
mutations. Recent further refinements in the 
molecular subclassification pediatric HGG have 
revealed additional epigenetically distinct sub-
groups within H3-/IDH-wild-type tumors that are 
associated with recurrent amplifications of the 
MYCN, EGFR, and PDGFRA oncogenes 
(Korshunov et al. 2017; Mackay et al. 2017).

Overall mutation frequency in pediatric HGG is 
relatively low compared to adult GBM (61 muta-
tions per sample) (Wu et  al. 2014). Interestingly, 
pediatric HGG show an overall higher mutation 
rate than other pediatric cancers, with a median of 
15 non-synonymous coding mutations per tumor. 
This number is highly variable, with infant HGG 
showing an extremely low number of mutations, 
with a median of 2, while children with mismatch 
repair abnormalities show the highest mutational 
burden of all tumors, with a median of >6000 non-
synonymous coding mutations per tumor.

M. A. Karajannis et al.



201

Pediatric HGG harbor genetic alterations in 
the same canonical cancer pathways as adult dif-
fuse gliomas, including the TP53 pathway, the 
PI3K pathway, and the RB pathway, although the 
frequency of specific alterations differs between 
pediatric and adult tumors (Sturm et  al. 2014; 
Mackay et al. 2017). For example, loss of PTEN 
function via deletion and/or mutation is rare in 
pediatric HGG, while it is one of the most com-
mon alterations in adult GBM.  The BRAFV600E 
mutation is occasionally found in pediatric supra-
tentorial HGG, most commonly in the context of 
secondary pediatric HGG arising from tumors 
that were originally low-grade, such as ganglio-
gliomas (Lassaletta et  al. 2017; Mistry et  al. 
2015). Secondary high-grade gliomas in children 
may also arise from pleomorphic xanthoastrocy-
toma (PXA), which is a usually slow-growing 
tumor of the cerebral hemispheres with marked 
nuclear pleomorphism and assigned WHO grade 
II.  The majority of PXA harbor the BRAFV600E 
mutations (Schindler et  al. 2011), and lack 
MGMT promoter methylation (Marucci and 
Morandi 2011). As an alternative mechanism of 

constitutive activation of BRAF, some PXAs 
occurring in children harbor oncogenic fusions 
involving BRAF (Hsiao et al. 2017; Kline et al. 
2017). The prognosis for patients with radically 
resectable PXA is generally excellent, but resid-
ual and/or recurrent tumors have a strong propen-
sity for aggressive behavior with malignant 
transformation towards glioblastoma (Ida et  al. 
2015; Kahramancetin and Tihan 2013; Rao et al. 
2010). A subset of tumors with histopathological 
features of glioblastoma occurring in infants and 
young children with a methylation profile resem-
bling PXA and frequent BRAFV600E mutations as 
well as CDKN2A/B deletions have recently been 
described and termed “PXA-like” (Korshunov 
et  al. 2015; Mackay et  al. 2017), and similar 
genetic features have also been reported in sec-
ondary pediatric HGG arising from low-grade 
astrocytomas (Mistry et al. 2015).

Chromosomal structural abnormalities are com-
mon in pediatric HGG. The copy number altera-
tions (CNA) landscape in pediatric HGG is highly 
variable, and can range from balanced genomes to 
simple rearrangements and complex abnormalities 
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Fig. 9.5 Molecular subgroups of pediatric high-grade 
glioma, including diffuse intrinsic pontine glioma. 
Pediatric grade gliomas grouped by genome-wide meth-

ylation cluster and associated hotspot mutations, and 
annotated with key clinical and genomic features. 
Modified from Gajjar et al. (2015)
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caused by chromothripsis phenomena (Wu et  al. 
2014). For example, NTRK fusions are typically 
involved and can be the sole molecular aberration, 
particularly in infant HGG (Wu et  al. 2014; 
Korshunov et al. 2015; Mackay et al. 2017).

Similar to adult gliomas, receptor tyrosine 
kinases (RTKs) represent the most commonly 
amplified genes in pediatric HGG; however, the fre-
quency of affected genes differs across age groups 
(Sturm et al. 2014). The PDGFRA gene is the most 
commonly mutated or amplified RTK in pediatric 
HGG, with approximately 30% of pediatric tumors 
showing alterations, while only 10–15% of adult 
GBM are affected (Paugh et al. 2010; Phillips et al. 
2013). Amplification of MET and IGF1R, as well as 
mutations in FGFR1, are also found in pediatric 
HGG. Mosaic heterogeneity, i.e., amplification of 
different RTK genes in a mutually exclusive fash-
ion, which was originally described in adult glio-
blastoma (Snuderl et al. 2011), has also been also 
observed in pediatric gliomas, with coexisting 
tumor cell subclones harboring either PDGFRA or 
MET amplification. Recent genomics-based “evo-
lutionary reconstruction” studies in DIPG have 
revealed high-fidelity obligate partners with histone 
H3 mutations from diagnosis to end-stage disease 
involving alterations in TP53 cell-cycle (TP53/
PPM1D) or specific growth factor pathways 
(ACVR1/PIK3R1), whereas later oncogenic altera-
tions arise in subclones and often affect the PI3K 
pathway (Nikbakht et  al. 2016). Alterations of 
EGFR, including amplification and mutations com-
monly seen in adult glioblastomas, are relatively 
rare in pediatric HGG (Pollack et al. 2006; Bax et al. 
2009; Paugh et al. 2010). The TP53 gene is affected 
in almost 55% of pediatric HGGs. Up to 20% of 
DIPGs and midline HGGs carry mutations in 
PPM1D, which is downstream in the pathway, and 
mutations of TP53 and PPM1D are mutually exclu-
sive in HGG (Zhang et al. 2014). The RB pathway 
is commonly affected in adult glioblastoma and 
although homozygous loss of RB is extremely rare 
in pediatric HGG, loss of chromosome 13q is found 
in approximately one-third of pediatric HGGs 
regardless of location (Paugh et al. 2011; Wu et al. 
2014). In children, homozygous deletions of 
CDKN2A/B are found in approximately 25% of 
supratentorial HGG, but are rare in midline tumors 

(Paugh et al. 2010; Wu et al. 2014; Korshunov et al. 
2015). Amplification of the components of the 
cyclin–CDK complex that phosphorylates RB, 
including CDK4, CDK6, and cyclins D1, D2, or 
D3, have been identified across all subgroups of 
pediatric HGGs (Nikbakht et al. 2016).

9.5.2  Epigenetics

The molecular hallmarks of pediatric HGG are 
aberrations of the genes regulating epigenetic 
modifications of the genome, including recurrent 
hotspot mutations in H3 histone, family 3A 
(H3F3A) and histone cluster 1, H3b (HIST1H3B), 
which encode the histone H3 variants H3.3 and 
H3.1, respectively (Schwartzentruber et  al. 
2012). This was the first example of a human dis-
ease driven by direct mutation of histones. Point 
mutations of H3F3A and HIST1H3B genes occur 
at hotspots either at amino acid residue 27 result-
ing in lysine to methionine (K27M) amino acid 
change or 34 resulting in either glycine to argi-
nine (G34R) or glycine to valine (G34V) amino 
acid change. The H3 mutations are mutually 
exclusive with IDH1/2 mutations. Interestingly, 
both IDH1/2 and H3 mutations appear to drive 
oncogenesis via genome-wide epigenomic 
changes. Clinically, different H3 histone muta-
tions are associated with strikingly different age 
of onset and survival. Younger children (median 
age 6–7) are predominantly affected by K27M 
mutated tumors, while older children (median 
age 13–14) are predominantly affected by 
G34R/V mutants (Schwartzentruber et al. 2012; 
Sturm et al. 2012; Wu et al. 2014). Median sur-
vival of patients with K27M mutated tumors is 12 
months while the median survival of patients 
with G34R/V mutation is 24 months (Sturm et al. 
2012; Korshunov et  al. 2015). These mutations 
can also be present in rare gliomas of young 
adults, and are mutually exclusive with IDH1/2 
mutations. The current WHO Classification rec-
ognizes K27M mutant infiltrating glioma as a 
separate entity, “diffuse midline glioma, H3 
K27M mutant” (Louis et al. 2016), and assigns a 
grade IV irrespective of histological features. 
Although the vast majority of children with 

M. A. Karajannis et al.



203

K27M mutant glioma do poorly with standard 
therapies, a small subset of patients with K27M 
mutant glioma who lack other typical genomic 
features of HGG, i.e., oncogene amplifications 
and chromosomal gains and losses, may have a 
more favorable outcome (Orillac et al. 2016).

Other chromatin regulators can also be mutated 
in pediatric HGG.  The ATRX or DAXX genes, 
which are strongly associated with a telomerase-
independent alternative lengthening of telomeres, 
are mutated in approximately 20% of pediatric 
HGG, often with concurrent G34 mutations 
(Schwartzentruber et  al. 2012; Wu et  al. 2014). 
Mutations of the telomerase reverse transcriptase 
(TERT) promoter, which represent different 
mechanisms to lengthen telomeres and are highly 
prevalent in adult glioblastoma, can be found in 
subsets of pediatric HGG as well (Koelsche et al. 
2013; Korshunov et al. 2017; Mackay et al. 2017).

There is a striking anatomic predilection for 
particular driver mutations in pediatric HGG, 
which points to neurodevelopmental origins of 
pediatric HGG.  Histone H3.3 G34R or G34V 
mutations are predominantly found in supratento-
rial hemispheric tumors that can vary considerably 
in histological appearance; the histologic variation 
does not appear to impact outcome (Korshunov 
et  al. 2016). Histone H3 K27M mutations are 
found in midline tumors, including the thalamus 
and brain stem, with the highest frequency in 
DIPG (Sturm et  al. 2012; Wu et  al. 2014; 
Buczkowicz et  al. 2014; Taylor et  al. 2014; 
Fontebasso et al. 2014). In midline tumors, FGFR1 
mutations are found in thalamic HGGs while 
ACVR1 mutations are restricted to DIPG. DIPGs 
are also characterized by PIK3CA and PIK3R1 
mutations and FGF1R and MET amplifications, 
while loss of CDKN2A and NF1 aberrations are 
more prevalent in supratentorial HGG.

9.5.3  MGMT Promoter Methylation

Promoter methylation of the O6-methylguanine-
DNA methyltransferase (MGMT) gene, which 
encodes a DNA repair protein implicated in resis-
tance to alkylating chemotherapy and is consid-
ered of prognostic and predictive value in 

gliomas, can be detected by a variety of assays 
(Wick et  al. 2014), with methylation-specific 
PCR (MSP) being one of the most widely used. It 
has recently been shown that MGMT promoter 
status may also be reliably determined from data 
generated by genome-wide methylation arrays 
(Bady et al. 2012).

While in adult glioblastoma, MGMT promoter 
methylation status has been well established as a 
strong independent prognostic factor regardless of 
therapy, as well as a predictive biomarker for sig-
nificant survival benefit from TMZ (Wick et  al. 
2014), the role of MGMT promoter methylation 
status as independent prognostic or therapeutic 
biomarker in pediatric HGG is unclear. No ran-
domized controlled HGG trials comparing 
XRT + TMZ to XRT alone have been performed 
in children; hence, the value of MGMT promoter 
methylation as a predictive biomarker for benefit 
from TMZ is unknown. While the Children’s 
Oncology Group (COG) ACNS0126 trial showed 
improved survival in patients with strong MGMT 
expression (Cohen et al. 2011), no such difference 
was observed on ACNS0423 (Jakacki et al. 2016). 
Of note, MGMT status on both trials was deter-
mined using immunohistochemistry, which is 
unreliable and no longer considered an acceptable 
test to determine MGMT status in glioma (Wick 
et al. 2014). Remarkably, data from a retrospec-
tive pediatric HGG study (Korshunov et al. 2015) 
showed that while MGMT promoter methylation 
was tightly associated with K27M and IDH1 
mutational status, it was not an independent prog-
nostic factor in multivariate analysis. This finding 
is in striking contrast to adult glioblastoma 
patients, where MGMT promoter methylation 
status has been validated as a highly reproducible 
prognostic and predictive biomarker across pro-
spective, randomized clinical trials using XRT 
and XRT + TMZ (Wick et al. 2014). Therefore, 
the utility of MGMT promoter methylation status 
as an independent prognostic biomarker in pediat-
ric HGG is not supported by the current data, and 
its role as a predictive biomarker for benefit from 
TMZ in this population is unproven as well. Taken 
together, there currently is insufficient data to 
support the use of MGMT status for clinical deci-
sion-making in children with HGG.
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9.5.4  Clinical Implications

Considering major molecular, biological, and 
clinical differences between HGG subgroups, the 
limitations of traditional histological grading, the 
discovery that molecular classification may sig-
nificantly outperform histopathological grading 
in terms of prognosis (Reuss et al. 2015; Eckel-
Passow et al. 2015; Sturm et al. 2012; Korshunov 
et al. 2015, 2017; Mackay et al. 2017), and the 
availability of novel therapeutic options for sub-
sets of patients, the diagnosis of a pediatric HGG 
based on histology and WHO grade alone can no 
longer be regarded as sufficient.

The recent development and validation of reli-
able, mutation-specific antibodies has greatly 
facilitated the diagnosis of IDH, K27, and BRAF 
mutant gliomas (Bechet et al. 2014; Capper et al. 
2010, 2011). Fluorescence in situ hybridization 
(FISH) is useful in detecting focal genomic 

changes, including oncogene amplifications, 
such as PDGFRA, and loss of tumor suppressor 
genes, such as CDKN2A/B.  Although several 
molecular subgroups of HGG can be distin-
guished using RNA-based gene expression 
arrays, genome-wide DNA methylation profiling 
using the Illumina Infinium Human Methylation 
450 Bead Chip (“Illumina 450k”) has been shown 
to be of value to recognize clinically relevant 
molecular subgroups of pediatric HGG (Sturm 
et al. 2012; Korshunov et al. 2015), as well as to 
provide valuable additional diagnostic informa-
tion. The methylation data can be processed to 
reveal focal copy number changes, such as ampli-
fications of oncogene and loss of tumor suppres-
sors, similar to array comparative genomic 
hybridization (array CGH), as illustrated in 
Fig. 9.6. In addition, MGMT promoter methyla-
tion status can be readily derived from the data 
(Bady et al. 2012).
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Fig. 9.6 Molecular diagnostics in pediatric high-grade 
glioma. (DIPG, a–c): H&E (a), detection of K27M by 
IHC using a mutant-specific antibody yielding intense 
brown nuclear staining (b), and PDGFRA amplification 

shown by FISH (c). (d): Complex chromosomal aberra-
tions in a supratentorial HGG using genome-wide meth-
ylation profiling. Arrow head points to MET amplification 
and arrow to RB loss
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9.6  Radiation Therapy

Radiation therapy is an important component of 
the adjuvant treatment of pediatric high-grade 
gliomas. Adult randomized controlled studies 
from the 1970s to the 1990s demonstrated a sur-
vival benefit for postoperative radiotherapy with 
doses from 60 to 64  Gy (Andersen 1978; 
Kristiansen et  al. 1981; Walker et  al. 1978). 
Radiotherapy with or without chemotherapy was 
found to be more effective than chemotherapy 
alone in adults (Sandberg-Wollheim et al. 1991; 
Walker et al. 1978, 1980). However, attempts to 
augment adjuvant radiation therapy with either 
brachytherapy or stereotactic radiosurgery in 
adult patients have not demonstrated a survival 
benefit (Laperriere et al. 1998; Selker et al. 2002; 
Souhami et al. 2004).

A Brain Tumor Cooperative Group (BTCG) 
meta-analysis revealed a statistically significant 
improvement in median survival for adult patients 

who received doses of 50–60 Gy as compared to 
patients who received 45 Gy or less (Walker et al. 
1979). A Medical Research Council study of 
adult patients also demonstrated a statistically 
significant survival advantage with 60  Gy as 
compared to 45 Gy (Bleehen and Stenning 1991). 
These results have been extrapolated to the pedi-
atric population, and standard RT for pediatric 
high-grade gliomas consists of a total dose of 
60 Gy in 30–33 fractions. An initial clinical target 
volume (CTV1) is treated to 45–54 Gy, followed 
by a “boost” to a smaller CTV (CTV2) to a total 
dose of 60 Gy (Fig. 9.7).

Due to the possibility that high-grade gliomas 
may disseminate widely (Matsukado et al. 1961), 
whole brain irradiation was initially used in early 
studies of adult high-grade gliomas. However, 
concerns about radiation-induced brain necrosis 
and cognitive impairment have led to increasingly 
localized treatment volumes. A BTCG random-
ized study demonstrated that whole brain irradia-

a

b

Fig. 9.7 Radiation therapy treatment planning and 
dosimetry. Dose distribution of an intensity-modulated 
radiation therapy plan (a) and a proton therapy plan (b) 

for an 11-year-old male with anaplastic astrocytoma sta-
tus post gross total resection
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tion with 43 Gy followed by a coned-down boost 
of 17.2 Gy was as effective as whole brain irradia-
tion with 60.2  Gy (Shapiro et  al. 1989). Other 
adult studies demonstrated that limited volume RT 
was as effective as whole brain irradiation (A 
study of the effect of misonidazole in conjunction 
with radiotherapy for the treatment of grades 3 and 
4 astrocytomas. A report from the MRC Working 
Party on misonidazole in gliomas 1983; Bleehen 
et al. 1981; Payne et al. 1982; Ramsey and Brand 
1973; Sheline 1975; Urtasun et al. 1982). Autopsy 
series have shown that the volume at highest risk 
of local failure is within 2–3  cm of the primary 
tumor bed (Halperin et  al. 1989; Hochberg and 
Pruitt 1980; Wallner et al. 1989). Therefore, CTV1 
is usually defined by a 2 cm expansion beyond the 
tumor, tumor bed, and associated T2 (or FLAIR) 
signal. CTV2 is usually defined by a 0.5- to 1-cm 
margin beyond the residual enhancing tumor and 
tumor bed. 3D conformal RT has been the stan-
dard modality for pediatric high-grade gliomas; 
however, intensity-modulated radiation therapy 
(IMRT) and proton therapy may provide better 
sparing of critical normal structures, such as nor-
mal brain, optic apparatus, cochlea, and brain stem 
(Hermanto et  al. 2007; Narayana et  al. 2006). 
Modeling studies have demonstrated improved 
neurocognitive functioning at 5 years for proton 
therapy compared to 3D conformal RT (Merchant 
et  al. 2008). Therefore, proton therapy may be 
most appropriate for patients with an expected sur-
vival of 5 years or greater, such as patients with 
IDH mutant glioma.

9.6.1  Dose Escalation 
and Fractionation

Retrospective patterns-of-failure studies have 
demonstrated that 89–93% of local failures after 
RT occur within the high-dose region (Chang 
et  al. 2007; Lee et  al. 1999; McDonald et  al. 
2011). This finding has led some investigators to 
explore the use of higher RT doses in the treat-
ment of high-grade gliomas. RTOG 9803 was a 
phase I dose-escalation study that examined four 
dose levels—66, 72, 78, and 84 Gy—with concur-
rent BCNU (Tsien et al. 2009). No dose-limited 

toxicities were observed at any dose level. 
However, this study was conducted with concur-
rent BCNU, which is not currently considered the 
standard concurrent chemotherapy agent. Dose 
escalation beyond 84 Gy has been examined using 
proton therapy. A phase II study at Massachusetts 
General Hospital treated 23 patients with twice-
daily fractions of 1.8–1.92 CGE (Cobalt-60  Gy 
Equivalent) to a median total dose of 93.5 CGE 
(range, 81.6–94.2) using a combination of X-ray 
and proton therapy (Fitzek et  al. 1999). The 
median OS was 20 months, and all the patients 
were considered to have developed radiation 
necrosis. Another study at the Proton Medical 
Research Center in Tsukuba, Japan, treated 23 
patients with twice-daily fractions of 1.65–1.8 
CGE to a total dose of 96.6 CGE using a combi-
nation of X-ray and proton therapy (Mizumoto 
et al. 2015). Twenty-one patients received concur-
rent nimustine, and two patients received concur-
rent temozolomide. The median OS was 21 
months; six patients developed radiation necrosis, 
and two patients developed leukoencephalopathy.

Late-responding normal tissues, such as nor-
mal brain, are generally considered to be more 
sensitive to dose per fraction than tumors. 
Hyperfractionation attempts to improve the ther-
apeutic ratio by increasing the total dose while 
reducing the fractional dose. Typically, hyper-
fractionated RT regimens use twice-daily frac-
tional doses of 1.6  Gy or less. A randomized 
study at University of California, San Francisco 
compared standard fractionation (1.8  Gy per 
fraction, once a day, to 59.4 Gy) with a hyper-
fractionated regimen (1.6 Gy per fraction, twice a 
day, to 70.4 Gy) (Prados et al. 2001). No differ-
ence in OS or PFS was seen between the two 
arms. Furthermore, a meta-analysis of altered 
fractionation for high-grade gliomas revealed no 
significant improvement in OS for altered frac-
tionation (Nieder et al. 2004).

9.6.2  Pseudoprogression 
and Radiation Necrosis

Radiographic progression, consisting of increas-
ing edema or contrast-enhancement, on the first 
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posttreatment MRI within 2 months after RT 
occurs in about 40% of patients after concurrent 
chemotherapy and RT (Taal et  al. 2008). 
Approximately half of these lesions represent 
true tumor progression, while the other half rep-
resent pseudoprogression. Pseudoprogressive 
lesions are usually visible on the first posttreat-
ment MRI within 2 months after RT. Radiation 
necrosis, which can also appear radiographi-
cally as increasing edema or contrast-enhance-
ment, can occur in up to 24% of patients; it 
typically occurs within 3–12 months after RT, 
but can also occur many years afterwards 
(Giglio and Gilbert 2003; Kumar et  al. 2000; 
Ruben et al. 2006; Sheline et al. 1980). Steroids 
are usually recommended in the initial manage-
ment of asymptomatic pseudoprogression or 
radiation necrosis. Surgery should be consid-
ered in clinically symptomatic patients. 
Bevacizumab and hyperbaric oxygen therapy 
have also been shown to be effective in reducing 
edema associated with radiation necrosis 
(Gonzalez et al. 2007; Furuse et al. 2016; Chuba 
et al. 1997; Drezner et al. 2016).

9.6.3  Radiation Therapy 
for Recurrence

Several therapeutic options, including repeat RT, 
exist for recurrent high-grade gliomas. Repeat 
external beam radiotherapy, radiosurgery, and 
brachytherapy may be considered in carefully 
selected patients. In a retrospective study of 147 
patients treated with hypofractionated stereotac-
tic radiation therapy (HFSRT) with a median 
dose of 35 Gy in 3.5 Gy fractions, repeat RT was 
well tolerated with a median OS of 11 months 
(Fogh et al. 2010). HFSRT consisting of 30 Gy in 
5 fractions with bevacizumab has also been 
shown to be well tolerated with a median OS of 
12.5 months (Gutin et al. 2009). In a retrospec-
tive review of 11 patients treated with Gamma 
Knife radiosurgery (median dose, 16  Gy) and 
bevacizumab, the authors report a median PFS of 
15 months and a median OS of 18 months (Park 
et al. 2012). Studies of interstitial I-125 brachy-

therapy for recurrent high-grade gliomas have 
reported median OS from 10 to 20 months (Gutin 
et  al. 1987; Lucas et  al. 1991; Scharfen et  al. 
1992; Shrieve et al. 1995).

9.7  Chemotherapy

9.7.1  Chemotherapy for HGG 
(Excluding DIPG and Infant 
HGG) at Initial Diagnosis

The first prospective, randomized clinical trial 
including chemotherapy for children with newly 
diagnosed HGG was conducted by the Children’s 
Cancer Study Group (CCSG) during the 1980’s 
and showed a significant improvement in out-
come using adjuvant RT followed by pCV che-
motherapy (prednisone, chloroethyl-cyclohexyl 
nitrosourea (CCNU), and vincristine), as com-
pared to RT alone (Sposto et  al. 1989). In this 
study, the addition of chemotherapy led to a dra-
matic increase in 5-year PFS from 16 to 46%. As 
a result, adjuvant chemotherapy in addition to RT 
became the standard of care and no subsequent 
pediatric cooperative group study included an 
“RT-only” standard arm. Of note, the survival 
rates reported from the CCSG trial, especially in 
the chemotherapy arm, far exceeded what has 
been observed in all subsequent studies. This dis-
crepancy can be explained by the misclassifica-
tion and inclusion of a large number of low-grade 
gliomas on older HGG studies (Pollack et  al. 
2003). As a result, contemporary trials with more 
stringent neuropathology criteria, including cen-
tral review, have shown 3-year event-free survival 
(EFS) and OS rates of approximately 20% and 
10%, respectively (Cohen et al. 2011), with long-
term survivors beyond 5 years from diagnosis 
being exceedingly rare.

In a landmark phase 3 trial, single-agent temo-
zolomide (TMZ), when administered during and 
after RT (the “Stupp regimen”), was shown to 
significantly prolong EFS and OS in adults with 
glioblastoma compared to RT alone, with a 
median survival of 14.6 months with RT + TMZ 
and 12.1 months with RT alone (Stupp et  al. 
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2005). The subset of patients with MGMT pro-
moter methylation benefitted the most from the 
addition of TMZ, with an increase of median sur-
vival from 15.3 to 21.7 months (Hegi et al. 2005). 
In contrast, there was only a statistically nonsig-
nificant trend towards improved OS in those 
patients with MGMT promoter unmethylated 
tumors, and a subsequent study showed similar 
results (Weller et al. 2009). Perhaps not surpris-
ingly, the use of adjuvant chemoradiotherapy 
similar to the “Stupp regimen” in the Children’s 
Oncology Group (COG) single-arm study 
ACNS0126 did not lead to an improved outcome 
when compared to historical controls treated with 
different adjuvant chemotherapy regimens that 
included alkylators (Cohen et  al. 2011). While 
MGMT expression was confirmed as a prognos-
tic marker in children in this study, the predictive 
value for benefit from TMZ remains unproven 
since no recent pediatric studies included an 
RT-only control arm.

In the subsequent COG HGG trial, ACNS0423, 
CCNU was added to temozolomide during main-
tenance. The study did not meet the predefined 
endpoint, with a 1-year EFS of 49% similar to the 
original CCG-945-based design model (Jakacki 
et al. 2016). Although EFS and OS were noted to 
be significantly improved in ACNS0423 com-
pared to ACNS0126, molecular data on both 
studies is very limited, with IDH mutational sta-
tus available on a subset of patients on ACNS0423 
only, but not on ACNS0126. Of note, IDH muta-
tions were observed in 16.3% tumors analyzed 
on ACNS0423 (Pollack et al. 2011), which repre-
sents a relatively high percentage compared to 
other pediatric HGG series. In ACNS0423 
patients with IDH mutant tumors, 1-year OS was 
reported as 100%, underscoring the strong prog-
nostic value of IDH mutations in pediatric HGG 
patients, in keeping with adult data. Given the 
paucity of molecular data available on both the 
ACNS0126 and ANCS0423 cohorts, the rela-
tively small numbers of patients, the sequential 
study design and lack of randomization, compari-
sons in outcome between the two studies should 
be interpreted with caution.

The most recent COG HGG trial, ACNS0822, 
compared two different experimental arms with 
vorinostat or bevacizumab during RT to a “con-
trol arm” with TMZ during RT. Of note, patients 
on all three arms received bevacizumab post RT 
during maintenance therapy. The trial was ini-
tially planned as a phase 2 “pick-the-winner” 
design followed by phase 3 testing, but the study 
was permanently closed in 2014 during phase 2 
after an interim analysis showed that the pre-
defined endpoint (i.e., improved 1-year EFS 
compared to standard therapy) could not be met 
(Hoffman et  al. 2015). Given these findings, 
along with the disappointing results of up-front 
therapy with bevacizumab in adults with glio-
blastoma (Chinot et al. 2014; Gilbert et al. 2014), 
bevacizumab is unlikely to play a role in future 
clinical trials for newly diagnosed pediatric 
HGG patients.

In pediatric patients with HGG treated on the 
German “HIT-GBM-C” cooperative group study 
with intensive chemotherapy during and after RT, 
survival appeared superior compared to prior 
HIT-GBM studies in the subgroup of patients 
with HGG who had undergone gross total resec-
tion (Wolff et al. 2010). Although the results were 
provocative, the data is difficult to interpret given 
that molecular data on this cohort is unavailable.

9.7.2  Chemotherapy for DIPG at 
Initial Diagnosis

Disappointingly, numerous strategies using adju-
vant chemotherapy to treat patients with DIPG 
over the past decade, including high-dose chemo-
therapy followed by stem cell rescue, neo-adju-
vant chemotherapy (single or multi-agent), 
concurrent chemotherapy with RT, and adjuvant 
chemotherapy given post RT, have not demon-
strated any survival benefit when compared to 
conventional RT alone [reviewed in (Jansen et al. 
2012)]. Novel preclinical models of DIPG have 
allowed for in vitro and in vivo drug screening 
(Grasso et al. 2015; Funato et al. 2014), and are 
hoped to lead to identification of more effective 
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treatment strategies that can be translated into 
clinical trials.

To summarize, the historical data suggests a 
modest benefit of the addition of alkylator-based 
chemotherapy to adjuvant RT in unselected 
cohorts of pediatric patients with HGG, but not in 
patients with DIPG.  Given the more favorable 
toxicity profile of TMZ compared to CCNU, 
adjuvant RT and TMZ have become the “de 
facto” standard treatment of pediatric patients 
with non-brain stem HGG.  For DIPG patients, 
adjuvant RT without chemotherapy remains the 
standard of care.

9.7.3  Chemotherapy for Infant HGG 
at Initial Diagnosis

It has been long recognized that HGG arising in 
infants and very young children (<3 years of age, 
also termed “infant HGG”) have a much better 
survival compared to HGG seen in older chil-
dren, hinting at a different biology. As a result of 
this observation, and the fact that RT is generally 
avoided in very young children, HGG patients 
<3 years of age are generally excluded from 
pediatric HGG studies and typically treated with 
intensive chemotherapy regimens, such as the 
“Baby POG” protocol and others (Duffner et al. 
1993, 1996, 1999; Dufour et  al. 2006; Geyer 
et al. 1995; Sanders et al. 2007). As discussed in 
the “Histopathology and Molecular Pathology” 
section of this chapter, recent data has shed light 
on the molecular genetics and biology of “infant 
HGG.” Excluding K27M mutant tumors, which 
can also be seen in very young children and have 
a dismal prognosis, the majority of “infant 
HGG” lack the molecular features seen in other 
HGG and resemble low-grade gliomas genomi-
cally (Korshunov et  al. 2015; Wu et  al. 2014), 
which likely explains their more favorable 
response to chemotherapy and improved 
outcome.

The optimal type and timing of adjuvant 
therapy for patients with IDH mutant gliomas is 
unclear. IDH mutant gliomas in children corre-
spond to IDH mutant astrocytomas seen in 

young adults, which are distinct from adult IDH 
mutant oligodendrogliomas that harbor the 
pathognomonic co-deletion of chromosomes 
11p and 19q (Cancer Genome Atlas Research 
et  al. 2015). IDH mutant astrocytomas are not 
seen in young children, but do occur in adoles-
cents (Pollack et  al. 2011; Korshunov et  al. 
2015; Sturm et  al. 2012; Mackay et  al. 2017), 
and their molecular and clinical features are 
indistinguishable from IDH mutant astrocyto-
mas occurring in adults, which have a relatively 
favorable prognosis with median OS of approxi-
mately 10 years reported across large datasets 
(Reuss et  al. 2015; Cancer Genome Atlas 
Research et al. 2015). The MGMT promoter is 
methylated in the vast majority of IDH mutant 
astrocytomas, but data from adult studies indi-
cate that the favorable outcome may be more 
strongly linked to an intrinsically more favor-
able biology and natural history of IDH mutant 
tumors rather than a superior response to ther-
apy (Beiko et al. 2014).

A simplified overview of initial key diagnostic 
and management considerations for children with 
newly diagnosed HGG is shown in Fig. 9.8.

9.7.4  Chemotherapy at Recurrence/
Progression

A large number of single-agent and combination 
chemotherapy salvage regimens, including beva-
cizumab-containing protocols, have been studied 
in pediatric HGG patients, with generally disap-
pointing results (Narayana et  al. 2010; 
Gururangan et  al. 2014). Oral etoposide, either 
alone or in combination with TMZ (Korones 
et  al. 2006) and carboplatin (Yung et  al. 1991; 
Prados et al. 1996), appear to have modest activ-
ity in a subset of children with recurrent 
HGG.  Re-treatment with dose-intensified TMZ 
may represent a reasonable treatment option for 
patients with MGMT promoter methylated glio-
blastoma (Weller et al. 2015). If available, enroll-
ment on an open clinical trial should be strongly 
considered for children with HGG at first disease 
progression or recurrence.
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9.8  Molecular Targeted 
Therapies

Although a number of “actionable” mutations 
can be found in both adult and pediatric HGG, 
treatment of unselected patients with single-
agent, molecular targeted therapies has been 
unsuccessful (Vanan and Eisenstat 2014; Olson 
et  al. 2014). While the selection of “target-
enriched” populations is a rational next step 
being incorporated into recent trials (Lassman 
et  al. 2015), the formidable challenges that 
remain include intra-tumor heterogeneity with 
molecular pathway redundancy (Snuderl et  al. 
2011; Patel et al. 2014) and clonal evolution dur-

ing therapy (Johnson et  al. 2014), as well as 
issues with drug delivery such as poor blood–
brain barrier penetration of many molecular tar-
geted agents (Woodworth et al. 2014). Currently, 
BRAFV600E represents the single most “action-
able” oncogenic driver in pediatric HGG and 
PXA (Chamberlain 2013; Robinson et al. 2014; 
Lee et al. 2014; Hyman et al. 2015), and clinical 
trials with BRAF and/or MEK inhibitors are cur-
rently ongoing. Unfortunately, the BRAFV600E 
mutation is present in a small subset of pediatric 
HGG only (Wu et  al. 2014; Korshunov et  al. 
2015), leaving the majority of patients without 
promising targets for currently available molecu-
lar targeted therapies.
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Fig. 9.8 Simplified algorithm for recommended molecu-
lar testing and initial therapeutic considerations. A limited 
molecular diagnostic workup is shown, with consider-
ation given to the most relevant biomarkers to inform 
clinical management. Of note, IDH mutant gliomas are 

not seen in patients younger than 10 years of age. 
Additional molecular testing, based on availability, is rec-
ommended and may include FISH, targeted sequencing, 
array CGH and/or methylation profiling
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9.9  Immunotherapy

There is considerable and growing interest in 
developing immunotherapy approaches to treat 
brain tumors including HGG, but until recently, 
only a very limited number of studies including 
pediatric patients with HGG have been published 
(Ardon et  al. 2010; Pollack et  al. 2014). In the 
small subset of pediatric HGG patients with 
hypermutant glioblastoma in the context of con-
stitutional biallelic mismatch repair deficiency 
(CMMR-D) syndrome, exceptional treatment 
responses to immune checkpoint blockade using 
the anti-programmed death-1 (PD-1) inhibitor 
nivolumab have recently been reported (Bouffet 
et al. 2016). Several institutional and commercial 
tumor sequencing platforms are currently avail-
able to assess mutational burden and help the cli-
nician in identifying these patients.

An international multicenter trial exploring 
the use of single and dual immune checkpoint 
inhibitors in pediatric patients with brain tumors, 
including HGG, is currently ongoing 
(ClinicalTrials.gov Identifier: NCT03130959).

A large number of immunotherapy trials for 
adult patients with glioblastoma, including 
immune checkpoint blockade and adoptive cel-
lular therapy, are currently being conducted, rep-
resenting a rapidly emerging field that is beyond 
the scope of this chapter (Maxwell et  al. 2017; 
Sampson et  al. 2017; Weller et  al. 2017; 
Srinivasan et al. 2017).

9.10  Future Directions

The recently generated wealth of data and 
knowledge regarding the molecular genetics 
and biology of pediatric HGG, including impor-
tant prognostic and predictive biomarkers, have 
greatly enhanced the diagnostic accuracy and 
opened multiple avenues for novel therapeutic 
approaches. However, several key challenges 
for future pediatric HGG clinical trial develop-
ment remain: (1) lack of currently pharmaco-
logically actionable targets (i.e., recurrent 
genomic alterations) in the majority of pediat-
ric GBM; (2) inter-tumor heterogeneity, with 

molecularly and biologically distinct sub-
groups; (3) intra-tumor heterogeneity, includ-
ing clonal evolution and molecular pathway 
redundancy; and (4) issues with drug delivery, 
including poor blood–brain barrier penetration 
of many molecular targeted agents. Future clin-
ical trials will have to successfully tackle these 
challenges to improve the dismal outcome for 
children with HGG. The rapidly evolving field 
of immunotherapy, including for solid tumors 
and brain tumors, also holds significant prom-
ise for the future.
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Low-Grade Gliomas

Anna K. Paulsson, Michael A. Garcia, 
David A. Solomon, and Daphne A. Haas-Kogan

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).

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 1–4 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 I), 
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 II) 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 NF1 mutations cause premature trun-
cation of the protein. Disturbances in the Ras-

GRD hinder the ability of NF1 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, TSC1 (hamartin on chromosome 9q34) 
and TSC2 (tuberin on 16p13.3) (Hargrave 2009; 
van Slegtenhorst et  al. 1997; Reuss and von 
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Deimling 2009). TSC1 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 V600E 
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 V600E 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 KIAA1549 
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 GNA11, 
MKRN1, CLCN6, SRGAP3, FAM131B, MACF1, 
and RNF130, 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 
mTORC2), that is a master regulator of protein 
translation (Laplante and Sabatini 2012). In high 
nutritional states, conformational changes allow 
mTORC1 to interact with Rheb, stimulating 
mTORC1, 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 mTORC1 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 mTORC2 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 
1p 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 
MYBL1 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 HIST1H3B 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 IV 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 1p 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-TACC1, 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/MYBL1, 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 I. 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 I. 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. (c) 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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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 24–48 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).

c

Fig. 10.2 (continued)
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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 I. 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 I. 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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a

Fig. 10.4 Representative examples of infiltrative glio-
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-

tex with satellitosis of preexisting neurons. 
Immunohistochemical stain using a mutant-specific anti-
body against IDH1-R132H mutant protein (bottom left) 
demonstrating cytoplasmic staining within the neoplastic 
astrocytes, indicative of IDH1 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. 10.4 (continued)
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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 PFS 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). 

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 (less 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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Fig. 10.5 Progression-free 
survival by postsurgical 
residual disease. In this pro-
spective natural history trial, 
Wisoff 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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A phase II 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 II 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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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 PFS 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 V600E 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 

Table 10.1 Chemotherapy regimens for PLGG

Study
Chemotherapy 
regimen

Number of 
patients

Event-free survival (%)
2 years 3 years 5 years

Ater et al. J Clin Oncol. 30:2641–2647, 2012 CV
TPCV

137
137

39
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. J Neurooncol 32:235–241, 1997 TPCV 42 50
Packer et al. J Neurosurg 86:747–754, 1997 CV 78 68

C carboplatin, V vincristine, T 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
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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 V600E 
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 V600E 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 
II 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 
mTORC1, blocks the ability of mTORC1 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 manner. 
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 II 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.

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 IQ, 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. 
2006).

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 CNS 
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, McIllmurray 
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, 
Wala J, 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/
JCO.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 

10 Low-Grade Gliomas

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

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/JCO.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, Iavarone 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, Liu Y, Liu Y, 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/NEJMoa1402121

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/
NEJMoa1103782

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

A. K. Paulsson et al.

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


245

Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh 
KM, Decker PA, Sicotte H, Pekmezci M, Rice T, Kosel 
ML, Smirnov IV, 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/
NEJMoa1407279

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 FS, 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 IQ (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/AJCPABOHBC33FVMO

Gierke M, Sperveslage J, Schwab D, Beschorner R, 
Ebinger M, Schuhmann MU, Schittenhelm J (2016) 
Analysis of IDH1-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.soc.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, 

10 Low-Grade Gliomas

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

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/
gad.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/
NEJMoa1001671

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/j.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 

A. K. Paulsson et al.

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


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/JCO.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: a real 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

10 Low-Grade Gliomas

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

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, FGFR1, 
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 KJ, 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 MYBL1. 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. https://doi.
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, Schüller U, Monoranu CM, Sträter R, Kerl 
K, Niederstadt T, Kurlemann G, Ellezam B, Michalak 
Z, 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 FGFR1 
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/
NEJM198810203191601

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, Hengstschläger 
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

A. K. Paulsson et al.

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


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 IDH1 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 
JJ, 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, Ju B, Li Y, 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-

10 Low-Grade Gliomas

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

Washington University Pediatric Cancer Genome P 
(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/JCO.2004.06.148

Zhang J, Wu G, Miller CP, Tatevossian RG, Dalton 
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

A. K. Paulsson et al.

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


251© Springer International Publishing AG, part of Springer Nature 2018 
A. Gajjar et al. (eds.), Brain Tumors in Children, https://doi.org/10.1007/978-3-319-43205-2_11

Germ Cell Tumors

Kee Kiat Yeo and Girish Dhall

Abbreviations

AFP Alpha-fetoprotein
AuHCR Autologous hematopoietic cell 

rescue
CBTRUS Central Brain Tumor Registry of the 

United States
CCKBR Cholecystokinin B receptor
CGH  Comparative genomic hybridization
CNS  Central nervous system
COG Children’s Oncology Group
CR Complete response
CSF Cerebrospinal fluid
CSI Craniospinal irradiation
CT Computed tomography
ETV Endoscopic third ventriculostomy
FISH Fluorescent in situ hybridization
GCT Germ cell tumor
Gy Gray
IFR Involved field radiation
miRNA microRNA
MMGCT Mixed malignant germ cell tumor
MRI Magnetic resonance imaging

NGGCT Nongerminomatous germ cell tumor
OS Overall survival
PFS Progression-free survival
PLAP Placental alkaline phosphatase
PR Partial response
qRT-PCR Quantitative reverse transcriptase 

polymerase chain reaction
RT Radiation therapy
SFOP Société Française d’Oncologie 

Pédiatrique
SIOP Société Internationale d’Oncologie 

Pédiatrique
SNRPN Small nuclear ribonucleoprotein 

polypeptide N
VP Ventricular peritoneal
WBI Whole brain irradiation
WES Whole exome sequencing
WHO World Health Organization
WVI Whole ventricular irradiation
YST Yolk sac tumors
βhCG β Human chorionic gonadotropin

11.1  Introduction

Central nervous system (CNS) germ cell tumors 
(GCT) are a rare and heterogeneous group of 
malignant tumors that present in children and 
young adults. According to the Central Brain 
Tumor Registry of the United States (CBTRUS) 
2012 Statistical Report, CNS GCTs accounted 
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for 0.5% of all CNS tumors in adults, 1.3% in 
young adults (ages 20–34 years), 5.1% in patients 
ages 15–19 years, and 3.6% in patients 0–14 years 
of age (Dolecek et  al. 2012). The incidence of 
CNS GCTs is significantly higher in Asian coun-
tries where it has been reported to be as high as 
9–15% (Kamoshima and Sawamura 2010; 
Matsutani et al. 1997). CNS GCTs are twice as 
common in males than in females and 1.5 times 
more common in Caucasians than in African 
Americans (Dolecek et al. 2012). Although GCTs 
typically occur in the gonads, extragonadal sites 
are more common in children. In older children 
and adolescents, the brain is the most common 
site for GCTs. CNS GCTs present predominantly 
in the pineal and suprasellar regions with basal 
ganglia being the third most common location. 
Approximately 5–10% of patients have bifocal 
tumors involving both pineal and suprasellar 
regions (Jennings et al. 1985).

The World Health Organization (WHO) clas-
sification of CNS GCTs divides these tumors 
into germinomas and nongerminomatous GCTs 
(NGGCTs). NGGCTs include teratoma (mature 
and immature), teratoma with malignant trans-
formation, yolk sac tumor (YST), embryonal 
carcinoma, choriocarcinoma, and mixed tumors. 
Whereas germinomas occur as pure tumors in 
60–65% of cases, nongerminomatous tumors 
more frequently occur as mixed tumors, which 
most commonly include germinoma and tera-
toma along with other malignant elements 
(Rosenblum et  al. 2007). Hence, the term 
NGGCTs is a misnomer in this sense and some 
investigators prefer to use the term “mixed 
malignant germ cell tumors.” NGGCTs account 
for approximately one-third of CNS GCTs. 
Germinomas are more prone to occur in the 
suprasellar region and in older children, adoles-
cents, and young adults, whereas NGGCTs have 
a predilection for the pineal region and a 
younger age group (Dolecek et  al. 2012). 
Primary tumors in the basal ganglia as well as 
bifocal tumors (pineal and suprasellar) are more 
likely to be germinomas as well. Tumors in 
infants are more likely to be mature or immature 
teratomas.

11.2  Diagnosis

11.2.1  Clinical Presentation

In general, clinical presentations of these tumors 
vary with location and age. Pineal tumors often 
present with signs and symptoms of increased 
intracranial pressure secondary to obstructive 
hydrocephalus. These symptoms include worsen-
ing early morning headaches and emesis in older 
children, with rapidly growing head circumfer-
ence and sun-setting sign seen in infants. Patients 
with pineal tumors are also likely to have 
Parinaud’s syndrome at the time of diagnosis—
impairment of upward gaze and dilated pupils 
responsive to accommodation but not to light. 
Patients with choriocarcinoma may present with 
sudden intracranial hemorrhage. Suprasellar 
GCTs often present with hypothalamic/pituitary 
axis dysfunction, namely diabetes insipidus, 
delayed sexual development, hypopituitarism, 
growth hormone deficiency, and precocious 
puberty. Approximately one-third of patients 
with isolated endocrinopathy remain asymptom-
atic for months to years. Patients with isolated 
pineal tumors can rarely have occult disease 
within the suprasellar region that is not visible on 
the MRI at the time of diagnosis. It is therefore 
very important to perform endocrine function 
tests in such patients. Patients with a primary 
tumor within the basal ganglia may present with 
hemiparesis, seizures, and neurocognitive dys-
function that can go undetected for months to 
years.

11.2.2  Radiology

A computerized tomography (CT) scan is gener-
ally the first imaging study to be performed when 
the patients present to the emergency room. The 
utility of CT scans in diagnosing the nature and 
extent of lesions within the brain is limited with 
the exception of intracranial hemorrhage or 
hydrocephalus. Magnetic resonance imaging 
(MRI) with and without gadolinium administra-
tion is the imaging modality of choice for the 
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diagnosis of CNS GCTs. Germinomas tend to 
enhance diffusely whereas the NGGCTs often 
have associated hemorrhage and appear more 
heterogeneous. However, it is typically a chal-
lenge to distinguish between the two tumor types 
(germinomas and NGGCTs) by MRI alone. 
“Doublet lesions,” involving pituitary and supra-
sellar areas, are most likely to be pure germino-
mas. Ventricular spread (enhancing nodular 
disease along the walls of the lateral ventricles) is 
not uncommon with germinomas. Basal ganglia 
GCTs typically show minimal to no enhance-
ment on imaging, especially during the early 
phase of the disease.

11.2.3  Tumor Markers

GCTs secrete proteins into the blood and cere-
brospinal fluid (CSF) that can be measured and 
be used for diagnostic purposes. These include, 
but are not limited to, beta-human chorionic 
gonadotropin (βhCG) and alpha-fetoprotein 
(AFP) in blood and CSF, and placental alkaline 
phosphatase (PLAP) in CSF (Matsutani 2004). 
βhCG levels above 50  mIU/mL and/or AFP 
above 10 ng/mL in the serum or above 2 ng/mL 
in the CSF are generally considered sufficient 
for a diagnosis of NGGCT and a biopsy is not 
considered necessary. However, pure germino-
mas have been reported to secrete βhCG levels 
of up to 200  mIU/mL with no adverse impact 
upon survival (Fujimaki and Matsutani 2005). 
The current European standard is to consider 
βhCG levels of <50  mIU/mL as germinomas 
and >50  mIU/mL as NGGCTs, whereas the 
Children’s Oncology Group (COG) in the 
United States draws the line at βhCG levels of 
>100  mIU/mL.  Measurement of PLAP in the 
serum or CSF has been suggested to be a sensi-
tive marker for germinoma; however, its use still 
remains investigational (Watanabe et al. 2012). 
Although lumbar CSF is traditionally used for 
cytology to look for malignant cells, ventricular 
CSF drawn at the time of endoscopic biopsy or 
open craniotomy may be used for measurement 
of tumor markers.

11.2.4  Tissue Diagnosis

For patients with radiographic findings sugges-
tive of a CNS GCT but without tumor marker 
elevation in the serum and/or CSF, a biopsy to 
diagnose the exact tumor type is warranted. 
Conversely, for patients with a midline tumor on 
the MRI (±basal ganglia), any elevation of AFP 
above 10 ng/mL (or greater than institutional nor-
mal) or with βhCG >100 mIU/mL in serum and/
or CSF is consistent with a diagnosis of a NGGCT 
and no tissue diagnosis is required. AFP levels in 
the range of 100 s to 1000 s are generally consis-
tent with a diagnosis of yolk sac tumor. Similarly, 
high βhCG levels are considered to be compati-
ble with a diagnosis of choriocarcinoma. 
However, the need for histologic diagnosis in 
patients with tumor markers in the range of 
5–100  mIU/mL is still controversial. Some 
experts believe that low elevation of βhCG is 
most consistent with a diagnosis of germinoma 
whereas others argue that low levels of βhCG 
can be secreted by embryonal carcinoma and 
immature teratoma elements as well and there-
fore all tumors with low levels of βhCG should 
be biopsied.

11.3  Histopathology

11.3.1  Germinoma

The classic germinoma is comprised of large 
monomorphous tumor cells that have central 
nuclei and large prominent nucleoli and are sepa-
rated into lobules by thin fibrous septa. The tumor 
cells have abundant clear or vacuolated cyto-
plasm (reflecting high glycogen content) and dis-
tinct cell borders. Lymphocytic infiltration is a 
characteristic finding as well.

11.3.2  Yolk Sac Tumor

These tumors are characterized by large and 
polygonal cells with faint eosinophilic or clear 
cytoplasm and well-defined cytoplasmic borders. 
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Tufts of malignant cuboidal-to-columnar tumor 
cells surrounding central blood vessels, known as 
Schiller-Duval bodies, are common though not 
universal, and not a requirement for the diagno-
sis. Many different morphologic patterns can be 
encountered within the same tumor: reticular or 
microcystic pattern, macrocystic pattern, polyve-
sicular vitelline pattern, endodermal sinus pat-
tern, papillary pattern, and hepatoid pattern.

11.3.3  Embryonal Carcinoma

Tumor cells are highly atypical and are generally 
larger and more pleomorphic, with oval-to-round 
nuclei and large single or multiple nucleoli. The 
malignant cells can be arranged in solid sheets, 
cords, papillae, or gland-like patterns. Necrosis is 
common and the mitotic rate is typically high.

11.3.4  Teratoma

Mature teratomas are made up of an admixture of 
differentiated, adult-type tissues from more than 
one germ cell layer. Skin and glial tissue are com-
mon ectodermal components and enteric, respira-
tory, or transitional type tissues account for 
endodermal derivation. Immature teratomas, by 
definition, contain varying amounts of incom-
pletely differentiated tissues that resemble primi-
tive embryonic tissues. Most commonly, the 
immature tissue shows neural differentiation with 
rosette or tubule formation (i.e., primitive or 
embryonic-type neuroepithelium). Increased 
mitoses and apoptosis are not features of mature 
tissue, and can be helpful clues to the identifica-
tion of immature elements. Any amount of imma-
ture component, no matter how small, is sufficient 
to render the diagnosis of immature teratoma.

11.3.5  Choriocarcinoma

Choriocarcinomas are highly malignant GCTs 
that are extensively hemorrhagic and highly 
necrotic and comprised of two cell types: syncy-

tiotrophoblasts and cytotrophoblasts. Syncy-
tiotrophoblasts are easily recognized as large 
multinucleated cells with smudged vesicular 
nuclei and dark eosinophilic-to-amphophilic 
cytoplasm. Cytotrophoblasts are more uniform 
and have single bland nuclei with vesicular chro-
matin and pale-to-amphophilic cytoplasm.

11.3.6  Ancillary 
Immunohistochemical Studies

Due to the limited amount of tumor specimen 
available for diagnosis, use of immunohisto-
chemical stains is critical for diagnosis of CNS 
GCTs. βhCG and AFP are the most commonly 
used stains. βhCG strongly stains the syncytiotro-
phoblastic cells of choriocarcinoma as well as 
those intermixed with other germ cell tumors (Ho 
and Liu 1992; Inoue et al. 1987). OCT4 preferen-
tially highlights germinomas and embryonal car-
cinomas and has the added advantage of being a 
nuclear marker allowing for easier interpretation. 
CD30 shows strong membranous staining in 
embryonal carcinomas while other GCTs, includ-
ing germinomas, are negative. C-kit can also be 
exploited in the differential diagnosis of embryo-
nal carcinoma versus germinoma as it shows 
strong and diffuse membranous staining in ger-
minoma but focal or weak cytoplasmic staining 
in embryonal carcinomas (Hattab et  al. 2004; 
Iczkowski et  al. 2008; Takeshima et  al. 2004). 
AFP has historically served as the marker of 
choice for yolk sac tumors. Staining, however, is 
often focal and patchy and generally varies 
among the different patterns of tumors. 
Additionally, abundant background staining is 
often observed (Mei et  al. 2009). Glypican-3 is 
touted as a superior marker in diagnosing yolk 
sac tumors of the ovaries and testes. Glypican-3 
offers more precise and easy to interpret staining 
characteristics as well as improved sensitivity 
(Zynger et  al. 2010). Studies evaluating glypi-
can-3 staining in CNS yolk sac tumors, however, 
are limited (Table 11.1).

Cytotrophoblastic cells often are weakly posi-
tive or negative for these markers. Additionally, 
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cytokeratins can also be used to highlight 
choriocarcinomas.

11.4  Histogenesis

GCTs are thought to arise from progenitor germ 
cells, mainly due to the following facts: the ger-
minoma component very closely resembles pro-
genitor cells, intracranial GCTs resemble their 
extracranial counterparts morphologically and 
immunophenotypically, a single tumor can have 
multiple components (mixed GCTs) suggestive 
of differentiation of progenitor cells along vari-
ous lines (embryonic and extraembryonic), and 
because none of the progenitor cells in the brain 
share any morphologic features with CNS GCTs. 
It is hypothesized that aberrant migration of the 
germ cell progenitors ventrally along the midline 
is responsible for the predominant midline loca-
tion of these tumors throughout the body. Both 
testicular and CNS GCTs have been shown to 
have overexpression of wild-type p53 and MDM2 
proteins with a low incidence of TP53 gene muta-
tion and a moderate incidence of MDM2 gene 
amplification, which points towards a common 
origin of these tumors (Iwato et al. 2000a). Since 
p14ARF, a protein coded by the INK4a/ARF gene 
locus, functions as a tumor suppressor and regu-
lates the interaction between the MDM2 and p53 
proteins by stimulating degradation of MDM2, 
Iwato et al. further tested for gene mutations in 
the INK4a/ARF gene in 21 CNS GCTs. They 
found 71% of tumors (90% of germinomas and 
55% of NGGCTs) had either a homozygous dele-
tion (14/15) or a frameshift mutation (1/15) in 
this gene, pointing towards a more central role 
for this protein in the development of CNS GCTs 

(Iwato et al. 2000b). More evidence linking germ 
cell progenitors to CNS GCTs is the lack of 
methylation seen in gonadal and extragonadal 
GCTs, since the progenitor cells transiently lose 
methylation of imprinted genes during migration. 
Small nuclear ribonucleoprotein polypeptide N 
(SNRPN) is an imprinted gene with complete 
lack of methylation, which is common to GCTs 
and progenitor cells. However, Lee et al. showed 
that lack of methylation of SNRPN and other 
imprinted genes is also seen in neural stem cells 
in the brain, providing an alternate hypothesis 
about the origin of CNS GCTs (Lee et al. 2011).

11.5  Cytogenetics

The overwhelming majority of intracranial GCTs 
are sporadic; however, a few conditions, includ-
ing Klinefelter syndrome and Down syndrome, 
show higher incidence. Based on the predisposi-
tion to GCTs in patients with Klinefelter syn-
drome, Okada and colleagues studied 25 CNS 
GCTs with fluorescent in situ hybridization 
(FISH) for X and Y chromosomes and other 
chromosomal abnormalities described in sys-
temic GCTs (Okada et  al. 2002). They found 
extra copies of the X chromosome in 23 of 25 
cases with extra X chromosomes being hypo-
methylated in nearly all tumors irrespective of 
histology. This was suggestive of the potential 
role of X chromosomes in the etiology of these 
tumors (Okada et al. 2002). Schneider et al. per-
formed chromosomal comparative genomic 
hybridization (CGH) analysis on tumor samples 
from 19 CNS GCT patients (ages newborn to 
25 years; median age 11.5 years) and then com-
pared these to the CGH profiles of gonadal and 

Table 11.1 Immunohistochemical markers used in diagnosis of germ cell tumors

AFP βhCG OCT4 PLAP SALL4 c-kit CD30
Germinoma − ± + + + + −
Teratoma + − − − ± ± −
Choriocarcinoma − + − ± ± − −
Yolk sac tumor + − − ± + − −
Embryonal carcinoma − − + + + − +

AFP alpha-fetoprotein, βhCG human chorionic gonadotropin-beta, PLAP placental alkaline phosphatase
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extragonadal GCTs. All 15 malignant CNS GCTs 
had chromosomal imbalance with the average 
number of imbalances being higher in NGGCTs 
than in germinomas and with the CGH profiles of 
CNS GCTS being identical to gonadal/extrago-
nadal GCTs. Gain of 12p was the most  commonly 
detected abnormality (11 of 19 tumors and 10 of 
15 malignant CNS GCTs). Other chromosomal 
imbalances detected included 1q gain (1q 21–24) 
and 8q1121 gain (Schneider et  al. 2006). In 
another study, chromosome 12 abnormalities, 
including 12p gain and isochromosome 12p for-
mation were found at very high frequencies in 
CNS germinomas (96% and 57%, respectively), 
but only in 20–40% of cases in two other studies 
(Okada et  al. 2002; Rickert et  al. 2000; Hattab 
et al. 2006).

11.6  Gene Expression Profiling

Palmer et al. performed gene expression analysis 
on 27 pediatric malignant GCTs, including 3 
CNS GCT (2 germinoma and 1 YST), and showed 
that malignant YSTs had a completely different 
gene expression signature than testicular semino-
mas. Self-renewing pluripotency genes (Nanog, 
OCT3/4, and UTF) were overexpressed in semi-
nomas and genes responsible for tumor growth 
(cholecystokinin B receptor [CCKBR]) and dif-
ferentiation (KRT19, KRT8, GATA3, and GATA6) 
and genes involved in WNT/β-catenin pathway 
were upregulated in YSTs. There were no signifi-
cant differences in gene expression between CNS 
GCTs of similar histology arising at different 
sites and different ages within the pediatric age 
group. In addition, pediatric and adult testicular 
YSTs exhibited significantly different gene 
expression signatures, suggesting different bio-
logic behavior (Palmer et al. 2008).

MicroRNAs (miRNAs) are responsible for 
controlling gene expression and also function as 
oncogenes as well as tumor suppressor genes 
within tumor cells. Palmer et al. studied miRNA 
profiles of 32 pediatric GCTs (gonadal and 
extragonadal), eight control samples, two adult 
testicular seminomas, and six GCT cell lines. In 
unsupervised hierarchical clustering analysis, all 

pediatric GCT samples showed clear separation 
with seminomas, cell lines, YSTs, and embryonal 
carcinomas, all having clearly different miRNA 
expression profiles. There was no overlap 
between malignant and nonmalignant (mature 
and immature teratoma) GCTs on a heat map 
based on differentially expressed miRNAs. Nine 
of the top ten differentially expressed miRNAs 
belonged to two clusters (miRNA-371 and 
miRNA-302) and were overexpressed in malig-
nant GCTs compared to nonmalignant GCTs. 
Similar to the gene expression profile, miRNA 
expression pattern was comparable in various 
histologic subtypes irrespective of patient age. 
Both of these miRNA clusters have been shown 
to be associated with human embryonic stem 
cells and their overexpression in turn regulates 
the expression of various transcription factors 
involved in oncogenesis and malignant progres-
sion. They further showed that YSTs and germi-
nomas had significantly different miRNA 
expression profiles, with members of the miRNA-
2302 cluster overexpressed in YSTs compared to 
germinomas, resulting in overexpression of tran-
scription factors such as GATA6, GATA3, 
SMARCA1, and SOX11. Additionally, miRNA-
451 and miRNA-144 were significantly overex-
pressed in intracranial compared to extracranial 
germinomas and miRNA-320, miRNA-487b, 
and miRNA-491-3p were significantly underex-
pressed (Palmer et al. 2010).

Murray et  al. used TaqMan® quantitative 
reverse transcriptase polymerase chain reaction 
(qRT-PCR) to measure miRNA levels in the serum 
of a 4-year-old boy with a sacrococcygeal mixed 
GCT with a predominant YST component (serum 
AFP 82 ng/mL [420 kU/L]) at diagnosis and fol-
lowed the levels during treatment. miRNA-71~373 
and miRNA-302 were significantly overexpressed 
in the patient’s serum when compared to three 
healthy controls. miRNA-372 and miRNA-373 
levels were 703 and 192 times higher, respectively. 
The level of miRNA-372 dropped to 5.8-fold 
higher on day 73 (serum AFP 5.8 ng/mL), 2.2-fold 
higher on day 91 (serum AFP 6  ng/mL), and 
<1-fold higher on all subsequent follow-up time 
points (serum AFP <2  ng/mL) (Murray et  al. 
2011). Terashima and colleagues examined 32 

K. K. Yeo and G. Dhall



257

CSF samples from 22 intracranial GCT patients 
for expression of miRNA-371~373 and miRNA-
302~367 clusters. Significantly higher expression 
levels were found in the CSF of GCT patients 
compared to controls, as well as pretreatment sam-
ples compared to those collected during or after 
treatment. In addition, miRNA-373 expression 
was significantly higher in germinomas when 
compared to NGGCTs (Terashima et  al. 2013). 
These two publications highlighted for the first 
time the potential for using miRNAs as diagnostic 
and/or therapeutic biomarkers for CNS GCTs.

11.7  Molecular Signaling 
Pathways and Targeted 
Therapies

In recent years, several tumor molecular analysis 
studies have been reported using next-generation 
sequencing technology. The Japanese intracranial 
GCT consortium performed whole exome 
sequencing (WES) on 33 CNS GCTs and found 
that KIT mutations were the most commonly 
found abnormality, especially in germinomas 
(Ichimura et al. 2013). Fukushima et al. screened 
52 CNS GCTs for mutations in genes involved in 
the MAPK pathway and detected mutations only 
in KIT and RAS genes (Fukushima et  al. 2013).
These findings were validated by Wang et al., who 
performed WES through an international multi-
institutional collaboration on 62 cases of CNS 
GCTs (29 germinomas, 25 NGGCT and 8 mixed 
GCT). In this study, the KIT/RAS signaling path-
way was mutated in over 50% of cases, with muta-
tions in KIT and RAS being mutually exclusive. 
KIT overexpression was seen in the majority of 
pure germinomas and rarely in NGGCT, consis-
tent with the immunohistochemistry finding of 
c-kit expression in germinomas (Wang et al. 2014). 
This has made germinoma an attractive disease for 
the application of tyrosine kinase inhibitors.

Wang et al. also found somatic alterations in 
the AKT/mTOR pathway, corresponding with 
upregulation of AKT1 expression in 19% of 
patients. In addition, they also found recurrent 
somatic mutations in BCORL1, TP53, SPTA1, 
KDM2A, and LAMA4. Interestingly, the authors 

also identified a novel and rare germline variant 
in the Jumonji domain-containing (JMJD) gene 
in ten patients (nine from Japan, one from Hong 
Kong). JMJD germline variants were signifi-
cantly enriched in the Japanese population in 
control cohorts and even more enriched (approxi-
mately fivefold) in Japanese CNS GCT patients 
(Wang et  al. 2014). This finding is important 
given the significant increase in incidence of 
CNS GCT in Japan (Kamoshima and Sawamura 
2010; Matsutani et al. 1997).

Osorio and colleagues reported on six patients 
with CNS GCTs (five pure germinomas and one 
mixed CNS GCT with predominant germinoma 
components) who were treated with dasatinib 
(KIT inhibitor) in an effort to avoid irradiation 
and/or to delay recurrence (Osorio et al. 2013). 
The study could not directly assess the efficacy of 
dasatinib in this population, since most patients 
received dasatinib while they were in a minimal 
residual disease state (i.e., no evaluable target 
lesions on imaging). However, only 33% of 
patients received irradiation in conventional dos-
ing, suggesting a possible role for targeted ther-
apy with KIT inhibitors in combination with 
chemotherapy with or without irradiation (Osorio 
et al. 2013).

11.8  Treatment

11.8.1  Staging

Since CNS GCTs tend to spread through the sub-
arachnoid space (approximately 15–20% of 
cases), MRI of the brain and spine with and 
without contrast and CSF evaluation for malig-
nant cells is used for staging disseminated dis-
ease. Lumbar CSF and not ventricular CSF 
cytology has been traditionally preferred for 
staging purposes. Similar to the modified Chang 
staging system for medulloblastoma, M0 stage is 
assigned to patients with no evidence of tumor 
dissemination on brain and spine MRI, M1 for 
patients in whom only CSF cytology is positive 
with a negative brain and spine MRI, M2 for 
patients with macroscopic dissemination on the 
brain MRI and a negative spine MRI, M3 for 
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patients with macroscopic spinal metastases, and 
M4 for patients with extraneural spread to dis-
tant organs, such as bones.

11.8.2  Role of Surgery in CNS Germ 
Cell Tumors

Pineal GCTs often present with obstructive hydro-
cephalus requiring an endoscopic third ventricu-
lostomy (ETV) or a ventriculoperitoneal (VP) 
shunt placement. It is occasionally possible to 
avoid insertion of a VP shunt after an initial exter-
nal ventricular drain placement if chemotherapy is 
initiated expeditiously since germ cell tumors are 
often sensitive to chemotherapy allowing suffi-
cient shrinkage for normal flow of CSF. Due to the 
strategic location of pineal GCTs, and no signifi-
cant differences documented in outcome related to 
the extent of surgery, biopsy is preferred over 
aggressive surgical resection as the initial 
approach; biopsy may be performed at the time of 
ETV or VP shunt placement (Sawamura et  al. 
1997). There is definitely a role for second-look 
surgery in patients with incomplete response to 
chemotherapy who achieve normalization of 
tumor markers, since residual masses post-therapy 
can often be necrosis and fibrosis devoid of tumor 
or even mature teratoma, a phenomenon known as 
“the growing teratoma syndrome” (O’Callaghan 
et al. 1997). It is important to distinguish this entity 
from residual active or progressive malignancy. 
Second-look surgery may also help to better assess 
any residual malignant elements.

11.8.3  Therapeutic Strategies 
for Intracranial Germinoma

The optimal management of germinomas remains 
controversial and to date a standard therapeutic 
strategy has not been established.

11.8.4  Role of Radiation Therapy

Germinomas are exquisitely radiosensitive and 
treatment with craniospinal irradiation (CSI) 

plus primary site boost to 50 Gy has been shown 
to result in 5- and 10-year overall survival (OS) 
rates ranging from 86% to 100% (Shibamoto 
et al. 1988; Aoyama et al. 1998). However, unde-
sirable side effects including neurocognitive 
decline and endocrine and gonadal dysfunction 
have been consistently documented in these chil-
dren (Spiegler et  al. 2004). In patients with 
radiographic or cytological evidence of metasta-
sis, CSI continues to be a current recommenda-
tion in many centers. Although doses of 
30–36  Gy CSI have been used successfully by 
different investigators (Maity et  al. 2000; 
Kretschmar et al. 2007), the Societé Internationale 
d’Oncologie Pédiatrique (SIOP) CNS GCT 96 
study showed similarly good outcome with a 
reduced dose of 24  Gy CSI with 16  Gy addi-
tional boost to the primary and metastatic sites 
(Calaminus et al. 2013).

In localized germinoma, recent efforts have 
been directed towards reducing and redefining 
the appropriate volume and dose of radiation 
therapy (RT) to optimize disease control while 
decreasing the risk of late morbidity. In the afore-
mentioned SIOP CNS GCT 96 study, localized 
germinoma patients were also treated with 24 Gy 
CSI with an additional 16  Gy boost to the pri-
mary site and had a 5-year progression-free sur-
vival (PFS) of 97% (Calaminus et  al. 2013). 
Additionally, there have been several clinical 
studies showing low risk of spinal relapse after 
whole brain irradiation (WBI) or whole ventricu-
lar irradiation (WVI), supporting the thought that 
CSI may not necessarily be needed in treatment 
of localized germinoma (Khatua et  al. 2010; 
Matsutani 2010a). Some data suggest that 45 Gy 
may be the optimal upper dose limit, although the 
lowest RT dose that can be delivered without 
increasing failure rates has not been defined 
(Rogers et al. 2005). Twenty-one of 51 patients 
with localized germinoma were treated with WVI 
to 40  Gy alone in one study. No relapses were 
noted in these patients over a period of 10 years 
(Hardenbergh et al. 1997). A recent study evalu-
ating 26 patients with localized germinoma who 
received a further dose reduction of WVI to 
30 Gy showed a 5-year OS of 100%, even with-
out chemotherapy (Yen et al. 2010).
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11.8.5  Role of Chemotherapy

The largest chemotherapy only experience stems 
from the International CNS Germ Cell Tumor 
Studies. In the first study, 22 of 45 CNS germi-
noma patients relapsed on this chemotherapy 
only regimen (Balmaceda et al. 1996). In the sec-
ond study, 19 germinoma patients were treated 
with an intensified cisplatin- and cyclophospha-
mide-based regimen. The 5-year event-free sur-
vival (EFS) and OS rates were unsatisfactory at 
47  ±  2.3% and 68  ±  2.2%, respectively, with 
unacceptable morbidity and mortality (four 
deaths), predominantly in patients with diabetes 
insipidus (Kellie et al. 2004). Patients with cen-
tral diabetes insipidus show significant variations 
in sodium level during hyper-hydration with cis-
platin/ifosfamide and therefore have an increased 
risk of neurological complications (Afzal et  al. 
2008). The third study used carboplatin/etopo-
side alternating with cyclophosphamide/etopo-
side for germinoma patients. This chemotherapy 
regimen was well tolerated with toxicity mainly 
being hematologic; survival was very similar to 
the first two studies but was inferior to studies 
using either RT alone or a combination of che-
motherapy and RT (da Silva et al. 2010).

11.8.6  Role of Chemoradiotherapy

Due to the high failure rate of chemotherapy only 
regimens and the deleterious effects of RT on the 
developing brain, several investigators have tried 
to combine chemotherapy with reduced dose and 
volume RT. The SIOP CNS GCT-96 trial enrolled 
a total of 235 patients, with 82 patients (65 with 
localized disease) receiving chemotherapy (car-
boplatin and etoposide alternating with etoposide 
and ifosfamide for a total of four cycles) followed 
by irradiation. Those with localized disease 
received chemotherapy followed by 40 Gy focal 
irradiation while patients with metastatic disease 
received the same chemotherapy followed by 
CSI to 24 Gy plus a 16 Gy boost to the primary 
site. 5-year PFS for localized and metastatic 
patients was 88% and 100%, respectively. Seven 
of 65 patients with localized disease experienced 

a relapse; 6 of 7 patients had ventricular recur-
rence outside the primary radiotherapy field 
(Calaminus et al. 2013). In the Japanese coopera-
tive group study, 16 of 23 patients with localized 
germinoma relapsed within the ventricular sys-
tem after having been treated with upfront che-
motherapy followed by 24  Gy involved field 
radiation (IFR) (Matsutani 2010a). The French 
national group (SFOP) published similar results 
using IFR, with a relapse rate of 16%, mostly in 
the ventricular system (Alapetite et al. 2008).

This unacceptable rate and pattern of relapse 
prompted extending the field of RT to include the 
ventricles. In a publication by Haas-Kogan et al. 
on 41 patients with localized germinoma, none of 
the 18 patients who received WVI with a median 
dose to the ventricles of 32.4  Gy (range 19.8–
50.4 Gy) relapsed (Haas-Kogan et al. 2003). At 
our institution, 19 patients with localized germi-
noma received WVI to 21.6–25.5 Gy with a boost 
to 30–30.6 Gy following chemotherapy with car-
boplatin and etoposide. Our 3-year PFS and OS 
from that study was 89.5% and 100%, respec-
tively (Khatua et al. 2010).

Treatment of bifocal (pineal and suprasellar) 
germinomas remains highly controversial with 
patients subjected to CSI as in the recently closed 
COG Study, ACNS0232. Data support the con-
tention that bifocal germinomas can be effec-
tively treated with WVI and CSI could be 
avoided. Six patients with bifocal germinomas 
and diabetes insipidus were reported as having no 
recurrences after a median follow-up of 
48.1 months after initial chemotherapy followed 
by WVI (Lafay-Cousin et  al. 2006). Another 
study reported 100% OS at 40 months after initial 
chemotherapy plus extended focal radiotherapy 
to the tumor bed plus 1.5 cm margin and WVI of 
30 Gy (Huang et al. 2008). Larger prospective tri-
als are required to evaluate these initial outcomes 
in using chemotherapy along with reduced-dose 
RT strategies.

Our institutional practice is to treat germi-
noma patients with four cycles of chemotherapy 
with carboplatin and etoposide followed by WVI 
to 21.0–23.4 Gy and a boost to the primary tumor 
site to a total dose of 30 Gy.
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11.8.7  Therapeutic Strategies 
for Nongerminomatous Germ 
Cell Tumors (NGGCTs)

The treatment of NGGCTs of the CNS involves a 
combination of chemotherapy and irradiation; 
however, the exact regimen including the specific 
chemotherapeutic drugs and RT dose and volume 
still remains variable and undefined.

11.8.8  Role of Chemotherapy

Chemotherapy regimens utilizing cisplatin, eto-
poside, and either ifosfamide or cyclophospha-
mide have greatly improved the outcomes of 
patients with GCTs over the last few decades 
(Williams et al. 1987; Einhorn 1986; Einhorn and 
Williams 1980). Responses to a variety of che-
motherapy agents have been achieved, including 
vinblastine, etoposide, bleomycin, and carbopla-
tin (Allen et al. 1985, 1987; Chang et al. 1995; 
Matsukado et al. 1986; Patel et al. 1992). In the 
Second International CNS GCT Study Group 
Protocol, 16 of 17 assessable patients achieved a 
complete or a partial response to two courses of 
chemotherapy (Kellie et  al. 2004). Robertson 
et al. treated 18 patients with four cycles of plati-
num-based chemotherapy followed by RT and 
additional chemotherapy. Nine of 12 patients 
demonstrated objective responses to neoadjuvant 
chemotherapy (Robertson et  al. 1997). The 
German cooperative group treated patients with 
two cycles of cisplatin, etoposide, and bleomy-
cin, followed by RT and two cycles of cisplatin, 
vinblastine, and ifosfamide. Eighteen of 22 
patients who received >400  mg/m2 of cisplatin 
were long-term survivors as compared to 5/15 
who received <400  mg/m2 (Calaminus et  al. 
2004). Carboplatin regimens have shown similar 
efficacies as compared to cisplatin regimens with 
the added benefit of easier outpatient administra-
tion and less toxicity (Robertson et  al. 1997; 
Baranzelli 1999; Calaminus et  al. 1994). The 
recently completed COG ACNS0121 trial for 
NGGCT patients used a combination of carbopl-
atin/etoposide alternating with ifosfamide/etopo-
side. With 104 patients enrolled (and central 

imaging review performed in 84 patients), the 
response rate after three cycles of neoadjuvant 
chemotherapy was reported to be 90% and no 
unexpected toxicities were observed (Goldman 
et  al. 2015). Chemotherapy only strategies, 
despite resulting in high response rates, did not 
provide a durable PFS in NGGCT patients 
(Balmaceda et  al. 1996; Kellie et  al. 2004; da 
Silva et al. 2010).

11.8.9  Role of Radiation Therapy

Radiation therapy plays an important role in the 
treatment of NGGCT.  However, regimens that 
use exclusively RT, including CSI to 36 Gy with 
boost treatment of the primary site to 54  Gy, 
achieve 5-year survival rates of only 20–40%. 
Without the added benefit of chemotherapy, most 
patients relapse within 18  months of diagnosis 
(Matsutani et  al. 1997; Jennings et  al. 1985; 
Dearnaley et al. 1990; Hoffman et al. 1991).

11.8.10  Role of Chemoradiotherapy

Combined modality therapy including chemo-
therapy and RT is the current standard of care. 
Since CSI and WBI are associated with neuro-
cognitive and neuroendocrine dysfunction, oto-
toxicity and secondary malignancies (Constine 
et al. 1993; Copeland et al. 1985; Mulhern et al. 
1998), minimizing exposure to RT by stratifying 
patients according to risk of disease progression 
after combined modality therapy has been the 
hallmark of international clinical trial designs for 
NGGCT. Risk classification has been based on a 
variety of factors including histology, degree of 
tumor marker elevation at diagnosis, and response 
to chemotherapy (Matsutani et  al. 1997; Fuller 
et al. 1994; Gobel et al. 2000; Matsutani 2010b; 
Chen et al. 2010).

The SIOP CNS GCT-96 trial enrolled 172 
patients. Those with localized disease (n = 135) 
at diagnosis received four courses of chemother-
apy with cisplatin, ifosfamide, and etoposide, 
followed by IFR to 54 Gy. Those with metastatic 
disease (n = 37) received the same chemotherapy 
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regimen followed by CSI to 30 Gy and boost to 
the primary site. At a median follow-up of 
47  months, the reported PFS for the localized 
and metastatic patients were 69% and 64%, 
respectively. Of the 34 patients with residual dis-
ease after induction chemotherapy, almost half 
(47%) relapsed and had a much worse PFS 
(37  ±  12%) than those patients in complete 
response post-induction (86  ±  4%). Lack of 
response to induction chemotherapy was a sig-
nificant adverse prognostic factor in this study 
(Calaminus et  al. 2008, 2010). In addition, 
patients with AFP of ≥1000  ng/mL in serum 
and/or CSF (n  =  21) had a significantly worse 
outcome (PFS = 0.35 ± 12%).

Matsutani et al. from the Japanese GCT study 
group showed that patients with NGGCTs with 
predominantly germinoma or teratoma elements 
(Japanese “intermediate group”) had 10-year 
PFS and OS rates of 81.5% and 89.3%, respec-
tively, when treated with five cycles of carbopla-
tin and etoposide followed by WVI to 30 Gy and 
tumor bed irradiation to 54 Gy. Patients with pre-
dominantly malignant germ cell tumor elements 
(embryonal carcinoma, yolk sac tumor, chorio-
carcinoma) formed the poor prognosis group and 
were treated with ICE (ifosfamide, cisplatin, and 
etoposide) and concurrent CSI.  They received 
additional chemotherapy for five cycles. The 
10-year OS and PFS rates were 58.8% and 
62.7%, respectively. Patients who achieved a 
complete response to chemotherapy enjoyed a 
10-year PFS of 94.7% compared to 62.2% for 
patients with less than complete response 
(Matsutani 2010b).

The recently completed COG trial, ACNS0121, 
utilized 36 Gy CSI with IFR following six cycles 
of chemotherapy with carboplatin/etoposide 
alternating with ifosfamide/etoposide, and 
resulted in a 5-year EFS and OS of 84% ± 4% 
and 93%  ±  3%, respectively (Goldman et  al. 
2015). The complete response and partial 
response rate for this induction regimen was 
69%. In this study, increased serum or CSF AFP 
(≥10 IU/L or within institutional normal rates), 
but not βhCG, approached statistically significant 
negative association with EFS (p = 0.063). At a 
median follow-up of 5 years, 16 patients either 

recurred or progressed with 10 of 16 being local 
failures.

Our institutional practice is to treat NGGCT 
patients with three cycles of carboplatin/etopo-
side alternating with three cycles of ifosfamide/
etoposide followed by response-based irradia-
tion. Patients with localized disease and a com-
plete radiographic and tumor marker response 
to neoadjuvant chemotherapy receive whole 
ventricular irradiation to 36 Gy plus an 18 Gy 
boost to the primary tumor site. Patients with 
metastatic disease at diagnosis receive full dose 
CSI (36 Gy) and an 18 Gy additional boost to 
the primary tumor bed and sites of bulky dis-
ease. Patients who fail to achieve a complete 
response (elevated tumor markers or residual 
malignant tumor) are treated with myeloablative 
chemotherapy and autologous hematopoietic 
progenitor cell rescue (AuHCR) before pro-
ceeding to CSI.

11.8.11  Role of Marrow-Ablative 
Chemotherapy 
with Autologous 
Hematopoietic Progenitor 
Cell Rescue in CNS Germ Cell 
Tumors

High-dose marrow-ablative chemotherapy with 
AuHCR has been employed in high risk CNS 
GCT with recurrent/progressive and refractory 
disease. Modak et al. reported their data on 21 
CNS GCT patients with relapse and progression 
despite previous chemotherapy and radiother-
apy. Most patients were treated with thiotepa-
based high-dose chemotherapy regimens 
followed by AuHCR. OS and EFS for the entire 
group were 57% and 52%, respectively. Seven of 
nine patients with germinoma and four of 12 
patients with NGGCT remain alive at a median 
of 35  months (Modak et  al. 2004). The SFOP 
group also reported 14 patients with recurrent 
germinoma and 10 patients with NGGCT treated 
with myeloablative chemotherapy; they showed 
no clear benefit for germinoma patients but a 
clear survival benefit for NGGCT patients 
(Bouffet 2000).
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 Conclusion

Although high survival rates have been 
achieved in CNS germ cell tumors, the man-
agement of these tumors remains controver-
sial. A combined modality approach using 
lower doses of RT has been shown to provide 
equivalent survival in germinoma and 
improved survival in NGGCT patients when 
compared to RT alone. However, the exact 
doses and fields of RT still remain undecided 
and larger prospective, preferably random-
ized, clinical trials are needed to answer these 
questions.
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Childhood Craniopharyngioma

Thomas E. Merchant

12.1  Introduction

Craniopharyngioma is a unique brain tumor char-
acterized by its consistent midline location and 
intimate association with the hypothalamic pitu-
itary axis, visual pathways, and central cerebro-
vasculature. Children diagnosed with 
craniopharyngioma commonly present with 
endocrine deficiencies, visual deficits, headaches, 
and, in more advanced cases, neurological defi-
cits affecting cranial nerves and long-tracts. The 
more advanced presentations include extensive 
tumor with mass effect or obstruction of CSF 
flow. The debilitating effects of this tumor are 
often noted in young children prior to diagnosis 
when signs of increased intracranial pressure are 
overlooked and vision loss occurs. The extent of 
tumor and its clinical impact affect treatment and 
prognosis, including both tumor control rates and 
functional outcomes. The tumor is comprised of 
solid and cystic components, the latter often 
responsible for the signs and symptoms observed 
at presentation.

In North America, the incidence of craniopha-
ryngioma is stable among diverse geographic 
groups and races with an age adjusted incidence 
of 0.1 per 100,000 based on the 2000 United 
States (US) standard population, with a slightly 

higher incidence of 0.12 for those ages 0–14 or 
0–19  years and 0.13 for those ages 55–64 and 
65–74 years. The total number of new pediatric 
cases annually within the US is estimated to be 
approximately 160 for children ages 0–19 years 
(Ostrom et al. 2015) (Fig. 12.1). The rarity of this 
tumor is an important consideration. Few centers 
have significant experience in the treatment of 
craniopharyngioma. This fact is made evident by 
the small numbers in institutional series that 
describe experiences over many decades (Kiehna 
and Merchant 2010). By WHO criteria, cranio-
pharyngioma is a grade I tumor and includes both 
adamantinomatous (ACP) and papillary (PCP) 
subtypes. The latter is most commonly seen in 
adults. Despite its designation as a catastrophic 
disease of childhood with the associated morbid-
ity and mortality, craniopharyngioma is usually 
not included among cancer center statistics.

12.2  Craniopharyngioma Biology

Craniopharyngioma arises in the sellar region, 
and is thought to be derived from remnants of the 
primordium of the anterior pituitary. There are 
two subtypes of craniopharyngioma: adamanti-
nomatous and papillary. ACP occurs mainly in 
children under 15  years of age. PCP occurs in 
adults between the ages of 50 and 74 years. The 
cell of origin of human ACP remains unknown 
(Martinez-Barbera 2015).
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The biology of ACP is understood in the con-
text of the Wnt signal transduction pathway. 
Wnt signaling is critical in embryonic develop-
ment, differentiation of pluripotent stem cells, 
and proliferation of embryonic stem cells, and is 
known to be involved in carcinogenesis (Anastas 
and Moon 2013; van Amerongen and Nusse 
2009). The pathway begins with the binding of 
the Wnt ligand to the membrane bound protein 
Frizzled (Fz). Binding leads to the stabilization 
of β-catenin. β-Catenin is maintained in the 
cells at low levels in a complex of proteins. The 
absence of Wnt causes β-catenin to be degraded 
though ubiquitination. Stable β-catenin is trans-
located to the nucleus and induces the expres-
sion of target genes, such as CMYC and CCND1 
(Serman et  al. 2014). The hallmark of ACP is 
clusters of cells with nuclear-cytoplasmic accu-
mulation of β-catenin. Mutations of Ser/Thr 
residues in exon 3 of the CTNNB1 gene prevent 
ubiquitination. The result is overexpression of 
the Wnt/β-catenin pathway and uncontrolled 
cell proliferation.

12.3  Surgery

The treatment of craniopharyngioma has a num-
ber of controversies and challenges. Surgical 
resection is a valid approach and may be charac-
terized as radical or limited. Radical surgery is 
defined as complete microscopic resection with 
no evidence of residual disease by surgical or 
neuroimaging report. Radical surgery may be 
proposed when the chance of complete resection 

is high and the morbidity acceptable and limited 
in its impact on long-term functional outcomes. It 
may also be proposed for very young children 
when the alternative, radiation therapy, may have 
age-related side effects. Surgery is characterized 
as limited when the goal is to decompress optic 
structures, reduce mass effect and neurological 
symptoms, restore CSF flow, and confirm the 
diagnosis when neuroimaging findings are equiv-
ocal. In some cases, the choice of performing 
radical surgery or limited surgery is made at the 
time of the operation, since exploration may be 
required to understand the association of the 
tumor with critical anatomy and to estimate the 
potential for surgical morbidity.

Surgery that does not involve tumor resection 
may play a central and important role in prepar-
ing the patient for subsequent radical surgery or 
limited surgery and radiation therapy. CSF shunt-
ing, temporary or permanent, may be considered 
for selective cases in which outflow is obstructed. 
Although surgery may be used to open CSF path-
ways, resection may not be possible under certain 
conditions or symptomatic hydrocephalus may 
be observed after surgery and require manage-
ment when obstruction is not present.

Surgery for craniopharyngioma may also 
involve cyst drainage through open or closed 
 procedures. Often, a catheter is inserted into the 
cyst(s) and permanently attached to an extracranial 
reservoir placed under the skin. Indeed, the use of 
an Ommaya reservoir is a common practice to 
manage cyst components of craniopharyngioma in 
unresectable patients and in preparation for radia-
tion therapy or alternative therapies.
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There are many approaches to surgery and 
techniques available to limit morbidity and mor-
tality. The approaches are driven by tumor extent, 
size, and shape. Historically, a variety of transcra-
nial approaches have been used; however, more 
recently transnasal surgery has been considered 
feasible even in younger patients. Endonasal 
endoscopic surgery has become increasingly pop-
ular and may result in a similar extent of resection 
as other approaches. It may be preferred under 
certain circumstances (Dhandapani et al. 2016).

Radical surgery is appropriate for patients 
with tumors that may be completely removed 
without damaging the anterior hypothalamus and 
affecting the quality of life. For other patients, 
limited surgery followed by conformal, fraction-
ated external beam irradiation should be consid-
ered. The side effects of surgery include operative 
and perioperative morbidity and mortality; 
patients treated with surgery risk acute complica-
tions affecting neurological and endocrine func-
tion and late effects involving metabolism, 
achievement, personality and problem behavior.

Because radical resection and radiation therapy 
yield similar rates of disease control, more infor-
mation is required about the morbidity and mortal-
ity of the primary surgery approach. Surgical 
series tend to lack functional outcomes data. 
Patients treated with radical surgery should be 
compared to irradiated patients using similar mea-
sures to improve patient selection for treatment. It 
is not considered feasible to randomize patients to 
these two very different treatment approaches.

12.3.1  Comparing Radical Surgery 
to Radiation Therapy with or 
Without Surgery

A comparison of disease control and functional 
outcomes for patients treated with primary sur-
gery versus those treated with more limited or no 
surgery and radiation therapy has not been done 
prospectively because of the small number of 
patients with this disease and management con-
troversies and concerns that generate selection 
bias. Despite limited data on morbidity and the 

factors that influence functional outcomes, 
radiotherapy avoidance remains a primary goal 
in the management of these patients at some cen-
ters. The literature demonstrates good disease 
control regardless of treatment approach and 
modality-specific side effects. Primary surgery 
patients are more likely to experience acute 
effects involving neurological function and long-
term side effects on personality, depending on 
the extent of hypothalamic involvement and dis-
section. Long-term cognitive and vascular effects 
have been observed in patients treated with lim-
ited surgery and radiation therapy. Most patients 
present with preexisting endocrinopathy, and 
both treatments have similar rates of anterior 
pituitary endocrinopathy; however, those who 
undergo primary surgery are more likely to expe-
rience hypothalamic damage, vision loss, or 
acute stroke (Huang et  al. 1997; Lustig et  al. 
2003; Macdonald and Hoffman 1997). 
Systematically collecting information about the 
acute, early, and late effects of both treatment 
approaches in a prospective protocol would be a 
rational alternative to randomization.

The rate of gross total resection (GTR) varies 
widely in the literature, and the rate of tumor 
recurrence in patients treated primarily with sur-
gery is related to patient selection (Kiehna and 
Merchant 2010). Even though these patients may 
be salvaged with a high rate of success using 
radiation therapy, they tend to suffer the com-
bined effects of both approaches (Merchant et al. 
2002b).

It is important to consider the factors that 
influence patient selection, disease control, and 
acute, perioperative effects. In one of the largest 
US series of patients treated with primary sur-
gery, clinical and treatment factors found to nega-
tively affect progression-free (PFS) and overall 
survival (OS) were subtotal resection (STR), 
tumor size >5  cm, and the presence of hydro-
cephalus or CSF shunting (Elliott et al. 2010). It 
is logical that STR would affect PFS but not OS, 
since patients who have disease progression after 
primary surgery may be successfully salvaged 
with radiation therapy. It may be that patients 
treated with STR are prone to progression and 

12 Childhood Craniopharyngioma



268

subsequently undergo a second surgery instead of 
irradiation and are at increased risk for periopera-
tive morbidity and mortality. The explanation for 
tumor size, hydrocephalus, and ventriculoperito-
neal (VP) shunting impacting PFS suggests more 
extensive or unresectable disease and a probable 
association with STR. There is no logical expla-
nation for the relationship between tumor size 
and OS.  This finding may be attributed to the 
morbidity and mortality of salvage (i.e., second) 
surgery. It has been noted that recurrent tumors 
are more likely to lose their tissue planes, making 
second surgery dangerous (Elliott et  al. 2009). 
There were three deaths in the reported series, 
two among the 57 primary patients and one 
among the 29 patients with recurrent tumors. The 
recurrence rate was 22% among 81 patients who 
were not among those who died perioperatively 
(n  =  3) or were lost to follow-up (n  =  2). The 
median time to recurrence was 20  months, and 
the 2-year PFS rate was 85%. Based on these 
findings, and because PFS in patients with recur-
rent tumors was low, it can be concluded that it is 
not in the best interest of the patient to undergo a 
second attempt at radical resection unless the 
patient is young and conditions for resection and 
complete removal are favorable. The death rate 
during the interval of this study was 15%. The 
median follow-up was 8.3  years, ranging from 
3 months to 22.8 years. These data support the 
policy of one attempt at major resection, and 
postoperative irradiation in patients who undergo 
STR. Although it may not be detrimental to delay 
irradiation for an amount of time measured in 
months, growth will ultimately occur, affecting 
the target volume and potentially increasing the 
morbidity arising from irradiation.

There is limited information on cognitive 
function and quality-of-life outcomes after pri-
mary surgery. Quality of life and behavioral fol-
low-up for 29 patients (Sands et al. 2005) were 
reported from a series that included a primary 
surgery approach. The authors found that social-
emotional and behavioral functions were within 
the normal range for externalizing problems but 
borderline for internalizing problems. Tumor 
recurrence and additional surgery were associ-
ated with decreased physical functioning. 

Retrochiasmatic tumor location was associated 
with lower psychosocial quality of life and 
impaired social-emotional and behavioral func-
tion. There was no association between outcome 
and gender, age, tumor size, or hydrocephalus. 
These findings differed from the findings of 
other, much older surgical series and suggest that 
more patients are needed for such a study. 
Assessment of quality of life is important in this 
group, and there needs to be more information 
about outcomes after the primary surgery 
approach to better understand the effects of GTR.

Hypothalamic dysfunction may be character-
ized in patients treated with surgery using acquired 
variables similar to those used in the grading scale 
of DeVile (Devile et  al. 1996): mild dysfunc-
tion—postoperative obesity (BMI > 2SD) and a 
lack of behavioral or psychological symptoms; 
moderate dysfunction—obesity with hyperphagia 
or memory disturbances; and severe dysfunc-
tion—extreme obesity and hyperphagia with 
behavioral disturbances including rage and distur-
bances of thermoregulation, sleep-wake cycles, or 
memory. Other classifications include the func-
tional status of patients and acquired variables 
similar to those of Wen (Wen et al. 1989), whose 
four-part functional classification index has been 
used in many surgical series. The classifications 
are: class I—grossly normal and independent, 
mild hormone disturbances, seizures well con-
trolled with medication; class II—independent, 
panhypopituitarism, mild to moderate visual 
compromise, cranial nerve deficits, mild psycho-
logical dysfunction; class III—partially depen-
dent, serious visual compromise, serious 
neurological deficits including hemiparesis or 
refractory seizures, learning disabilities, or poorly 
controlled psychological disorders; and class 
IV—entirely dependent on others for care. These 
scales were used by Elliott and Wisoff (2009) in 
their assessment of 19 very young children with 
craniopharyngioma. The median age at the time 
of surgery was 3 years, and very few patients had 
more than one surgery to achieve GTR, which 
was successful in 18/19 (94.7%) patients. 
Hypothalamic morbidity at any level occurred in 
4/17 (23.5%) patients for whom data were avail-
able. There was no statistical difference between 
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pre- and postoperative functional scores among 
the group of evaluated patients. Recurrence was 
noted in 33% of patients after a median time of 
16 months. Further assessment of these patients 
based on presenting signs and symptoms, includ-
ing presence of headache, vision loss, behavioral 
changes, diabetes insipidus, endocrine symptoms, 
or focal neurological deficits, as clinical variables 
may be helpful. The relationship of the tumor to 
the optic chiasm (prechiasmatic, retrochiasmatic, 
complex, lateral, or predominantly third ventricle) 
should be assessed in planning for surgery.

One important caveat in reviewing surgical 
data is that radical resection denotes GTR. This is 
not achievable in all patients, and the rate of pro-
gression after GTR at experienced centers 
approaches 25% (Weiner et  al. 1994). GTR is 
defined as no tumor by visual (GTR-macro) or 
microscopic (GTR-micro) inspection. No resid-
ual disease by imaging and no evidence of 
enhancement or microscopic calcifications are 
considered by many to be GTR (Elliott and 
Wisoff 2009). If blood products obscure the post-
operative cavity, imaging, including CT, should 
be repeated 1 month later as there should be no 
rush to initiate adjuvant therapy. In the series by 
Elliot (Elliott et al. 2009), the recurrence rate was 
24% among a group of 49 patients with calcifica-
tion on preoperative CT scan. There was no sig-
nificant difference in the rate of tumor recurrence 
based on postoperative calcification, and they 
found the Hoffman scale was not particularly 
useful in their study, probably because of small 
numbers. The Hoffman scale (Hoffman 1985) 
has five levels: grade 1—a normal CT scan; grade 
2—tiny calcific fleck but no residual tumor; grade 
3—a small calcific chunk without evidence of 
enhancement or mass effect; grade 4—a small 
contrast-enhancing lesion without mass effect; 
and grade 5—lesion with significant enhance-
ment and mass effect.

The PFS after radical surgery versus limited 
surgery and radiation therapy should be similar, 
approximately 75%, when measured between 5 
and 10 years after diagnosis and initial treatment. 
The caveat is that radical surgery means GTR and 
limited surgery means cyst drainage or decom-
pression with limited dissection and tumor 

removal or no surgical manipulation of the tumor. 
It should not be the goal of any study to compare 
local disease control for these two groups; rather, 
it is most relevant to compare acute and late 
effects of treatment. There is another cohort to 
consider: patients who undergo radical surgery 
who do not achieve GTR and require postopera-
tive irradiation and those treated primarily with 
GTR who later have local tumor progression and 
require radiation therapy. The third cohort can be 
characterized by surgical extent, which adds 
value to the analysis of surgical factors by bridg-
ing the defined group of limited surgery patients 
and those treated with radical surgery. There is no 
difference in outcomes comparing patients 
treated with immediate postoperative radiation 
therapy to those treated initially with surgery 
who experience progression prior to subsequent 
irradiation (Lo et al. 2014).

12.3.2  Surgery Planning

Neurosurgical input and intervention are integral 
to the treatment of children with craniopharyngi-
oma before, during, and after radiation therapy. 
Patients should be evaluated by neurosurgery 
experts for resection, decompression, biopsy, 
Ommaya reservoir placement, CSF shunting, or 
similar procedures. As noted earlier, exploratory 
surgery may be required. Because craniopharyn-
gioma may undergo spontaneous or radiation-
induced cyst enlargement, unplanned 
neurosurgical intervention may be required after 
the patient has started treatment. Preoperative 
evaluation should include, whenever possible, a 
detailed ophthalmologic examination, including 
visual field assessment, and endocrinology con-
sultation. Preoperative imaging should include a 
CT scan and MRI of the brain.

The goal of surgical intervention should be to 
facilitate tumor control, keeping surgical morbid-
ity to a minimum. Common indications for surgi-
cal intervention directed at the tumor include 
establishing a tissue diagnosis, tumor control by 
radical resection, relieving tumor mass effect to 
reduce symptoms, and decreasing the target vol-
ume for radiation therapy. Patients should always 
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be selected for radical surgery based on the neu-
rosurgeon’s assessment that a GTR may be 
achieved with acceptable postoperative morbid-
ity. The Wen classification system (I–II) may 
serve as a guide (Wen et al. 1989). This assess-
ment should include patient and tumor character-
istics and consider the treating neurosurgeon’s 
experience. The decision should ultimately be 
made by the parents with guidance of the multi-
disciplinary team following a discussion about 
the risks and benefits of surgery. To avoid opera-
tive hypothalamic damage, the degree of preop-
erative hypothalamic involvement may be 
assessed clinically or by neuroimaging using sys-
tems similar to the grading system proposed by 
Puget et al. (2007). The Puget Scale: Grade 0—
no hypothalamic involvement; Grade 1—tumor 
abutting or displacing the hypothalamus; Grade 
2—hypothalamic involvement with hypothala-
mus no longer identifiable. Preoperative hypotha-
lamic involvement, clinical or radiographic 
(Puget Grade 2) (Devile et al. 1996; Puget et al. 
2007), should be a contraindication to attempting 
GTR (Fig. 12.2). In addition, GTR is not recom-
mended for patients who have already had a pre-
vious but unsuccessful attempt at a GTR. Patients 
with poor functional status (Wen Class III–IV) 
(Wen et al. 1989), previous stroke, or arterial or 
hypothalamic injury are also not good candidates 
for GTR.  It is recognized that in certain cases, 
determining the feasibility of radical surgery may 
initially require exploration (Fig. 12.3).

Patients may be selected for less than radical 
surgery and subsequent radiation therapy based 
on the opinion of the neurosurgeon that a GTR 
cannot be achieved with acceptable morbidity. In 
some instances, neither radical nor limited sur-
gery may be indicated. These patients, diagnosed 
based on imaging findings, may proceed directly 
to radiation therapy in the absence of any attempt 
to invasively establish a diagnosis; however, the 
patient and parents need to understand the unique 
nature of this situation.

Surgical evaluation, including the physical 
and neurologic examinations and detailed visual 
examination by ophthalmology, is critical since 
the surgical method to decompress the visual 
apparatus is an important part of the decision-

making process in choosing the surgical plan. 
Neuroimaging studies, including CT, which is 
useful for assessing calcification in the tumor and 

Fig. 12.2 Examples of Puget Scale
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T1 MRI pre-operative

T2 MRI pre-operative

Fig. 12.3 Examples of subacute ischemia after surgery for craniopharyngioma

T1 MRI after stroke

T2 MRI after stroke

in the cyst wall, and MRI with and without con-
trast, should be used. The surgical planning dis-
cussion for a patient with presumed 
craniopharyngioma should include a frank dis-
cussion of the risks and benefits of radical sur-
gery versus limited surgery and radiation therapy. 
Factors supporting radical surgery may include 
minimal involvement of the hypothalamus with a 
solid tumor or thick-walled or calcified cyst, or a 
thin-walled cyst; a favorable chance of total 
removal; and an experienced neurosurgeon. 
Factors supporting limited surgery and proton 
therapy may include involvement of hypothala-

mus with solid tumor, thick-walled cyst, or both, 
and good vision. Methods for handling poor 
vision may include correcting hydrocephalus or 
performing cyst drainage and obtaining tissue to 
confirm diagnosis. There are a variety of means 
for performing cyst drainage, including stereo-
tatic or endoscopic placement of an Ommaya res-
ervoir for a thin-walled cyst, or open procedure 
for a thick-walled cyst or when the cyst wall will 
not collapse. In any event, a decision must be 
made regarding the safety of cyst resection, and 
resection of a cyst on the hypothalamus should be 
avoided if access is difficult. For thin-walled 
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cysts beneath the optic chiasm, leaving a catheter 
in place is preferable to resection unless the 
 surgeon can be sure that the cyst is removed, 
because leaving a catheter with a large amount of 
cyst wall remaining may allow the cyst to reform 
with the catheter outside of cyst (Fig. 12.4). Other 
considerations regarding surgery include: (1) sur-
gical decompression of a solid tumor compress-
ing a nerve is often not necessary, because relief 
of hydrocephalus and drainage of the cyst will 
improve vision; (2) if an open procedure is per-
formed, care should be taken to preserve the pitu-
itary stalk to avoid diabetes insipidus; and (3) 
care must be taken not to disturb the interface of 
the hypothalamus and solid tumor, or the morbid-
ity will be the same as that of radical surgery.

12.4  Radiation Therapy

Radiation therapy has a long track record of suc-
cess in the treatment of craniopharyngioma and 
there are a number of published disease control 
benchmarks reporting high rates of local tumor 
control with long-term follow-up. Institutional 
series highlight the excellent rate of tumor con-
trol and the spectrum of side effects that may 
arise with radiation therapy and long-term fol-
low-up. The rationale for radiation therapy and 
the potential side effects include long-term dis-
ease control with limited morbidity in appropri-
ately selected patient understanding the 
contribution of tumor and surgery to the latter. 
When tumors are left intact or minimally dis-
turbed by surgery, their borders are distinct and 
well-defined which permits the use of highly 
focused irradiation and limited margins of secu-
rity around the defined target volume. Prior to the 
advent of three-dimensional conformal radiation 
therapy and, later, intensity-modulated radiation 
therapy—both using photons—and eventually 
the application of proton therapy, children with 
craniopharyngioma were irradiated with parallel 
opposed portals and fairly large margins sur-
rounding the perceived target in an effort to 
encompass the volume at risk. Not only did the 
lack of image-guidance risk recurrence because 
of the possibility that the entire tumor was not 

encompassed, the parallel-opposed portals also 
encompassed a substantial amount of normal tis-
sue, including the temporal lobes, brainstem, 
entire circle of Willis and substantial vasculature 
of the middle cerebral arteries and possibly the 
anterior and posterior cerebral arteries as well.

In an effort to reduce the side effects of radiation 
therapy, and to take advantage of advances in treat-
ment technology and the often well-defined imag-
ing nature of craniopharyngioma, these tumors 
were some of the earliest to be subjected to confor-
mal and so-called stereotactic radiation therapy 
using advanced methods of immobilization in 
cooperative patients and cone-based circular colli-
mators that apply arc methods of irradiation. In 
some of the earliest series, craniopharyngioma was 
treated with margins surrounding the tumor of 
approximately 2 mm with the caveat that the entire 
tumor diameter was less than 5–6  cm. With the 
advent of three-dimensional conformal radiation 
therapy and later intensity-modulated radiation 
therapy, investigators were able to treat tumors 
with conformal therapy regardless of tumor size, 
initially using customized cerrobend collimation 
and later multi-leaf collimation.

There is a need to reduce side effects associated 
with the irradiation of young adults and children 
with craniopharyngioma because the tumor arises 
in the suprasellar region and is intimately associ-
ated with the diencephalon, optic pathways, and 
central cerebrovasculature. There is also a need to 
report on long-term disease control and functional 
outcomes for patients with craniopharyngioma 
and develop expanded models of radiation dosim-
etry that predict functional outcomes. Finally, 
there is a need to identify factors associated with 
tumor progression and side effects for patients 
with craniopharyngioma and to identify new clini-
cal and biological correlates of outcome.

Progression-free and OS rates of 77% and 
83% at 10 years and 66% and 79% at 20 years 
(Rajan et al. 1993) after limited surgery and radi-
ation therapy have been reported from the Royal 
Marsden Hospital using doses ≥50 Gy. These are 
considered benchmarks for disease control and 
the same principals of treatment are now fol-
lowed more than 50  years after their initial 
description. Despite the success of photon irra-
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Coronal MRI after catheter/
Ommaya reservoir placementCoronal MRI at baseline Coronal MRI after proton therapy

Sagittal MRI after catheter/
Ommaya reservoir placementSagittal MRI at baseline Sagittal MRI after proton therapy

Fig. 12.4 Baseline, after catheter/Ommaya reservoir placement, and after proton therapy

diation, the side effects on neurologic, endocrine, 
and cognitive function weigh heavily when rec-
ommending irradiation because the long-term 
prospects for survival are excellent. Reducing 
dose to normal tissue should be a primary goal 
when radiation therapy is administered. Long-
term disease control and toxicity reports from 
other centers support the use of irradiation and 
provide evidence of durable disease control. 
Investigators in Houston reported 5 and 10 year 
cystic (65.8% and 60.7%) and solid (90.7%) con-
trol rates for children treated with a 1 cm clinical 
target volume (CTV) margin and doses ranging 
from 49.8 to 54  Gy (Greenfield et  al. 2015). 
Similarly, investigators reported 5, 10, and 
20 year disease control (95.3, 92.1, and 88.1%) 

and OS (10 year—83.3% and 20 year—67.8%) 
rates, highlighting excellent local control and the 
concept that most patients do not die from their 
tumor but associated complications from treat-
ment (Harrabi et  al. 2014). This latter point is 
also highlighted by recent data from Vancouver 
that demonstrates that the leading cause of late 
death is complications arising from tumor and 
treatment-related morbidity (Lo et al. 2014).

12.4.1  Radiation Dose and Volume

Disease control and functional outcomes have 
been prospectively defined for patients with cra-
niopharyngioma using advanced methods of 
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photon irradiation, such as intensity-modulated 
photon therapy, and investigations are now 
underway using intensity-modulated proton 
therapy with the goal of limiting side effects. 
Intensity-modulated proton therapy using dis-
crete spot scanning is the newest form of proton 
therapy and includes intensity-modulation with 
iterative planning as well as single-field uniform 
dose methods. The potential advantages of pro-
ton therapy over photon therapy have been high-
lighted by a number of groups (Bishop et  al. 
2014; Boehling et al. 2012), despite concern by 
others about the costs associated with the use of 
protons (Leroy et al. 2016) and insufficient data, 
which is likely related to earlier proton therapy 
methods (Leroy et al. 2016) (Fig. 12.5).

There have been few systematic applications 
of focused irradiation attempting to define target-
ing and treatment for craniopharyngioma. A pro-
spective Phase II trial of conformal radiation 
therapy was conducted at St. Jude Children’s 
Research Hospital between 1998 and 2003. The 
primary objective was to estimate the local con-
trol and patterns of failure for pediatric patients 
treated with conformal radiation therapy using a 
10 mm CTV margin. The trial demonstrated that 
event-free survival (EFS) with a 10  mm CTV 
margin and 3–5  mm planning target volume 
(PTV) margin was similar to treatment with con-
ventional radiation therapy (Merchant et  al. 
2006). With a median follow-up of 28  months, 
the 3-year EFS was reported to be 85 ± 11%. This 
study was the first to prospectively define a mini-
mum target volume for this disease. The second-
ary objective of the same trial was to estimate the 
incidence and time to onset of clinically signifi-
cant CNS effects based on radiation dose distri-
butions in normal tissue, including deficits in 
neurological, endocrine, and cognitive function. 
The impact of high-dose irradiation on functional 
outcomes, specifically cognition, was clearly 
demonstrated (Merchant et al. 2006) in younger 
patients. These findings and recent advances in 
radiation therapy have made further reductions in 
the irradiated volume warranted and feasible.

A total of 93 patients diagnosed between 
December 1994 and March 2010 received con-
formal or intensity-modulated radiation therapy 

at St. Jude Children’s Research Hospital. This 
number includes patients in the original 1998–
2003 prospective series (Merchant 2006). The 
CTV margin was subsequently reduced to less 
than 10  mm after 2003 yielding two groups of 
patients: those treated with a CTV margin greater 
than (>) 5 mm (n = 26) and those treated with a 
CTV margin less than or equal to (≤) 5  mm 
(n = 67). There was no significant difference in 
PFS distributions between these groups 
(P > 0.70) with 5-year estimates of 88.1 ± 6.3% 
vs. 91.7 ± 4.9%, respectively. There was no sig-
nificant difference comparing patients on the 
basis of their PTV or combined CTV + PTV mar-
gins. The PTV was systematically reduced dur-
ing this time period from 5 to 3  mm with the 
advent of more sophisticated methods of immo-
bilization and verification. All cases of tumor 
progression were within the target volumes. 
While not statistically significant, factors that 
appeared to be associated with improved PFS 
included Caucasian race (P = 0.058) and no per-
manent CSF shunting requirements (P = 0.022). 
These results suggest that reductions in the tar-
geted volume using photons and smaller margins 
were feasible and safe as applied (Merchant 
et al. 2013).

Proton therapy appears to be superior to pho-
ton therapy in reducing dose to normal tissue. It 
has become increasingly available for children 
with brain tumors and has become a preferred 
radiation therapy modality (Merchant et al. 2008; 
Luu et al. 2006; Fitzek et al. 2006; Habrand et al. 
2006). Several studies have shown the advantage 
of proton therapy to reduce dose to normal tis-
sues irrespective of the chosen margin (Alapetite 
et  al. 2010; Baumert et  al. 2004; Fitzek et  al. 
2006; Merchant et  al. 2008); however, a mini-
mum CTV margin has not been defined and 
investigators remain concerned about idiosyn-
cratic tumor cyst expansion during proton ther-
apy that may lead to underdosing of targets 
(Winkfield et  al. 2009). We studied the differ-
ences in normal tissue dose distributions compar-
ing protons and photons. Protons spare normal 
tissues better than photons, especially in patients 
with small tumors. Small critical structures (chi-
asm, pituitary, and hypothalamus) adjacent to the 
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Fig. 12.5 Intensity-modulated photon therapy, 3-D (passively scattered) proton therapy, and intensity-modulated 
proton therapy

Intensity-modulated photon therapy

3-D (passively-scattered) proton therapy

Intensity-modulated proton therapy
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PTV tend to receive the prescription dose; how-
ever, those separated from the PTV (cochleae) 
will receive significantly less or no dose when 
using proton therapy. Relatively large normal tis-
sue volumes partially (cerebellum and brainstem) 
or more fully (entire brain or supratentorial vol-
umes) subtended by the PTV are expected to 
receive minimal reductions in the high-dose vol-
ume, moderate reduction in the intermediate dose 
volume, and significant reductions in the low-
dose volume using proton therapy. The differ-
ences widen as the volume of the normal tissue 
structure increases. The magnitude of the differ-
ence may be a factor of 3. Models suggest that 
cognitive function will be preserved using proton 
therapy in the same setting where a decline in 
cognitive function is expected using photons. 
Although the endocrine effects of radiation ther-
apy may not be reduced, it is likely that proton 
therapy will reduce the risk of secondary neopla-
sia and vasculopathy because these late effects 
depend on the volume that receives both high and 
low doses (Merchant et al. 2008). Vasculopathy 
and cerebrovascular disease is a concern when 
considering late effects of irradiation in cranio-
pharyngioma (Lo et al. 2014).

Apart from a number of registries, there is cur-
rently only one recently completed study in the 
US that deployed proton therapy for craniopha-
ryngioma: a Phase II trial of limited surgery and 
proton therapy for craniopharyngioma and obser-
vation for craniopharyngioma after radical resec-
tion. This study was known as RT2CR.  The 
proton therapy delivery method for the RT2CR 
protocol was passive-scattering, otherwise known 
as double-scattering or three-dimensional proton 
therapy. A 5  mm CTV margin surrounded the 
postoperative tumor bed and/or residual tumor. 
The RT2CR protocol successfully recruited 
patients from 2011 to 2016. The results have not 
been published.

It has been shown that with on-treatment mon-
itoring (weekly or periodic MR imaging during 
radiation therapy), the targeted volume for cra-
niopharyngioma may be safely reduced; how-
ever, these data apply only to photons, which are 
not significantly affected by tissue heterogeneity 
and which have a wider gradient in therapeutic to 

nontherapeutic dose coverage. Craniopha-
ryngioma is a heterogeneous cystic and solid 
(calcified) tumor adjacent to the base of skull. 
These physical properties may affect proton dose 
distributions that are susceptible to tissue hetero-
geneity. The physical characteristics of the pro-
ton beam lead to very sharp dose profiles along 
the lateral aspects of the beam and at the distal 
edge. The sharp profile may risk marginal miss of 
craniopharyngioma target volumes that are prone 
to change in size or position. The importance of 
monitoring these tumors during treatment has 
been highlighted in a number of reports (Beltran 
et al. 2010; Shi et al. 2012).

Proton therapy advantageously reduces dose 
to normal tissue in children with craniopharyn-
gioma and should reduce or eliminate the side 
effects of radiation therapy. Considering the vigi-
lance required to reduce the targeted volume 
using photons, the susceptibility of proton ther-
apy to tissue heterogeneity, and the dynamic 
nature of the craniopharyngioma target volume, 
protocol-based systematic monitoring is required 
with the possibility of adaptive therapy to investi-
gate the feasibility and safety of using intensity-
modulated proton therapy (Yang et al. 2014).

12.4.2  Radiation Dose-Effects 
Models

The objective of using advanced methods of irra-
diation and monitoring dose to normal tissues is 
to expand the models of treatment dosimetry and 
structural and functional outcome. The treatment 
guidelines in successive trials have included 
smaller target volume margins than those used in 
prior studies. Clinical trials that include radiation 
therapy now seek to prospectively evaluate the 
use of proton therapy. The goal is to proportion-
ally irradiate less normal tissue and define a new 
minimum in the irradiated volume. Longitudinal 
functional assessment on the aforementioned RT1 
protocol included a broad range of CNS effects 
measured before, during, and after irradiation; 
assessments include audiometry, ophthalmology, 
neurology, endocrinology, neuropsychology, 
quantitative neuroimaging, sleep and fatigue 
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assessments and evaluation of physical perfor-
mance. With a median follow-up of 5 years, the 
reported incidence of neurologic complications 
including deficits in hearing and vision was low, 
endocrine deficits were found to be common 
before treatment, and imaging changes and cogni-
tive declines were statistically related to treatment 
dosimetry (Merchant et  al. 2002a, 2002c, 2004; 
Dolson et  al. 2009). Because of the paucity of 
prior prospective data for patients with this type of 
brain tumor (Merchant et al. 2002b), the benefit of 
volume reduction could not be proven; however, 
the acquired data now serve as a benchmark for the 
specified CTV and PTV margins and the irradiated 
volume of normal tissue. Data acquired in this 
study will be used for parametric modeling and 
future comparison with subsequent volume reduc-
tions, dose-escalation or normal tissue protection 
strategies for these patients.

Despite all attempts to limit dose to normal 
tissues, side effects will continue to be observed 
in these patients and it remains an important goal 
to identify important clinical variables and treat-
ment factors that improve models of radiation 
dose. It is critical to have large numbers of 
patients in dose-effect modeling. The number of 
dose-volume intervals and correlative variables 
assessed depends on the number of patients. In 
prior studies we assessed mean dose and intervals 
of low (0–20 Gy), intermediate (20–40 Gy), and 
high dose (40–60  Gy). Correlation of radiation 
dosimetry with IQ has shown a statistically sig-
nificant relationship with higher doses having the 
greatest impact. It should be a goal to evaluate 
more critically the effects of low dose given that 
this range of dose is the one most likely to differ 
when comparing proton and photon data. 
Independent of radiation dose, surgical factors 
have the greatest impact on cognitive function 
after radiation therapy. The extent of resection, 
number of attempts at resection, and the presence 
of diabetes insipidus, a surrogate marker for sur-
gical morbidity, correlate significantly with 
decline in IQ (Merchant et al. 2006). These find-
ings demonstrate the importance of considering 
all variables in dose-effects models. Dose models 
may be used to compare linear or nonlinear trends 
in subgroups or historic data; the same models 

may be used to estimate the proportion of patients 
falling within deficient ranges on functional 
measures.

12.4.3  Radiation Therapy Guidelines

The guidelines for radiation therapy have been 
developed to ensure coverage of the volume at 
risk and to minimize the side effects of treatment. 
The guidelines used by most centers are standard 
in terms of total dose (50.4–54 Gy) and fraction-
ation (1.6–1.8 Gy/day). There is limited data con-
cerning disease control and functional outcomes 
after treatment with new methods of radiation 
therapy, including proton therapy, or the impact of 
target volume reduction. None of the published 
reports concerning proton therapy describe in 
detail the method of targeting, immobilization 
and verification, or treatment assessment of target 
volume deformity. There has never been a national 
or international prospective study for the treat-
ment of craniopharyngioma that included radio-
therapy. The prescribed dose for 
craniopharyngioma has evolved to a standard of 
54 Gy when using a CTV margin of 5 mm for all 
children. There are ample data demonstrating that 
these prescribed doses and target volumes are rea-
sonable and safe. However, the data also suggest 
that further volume reductions are warranted 
because of the correlation between radiation dose, 
treatment volume, and a variety of functional out-
comes. With the availability of improved imaging 
and increased treatment accuracy, the CTV and 
associated target volumes will be further reduced 
with the expectation that the dose to normal tissue 
will be lowered and side effects will be reduced. A 
single treatment plan is envisioned for most 
patients early in their course except for those who 
experience target volume change (most often cys-
tic enlargement) early during treatment. Because 
of the association of the brainstem, optic chiasm, 
and optic nerves, prior studies have not specified 
brainstem dose-volume constraints and few unex-
pected adverse events have been observed in these 
patients. Children with craniopharyngioma tend 
to be young and vulnerable from the events lead-
ing to diagnosis and neurosurgery.
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Surgery performed prior to proton therapy 
may reduce the targeted volume depending on 
the extent of resection and interpretation of the 
treatment planning guidelines and the definitions 
of the gross-tumor volume (GTV), CTV, and 
PTV. The GTV is defined as the edge of the resid-
ual disease as determined by pre- and postopera-
tive neuroimaging and does not include the 
surgical corridor. In some instances, the resection 
bed may be added to the GTV when the likeli-
hood of microscopic residual is high. The CTV is 
defined as the margin of security surrounding the 
GTV and tumor bed, when indicated, which is 
meant to encompass subclinical microscopic dis-
ease. Current institutional preferences include a 
3–5 mm margin which is anatomically confined 
at interfaces where invasion is unlikely, such as 
the bony base of skull or where a cystic structure 
may be pushing but not invading a normal tissue 
structure such as the brainstem, or can be reduced 
where surgery has not been performed and a clear 
interface exists between tumor and normal tissue. 
At the bony interfaces the CTV margin is essen-
tially zero (0  mm); however, for practical pur-
poses it is customary for the CTV contour to 
appear external to the GTV. At interfaces such as 
the brainstem, the CTV margin may or may not 
be altered. A limited survey was conducted 
regarding target volume margins and treatment 
parameters at North American proton therapy 
sites. The survey included recommendations 
based on non-protocol treatment plans. The con-
sensus is a 3–5 mm CTV margin, 95–100% CTV 
coverage, 3  mm margin beyond the CTV to 
define the PTV or equivalent, prescribed dose 
54CGE, and dose maximum 100% including 
point dose to the chiasm (Table 12.1). All investi-
gators would include the postoperative tumor bed 
in their targeted volume.

12.5  Alternatives to Radical 
Surgery and Fractionated 
External Beam Radiation 
Therapy

Investigators are keen to understand the biology 
of craniopharyngioma to identify aberrant path-
ways that might be targeted using existing agents. 
So far none have been found. Interferon adminis-
tered systemically is currently being tested 
through the Pediatric Brain Tumor Consortium 
for newly diagnosed patients and those recurrent 
after prior radiation therapy. The Phase II study 
of peginterferon alfa-2b (PEGIntron) for pediat-
ric patients with unresectable or recurrent cranio-
pharyngioma was activated October 2013 
(Goldman 2013. ClinicalTrials.gov Identifier: 
NCT01964300). Other means to treat craniopha-
ryngioma include intracystic isotopes, bleomy-
cin, and interferon (Bartels et  al. 2012; 
Lafay-Cousin et al. 2007). Phosphorous-32 (32P) 
brachytherapy can provide local control for 
growing cysts, but does not supplant the need for 
surgery or external beam radiation therapy in 
most cases (Ansari et  al. 2016). Radiosurgery 
may be considered for local residual disease or 
recurrence. Toxicity of radiosurgery is not insig-
nificant as described (Murphy et al. 2016).

12.5.1  Physical Performance

Children with craniopharyngioma are at risk for 
physical performance limitations, either related to 
their tumor or as a result of treatment. Limitations 
are likely the result of structural or physiological 
damage to critical normal tissue structures in 
proximity to the suprasellar region. Hypothalamic 
obesity, neuroendocrine abnormalities, visual 

Table 12.1 Current guidelines for the use of proton therapy

CTV margina CTV coverage PTV marginb Prescribed dose Dose maximumc

3–5 mm 95–100% 2–3 mm 50.4–54.0 CGE 100–108%

CTV clinical target volume, PTV planning target volume, CGE cobalt gray equivalent
aIncludes margin surrounding postoperative tumor bed and not surgical corridor
bIncludes margin surrounding CTV for positional and range uncertainty
cChiasm dose maximum ≤100%
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deficits, and neuromuscular dysfunction, includ-
ing muscle weakness and poor flexibility, may 
contribute to poor physical performance. Poor 
physical performance may be perpetuated by dif-
ficulty with movement. Movement problems 
encourage inactivity and sedentary behavior, 
resulting in further deterioration in performance 
capacity. Reduced physical performance may be 
compounded by neurocognitive and emotional 
limitations so that participation in everyday activ-
ities is difficult and unrewarding (Fange et  al. 
2002). Less than optimal participation may result 
in social isolation and contribute to poor health 
related quality of life.

12.5.2  Cognitive Effects

Neuropsychological measures have been used to 
monitor function outcomes regardless of treat-
ment strategy. The typical location of craniopha-
ryngioma in the suprasellar region renders frontal/
subcortical pathways vulnerable with respect to 
tumor infiltration, vascular displacement, surgical 

disruption (particularly with subfrontal 
approaches), and radiation effects. Previous stud-
ies investigating cognitive outcomes following 
treatment for craniopharyngioma indicate vul-
nerabilities in the areas of frontal lobe function-
ing, including perseveration, inflexibility and 
disinhibition (Cavazzuti et  al. 1983; Riva et  al. 
1998), attention regulation (Kiehna et  al. 2006) 
and memory (Carpentieri et al. 2003; Niwa et al. 
1996; Di Pinto et  al. 2012; Dolson et  al. 2009; 
Netson et al. 2013). Findings from the St. Jude 
RT1 protocol indicate that overall academic 
achievement may be relatively well preserved 
with reading achievement more vulnerable than 
math achievement (Fig. 12.6).

12.5.3  Endocrine Effects

The hypothalamus produces growth hormone 
releasing hormone (GHRH) and is sensitive to 
the effects of tumors (hydrocephalus and tumor 
invasion) and treatment (surgery and irradia-
tion). Thus, growth hormone deficiency is a 
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common side effect in patients with craniopha-
ryngioma. The extent and impact of growth hor-
mone deficiency before and after irradiation is 
largely unknown and is, therefore, an important 
research focus. Estimating the extent of this 
underreported problem may prompt research to 
identify means for intervention and improve-
ment in screening guidelines for those at risk. 
Growth hormone secretion has shown the great-
est sensitivity to the effects of radiation therapy 
on the hypothalamus. Peak growth hormone lev-
els after radiation therapy decline as an exponen-
tial function of time based on the mean dose to 
the hypothalamus. This conclusion is consistent 
among patients with craniopharyngioma. 
However, in contrast to adults, children with cra-
niopharyngioma have a high rate of pre-irradia-
tion growth hormone deficiency. Levels of 
growth hormone are often undetectable as soon 
as 12 months after radiation therapy. The assess-
ment of pre- and post-irradiation growth hor-
mone secretion abnormalities in children with 
brain tumors can be divided according to whether 
they arise from tumor-related hydrocephalus, 
tumor invasion, or tumor extension. Among chil-
dren with craniopharyngioma, pre-irradiation 
growth hormone deficiency impacts both base-
line and longitudinal changes in IQ and reading 
scores. The treatment of growth hormone defi-
ciency may be a means to improve functional 
outcomes.

12.5.4  Ophthalmology 
and Audiology Effects

Vision loss and impairment from tumor and treat-
ment is common in children with craniopharyn-
gioma (Drimtzias et al. 2014). Worsening vision 
is most often a sign of tumor progression and not 
treatment effect. Baseline testing and serial fol-
low-up should be considered a standard of care 
with the findings useful in the assessment of 
functional outcomes. Visual function does not 
necessarily impact functional outcomes (Netson 
et al. 2013). The incidence of hearing loss after 
radiation therapy for craniopharyngioma is low 

based on the assessment of children with this 
disease (Bass et al. 2016).

12.5.5  Sleep Disorders, Fatigue, 
and Quality of Life 
in Craniopharyngioma

Survivors of craniopharyngioma are known to 
have neuroendocrine deficiencies, visual deficits, 
and hypothalamic obesity due to tumor location 
(Rosenfeld et al. 2014). In addition to the tumor 
location, damage to the hypothalamus by surgery 
and radiation therapy results in sleep distur-
bances, daytime hypersomnolence, short-term 
memory problems, and limited concentration 
(Palm et al. 1992, van der Klaauw et al. 2008). 
Sleep disturbances as part of long-term outcomes 
in survivors have only been reported as case stud-
ies or in small cohorts. Poretti et  al. (2004) 
reported on patients with craniopharyngioma 
who were treated with radical tumor excision and 
found long-term complications, including sleep 
disturbances and poor quality of life. Increased 
daytime sleepiness was noted in 6 of 21 patients 
with 5 of 6 of these patients having obesity. Other 
problems beset by this tumor have been docu-
mented in the assessment of long-term survivors 
(Crom et al. 2010).

12.5.6  Neuroimaging

Neuroimaging is critical to the treatment and fol-
low-up of children with craniopharyngioma. The 
purpose of the diagnostic imaging examination is 
to ensure the diagnosis of craniopharyngioma, 
define the extent of disease for surgery and radia-
tion therapy planning, perform surveillance for 
tumor progression after surgery and during and 
after radiation therapy, and detect or evaluate 
treatment-related side effects. Diagnostic imaging 
should include multi-sequence, multi-planar, 
multi-dimensionally acquired MR imaging with 
and without IV gadolinium. The rationale for the 
chosen sequences is based on their ability to dif-
ferentiate between the cystic and solid tumor 
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components, the interface between the tumor 
complex and the base of skull, brain parenchyma 
and CSF spaces.

Weekly examinations during radiation ther-
apy using a dedicated MR system (1.5  T or 
3.0 T) are performed at major institutions during 
the 6-week proton therapy treatment course to 
monitor tumor shape and volume. MR imaging 
during the treatment course is essential to moni-
tor for volumetric changes in the cystic compo-
nent of the tumor that would reduce target 
volume coverage and/or increase normal tissue 
doses. Acquired imaging data during the treat-
ment course may be used to model tumor 
response to treatment and dosimetry benefits of 
adaptive therapy. The goal of adaptive planning 
is to allow the plan to adapt when target volume 
coverage appears to be compromised by change 
in the volume or shape of the target during treat-
ment. Some centers will perform imaging fre-
quently during the early phase of therapy and 
discontinue if no change is observed. Others per-
form less frequently and as clinically indicated. 
In some instances CT is used and may be 
appropriate.

More advanced imaging may be performed in 
the follow-up of children with craniopharyngi-
oma to monitor for response and changes in nor-
mal tissues. Diffusion-weighted imaging (DWI) 
is the most important MRI technique to investi-
gate tumor cellularity in various brain tumors. 
Numerous lines of evidence support the use of 
DWI in studying tumor response. Uh and others 
used DWI to study radiation-related normal tis-
sue effects in children with craniopharyngioma 
treated with proton therapy (Uh et al. 2015).

12.5.7  Management of Treatment-
Related Effects

When early signs of progressive parenchymal 
changes representing necrosis are present on 
imaging, one may consider referral for hyperbaric 
oxygen therapy (HBOT). HBOT should be con-
sidered when progressive parenchymal changes 
are associated with symptoms regardless of 

severity. Steroid therapy, most often dexametha-
sone, may be initiated and tapered according to 
symptoms. When the dose of dexamethasone has 
been tapered to approximately 0.5  mg daily, a 
taper of hydrocortisone is initiated at approxi-
mately 25  mg daily administered in divided 
doses. Dexamethasone is discontinued within 
2–3 days of the initiation of the hydrocortisone. 
Patients are not required to remain on steroid 
therapy during HBOT. The use of HBOT for non-
radiation-induced normal tissue damage result-
ing from mechanical, ischemic, and other toxic 
insults is less certain (Fig. 12.7).

Vasculopathy is common among patients 
with craniopharyngioma and is responsible for 
some of the devastating effects observed after 
radiation therapy. The incidence and time to 
onset and factors predictive of severe and life-
threatening vasculopathy have not been studied 
systematically (Bitzer and Topka 1995; Ishikawa 
et  al. 1997; Lui et  al. 2007; Mori et  al. 1978; 
Murakami et al. 2002; Pereira et al. 2002; Rossi 
et  al. 2006; Sutton 1994). Perioperative vaso-
spasm and ischemia have been attributed to 
effects of surgery, whereas late events are 
largely attributable to radiation dose and vol-
ume. Managing vasculopathy is often difficult 
because medical or surgical intervention is insti-
tuted or considered after the process has become 
established. Three-dimensional time-of-flight 
MRA of the brain is the standard MRI technique 
for evaluation of the arteries of the Circle of 
Willis and its branches. This technique is used 
to evaluate for stenosis, dilatations and aneu-
rysms of the principle components of the intra-
cranial arterial circulation. It should be 
considered that the MRA is a screening tool and 
represents physiology as well as structure at the 
time of the examination. An abnormal MRA 
should be triaged by an experienced interven-
tional team to determine the value of evaluation 
of the vasculature by digital subtraction angiog-
raphy or CT angiography. In some cases, addi-
tional MR studies evaluating small vessels and 
tissue perfusion may be indicated and can be 
used to determine the need for revascularization 
surgery (Fig. 12.8)
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Fig. 12.7 Example of brainstem necrosis and response to 
hyperbaric oxygen therapy. MRI 6 weeks after the com-
pletion of proton therapy (first row), MRI 12 weeks after 

the completion of proton therapy (second row); MRI after 
6  week of hyperbaric oxygen therapy (third row); MRI 
2 years after proton therapy (fourth row)
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Fig. 12.7 (continued)
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Fig. 12.8 Example of 
vasculopathy
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13.1  Introduction

Embryonal brain tumours comprise the largest 
category of malignant pediatric brain tumours in 
children 0–14  years of age (McKean-Cowdin 
et al. 2013; Smoll and Drummond 2012; Zhang 
et  al. 2017), and span a wide spectrum with 
varying degrees of histologic differentiation. This 
group includes medulloblastoma (MB), the most 

common pediatric embryonal tumour, as well as 
rarer tumours categorized under various labels 
based on tumour location or specific histopatho-
logic features. These include tumours previously 
called central nervous system supratentorial 
primitive neuroectodermal tumours (CNS-
PNET)/SPNETs—a particularly challenging 
diagnostic category, and CNS rhabdoid/atypical 
teratoid rhabdoid tumours (AT/RTs). In contrast 
to medulloblastoma, there has been relatively 
limited progress in the outcome of children with 
rare embryonal tumours, as both substantive bio-
logical and clinical studies have been difficult to 
conduct. Furthermore, recent studies indicate sig-
nificant molecular heterogeneity among tumours 
diagnosed as “SPNET/CNS-PNETs” and AT/
RTs, an apparent “monogenic” disease. This 
chapter will summarize current understanding of 
rare embryonal brain tumours in the context of 
recent molecular studies and postulate on the 
direction of future therapeutic approaches for 
these diseases.

13.2  CNS-PNETs

CNS-PNETs are rare, aggressive embryonal 
tumours predominantly arising in younger chil-
dren and adolescents. Although epidemiological 
data are lacking, CNS-PNETs are estimated to 
comprise 3–5% of pediatric brain tumours (Louis 
et al. 2007; Rorke et al. 1997). These rare tumours 
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have been associated with several cancer predis-
position syndromes including the Li Fraumeni 
(Taylor et  al. 2000) and DNA mismatch repair 
syndromes (Bakry et  al. 2014), and have also 
been reported as secondary malignancies after 
cancer treatment (Leung et al. 2001).

Since their initial description (Hart and Earle 
1973) as cerebral tumours with close histologic 
resemblance to medulloblastoma (MB), supraten-
torial PNETs /SPNETs have been contentious 
diagnoses, with frequently evolving classifica-
tion. Diagnostic challenges have, in part, been due 
to lack of substantive clinical, histopathologic, and 
molecular studies of these rare tumours, inconsis-
tent application of newer diagnostic tools that dis-
tinguish specific embryonal tumours, such as AT/
RTs from SPNETs, and reports of “SPNET”/
CNS-PNETs arising in non-cerebral locations. 
Clinical literature has also been difficult to inter-
pret, since CNS-PNETs/SPNETs, pineoblastoma, 
medulloblastoma, and other embryonal tumours 
have been frequently lumped together based on 
proposed common cellular origins (Kleihues et al. 
2002; Louis et al. 2007; Rorke 1983). Nonetheless, 
existing reported demographic data on non-pineal 
PNETs (91 cases) suggest most patients are 
young, with a median age at diagnosis of 3.7 years 
and with 44% less than 3 years of age. The major-
ity of these lesions (83%) were reported in the 
cerebral hemispheres and a much smaller propor-
tion (17%) arose in the brainstem or thalamus, 
with metastases reported in only 22% of patients 
at diagnosis (Table 13.1). Recent molecular stud-
ies have improved an evolving understanding of 
tumours encompassed under CNS-PNETs/
SPNETs, and led to further diagnostic revisions in 
the current 2016 World Health Organization 
(WHO) CNS classification schema (Louis et  al. 
2016).

13.2.1  Molecular Features

Due to contentious histologic diagnoses, varying 
methods have been used to identify “CNS- 
PNETs/SPNETs” in different studies. 
Nonetheless, earlier molecular analyses of small 

cerebral PNET cohorts established that they dif-
fered from MB based on lack of isochr17q altera-
tions (Li et al. 2005) and unique gene expression 
signatures (Pomeroy et al. 2002). These findings 
were confirmed by larger PNET cohort studies 
(Li et al. 2009), which also revealed that a pro-
portion of highly aggressive PNETs arising in 
younger children have recurrent amplification of 

Table 13.1 Non-pineal PNET studies

                                     n = 91
Patient characteristics
Age (years) n=88
Median (years) 3.7
<3 39 (44%)
3–5 18 (20%)
5–10 15 (18%)
>10 16 (18%)
Gender n=29
Female 11 (38%)
Male 18 (62%)
Location n=53
Hemispheric 44 (83%)
Midline (brainstem and thalamic) 9 (17%)
Stage n=74
M0 58 (78%)
M1-4 16 (22%)
Treatment characteristics
Extent of surgical resection n=91
Complete (GTR/<1.5 cm2 
residual tumour)

39 (42%)

Incomplete (STR, biopsy) 53 (58%)
Standard chemotherapy n=91
Yes 78 (86%)
No 13 (14%)
High-dose chemotherapy n=91
Yes 34 (37%)
No 57 (63%)
Radiotherapy n=91
Yes 62 (68%)
CSI 53 (85%)
Focal only 5 (15%)
No 29 (32%)
Overall survival n=86
24 months 53% (95% CI 

41–63)
60 months 47% (95% CI 

36–58)

GTR gross total resection, STR subtotal resection, CSI cra-
niospinal irradiation, CI confidence interval
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C19MC, a large miRNA cluster on chr19q13.41 
(Li et al. 2009). These C19MC altered tumours, 
which encompass various rare histopathologic 
entities including ETANTRs, now represent a 
separate diagnostic category discussed later in 
this chapter.

To date, two large molecular studies of CNS- 
PNETs (Picard et  al. 2012; Sturm et  al. 2016) 
have been undertaken. In an initial study, Picard 
et  al. (2012) reviewed 252 archived tumours 
with institutional diagnoses of CNS-PNETs, and 
excluded approximately 50% of archived CNS- 
PNETs after review of histopathology, tumour 
location, and SMARCB1/BAF47 testing, as they 
identified with other known diagnostic entities 
including high-grade gliomas (HGG), supraten-
torial ependymomas, pineoblastoma, AT/RTs, 
medulloblastoma or were tumours of uncertain 
histopathologic diagnoses. Based on transcrip-
tional analyses, they proposed three molecular 
categories of cerebral PNETs. In addition to a 
group with primitive neural signatures and high 
LIN28 expression that corresponded to the 
C19MC associated CNS-PNETs (Li et al. 2009; 
Picard et  al. 2012) and were named group 1 
PNETs, they described a second group (group 2) 
enriched for oligoneural lineage with high 
OLIG2 expression and an OLIG2 negative sub-
set (group 3) with mesenchymal transcriptional 
signatures; groups 2 and 3 were, respectively, 
correlated with a low and high incidence of 
metastases. Using methylation profiling of a 
large cohort of archived CNS-PNETs, Sturm 
et al. (Sturm et al. 2016) similarly showed that a 
substantial proportion of tumours with historical 
institutional diagnoses of CNS-PNETs identified 
with other histologically and molecularly defined 
brain tumours. They further reported the remain-
ing tumours diagnosed as “CNS-PNETs” com-
prised four novel but distinct brain tumour 
entities characterized by FOXR2, CIC, and MN-
1 gene fusions and duplication of the BCOR loci; 
these were, respectively, designated CNS 
NB-FOXR2, CNS EFT-CIC, CNS HGNET-
MN1, and CNS HGNET-BCOR, based on pro-
posed histologic or molecular relatedness to 
neuroblastoma or Ewing sarcoma. CNS 

NB-FOXR2 tumours have overlapping methyla-
tion profiles with the oligoneural group 2 PNETs 
described by Picard et al., while the HGNET-MN1 
tumours represent rarer entities and include 
tumours with classical histologic features of astro-
blastoma (Sturm et al. 2016). Their relationship to 
any of the prior reported PNET entities remains 
unclear. CIC fusions leading to ETS pathway 
upregulation (Huang et al. 2016; Peters et al. 2015; 
Yoshida et al. 2016), and BCOR exon 16 duplica-
tions (Kao et al. 2016) have been reported in vari-
ous extracranial undifferentiated soft tissue 
sarcomas and suggest these CNS entities may 
actually represent intracranial, extra- parenchymal 
presentations of the same molecular disease.

In a move to incorporate molecular markers 
into brain tumour diagnoses, PNET has been 
removed as a diagnostic label in the 2016 WHO 
CNS classification (Louis et al. 2016). Group 1 
and 2 PNETs described by Picard et al. are now, 
respectively, denoted as the C19MC- and 
FOXR2-associated tumours, and an additional 
category of CNS embryonal tumour NOS, with-
out known genetic defining features, has been 
introduced. Interestingly, global methylation 
studies of pediatric embryonal and glial tumours 
suggest some of these tumours cluster with the 
previously designated RTK and MYCN groups of 
high- grade gliomas (Sturm et  al. 2016). 
Furthermore, our studies suggest the RTK and 
MYCN high- grade gliomas are not genetically 
well-defined entities, but rather comprise 
tumours with substantial molecular heterogene-
ity without specific diagnostic genetic features 
(Norman et  al., unpublished). These findings 
suggest that tumours diagnosed as “RTK/
MYCN” gliomas, mesenchymal “group 3 CNS-
PNETs” (Picard et al. 2012), and “CNS embryo-
nal tumours NOS” may arise from neural 
precursors on a spectrum of differentiation. 
More detailed studies of larger number of these 
tumours using deep functional genomics and 
genomic analyses will be important for under-
standing how these morphologic entities overlap 
at the molecular level, so that more precise diag-
nostic and treatment paradigms can be devel-
oped for these poorly defined “gliomas/PNETs.”

13 Rare Embryonal Brain Tumours
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13.2.2  Treatment Approaches 
and Prognostic Factors

Treatment and clinical prognostic data are diffi-
cult to interpret as no dedicated PNET therapeu-
tic studies have been undertaken. CNS-PNET 
patients have historically been treated as high- 
risk embryonal brain tumours as per high-risk 
medulloblastoma protocols with augmented che-
motherapy regimens and higher doses of brain 
and spine radiation. Although existing clinical 
data on CNS-PNETs predated the recent revised 
classification of these tumours, they nevertheless 
provide some useful insights into the prognostic 
role of specific therapeutic interventions for these 
rare diseases.

13.2.2.1  Surgical Resection
Published clinical data (Table 13.1) show gross 
total resection (GTR) is achieved in about 60% of 
patients and suggest extent of surgical resection 
is prognostic for CNS-PNETs. Albright et  al. 
reported a 4-year postoperative survival of 40% 
and 13%, respectively, for patients with GTR and 
subtotal tumour resection (STR) in a small series 
of 27 children (Albright et  al. 1995). Similar 
observations have also been reported in larger 
prospective European and North American col-
laborative group studies (Jakacki et  al. 2015; 
Reddy et al. 2000), as well as smaller additional 
studies that employed various protocols 
(Chintagumpala et al. 2009; Friedrich et al. 2013, 
2015; Johnston et al. 2008; Marec-Berard et al. 
2002; Massimino et al. 2006; Sung et al. 2007; 
Thorarinsdottir et al. 2007) (Table 13.2) (Fonseca 
and Huang, unpublished), thus suggesting maxi-
mum safe surgical resection is important for 
patients with CNS-PNETs.

13.2.2.2  Radiation Therapy
Based on extrapolation from experience with MB 
therapy, whole brain and spine radiation has gen-
erally been prescribed for craniospinal prophy-
laxis and treatment in older children diagnosed 
with CNS-PNETs. Aggregate data from studies 
to date show 68% of patients with CNS-PNETs 
received some form of radiation therapy (RT); 
most (85%) received craniospinal irradiation 

(CSI), while a minority were treated with focal 
RT (Table  13.1). Although independent small 
cohort studies suggest incorporation of radiation 
early in treatment is important for survival 
(Jakacki et  al. 1995; Marec-Berard et  al. 2002; 
Reddy et  al. 2000; Timmermann et  al. 2002, 
2006), the benefit of focal versus CSI has only 
been examined in limited cohorts of patients. 
Timmermann et  al. (2002) reported a signifi-
cantly poorer 3-year progression-free survival 
(PFS, 14.3%) for seven patients treated with only 
focal radiation in the HIT88/89 and 91 trials in 
contrast to superior 3  year PFS (43.7%) in 54 
patients treated with CSI. However, 71% of dis-
ease recurrences were local, suggesting a multi-
modal approach is important in this disease 
(Table 13.2).

Various strategies have been used to post-
pone radiation in younger patients, or to 
deliver risk- adapted radiation for older chil-
dren with CNS- PNETs. These include the use 
of hyperfractionated focal RT or reduced dose 
conventional CSI for nonmetastatic patients 
(Table 13.2). High-dose chemotherapy has been 
proposed as an important strategy to avoid or 
defer radiation in young children with CNS-
PNETs (Chintagumpala et  al. 2009; Cohen 
et  al. 2015; Fangusaro et  al. 2008a; Friedrich 
et al. 2013; Mason et al. 1998; Massimino et al. 
2013). Of note, dismal outcomes have been 
reported in both smaller and consortia-based 
studies that employed conventional chemother-
apy as a radiation avoidance strategy (Grundy 
et al. 2010; Marec-Berard et al. 2002; Strother 
et  al. 2014). Important observations from the 
POG 8633 and HIT-SKK87 and 92 consortia-
based studies indicate that, similar to young 
patients with MB, CNS-PNETs patients treated 
without radiation up-front may be successfully 
salvaged with craniospinal radiation (Wetmore 
et al. 2014).

In summary, cumulative literature suggests 
extent of surgery and radiation are important 
prognosticators for CNS-PNETs, and also indi-
cate risk-adapted craniospinal radiation and high- 
dose chemotherapy may be an important strategy 
to defer, reduce, or avoid CSI, particularly in 
younger children.

A. Fonseca et al.
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13.2.2.3  Chemotherapy
Various adjuvant chemotherapy regimens have 
been used in CNS-PNET protocols across North 
American and European cooperative groups. 
Chemotherapy backbones have included various 
combination of vincristine, platinum com-
pounds (cisplatinum and/or carboplatin), cyclo-
phosphamide, and etoposide. To date, no 
specific regimen has been associated with better 
outcomes in the North American CCG921, 
CC992, and POG9233/34 trials. Of note, early 
disease progression has been reported in regi-
mens that used pre-radiation chemotherapy 
(Allen et al. 2009; Pizer et al. 2006; Timmermann 
et al. 2006), indicating radiation delay is detri-
mental. As a result, with the exception of young 
children, radiation rather than chemotherapy 
has been the recommended first step in CNS-
PNET therapy.

Similar to other embryonal brain tumours in 
young children, dose-intensified chemotherapy 
has been successfully employed to defer radia-
tion in an attempt to mitigate the severe neuro-
cognitive sequelae of irradiation at a young age 
(Chintagumpala et al. 2009; Friedrich et al. 2013, 
2015; Johnston et al. 2008; Marec-Berard et al. 
2002; Massimino et al. 2006; Sung et al. 2007; 
Thorarinsdottir et al. 2007).

In 2008, Fangusaro et al. reported relatively 
favorable 5-year event-free (EFS) and overall 
survival (OS) of 39% and 49%, respectively, in 
children treated with the dose intense Head Start 
I and II regimens (Fangusaro et  al. 2008a). 
Similarly, results from the HIT 2000 trial dem-
onstrated superior 5-year EFS (25%) and OS 
(40%) in patients treated with a short induction 
regimen combined with high-dose chemother-
apy (HDC) versus a longer induction regimen 
(Friedrich et  al. 2013). Notably, both studies 
reported long- term radiation-free survival in 
18–50% of young children treated with 
HDC. This has led to the development of HDC-
based protocols for infants with high-risk 
embryonal brain tumours in North America, 
including the CCG99703 and the more recent 
ACNS0334 protocols (Table 13.2).

13.2.3  Future Directions

Recent elucidation of several molecular entities 
under the previous umbrella term of “CNS- 
PNETs/SPNETs” represents an important step in 
studies of these rare tumours (Sturm et al. 2016). 
However, much work remains to fully elucidate 
the diagnostic and therapeutic significance of 
these recent findings in the context of previously 
described clinical and molecular entities. 
Preliminary data from retrospective and 
prospective studies suggest FOXR2-fused embry-
onal tumours have favorable biology with good 
outcomes when treated with high-risk MB type 
therapy. The relationship of MN1 fused tumours 
and embryonal tumours NOS to other malignant 
neuroepithelial tumours, including the “RTK/
MYCN” gliomas and previously reported CNS-
PNET subcategories, remains less clear. Defining 
where these tumours fit on the spectrum of glial-
neural tumours, and their specific clinical mani-
festations will have important practical 
therapeutic implications. In particular, re-exami-
nation of retrospective cohorts of malignant glio-
mas and CNS-PNET studies with molecular 
information will help guide and refine the appli-
cation of glioma or embryonal brain tumour 
approaches to the spectrum of these poorly 
defined high-grade neuroepithelial tumours. 
Similarly, studying the intracranial tumours with 
CIC and BCOR fusions in the context of extra 
CNS soft tissue sarcomas with identical altera-
tions will also be important to fully understand 
whether these warrant therapeutic approaches 
different from those already established for their 
extracranial counterparts.

13.3  C19MC Altered and Related 
Tumours

Historical classification of embryonal tumours/
PNETs encompassed entities that had predomi-
nant primitive neural features but were distin-
guished by specific histologic features, including 
tumours called ependymoblastomas and medullo-

13 Rare Embryonal Brain Tumours
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epitheliomas. In 2009, Gessi and colleagues 
(2009) added another histologic category to this 
spectrum of tumours that they named Embryonal 
Neoplasms with True Rosettes and Abundant 
Neuropil (ETANTR). However, the clinical and 
biological relationship between these various sub-
categories remained unclear until global molecu-
lar studies of CNS-PNETs reported that a subset 
of highly aggressive CNS-PNETs with variant 
histologic diagnoses, which arose in younger chil-
dren, exhibited recurrent amplification of the 
oncogenic miRNA cluster on chr19q13.42 (Li 
et al. 2009). Many, but not all, of the tumours in 
the Li et  al. study had features compatible with 
ETANTRs or ependymoblastoma. A series of 
studies have now confirmed that C19MC altera-
tions identify a distinct clinical and molecular dis-
ease, which includes tumours with prior histologic 
diagnoses of ependymoblastoma, medulloepithe-
lioma, and ETANTRs and thus a single, unifying 
histologic label, ETMRs, has been proposed. 
C19MC altered tumours and related molecular 
entities are now officially a distinct WHO diag-
nostic category (Louis et al. 2016).

C19MC associated tumours are distinctly 
aggressive brain tumours in younger children (Li 
et al. 2009; Spence et al. 2014a) with a median 
age of diagnosis at 24  months. While these 
tumours have been described in very young 
patients (<2–3 months of age), a majority (82%) 
of patients are 12–54  months old at diagnosis. 
Data from the rare tumour registry http://www.
rarebraintumourconsortium.ca indicates tumours 
can arise in various CNS locations, with 
predominance in the cerebral hemispheres (59%). 
Although rapid disseminated progression has 
been reported in this disease, retrospective clini-
cal data suggest most tumours (74%) are local-
ized at the time of diagnosis. Epidemiological 
data for this relatively new category of disease 
remains to be established; however, studies from 
the Huang lab using fluorescence in situ 
hybridization (FISH) analyses in 500 malignant 
pediatric brain tumours diagnosed at a single 
institution indicate C19MC altered tumours may 
comprise up to 25% of cerebral CNS-PNETs (Li 
et al. 2009; Spence et al. 2014a). Notably, C19MC 
altered tumours can arise in pineal and cerebellar 
locations, and present as diffuse brain stem 

lesions with a radiologic picture resembling 
diffuse intrinsic pontine glioma (DIPG). Rare 
C19MC altered tumours have also been reported 
in intraocular locations and need to be distin-
guished from other more benign lesions includ-
ing medulloepitheliomas arising from the ciliary 
bodies (Jakobiec et al. 2015; Spence et al. 2014a). 
The young age of presentation for these tumours 
suggest a heritable association is likely; however, 
no specific germline alterations have been 
reported in this disease. Patient demographics 
from a series of studies are summarized in 
Table 13.3.

Table 13.3 C19MC altered and associated tumours

                                     n = 75
Patient characteristics
Age (months) n=75
Median (months) 24
<6 2 (3%)
6–12 12 (16%)
12–36 38 (51%)
>36 23 (31%)
Gender n=75
Female 39 (52%)
Male 36 (48%)
Location n=74
Cerebral hemispheres 44 (59%)
Midbrain, brainstem, thalamic 17 (23%)
Cerebellum 12 (16%)
Spinal 1 (1%)
Stage n=23
M0 17 (74%)
M1-4 6 (26%)
Treatment characteristics
Extent of surgical resection n=64
Complete (GTR/<1.5 cm2 
residual tumour)

55 (86%)

Incomplete (STR, biopsy) 9 (14%)
Standard chemotherapy n=65
Yes 54 (83%)
No 11 (17%)
Radiotherapy n=50
Yes 20 (40%)
No 30 (60%)
Overall survival n=59
24 months 25% (95% CI 

12–40)
60 months 20% (95% CI 

8–36)

GTR gross total resection, STR subtotal resection, CSI 
craniospinal irradiation, CI confidence interval

A. Fonseca et al.

http://www.rarebraintumorconsortium.ca
http://www.rarebraintumorconsortium.ca


297

13.3.1  Molecular Features

Initial single-nucleotide polymorphism (SNP) 
arrays and FISH-based studies showed the 
C19MC locus is amplified or gained and overex-
pressed specifically in a subset of tumours with 
histopathologic features that include ependymo-
blastic rosettes, patterns of neuronal differentia-
tion, including neurocytes, ganglion cells and 
neutrophil-like background classically described 
in ETANTRs or ependymoblastoma (Cervoni 
et  al. 1995; Mork and Rubinstein 1985; 
Rubinstein 1970). With wider application of the 
C19MC FISH assays it is now clear that while 
ETANTRs characteristically exhibit C19MC 
copy number alterations, C19MC amplification 
or copy number changes can also be found in 
~15–20% of tumours without classic histological 
features (Spence et al. 2014b). Gene expression 
studies showed that C19MC amplified tumours 
exhibit unique highly primitive transcriptional 
signatures, notably with elevated expression of 
LIN28A and B, both markers of pluripotency and 
upregulation of SHH and WNT developmental 
signaling (Li et  al. 2009). Global methylation 
studies have now shown that ~20% of embryonal 
brain tumours that cluster with C19MC amplified 
tumours have no evidence of C19MC copy num-
ber alterations. They, however, exhibit high 
LIN28 expression, similar gene expression pro-
files, and other copy number alterations including 
whole chr 2 gains (Spence et al. 2014b).

Biological understanding of C19MC altered and 
associated tumours have to date been derived from 
primary tumours and limited in vitro studies, as cell 
lines have been difficult to derive, and animal 
models have not yet been developed. To date, 
higher resolution genomic studies show only recur-
rent C19MC alterations in primary tumours, thus 
indicating C19MC as a major oncogenic driver in 
this disease. Although mechanisms by which 
C19MC promotes tumour formation remain to be 
elucidated, experimental studies show expression 
of a subset of C19MC miRs inhibits neural stem 
cell differentiation (Li et  al. 2009). Significantly, 
RNA sequencing studies reveal tumours with 
C19MC amplification also exhibit gene fusions of 
C19MC with TTHY1, a primitive neural channel 

gene and increased expression of an embryonic-
specific DNA methyl transferase 3B isoform. 
These studies suggest C19MC may also drive 
oncogenesis by regulating DNA methylation and 
promoting a transformation-prone epigenetic cell 
state (Kleinman et al. 2014). In addition to C19MC, 
experimental studies indicate LIN28A/B, which are 
highly expressed in all C19MC amplified and asso-
ciated tumours, also drive tumour cell growth in 
part via regulation of the insulin and mTOR signal-
ing pathways (Spence et al. 2014a).

13.3.2  Treatment Approaches 
and Prognostic Factors

Since C19MC altered and related tumours were 
only recently identified as a distinct disease, 
outcome data on a substantial group of uniformly 
treated patients are lacking. Similar to early reports 
on ETANTRs, Li et  al. observed that among 
children with cerebral PNETs, presence of C19MC 
amplification correlated with a particularly dismal 
survival irrespective of treatment received (Li 
et al. 2009). The highly aggressive nature of this 
disease has now been borne out in approximately 
80 cases reported in the literature (Gessi et  al. 
2009; Korshunov et  al. 2010). Horowitz et  al. 
(Horwitz et  al. 2016) reported on the largest 
institutional series, and reported 1-year EFS of 
36% and OS of 45% (Horwitz et  al. 2016) in 
children treated with a variety of approaches. 
Overall it is estimated that long-term survival of 
children with these tumours is around 10%.

To date, no specific patient or tumour-related 
prognostic factors have been identified. It remains 
to be determined in larger studies where specific 
cellular morphology of tumours or presence or 
absence of C19MC amplification has prognostic 
significance. Although formal evaluation of 
different treatment modalities is not available, 
some reports suggest surgery, high-dose 
chemotherapy, and radiation offer survival benefits. 
However, data from the Rare Brain Tumour 
Registry suggests despite aggressive interventions, 
the majority of patients do not survive beyond 1 
year. The apparent efficacy of radiotherapy and 
high-dose chemotherapy reported in retrospective 
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series must thus be interpreted with caution. 
Cumulative reports suggest that early, rapid disease 
progression with tumour dissemination is fre-
quently observed in children with C19MC altered 
and related tumours, indicating conventional 
embryonal brain tumour induction regimens are 
insufficient for tumour control even in the setting of 
complete tumour resection.

The identification of novel therapeutic agents 
for this disease has been difficult as only three 
cell lines have been reported to date (Kleinman 
et  al. 2014; Schmidt et  al. 2017; Spence et  al. 
2014a). Initial studies by the Huang group 
suggest epigenetic and metabolic pathways 
downstream of C19MC and LIN28 hold promise 
as novel therapeutic targets (Sin-Chan and Huang 
2014; Spence et al. 2014a). Notably, they demon-
strated synergistic effects on a patient derived 
cell line with azacitidine and vorinostat. 
Interestingly, several case studies have reported 
maturation of residual tumour to a more differen-
tiated cellular phenotype after conventional che-
motherapy, and suggest drugs that induce cellular 
differentiation (Antonelli et  al. 2015; Lafay- 
Cousin et  al. 2014; Sin-Chan and Huang 2014; 
Spence et al. 2014a); such drugs as histone deac-
tylaces and retinoids may be important therapeu-
tic agents to include in the treatment of this 
disease. Two limited scope drugs screens have 
been reported using the three available C19MC 
altered cell lines (Schmidt et  al. 2017; Spence 
et al. 2014a). In addition to drugs that target the 
metabolic pathway, these studies showed promis-
ing therapeutic effects of some conventional 
agents, including gemcitabine and topotecan, 
indicating these drugs may be important to incor-
porate into the future chemotherapeutic back-
bone for this disease. Given the young age of 
these patients and the propensity of these tumours 
to disseminate upon recurrence, it may also be 
important to incorporate intraventricular drug 
therapy into future trial design.

13.3.3  Future Directions

With the discovery of a specific genetic marker 
for C19MC altered tumours, the disease is now 

increasingly recognized and reported, sug-
gesting the incidence of these tumours may be 
underestimated. Several different diagnostic 
methods have been used in the literature reports, 
including morphological descriptions compat-
ible with ETANTR/ETMR/ependymoblastoma/
medulloepithelioma, C19MC amplification, and/
or LIN28 IHC.  While morphologic features 
of a classic ETANTR/ETMR are easily recog-
nized, these may only be present in a subset of 
C19MC altered and related tumours; thus, his-
tologic diagnoses should be augmented with 
molecular studies to distinguish tumours that 
may have overlapping histologic features, such 
as medulloepitheliomas arising in extracranial 
locations which are more benign. LIN28 immu-
nopositivity is also not specific, but is reported 
in AT/RTs and high-grade gliomas (Spence et al. 
2014a; Weingart et al. 2015). In order to robustly 
evaluate clinical and treatment-related prognos-
tic factors, it will be important to adopt uniform 
methods for diagnosis. In our experience, a com-
bination of tumour morphology, LIN28 IHC, and 
FISH for C19MC alterations, which is highly 
specific for this group of tumours, is the best 
diagnostic combination. As a rare tumour, it is of 
utmost importance to create an international col-
laboration that allows the centralized collection 
of clinical information and biological material. 
The Rare Brain Tumour Consortium addresses 
this issue (http://www.rarebraintumourconsor-
tium.ca). Ultimately, a clear clinical picture will 
only become apparent with prospective enroll-
ment in clinical trials based on robust tumour 
diagnostics.

Drugs that inhibit DNA methylation/histone 
modifications and the IGF2/P13K metabolic 
pathway have been identified as biologically 
rational choices for therapy. Many of these 
have been in phase I/II trials in children and as 
such have safety profiles. Incorporating these 
into clinical trials, however, may prove chal-
lenging in this rare disease and will require 
international collaborations. Only by treating 
these tumours as a single diagnosis uniformly 
on clinical trials with biologically rational tar-
gets, will we start to change the outcome for 
these children.
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13.4  Pineoblastoma

Pineoblastomas (PBs) are rare, aggressive embry-
onal tumours of the pineal region (Nakazato et al. 
2007). They account for approximately 25% and 
are the most aggressive of pineal region neo-
plasms (Jouvet et  al. 2000). They mainly occur 
during the two first decades of life and affect 
mainly children (Nakazato et al. 2007). Aggregate 
published studies indicate a median age at diagno-
sis of 4.3 years. There is a bimodal age distribu-
tion for PBs, with a peak around 3 years of age 
and a smaller peak at 9 years of age (Table 13.4), 
which is suggestive of biological heterogeneity in 
this disease. PBs are so rare that they were often 
included for convenience in the family of supra-
tentorial PNETs for analysis. However, increasing 
molecular data suggest they represent distinct dis-
eases. Robust epidemiological data are lacking; in 
addition to heritable association with retinoblas-
toma (de Jong et  al. 2014), recent studies link 
defects in the microRNA biogenesis pathway 
with heritable PB (de Kock et al. 2014).

Histologically, PBs do not have specific 
immune-histochemical or morphological features 
(Jouvet et al. 2000; Schild et al. 1993). They share 
with other PNETs an appearance of highly cellu-
lar, proliferative small round blue cell tumours 
with diffuse, patternless sheets of poorly differen-
tiated, neoplastic cells with a high nuclear-to-
cytoplasmic ratio and a scant cytoplasm. Necrosis 
is common in these tumours, which typically 
exhibit high proliferative and mitotic counts 
(>20%) (Fevre-Montange et  al. 2012). Homer-
Wright pseudorosettes may be observed, but fea-
tures of photoreceptor differentiation such as 
Flexner Wintersteiner rosettes or fleurettes are 
exceedingly rare. They show variable immunoex-
pression of neuronal markers, including synapto-
physin and neurofilament protein. As a rule, they 
retain the expression of INI1, allowing differenti-
ation from AT/RT (Miller et  al. 2013), and lack 
LIN28A expression seen in C19MC associated 
tumours. Pineoblastomas should be distinguished 
from more differentiated pineal parenchymal 
tumours like pineocytoma and pineal parenchy-
mal tumour of intermediate differentiation, which 
are less aggressive entities.

13.4.1  Molecular Features

PBs may develop in the setting of germline RB-1 
(retinoblastoma 1 gene located at position 13q14.2 
on chromosome 13) defects, the co- occurrence of 
bilateral retinoblastoma and pineoblastoma being 
known as “trilateral retinoblastoma” (de Jong 
et al. 2014). Association with suparsellar/parasel-
lar neuroectodermal tumours is more rarely 
described. Trilateral retinoblastoma has been 
especially described in patients harboring 
germline 13q deletion, in contrast with patients 

Table 13.4 Pineal PNET studies

                                   n = 28
Patient characteristics
Age (years) n=28
Median (years) 4.3
<3 12 (43%)
3–5 2 (11%)
5–10 7 (25%)
>10 6 (21%)
Gender n=12
Female 7 (58%)
Male 5 (22%)
Stage n=25
M0 18 (72%)
M1-4 7 (28%)
Treatment characteristics
Extent of surgical resection n=27
Complete (GTR/<1.5 cm2 
residual tumour)

8 (30%)

Incomplete (STR, biopsy) 19 (70%)
Standard chemotherapy n=26
Yes 18 (69%)
No 8 (31%)
High-dose chemotherapy n=28
Yes 13 (46%)
No 15 (54%)
Radiotherapy n=28
Yes 17 (61%)
CSI 15 (88%)
Focal only 2 (12%)
No 11 (39%)
Overall survival n=28
24 months 57% (95% CI 

37–74)
60 months 48%(95% CI 

28-66)

GTR gross total resection, STR subtotal resection, CSI cra-
niospinal irradiation, CI confidence interval
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presenting RB1 mutations (D'Elia et al. 2013). PB 
was recently recognized as one of the components 
of the DICER1 syndrome (de Kock et al. 2014), 
which also predisposes to various tumours such as 
pleuropulmonary blastoma due to germline 
mutation of DICER1 (located at position 14q32.13 
on chromosome 14). Notably, DICER1 RNA IIIb 
mutations, most commonly reported in other 
tumours  (Heravi- Moussavi et  al. 2012; Wang 
et al. 2015), are rare in PB. Nevertheless, loss of 
heterozygosity seems to be the main mechanism 
by which DICER1 biallelic inactivation is 
achieved, indicating DICER1 as an important 
tumour suppressor gene in the pineal gland.

Frequent other alterations in PB include vari-
ous abnormalities of chromosome 1 and losses 
involving chromosomes 9, 16, 13, and 22 (Brown 
et al. 2006; Miller et al. 2011; Rickert et al. 2001; 
Russo et al. 1999). PBs, as well as other pineal 
parenchymal tumours and retinoblastomas, 
express CRX (Cone-Rod Homeobox), a tran-
scription factor involved in the development of 
pineal and retinal lineages (Santagata et al. 2009). 
However, this expression is not specific as it is 
also found in some medulloblastomas, yet 
more focally. Some genes involved in various 
oncogenic processes such as invasion and 
growth (PRAME, CD24, POU4F2, and 
HOXD13) are overexpressed in PBs and high-
grade pineal parenchymal tumour of interme-
diate differentiation (Fevre-Montange et  al. 
2006). The expression of O6-methylguanine-
DNA-methyltransferase in all three PBs analyzed 
in one study may suggest resistance to temozolo-
mide (Kanno et al. 2012).

13.4.2  Treatment Approaches 
and Prognostic Factors

Analysis of the optimal treatment for PBs is dif-
ficult. In clinical trials, PBs are often grouped 
together with other supratentorial PNETs, which 
makes it difficult to extract tumour-specific 
information. As in other embryonal tumours of 
the CNS, treatment of PB is multimodal and 
based upon combinations of surgery, chemother-

apy, and radiotherapy (Cohen et al. 1995). The 
first step in PB treatment usually consists of the 
acute management of obstructive hydrocephalus. 
The technique of choice is now endoscopic third 
ventriculostomy that allows CSF diversion and 
sampling as well as tumour biopsy in some cases 
(Tate et  al. 2011). Precise histopathological 
diagnosis is also essential in the therapeutic 
management of patients with pineal parenchy-
mal tumours (Fauchon et al. 2000). Surgical pro-
cedures in PB management include stereotactic 
biopsy, open surgical biopsy, and surgical 
removal. Complete surgical removal is usually 
difficult to achieve and requires experienced 
neurosurgeons. In our review, only 30% of the 
patients had complete surgical resection 
(Table 13.4). This may be explained by the deep-
seated location of pineal region and by the net-
work of major venous structures that are usually 
intimately associated with the neoplasm 
(Yamamoto 2001). Complete removal seems to 
be associated with a better prognosis in several 
studies (Jakacki et  al. 2015; Kao et  al. 2005; 
Lutterbach et al. 2002; Tate et al. 2012). Surgery 
is usually followed by RT in older children. RT 
has a positive impact on survival and includes 
CSI in order to prevent distant failure (Johnston 
et al. 2008; Timmermann et al. 2002). A majority 
of patients reported to date have received CSI RT 
(Table  13.4). In infants, RT cannot be safely 
applied without risk of severe neurocognitive 
impairment, but chemotherapy alone has proven 
to be ineffective (Duffner et  al. 1995; Jakacki 
et al. 1995) (Table 13.5). The use of high-dose 
chemotherapy with autologous stem cell rescue 
may be a suitable procedure to improve survival 
in young children (Fangusaro et  al. 2008b; 
Gururangan et  al. 2003). The optimal regimen 
and drug association for chemotherapy in PBs is 
still unsettled. In older children, the adjunct of 
carboplatin during radiotherapy following by 
non-intensive chemotherapy was a feasible strat-
egy and showed prolonged overall survival (81% 
at 5 years) (Jakacki et al. 2015).

Cumulative data suggest a generally poor out-
come for PB with OS ranging between 10 and 
81% (Fauchon et al. 2000; Jakacki et al. 2015). 
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Prognostic factors such as age, metastatic status 
at diagnosis, radiotherapy, and extent of surgery 
have been consistently identified across multiple 
studies. Young age (Cohen et  al. 1995; Hinkes 
et al. 2007; Jakacki et al. 2015; Tate et al. 2012) 
and disseminated disease at diagnosis (Cohen 
et al. 1995; Farnia et al. 2014; Lutterbach et al. 
2002; Tate et  al. 2012) are negative prognostic 
indicators, whereas use of RT (Johnston et  al. 
2008; Parikh et  al. 2017; Timmermann et  al. 
2002) and GTR have a positive impact. In 
 children more than 18 months of age, prognosis 
of PBs may be better than that of other supraten-
torial PNETs (Cohen et al. 1995; Jakacki et al. 
1995), whereas in infants a poorer prognosis in 

PBs is found (Fangusaro et  al. 2008a) 
(Table  13.5). Recently, Mynarek et  al. (2017) 
published an analysis of 127 PB patients pooled 
from 10 European centers and the Head Start 
trial group in the US, and found similarly that 
younger children (<4 years old) had significantly 
poorer PFS and OS (11% and 12%, respectively) 
than patients over 4 years of age (72% and 73%, 
respectively), and had more rapid disease pro-
gression. Radiation therapy was the strongest 
risk factor for both PFS and OS in both age 
groups although the type of radiotherapy (con-
ventional vs. hyperfractionated) did not impact 
survival. High-dose chemotherapy had limited 
impact on survival, but appeared to benefit older 

Table 13.5 Summary of pineoblastoma studies

Study
# 
patients

Age 
range 
(years)

Chemotherapy protocol Radiation (RT)

DFS 
(years)

OS 
(years)

Standard 
chemotherapy 
(SC) HDC (# cycles)

CSI 
(Gy)

Focal 
only 
(Gy)

High-dose chemotherapy (HDC)
Fangusaro et al. 
(2008)

13 0.1–6.9 HS I and HS II CBDCA, 
TSPA, VP-16 
(1)

No No 15% (5) 23% 
(5)

Chintagumpala 
et al. (2009)

7 3.8–12.9 SJMB06 CDDP, CPM 
(1)

SR: 
23.4; 
HR: 36

No 54% (5) 67% 
(5)

Massimino et al. 
(2013)a,b

9 1.4–18 Milan protocol TSPA (2) 31/39 No 83% (5) N/Ac

Adjuvant chemotherapy
Cohen et al. 
(1995)

17 1.5–19.3 CCG921 36 No 61% (3) N/Ac

Pre-irradiation chemotherapy
Timmermann 
et al. (2002)

11 2.9–17.7 HIT 88/89 and 91 35 42 64% (3) N/Ac

Pizer et al. 
(2006)

14 2.9–16.6 PNET3 35 No 71% (5) 71% 
(5)

Allen et al. 
(2009)a

8 3–20 CCG9931 40 No 75% (5) 86% 
(5)

Jakacki et al. 
(2015)

23 3–21 COG99701 36 No 62% (5) 81% 
(5)

Radiation deferral
Duffner et al. 
(1995)

11 0–3 POG8633 35 No 19% (2) 21% 
(2)

DFS disease-free survival—reported as event-free survival or progression-free survival, SR standard risk, HR high risk, 
HDC high-dose chemotherapy, RT radiation therapy, VCR vincristine, CDDP cisplatin, CPM cyclophosphamide, 
CBDCA carboplatin, VP-16 etoposide, TSPA thiotepa
aStudy used hyperfractionated radiation therapy
bRadiation dose was age dependent
cOverall survival (OS) provided for the entire group
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patients with metastatic disease. Notably, studies 
by Chintagumpala et  al. (2009) suggest that 
HDC may allow risk-adapted reduced CSI in 
selected patients.

13.4.3  Future Directions

As with other embryonal tumours, it is clear that 
the diagnosis of PB in retrospective series may 
include a spectrum of other entities. Notably, in 
our studies archived pineoblastomas have 
included pineal region AT/RTs, C19MC altered 
tumours, high-grade gliomas, and germ cell 
tumours. Thus, the significance of various prog-
nostic factors, particularly age, may be con-
founded by these misdiagnoses, and will require 
re-evaluation with incorporation of specific 
molecular diagnostic markers. Molecular charac-
terization of large cohorts of pineoblastomas are 
currently being undertaken by several groups; 
thus, the full molecular spectrum of PB remains to 
be elucidated. Preliminary studies suggest that as 
is the case with other embryonal tumours, molec-
ular subtypes of PB have emerged with global 
profiling studies (Li and Huang, unpublished).

Aggregate small studies suggest distinct asso-
ciation of PB subtypes with DROSHA or DICER1 
alterations, and potentially a third biological PB 
subtype. Future studies will help evaluate whether 
molecular subtypes of PB have distinct clinico-
pathologic correlates that will enable in risk and 
treatment stratification.

13.5  Atypical Teratoid Rhabdoid 
Tumours

Atypical teratoid rhabdoid tumour (AT/RT) is a 
malignant embryonal CNS tumour of early child-
hood with the most common characteristic being 
loss of function alterations of the SMARCB1, or 
more rarely the SMARCA4, tumour suppressor 
loci, which encode components of the ubiquitous 
SWI/SNF chromatin remodeling complex 
(Roberts 2016). Initially identified on the basis of 
histologic resemblance to malignant rhabdoid 
tumours of the kidneys, AT/RT was not appreci-
ated as a distinct CNS entity until 1996 (Rorke 

et al. 1996), and was included in the WHO clas-
sification of CNS tumours in 2000 (Gonzales 
2001). Although historically considered a fatal 
disease, survival of AT/RT in children has 
improved in recent years. Significantly, recent 
global molecular analyses of large AT/RT cohorts 
indicate they comprise a biological spectrum 
with at least three different disease subtypes 
(Fig.  13.1) (Johann et  al. 2016; Torchia et  al. 
2016). These studies suggest tumour biology 
may be combined with clinical factors to predict 
patient outcomes, thus raising exciting possibili-
ties for risk and treatment stratification for AT/
RTs in future trials.

The incidence of AT/RT has not been accu-
rately defined, in part due to the large number of 
AT/RTs initially misdiagnosed as PNET or 
medulloblastoma (Burger et al. 1998; Rorke et al. 
1996). With the discovery and development of 
highly portable immunohistochemical and genetic 
diagnostic tests, AT/RTs without classic histology 
are increasingly identified. As with medulloblas-
toma and ependymoma, there appears to be a 
slight male predominance of the disease (Biswas 
et al. 2009). AT/RT accounts for 1–2% of all pedi-
atric CNS tumours with two- thirds diagnosed in 
children <3 years (Hilden et al. 2004; Picard et al. 
2012; Tekautz et al. 2005). It represents the most 
common malignant CNS tumour in children less 
than 6 months of age (Fruhwald et al. 2016) with 
median age at diagnosis ranging from 1.2 to 
2.3  years (Dufour et  al. 2012; Pai Panandiker 
et al. 2012; von Hoff et al. 2011).

AT/RTs are observed in all CNS locations and 
arise most frequently in the cerebral hemispheres 
or posterior fossa (Table  13.6). Rare locations 
include the spine, which comprises 1–7% of 
reported cases (Athale et  al. 2009; Picard et  al. 
2012; Tekautz et  al. 2005), as well the pineal 
region and brain stem. Germline mutations of 
SMARCB1 have been reported in up to 20–35% 
of patients with AT/RTs and are associated with 
the “rhabdoid tumour predisposition syndrome” 
(Biegel et al. 1999; Bourdeaut et al. 2011; Eaton 
et  al. 2011; Sévenet et  al. 1999), which predis-
poses to development of multiple intra- and 
extracranial tumours and tumour diagnosis at a 
younger age (Bourdeaut et al. 2011; Eaton et al. 
2011; Kordes et  al. 2010). SMARCA4 (BRG1) 
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has also been linked to rare familial AT/RT 
(Hasselblatt et al. 2011).

AT/RTs exhibits diverse morphology with 
neuroepithelial, epithelial, and mesenchymal fea-
tures. Although “rhabdoid” cells possessing 
eccentric nuclei and prominent nucleoli are con-
sidered classic features of AT/RTs, these are rare 
and most AT/RTs exhibit bland small blue cell 
morphology also seen in medulloblastoma and 
PNET (Bikowska et  al. 2011). Loss of the 
SMARCB1/INI1 or SMARCA4 and negative 

immunostaining for the respective gene products 
BAF47 and BRG1 are diagnostic for AT/RTs 
(Biegel 2006; Haberler et al. 2006).

13.5.1  Molecular Features of AT/RT

Early observation of chromosome 22 monosomy, 
and focal chr22q11.2 deletion/translocation 
(Rorke et  al. 1996) led to identification of 
SMARCB1 (Versteege et al. 1998) (also known as 

Fig. 13.1 Schematic of clinical and molecular fea-
tures correlating with ATRT molecular subgroups. 
ATRTs segregate into two transcriptional sub-
groups: Group 1 with neurogenic signatures and 
Group 2 with mesenchymal signatures. Methylation 

profiling reveals three epigenetic subgroups: Group 
1, Group 2a, and Group 2b. Classical tumour loca-
tion, age distribution, genomic/epigenomic fea-
tures, and epigenetic markers for the associated 
subgroups are shown (Torchia et al., 2015)

13 Rare Embryonal Brain Tumours



304

hSNF5/INI1/BAF47) as a critical etiologic 
tumour suppressor in all rhabdoid tumours, 
including AT/RTs. Recently, multiple high reso-
lution genomic studies have shown the AT/RT 
genome is largely devoid of other recurrent coding 
mutations (Hasselblatt et  al. 2013; Johann et  al. 
2016; Li et al. 2009; McKenna et al. 2008; Torchia 
et al. 2016), and have underscored the critical etio-
logic role of SMARCB1/SNF5  in this disease. 
These observations have led to the proposal that 
AT/RT is a disease primarily driven by epigenetic 
mechanisms resulting from SNF 5 loss.

Cumulative global transcriptional and methyla-
tion studies now indicate AT/RT comprise a 
molecular heterogenous disease. Birks et al. first 

identified a subcluster of AT/RT with a high 
expression of the BMP pathway genes (i.e., BMP4, 
SOST, BAMBI, MSX2), which correlated with a 
worse prognosis (Birks et al. 2011). These studies 
were confirmed with larger cohort gene expression 
analyses, which showed AT/RT comprise at least 
two molecular subgroups with distinct anatomic 
and clinicopathologic correlations. Specifically, 
Torchia et  al. reported a primarily supratentorial 
tumour group characterized by neurogenic differ-
entiation, and high ASCL1 protein expression and 
a second primarily infratentorial tumour group 
with BMP signaling enrichments, which they 
respectively called group 1 and 2 AT/RTs (Torchia 
et  al. 2015). Recently, two larger cohort studies 
indicate AT/RT may be further segregated into 3 
epigenetic subtypes with distinct methylation pro-
files (Johann et  al. 2016; Torchia et  al. 2016). 
Although a consensus on AT/RT subtypes and 
direct comparison of the two study cohorts remain 
pending, a comparison of published data suggests 
the SHH AT/RT group reported by Johann et al. 
(Johann et al. 2016) corresponds to group 1 AT/
RT, which are enriched for a pro-neural gene sig-
nature with prominent NOTCH as well as SHH 
signaling (group 1/AT/RT-SHH), while group 2a 
and b AT/RTs reported by Torchia et al. appear to 
(Torchia et  al. 2016) have gene enrichment pat-
terns corresponding to AT/RT-TYR and AT/
RT-MYC groups, respectively. Significantly, 
Johann et  al. correlated the presence of lineage-
specific super-enhancers with group-specific sig-
naling features (Johann et al. 2016), while Torchia 
et  al. showed similar correlation of methylation 
status and gene expression levels at distinct lin-
eage genes in an AT/RT subgroup specific manner 
(Torchia et al. 2016). Interestingly, in addition to 
location and patient age, both studies also reported 
an association of SMARCB1 genotypes with AT/
RT molecular group. Specifically, they observed 
group 1/SHH-AT/RT had a higher frequency of 
focal SMARCB1 alterations, including point muta-
tions and deletions, whereas Group 2b/MYC AT/
RT predominantly exhibited large deletions 
encompassing all of SMARCB1 and neighboring 
genes. These collective data indicate SMARCB1 
loss in AT/RTs may have different functional con-
sequences, and suggest that a combination of 

Table 13.6 AT/RTs studies

n = 619
Patient characteristics
Age n=578
Median (months) 19.2
≤6 months 82 (14%)
≤12 months 108 (19%)
1–3 years 235 (41%)
3–5 years 80 (14%)
˃5 years 73 (13%)
Gender n=567
Female 231 (41%)
Male 336 (59%)
Location n=549
Supratentorial 261 (48%)
Infratentorial 276 (50%)
Spinal 12 (2%)
Stage n=394
M0 250 (63%)
M+ 144 (37%)
Treatment characteristics
Extent of surgical resection n=313
Complete 137 (44%)
Incomplete 176 (56%)
High-dose chemotherapy n=315
Yes 114 (36%)
No 201 (64%)
Radiotherapy n=298
Yes 171 (57%)
No 127 (43%)
Overall survival n=278
Median (months) 23.4
24 months 43% (95% CI 37–49)
60 months 37% (95% CI 29–45)

CI confidence interval
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tumour cell of origin and varying degrees of SWI/
SNF dysfunction resulting from heterogenous 
genetic events targeting SMARCB1 may underlie 
the molecular and clinical heterogeneity observed 
in AT/RTs. Significantly, consistent with these 
observations Torchia et  al. showed AT/RT cell 
lines exhibit subgroup-specific sensitivity to vari-
ous therapeutic compounds that target signaling 
and epigenetic pathways.

The substantial clinical and molecular hetero-
geneity observed in AT/RTs, a “monogenic” dis-
ease, is in keeping with earlier suggestions that 
deregulated epigenetic pathways resulting from 
loss of SNF5 and disruption of the ubiquitous and 
critical SWI/SNF chromatin remodeling complex 
is the major pathogenic driving mechanism in AT/
RTs. Indeed, animal studies have shown that loss 
of SMARCB1 potently induces rhabdoid tumour 
formation, and notably the molecular spectrum of 
human AT/RTs is recapitulated by conditional, 
temporal loss of SMARCB1  in animal models 
(Han et al. 2016). Although mechanisms by which 
SMARCB1 loss leads to tumour formation are 
incompletely elucidated, experimental studies 
point to upregulation of EZH2 secondary to 
SMARCB1 loss as a critical oncogenic event. 
Indeed, conditional double knockouts of 
SMARCB1and EZH2 prevent tumour formation in 
murine models (Wilson et al. 2010).

13.5.2  Treatment Approaches 
and Prognostic Factors

To date, no standard treatment regimen has been 
established for AT/RT and the clinical prognoses 
of these patients are generally poor with median 
survival estimated at 1 year (Table 13.6) (Dufour 
et al. 2012; von Hoff et al. 2011). This may be 
ascribed to a combination of factors, including 
incorrect diagnoses prior to availability of a diag-
nostic marker. It has been shown that patients 
who were incorrectly diagnosed between 1996 
and 2000 (prior to inclusion of AT/RT into the 
WHO classification) had significantly poorer sur-
vival (p = 0.047) (Woehrer et  al. 2010). Today, 
multimodal therapies including surgery, chemo-
therapy, and radiotherapy have been associated 

with improved clinical outcomes (Chi et  al. 
2009), though the relative prognostic role of each 
modality has yet to be defined.

To date, there has only been one limited pro-
spective AT/RT study reported, thus much of the 
clinical therapeutic literature is based on retro-
spective, often small, and heterogeneously treated 
cohorts (Table  13.7). Generally, studies have 
identified age, tumour location, and metastatic 
status at diagnosis as important prognostic fac-
tors. Age greater than 3  years at diagnosis has 
been reported in multiple studies to correlate with 
better prognosis (Bartelheim et al. 2016; Hilden 
et al. 2004; Ho et al. 2000; Tekautz et al. 2005). 
This may be due to a number of factors, including 
restricted use of radiation therapy (see below), 
higher incidence of metastatic disease (Chi et al. 
2009; Dufour et al. 2012; Hilden 2004; Tekautz 
et al. 2005), and the potential negative prognostic 
impact of genetic predisposition syndromes in 
younger patients. However, a small study by 
Cohen et al. (Cohen et al. 2015) and Park et al. 
(2012) of younger patients showed 50% disease-
free survival in contrast to only 16% of surviving 
young patients in a study by Zaky et al. (2014), 
while Dufour et al. (Dufour et al. 2012) identified 
age (<2 years) as a risk factor only in combination 
with M-stage and immunopositivity for claudin 6. 
Supratentorial tumour location has also been 
linked with favorable outcomes (Chi et al. 2009; 
Dufour et  al. 2012; Pai Panandiker et  al. 2012; 
von Hoff et al. 2011) whereas tumour metastases, 
estimated to be present in 14–21% of patients at 
diagnosis (Athale et  al. 2009; Buscariollo et  al. 
2012; Hilden et al. 2004; Tekautz et al. 2005), has 
been reported to portend worse outcome.

Treatment factors implicated in AT/RT prog-
nosis have included extent of surgery (Gardner 
et  al. 2008; Hilden et  al. 2004; Tekautz et  al. 
2005); Woehrer et al. (2010); (Zimmerman et al. 
2005), with better outcomes reported for patients 
with GTR versus STR, near total (NR) or partial 
resections (PR) (Chi et  al. 2009; Picard et  al. 
2012). Hilden et  al. reported median EFS of 
14  months and 9.25  months, respectively, for 
patients with GTR and PR. However, some stud-
ies have reported no prognostic impact of extent 
of surgery (Athale et al. 2009; Buscariollo et al. 
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2012; Hilden et al. 2004). Interestingly, Dufour 
et al. reported surgical treatment was significant 
in a univariate but not multivariate analyses 
(Dufour et  al. 2012), again underscoring the 
interdependence of multiple clinical and treat-
ment variables in disease prognostication.

13.5.2.1  Conventional-Dose 
Chemotherapy

Conventional-dose chemotherapy in first- 
generation studies has been generally unsuccess-
ful in curing most AT/RT patients. Intensified 
chemotherapy regimens such as CCG 9921 and 
POG 9923 resulted in very poor outcomes with 
an EFS of <10%. The Intergroup 
Rhabdomyosarcoma Study protocol III (IRS-III), 
later modified by the Dana-Farber group to 
include doxorubicin and dactinomycin in a 
“modified IRS-III” regimen showed more prom-
ise and resulted in a 58% response rate prior to 
RT. The role of methotrexate- and anthracycline- 
based regimens is debatable, with some reports 
advocating their importance (Chi et  al. 2009, 
Zimmerman 2005; Weinblatt 1992) and others 
noting no difference in survival (Finkelstein- 
Shechter et  al. 2010). Platinum- and alkylator- 
based regimens have been favored (Lafay-Cousin 
and Strother 2009), although given the heteroge-
nous and multi-agent therapies prescribed to AT/
RT patients, the exact role of these drugs in thera-
peutic outcomes are unknown.

13.5.2.2  High-Dose Chemotherapy
High-dose chemotherapy followed by autologous 
stem cell rescue (ASCR) was initiated primarily 
as a method to circumvent irradiation in young 
children, but has been increasingly used and 
reported to be favorable for treatment of AT/RT 
patients (Finkelstein-Shechter et  al. 2010; 
Gardner et al. 2008; Nicolaides et al. 2010; Shih 
et al. 2008). Regimens have varied in inclusion of 
high-dose methotrexate, as in the Head Start II 
study (Fangusaro et al. 2008a) in which metho-
trexate was used in the induction phase followed 
by consolidation therapy with one to three cycles 
of HDC with carboplatin, thiotepa, and etopo-
side. Notably, patients treated with an earlier HS 
I regimen fared worse than the HDC HS II regi-

men (6/6 patients died of disease [DOD] versus 
3/7 patients alive with no evidence of disease 
[NED]). Particularly noteworthy is that none of 
the long-term survivors received RT.  Two 
registry- based studies have also reported on the 
impact of HDC: Hilden et  al. showed 46% of 
patients who received HDC were survivors with 
NED (Hilden 2004); 50% of survivors had com-
plete surgery and only 33% were irradiated. In a 
Canadian registry study, HDC correlated with a 
survival benefit: 2-year OS of 47.9 ± 12.1% com-
pared to 27.3 ± 9.5% for those who received con-
ventional chemotherapy alone (p  =  0.036) 
(Lafay-Cousin et  al. 2012; Picard et  al. 2012). 
However, the authors note that of the survivors 
who received HDC (n = 9), 55% (5/9) also had 
complete surgical resection and 67% (6/9) were 
not metastatic at diagnosis. Notably, preliminary 
reports of ACNS0333, the HDC-based prospec-
tive AT/RT trial protocol run by the Children’s 
Oncology Group (COG), also suggest a signifi-
cantly improved survival as compared to histori-
cal CCG9921 and POG9923 studies. Similar 
studies for older children conducted by the St 
Jude’s group, which employed four tandem high- 
dose regimens and CSI for children over 3 years 
of age, has also reported superior survival com-
pared to historical data (Tekautz et al. 2005).

For young patients with AT/RT, deferral or 
avoidance of RT and decreased dose or volume of 
RT has been frequently adopted to avoid neuro-
cognitive toxicity, while risk-adapted RT has 
been applied in some protocols (Chi et al. 2009).

In a Canadian study, 54% (6/11) of patients 
were treated with HDC in the absence of RT and 
were long-term survivors (median follow up of 
38.1  months) (Lafay-Cousin et  al. 2012). In 
agreement with these reports, data from German 
studies have also shown no definitive evidence in 
support of RT favoring a survival benefit (von 
Hoff et  al. 2011). Interestingly, von Hoff et  al. 
described no survival benefit in patients who 
received focal (n = 10) versus those who received 
CSI (n = 19, p = 0.578), and up-front or salvage 
RT (p  =  0.314). However, benefits of RT have 
been reported in a number of studies, including a 
meta-analysis by Athale et  al., which showed a 
trend towards greater mean survival time in those 
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who received RT (18.4 months versus 8.5 months) 
(p = 0.097) (Athale et al. 2009). Buscariollo et al. 
also demonstrated a survival benefit for AT/RT 
patients who received RT (n  =  144, p  =  0.02) 
(Buscariollo et al. 2012). In contrast, some retro-
spective studies found no significant difference in 
survival for AT/RT patients who received adju-
vant radiotherapy compared to those who did not. 
It is important to note that surgical extent and 
accurate disease staging may have had a signifi-
cant impact on the different observations in these 
retrospective studies.

13.5.2.3  Intrathecal Chemotherapy
A number of studies have explored intrathecal 
(IT) chemotherapy as an alternative option to 
irradiation for CNS axis treatment and prophy-
laxis in young AT/RT patients (Athale et  al. 
2009). Typically, IT methotrexate, cytarabine, 
and hydrocortisone alone or in combination have 
been incorporated into several treatment regi-
mens, such as the German HIT SKK protocol (IT 
methotrexate) and the Dana-Farber Cancer 
Institute AT/RT protocol. While some studies, 
including a meta-analysis (Athale et  al. 2009), 
have shown that IT correlated with survival ben-
efits, contradictory findings have also been 
reported (Lafay-Cousin et al. 2012; Schrey et al. 
2016; Tekautz et al. 2005). IT chemotherapy has 
been variably used either with mono- or multi- 
agents in various settings with conventional or 
HDC or with focal RT, thus making assessment 
of benefits difficult.

13.5.3  Future Directions

AT/RT is no longer a lethal disease, with substan-
tial retrospective and emerging prospective data 
suggesting dose-intensification is beneficial and 
may even permit reduction or avoidance of RT in 
young children. However, overall outcomes for AT/
RT patients remain poor, and current aggressive 
treatment regimens are reaching maximum 
tolerable toxicity. Substantial progress has been 
made in understanding impact of SMARCB1 loss 

on SWI/SNF function and downstream signaling 
effects, as well as the biological spectrum and 
heterogeneity that underlies the clinical pheno-
types in AT/RTs.

The next challenge will be to integrate bio-
logically informed strategies in selection of drugs 
and patients to improve efficacy while reducing 
toxicity of therapy.

Studies of the SWI/SNF complex have shown 
loss of SNF5 leads to overexpression of EZH2, a 
histone methyl transferase of the repressive 
PRC2 complex, and aberrant activation of 
downstream signaling and cellular programs 
(Wilson et al. 2010). In addition to inhibitors of 
EZH2, several other components of the epigenetic 
machinery associated with SWI/SNF function, 
including inhibitors of G9a—a lysine methyl 
transferase—and BET/Bromodomain proteins, 
have emerged as promising drug targets (Tang 
et al. 2014; Torchia et al. 2016). Other promising 
pharmacologic targets implicated in signaling 
pathways downstream of SWI/SNF (Biegel et al. 
2014; Kadoch et  al. 2013) include cyclin D1 
(Tsikitis et al. 2005), Aurora A kinase (Lee et al. 
2011), insulin-like growth factor (Ogino et  al. 
2001) and PDGF (Torchia et al. 2016), for which 
repurposed or new drugs are available. Notably, 
Aurora kinase inhibitors have shown impressive 
monoagent effects on recurrent AT/RTs, while 
new cyclin D1 inhibitors have shown promising 
results as anti-proliferating agents (Knipstein 
et al. 2012; Maris et al. 2010).

With identification of AT/RT molecular sub-
types, we may anticipate that new therapeutic 
agents with AT/RT subgroup sensitivity may be 
incorporated into the next generation AT/RT clini-
cal trials. In addition to matching drugs to AT/RT 
subtypes, it will be important to evaluate and 
incorporate the prognostic impact of AT/RT sub-
types with clinical risk factors to inform stratifica-
tion in trials. Imminent questions that have arisen 
from studies to date are which group of patients 
can be treated without need for radiation or with 
less aggressive chemotherapy, and whether bio-
logical directed maintenance or IT therapy may 
be of benefit. To fully realize biology- tailored and 
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Fig. 13.2 Summary of embryonal brain tumour classifi-
cation and corresponding molecular subtypes. 
Pineoblastoma, originally defined as a CNS-PNET 
tumour, is subdivided into DICER1 and RB1 mutated 
tumours with potentially other unidentified subgroups 
that have yet to be defined. Other tumours classified pre-
viously as CNS-PNET are further subdivided into two 
groups:  Lin28+/C19MC associated tumours (ependy-

moblastoma, medulloepithelioma, ETANTRs) (Spence et 
al., 2014) and tumours with no C19MC association 
(sPNETs) subdivided into BCOR, FOXR2, and NOS 
(Norman et al., unpublished data). ATRT are divided into 
three epigenetic subgroups; group 1, 2a, and 2b (Torchia 
et al., 2016), respectively resembling ATRT-SHH, ATRT-
TYR, and ATRT-MYC (Johann et al.) with distinct 
enhancer landscapes

risk-stratified therapy for AT/RT, development of 
robust subtyping tools and validation of the prog-
nostic impact of tumour subtype biology in pro-
spective cohorts will be critical.

13.6  Summary

The advent of high resolution genomic tools 
together with the establishment of international 
collaborative studies have significantly accelerated 
our understanding of the biological spectrum of rare 
embryonal brain tumours of childhood, and a 
refined classification of these previously challeng-
ing diagnostic entities (summarized in Figs.  13.2 

and 13.3) has now emerged. The discovery of spe-
cific molecular markers for subcategories of 
tumours previously classified under the CNS-PNET 
umbrella will enable clinical studies of homogenous 
entities and permit more precise design of therapeu-
tic approaches. Similarly, identification of molecu-
lar subtypes of AT/RTs will inform and refine 
selection of patients and therapies for future pro-
spective trials. Development of robust, sensitive 
diagnostic tools not only for diagnosis but for evalu-
ation and monitoring of therapeutic response and 
minimal molecular disease will be critical for future 
risk- stratified trials directed at harm reduction, 
without compromising efficacy, in these very young 
patients.
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Cognitive Late Effects and Their 
Management

Heather M. Conklin, Jane E. Schreiber, 
and Ashley S. Fournier-Goodnight

14.1 Introduction

Brain tumors are the second most common 
malignancy among the pediatric population, 
impacting roughly three children per every 
100,000 (Butler and Mulhern 2005; Mulhern and 
Butler 2004). Unlike other cancers involving the 
central nervous system (CNS; e.g., acute lym-
phoblastic leukemia [ALL]), brain tumors are 
heterogeneous in both neuroanatomical location 
and histology. With regard to location, tumors of 
the brain are often distinguished according to 
whether they occur above or below the tentorium, 
which refers to an extension of the dura that sepa-
rates the cerebellum from the cerebrum. Tumors 
located above the tentorium are referred to as 
supratentorial and often result in seizures upon 
initial presentation, while those located below the 

tentorium are referred to as infratentorial and 
most commonly produce signs of increased intra-
cranial pressure (i.e., headache, nausea, vomit-
ing), imbalance, as well as cranial nerve 
dysfunction at initial presentation. Relatedly, 
infratentorial tumors are often denoted as tumors 
of the posterior fossa, which refers to the most 
inferior intracranial cavity containing the cere-
bellum and brainstem.

The varied location and histology of brain 
tumors are indicators for determining classifica-
tion, grade, and treatment. Brain tumors are 
graded according to size, location, rate of growth, 
and other histopathological factors with more 
aggressive tumors receiving a higher grade. The 
most commonly occurring tumor type within the 
pediatric population is medulloblastoma (Butler 
and Mulhern 2005; Mulhern and Butler 2004). 
This is followed in incidence by astrocytoma and 
ependymoma, which are both broadly classified 
as gliomas, and then craniopharyngioma. 
Treatment can include different combinations of 
surgical resection, chemotherapy, and radiation 
therapy depending on child, disease, and familial 
factors. Various types of radiation therapy are 
used, which differ in radiation dose and margins 
and include craniospinal irradiation (CSI), 
whole-brain radiation therapy (WBRT), confor-
mal radiation therapy or intensity modulated 
radiation therapy (CRT or IMRT) and proton 
beam therapy. The type of radiation therapy is 
selected again according to histology, location, 
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age of the child, and other factors. Though chil-
dren treated with adjuvant chemotherapy and/or 
radiation therapy are at greater risk for later cog-
nitive deficits, children treated with surgical 
resection alone may also experience cognitive 
dysfunction (Ris and Noll 1994).

Overall prognosis is strongly associated with 
tumor type as this drives disease- and treatment-
related risk factors (Butler and Mulhern 2005; 
Mulhern and Butler 2004). Children with medul-
loblastoma have a long-term survival rate of 
70–80% while those with more aggressive tumors 
have a long-term survival rate ≤10% (Jemal et al. 
2008; Mulhern et al. 2004a). However, advances 
in treatment have resulted in substantially 
improved prognosis over time and necessitate a 
focus upon enhancing overall quality of life 
including cognitive outcomes.

14.2  Cognitive Late Effects

Given that more children are surviving brain 
tumors and other cancers impacting the CNS, 
increasing numbers of children are experiencing 
long-term cognitive deficits associated with cancer 
and related treatments. This cognitive dysfunction 
has been termed cognitive late effects, which can 
be defined as deficits in core and secondary cogni-
tive abilities that emerge about 2 years following 
diagnosis (Butler and Mulhern 2005; Mulhern and 
Butler 2004). These deficits are chronic and poten-
tially progressive in course. Their prevalence is 
high among survivors of pediatric brain tumors in 
that they emerge in 40–100% of survivors depend-
ing upon the specific sample and the cognitive 
functions assessed (Castellino et al. 2014; Glauser 
and Packer 1991). Subsequently, quality of life is 
diminished such that survivors of pediatric brain 
tumors are less likely to meet milestones such as 
graduating from high school, maintaining employ-
ment, and getting married (Armstrong et al. 2009; 
Gurney et al. 2009).

Cognitive late effects are more prevalent 
among survivors of brain tumors as compared to 
those with ALL given the greater likelihood that 
the former population will receive large volume 
cranial radiation therapy such as CSI or WBRT 
(Butler and Mulhern 2005). These types of treat-

ments have been clearly associated with declines 
in global intellectual functioning as a result of a 
slower rate of acquisition of new cognitive abili-
ties among brain tumor survivors in comparison 
to same-age, neurotypical peers (Palmer et  al. 
2001). Thus, survivors do not lose previous 
knowledge and skills, but demonstrate a more 
protracted development of new skills. In the case 
of standardized neuropsychological assessment, 
this manifests as an increase in raw scores (i.e., 
individual benchmarked scores) coupled with a 
decrease in scaled scores (i.e., peer benchmarked 
scores) on serial assessments.

Assessment of cognitive outcomes in patients 
treated for brain tumors and ALL has historically 
over-relied upon measures of global intelligence 
such as the overall intelligence quotient (IQ). 
However, more recent research related to neuro-
cognitive outcomes focuses on assessing specific 
neurocognitive skills as a method of better under-
standing mechanisms of decline and identifying 
targets for intervention. The core cognitive defi-
cits experienced by childhood brain tumor survi-
vors most commonly include attention, 
processing speed, and executive functions (e.g., 
working memory or the mental manipulation of 
incoming information for the purpose of solving 
some problem) (Butler and Mulhern 2005; 
Mulhern and Butler 2004). These core cognitive 
abilities are important for overall intelligence in 
that they act in concert to facilitate or constrain 
global cognitive ability. Though attention can be 
considered the cornerstone of cognition, studies 
have demonstrated its importance specifically in 
the development of adequate working memory 
capacity (Cowan 2010; Oberauer and Bialkova 
2009). Additionally, developmental improve-
ments in processing speed have been shown to 
result in improvements in working memory, 
which accounts for much of the variance in global 
intelligence (Fry and Hale 1996, 2000a). In this 
way, attention, working memory, and processing 
speed function together to impact overall intelli-
gence. However, the core deficits also result in 
secondary deficits, which include crystallized or 
knowledge-based abilities such as deficits in aca-
demic skills (Butler and Mulhern 2005; Mulhern 
and Butler 2004). Since crystallized abilities are 
also represented within global intelligence, sec-
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ondary deficits impact overall cognitive ability as 
well.

A number of factors have been associated with 
risk for the development of cognitive late effects 
including those related to treatment, biology/
genetics, and socioeconomic status (Table 14.1). 
Children treated with a higher dose and broader 
field of radiation therapy are at increased risk for 
experiencing later cognitive dysfunction 
(Ellenberg et  al. 1987; Mulhern et  al. 1998; 
Merchant et al. 2009). Reducing the dose of radi-
ation therapy (i.e., from 36 Gy to 23.4 Gy) results 
in substantial sparing of global cognitive ability 
in randomized controlled trials (Mulhern et  al. 
1998). With regard to radiation field, those treated 
with CSI and WBRT are at greater risk in com-
parison to those treated with conformal or proton 
beam therapy (Castellino et  al. 2014; Packer 
2002; Merchant et  al. 2008). While chemother-
apy is generally considered less harmful than CSI 
and WBRT, agents administered intrathecally, 
such as methotrexate, are associated with some 
amount of later neurocognitive dysfunction 
(Copeland et al. 1996; Conklin et al. 2012). Time 
since treatment can be considered an additional 
treatment-related risk factor given that cognitive 
late effects gradually manifest starting about 2 
years following diagnosis (Ellenberg et al. 1987; 

Knight et al. 2014). Child variables that impact 
risk for development of neurocognitive late 
effects include age at treatment and biological 
sex (Ellenberg et  al. 1987; Jannoun and Bloom 
1990). Children who are younger when treated 
demonstrate weaker overall cognitive function-
ing in comparison to same-age, neurotypical 
peers. For example, children with a variety of 
brain tumors who were under 5 years of age dur-
ing treatment with radiation therapy were found 
to have global cognitive ability that was border-
line impaired (i.e., mean IQ of 72) while those 
between the ages of 6 and 11 as well as those over 
the age of 11 demonstrated average global cogni-
tive functioning (Jannoun and Bloom 1990). In 
terms of biological sex, female patients more 
often experience cognitive late effects than male 
patients (Palmer et  al. 2001). Genetic disorders 
that predispose children to cancer (e.g., neurofi-
bromatosis type 1 [NF1], tuberous sclerosis) are 
also viewed as risk factors since the presence of 
cognitive deficits inherent to these disorders 
exacerbate cognitive late effects (Castellino et al. 
2014; Ellenberg et  al. 2009; Ullrich 2008). 
Additionally, later cognitive dysfunction has 
been associated with medical complications of 
disease and treatment such as seizure disorder, 
hydrocephalus, and cerebrovascular accidents 

Table 14.1 Risk factors for cognitive late effects

Universal: Higher treatment intensity (e.g., higher radiation therapy dose or broader therapy margins)
Medical complications (e.g., stroke, meningitis, seizure disorder)
Younger age at treatment (e.g., less than 5 years of age)
Longer time since treatment (i.e., emerge gradually over time)
Female sex

Tumor 
specific:

Medulloblastoma Higher dose craniospinal irradiation
Posterior fossa syndrome
Hearing loss

Low-grade glioma Adjuvant radiation therapy vs. surgery alone
Supratentorial midline tumor location
Neurofibromatosis type I

Ependymoma Broader margin radiation therapy vs. conformal radiation therapy
Multiple resections
Hydrocephalus and related interventions (e.g., shunt placement)

Craniopharyngioma Surgical approach/extent of resection
Hydrocephalus and related interventions (e.g., shunt placement)
Multiple endocrinopathies

Germ cell tumor Broader field radiation therapy vs. ventricular field irradiation
Nongerminomatous germ cell vs. pure germinoma
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(Ellenberg et  al. 2009; Roncadin et  al. 2008). 
There is evidence that variants of the methylene-
tetrahydrofolate reductase (MTHFR) gene, 
which is important for the production of an 
enzyme that assists in the processing of amino 
acids, are associated with increased risk of cogni-
tive dysfunction following treatment with CNS-
directed therapies (Kamdar et  al. 2011; Krull 
et al. 2008). This is also the case for children with 
specific variants of catechol-O-methyltransferase 
(COMT), an enzyme that metabolizes dopamine, 
such that those with the Met/Met or Val/Val geno-
type perform more poorly than those with the 
Met/Val genotype on tasks of working memory 
(Howarth et  al. 2014). Finally, socioeconomic 
factors including maternal level of education 
have been associated with cognitive late effects 
in this population (Castellino et al. 2014; Waber 
et al. 2012).

The primary neurobiological substrate for 
cognitive late effects is believed to be treatment-
related changes in white matter (Mulhern and 
Butler 2004). White matter tracts facilitate effi-
cient communication between various regions 
of the brain and are susceptible to radiation 
necrosis resulting in demyelination following 
treatment (Burger and Boyko 1991; Soussain 
et al. 2009). Chemotherapeutic agents, such as 
methotrexate, have also been associated with 
white matter changes including leukoencepha-
lopathy, which refers to necrotic lesions within 
white matter of the periventricular region 
(Hudson 1999). Oligodendrocytes work together 
with other cells to produce myelin in the brain; 
however, these cells are most sensitive to radia-
tion therapy in comparison to other glial cells, 
resulting in cell death and subsequent demyelin-
ation (Soussain et al. 2009). Death of these cells 
indirectly initiates an inflammatory response 
that impairs neurogenesis. Demyelination and 
white matter necrosis ultimately result in a 
reduction in the overall volume of white matter 
(Mulhern et  al. 2001; Reddick et  al. 2003). 
Given the nature of these changes and the neu-
rodevelopmental course of white matter, a con-
text for specific risk factors such as time since 
treatment and younger age at treatment is pro-
vided. More specifically, the overall volume and 

distribution of white matter varies with age such 
that posterior regions of the brain (i.e., brain 
stem, cerebellum) myelinate first followed by 
anterior regions (i.e., cerebral hemispheres then 
frontal lobes). This process is protracted and 
continues into adulthood when some neurocog-
nitive processes including executive function-
ing, are fully maturing. Thus, the core cognitive 
deficits that define cognitive late effects are 
delayed in their presentation as disruption to the 
development of white matter impacts the normal 
emergence and functioning of attention, pro-
cessing speed, and working memory. Children 
who are younger at treatment evince greater dis-
ruption to white matter development, which 
more substantially impacts associated neuro-
cognitive abilities resulting in lower overall 
intelligence (Reddick et  al. 2003; Brinkman 
et  al. 2012). The distribution of white matter 
also has implications for the specific neurocog-
nitive functions impacted by CNS-directed 
therapies. White matter is particularly pro-
nounced in the right frontal lobe, which is 
important for attention regulation; thus, disrup-
tions in myelination in this region of the brain 
may explain attention deficits associated with 
cognitive late effects (Posner and Raichle 
1994). White matter disruption in the corpus 
callosum and inferior frontooccipital fasciculus 
as evidenced by reduced fractional anisotropy 
on diffusion tensor imaging (DTI) is associated 
with decreased processing speed (Aukema 
et al. 2009). Decreased fractional anisotropy in 
the cerebellar region of the cerebello-thalamo-
cerebral tracts in patients with tumors of the 
posterior fossa treated with surgical resection 
and radiation therapy is related to working 
memory deficits (Law et  al. 2011). Though 
additional treatment-related changes, including 
surgical resection, microvascular occlusion, 
breakdown of the blood–brain barrier, and cal-
cifications in cortical gray matter structures and 
basal ganglia, may account for aspects of cog-
nitive late effects, white matter changes are 
considered the chief neurobiological underpin-
ning for delayed neurocognitive dysfunction 
following CNS-directed treatments (Mulhern 
and Butler 2004).
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14.3  Medulloblastoma

Medulloblastoma is the most common pediatric 
malignant brain tumor and accounts for 20% of all 
childhood brain tumors (Pui et al. 2011). Given the 
higher prevalence, much of the research examining 
neurocognitive late effects in brain tumor survivors 
has focused on patients with medulloblastoma. 
Moreover, medulloblastoma patients have required 
aggressive treatments that are particularly disrup-
tive to neurodevelopment. The tumor is thought to 
arise from neural stem cell precursors in the granu-
lar cell layer of the cerebellum; however, the exact 
cellular origin is still debated (Crawford et  al. 
2007). Medulloblastoma is considered a heteroge-
neous disease due to multiple histological variants, 
which include classic, desmoplastic, anaplastic or 
large cell, and nodular variants (Louis et al. 2007). 
Most medulloblastomas are confined to the poste-
rior fossa, but 11–43% of patients have dissemi-
nated disease along the craniospinal axis (Allen 
and Epstein 1982). Medulloblastoma can occur at 
any age but typically occurs before 10 years of age 
and has a peak incidence at 5  years of age. 
Approximately 25–35% of children with medullo-
blastoma are diagnosed at less than 3 years of age 
(Rutkowski et al. 2010). Medulloblastoma is diag-
nosed in boys almost twice as often as in girls 
(Gottardo and Gajjar 2006).

Prior to diagnosis, patients typically present 
with signs of increased intracranial pressure 
related to obstructive hydrocephalus due to loca-
tion of the tumor in the posterior fossa and prox-
imity to the third and fourth ventricles. These 
signs may include early morning headache with 
vomiting, irritability, and lethargy. Unsteady gate 
may also be a sign as many medulloblastomas 
arise in the cerebellar midline. Most contempo-
rary treatment consists of surgical resection, CSI, 
and chemotherapy. Staging and risk stratification 
are important for determining treatment intensity. 
Staging requires analysis of cerebrospinal fluid 
(CSF) and magnetic resonance imaging (MRI) of 
the brain and spine to determine the presence of 
disseminated disease; up to 30% of pediatric 
patients have evidence of disseminated disease at 
presentation (Packer et al. 2003). Although treat-
ment stratification will continue to change as we 

learn more about the biology of medulloblas-
toma, most contemporary treatment protocols 
have divided patients into risk-adapted treatment 
strata on the basis of age, the extent of residual 
tumor after surgical resection, and dissemination, 
as was done on a large ongoing prospective clini-
cal trial (NCT00085202). On this trial, patients 
who were older than 3 years of age were assigned 
as average or standard risk if they had a gross 
total or near total resection (defined as ≤1.5 cm2 
of postoperative residual disease). Average risk 
patients account for 60–70% of cases (Gottardo 
and Gajjar 2006). Patients with disseminated dis-
ease at presentation or with residual disease 
>1.5  cm2 were assigned as high risk. Patients 
younger than 3 years were treated using a differ-
ent treatment scheme since they generally have 
worse outcomes due to increased risk of dissemi-
nated disease at presentation, increased rate of 
subtotal resection, and not receiving CSI 
(Crawford et al. 2007).

Surgical resection of the tumor is a fundamen-
tal part of treatment that has led to improved sur-
vival (Zeltzer et  al. 1999; Grill et  al. 2005). 
Depending on the exact location of the tumor, a 
ventricular shunt or third ventriculostomy might 
be needed to relieve increased intracranial pres-
sure secondary to obstruction (Crawford et  al. 
2007). The extent of the surgical resection is 
thought to be a good prognostic marker of dis-
ease (Zeltzer et al. 1999), and thus neurosurgeons 
will often strive for a gross total resection when-
ever possible. Radiation therapy is another 
important part of treatment. In children less than 
3 years of age, radiation therapy is usually 
delayed or not given at all because it can cause 
severe neurological impairments. In contempo-
rary treatment protocols, patients at least 3 years 
of age receive CSI as well as a higher dose 
“boost” of radiation therapy directly to the poste-
rior fossa or tumor bed. The intent of the CSI is to 
eliminate potential microscopic disease that was 
not previously detected. The damaging side 
effects of CSI, including neurocognitive decline, 
have led to a reduction in the dose given to 
patients with average risk medulloblastoma 
(Gajjar et  al. 2006; Oyharcabal-Bourden et  al. 
2005; Deutsch et al. 1996; Thomas et al. 2000; 
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Packer et  al. 2006). However, for patients with 
high-risk disseminated disease the dose or vol-
ume of CSI cannot be reduced without compro-
mising chances of survival (Verlooy et al. 2006). 
Conformal radiation techniques have allowed for 
more specificity in directing the “boost” radiation 
therapy to within a 1–2 cm margin surrounding 
the tumor bed rather than irradiating the entire 
posterior fossa (Crawford et  al. 2007). Finally, 
chemotherapy is deemed the standard of care for 
children in all risk groups and can be used to aug-
ment, delay, or avoid radiation treatment 
(Gottardo and Gajjar 2006). Dose intensive che-
motherapy, using cisplatin, vincristine, and 
cyclophosphamide, has been found to be effec-
tive in modern risk-adapted treatment protocols 
with children at least 3 years of age (Gajjar et al. 
2006). Infants and young children (less than 3 
years of age) are typically treated with either 
reduced dose CSI and prolonged chemotherapy 
or combined systemic and intraventricular che-
motherapy without any radiation therapy (Grill 
et  al. 2005; Massimino et  al. 2011; Rutkowski 
et al. 2005).

Multimodal risk-adapted treatment has been 
effective in improving cure rates. Five-year sur-
vival rates are up to 70% in patients with high-
risk disease and up to 85% in patients with 
average risk disease (Gajjar et al. 2006). However, 
cure comes at a high price, and patients continue 
to experience long-term deficits in neurocogni-
tive functioning as well as neuroendocrine prob-
lems, hearing loss, infertility, and poor 
cardiopulmonary fitness (Mulhern et  al. 2004a; 
Laughton et  al. 2008; Wolfe et  al. 2012; Ness 
et al. 2006).

Neurocognitive difficulties are one of the most 
pervasive of all long-term effects and occur across 
all age groups (Palmer et al. 2007). Early studies 
examining neurocognitive late effects following 
treatment for medulloblastoma focused mainly on 
broad measures of overall intellectual functioning 
or IQ. Studies report that nearly 90% of medullo-
blastoma survivors have IQ scores that are below 
average (Dennis et al. 1996). Furthermore, intel-
lectual ability appears to  progressively deteriorate 
over time. In medulloblastoma survivors who 
were treated with 25–35  Gy of CSI therapy 
between the years of 1967 and 1987, 42% had IQ 

scores under 80 at 5 years after treatment and 85% 
had IQ scores under 80 ten years after treatment 
(Hoppe-Hirsch et  al. 1990). Several subsequent 
studies have demonstrated a similar steady decline 
in intellectual ability over time (Mulhern et  al. 
1998, 2005; Schreiber et al. 2014). This decline in 
IQ is not the loss of previously acquired knowl-
edge or skills, but rather the inability to acquire 
new information and skills at the same rate as 
healthy peers (Palmer et  al. 2001). Several risk 
factors have been consistently associated with this 
decline in IQ, including younger age at diagnosis 
(Jannoun and Bloom 1990; Dennis et  al. 1996; 
Hoppe-Hirsch et  al. 1990), longer time since 
treatment (Dennis et  al. 1996; Ellenberg et  al. 
1987), female sex (Ris et al. 2001), and intensity 
of radiation dose or volume (Grill et  al. 1999). 
Hearing loss, a common side effect of treatment, 
has also been associated with significant decline 
in intellectual ability and academic skills 
(Schreiber et al. 2014).

Children treated with CSI for medulloblas-
toma also demonstrate worse academic perfor-
mance and are more likely to utilize special 
education services (Hoppe-Hirsch et  al. 1990; 
Seaver et  al. 1994; Johnson et  al. 1994). 
Approximately 75% of medulloblastoma survi-
vors experience academic failure or report learn-
ing difficulties; this rate is three times the rate 
seen in survivors of cerebellar astrocytomas 
treated without radiation therapy (Dennis et  al. 
1996). Significant declines in the specific aca-
demic areas of spelling and reading skills were 
exhibited in both standard risk and high-risk 
medulloblastoma patients (Mulhern et  al. 2005; 
Schreiber et al. 2014). Younger age at diagnosis 
was predictive of greater decline in these skills, 
lending support to the hypothesis that posterior 
fossa-directed irradiation at young ages may dis-
rupt the normal patterns of brain development 
that underlie the acquisition of reading skills 
(Mulhern et  al. 2005; Schreiber et  al. 2014; 
Conklin et al. 2008).

More recent research on neurocognitive late 
effects in medulloblastoma survivors has sug-
gested that impairment of a core set of founda-
tional skills may be precursors to the declines in 
intellectual and academic skills (Dennis et  al. 
1998; Schatz et  al. 2000; Nagel et  al. 2006). 
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These core skills include attention (Reeves et al. 
2006), working memory (Edelstein et al. 2011), 
and processing speed (Mabbott et  al. 2008). 
Studies of healthy children revealed that age-
related improvements in IQ can be attributed to 
developmental improvements in processing 
speed and working memory (Fry and Hale 
2000b). A study of 163 medulloblastoma survi-
vors who completed 514 prospective neurocogni-
tive evaluations over 5 years following diagnosis 
and risk-adapted treatment revealed a significant 
decline in attention, working memory, and pro-
cessing speed (Palmer et al. 2013). Patients were 
found to have the lowest scores on measures of 
processing speed, with scores dropping signifi-
cantly below average, particularly for patients 
who were younger at diagnosis and had high-risk 
disease (i.e., received a higher dose of CSI). 
Thus, slowed processing speed may contribute to 
declines in intelligence and academic skills 
observed in medulloblastoma survivors.

CNS-directed cancer therapies are well-estab-
lished causes of changes in cerebral white matter 
(Filley and Kleinschmidt-DeMasters 2001). 
Evidence suggests that reduced cerebral white 
matter accounts for a significant proportion of the 
observed decline in IQ among survivors of 
medulloblastoma. A comparison of 15 patients 
with medulloblastoma treated with tumor resec-
tion and CSI and 15 age-matched patients with 
low-grade astrocytoma of the posterior fossa 
treated with surgery alone found that all patients 
treated with CSI demonstrated significantly 
reduced white matter volume (Reddick et  al. 
1998). A related study indicated that the medul-
loblastoma survivors had significantly lower IQ 
scores that were associated with significantly 
reduced white matter volume (Mulhern et  al. 
1999). A longitudinal study found that medullo-
blastoma survivors experienced a significant loss 
of white matter volume during the 9 months fol-
lowing CSI (Reddick et  al. 2000). Notably, the 
rate of white matter volume loss was 23% slower 
in patients who received a reduced dose of irra-
diation. Additional longitudinal studies examined 
change in the tissue volume of specific brain 
structures. A decline in corpus callosum volume 
over 4 years following diagnosis and risk-adapted 
treatment was identified in 35 medulloblastoma 

survivors (Palmer et al. 2002), and an abnormal 
pattern of hippocampal development was identi-
fied in 25 pediatric medulloblastoma survivors 
during the 2–3 years following diagnosis and 
risk-adapted treatment (Nagel et al. 2004).

Reddick and colleagues suggested that 
reduced white matter volumes in brain tumor sur-
vivors resulted in decreased attention abilities, 
which eventually led to a decline in IQ and aca-
demic achievement (Reddick et al. 2003). In 40 
long-term survivors, significant associations 
were found between white matter volume and 
both attention and intelligence. The final regres-
sion model that included white matter volume, 
attention, and IQ as predictors, explained at least 
60% of the variance in academic skills. Mabbott 
and colleagues used DTI techniques to identify 
areas of tissue breakdown within existing white 
matter (Mabbott et  al. 2006). Eight pediatric 
patients with medulloblastoma who were treated 
with CSI were compared with eight age-matched 
healthy control children on measures of DTI used 
to evaluate white matter integrity in multiple 
regions of interest in the cerebral hemispheres. 
Results showed associations between micro-
scopic damage in existing white matter across 
multiple regions and poor intellectual outcomes 
in survivors of medulloblastoma relative to 
controls.

While most of the neurocognitive late effects 
literature has focused on the deleterious effects of 
CSI, it is also well established that tumor mass 
effect and surgical interventions are associated 
with neurocognitive risk (Di Rocco et al. 2010). 
One of the consequences of surgery in the poste-
rior fossa region of the brain is posterior fossa 
syndrome (PFS), also sometimes referred to as 
cerebellar mutism. This syndrome occurs in up to 
29% of patients with medulloblastoma following 
surgery (De Smet et al. 2007; Korah et al. 2010). 
Patients with PFS generally present with dimin-
ished speech or mutism that can be accompanied 
by ataxia, hypotonia, emotional lability, and 
other neurobehavioral abnormalities (Robertson 
et  al. 2006; Gudrunardottir et  al. 2011a). This 
syndrome is quite variable in presentation with a 
delayed onset of anywhere from 1 to 6 days fol-
lowing surgery and a limited duration of between 
1 day and 4 months (Gudrunardottir et al. 2011a). 
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Recovery is often spontaneous but can be fol-
lowed by a period of speech dysarthria (Robertson 
et  al. 2006; Gudrunardottir et  al. 2011a). Many 
patients continue to have long-term speech and 
language difficulties following the recovery from 
acute onset of symptoms (Robertson et al. 2006; 
Huber et al. 2006, 2007; Steinbok et al. 2003).

Although the cause of PFS is not well under-
stood, evidence suggests that PFS is the result of 
bilateral damage to the proximal efferent cere-
bellar pathways along the dentarubrothalamo-
cortical pathway (Patay et al. 2014; Miller et al. 
2010). The cerebellum is thought to coordinate 
function, rhythm, articulation, and timbre but not 
language production (Robertson et  al. 2006). 
Damage anywhere along the dentarubrothalamo-
cortical pathway may lead to a speech disorder, 
and damage to the dentate nuclei in particular 
has repeatedly been cited as a cause of cerebellar 
mutism (Gudrunardottir et al. 2011b). Data from 
a prospective, longitudinal risk-adapted treat-
ment study for pediatric medulloblastoma indi-
cates that the experience of PFS is an additional 
risk factor for decline in intellectual ability and 
academic achievement (Schreiber et al. 2014), as 
well as working memory ability (Knight et  al. 
2014). In a cross-sectional analysis, neurocogni-
tive function was examined at 12 months post-
diagnosis in 17 pediatric medulloblastoma 
patients who experienced PFS compared with 17 
medulloblastoma patients who did not experi-
ence PFS but were matched on age at diagnosis 
and risk status (Palmer et al. 2010). Results indi-
cated that patients who experienced PFS had sig-
nificantly lower performance on tests of 
processing speed, attention, working memory, 
executive processes, cognitive efficiency, read-
ing, spelling, and math. A follow-up study exam-
ined the trajectory of general intellectual ability, 
processing speed, attention, and working 
 memory ability in 29 patients who experienced 
PFS compared with 29 patients who did not 
experience PFS but were matched on age at 
diagnosis and risk status. Patients who experi-
enced PFS had significantly lower estimated 
baseline scores and showed very little recovery 
in functioning over the 5 years following diagno-
sis (Schreiber et al. 2015).

Much has been learned regarding the late 
effects of treatment for medulloblastoma given 
the large focus on this particular patient popula-
tion. Additionally, our understanding of medul-
loblastoma biology has substantially increased in 
the last decade. Currently, we know that medul-
loblastoma consists of four clinical and molecu-
lar subtypes: the WNT subtype, the sonic 
hedgehog, “group 3,” and “group 4” (Gajjar and 
Robinson 2014; Ramaswamy et  al. 2015; 
Northcott et al. 2012). Moreover, these four sub-
types have different demographics, genetics, 
recurrence patterns, and outcomes (Ramaswamy 
et al. 2015). Most notably, prognosis differs dra-
matically across subtypes. Therefore, a new ther-
apeutic strategy is being developed that aims to 
improve cure rates among patients with more 
aggressive subtypes and reduce treatment-related 
morbidities by tailoring treatment to match fea-
tures of each subtype. For example, treatment 
intensity can be reduced for patients with sub-
types that are predicted to have good outcomes, 
resulting in a low prevalence of treatment-related 
morbidities, and patients with a subtype that has 
more adverse prognostic features could receive 
more intensive treatment (Gajjar and Robinson 
2014). This type of therapeutic strategy could 
potentially reduce the high rates of neurocogni-
tive impairment that are typically seen in pediat-
ric medulloblastoma survivors. A large phase II, 
multisite clinical trial that tailors therapy accord-
ing to the molecular and clinical features of sub-
groups is currently underway (NCT01878617).

14.4  Other Tumors of Note

14.4.1  Low-Grade Glioma

Gliomas are tumors that arise from glial cells. 
Low-grade gliomas (LGG) refer to those with a 
grade of I or II, while those with a grade of III or 
IV are considered high grade. These tumors are 
also distinguished according to the type of glial 
cell from which they originate (i.e., astrocytes, 
oligodendrocytes, ependymocytes). The most 
common type arises from astrocytes and is 
referred to as pilocytic astrocytoma (Ris and Noll 
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1994; Aarsen et al. 2009; Ris and Beebe 2008). 
LGGs are well circumscribed and typically 
treated with complete surgical resection; how-
ever, adjuvant chemotherapy and/or radiation 
therapy is used in the setting of disease recur-
rence, progression, or inoperability based upon 
location. Though surgical resection alone is con-
sidered to result in fewer long-term sequelae, it is 
not completely void of cognitive risk.

LGGs of the infratentorium have received 
much attention in the literature such that neuro-
cognitive sequelae associated with these tumors 
and various treatments have been well defined 
(Aarsen et al. 2009; Ris and Beebe 2008; Beebe 
et  al. 2005; Levisohn et  al. 2000). Cerebellar 
LGGs treated with complete surgical resection 
often result in executive dysfunction and deficits 
in visuospatial reasoning, expressive language, 
and verbal memory (Levisohn et  al. 2000). 
Affective dysregulation consistent with cerebellar 
cognitive affective syndrome is also commonly 
noted. These deficits may be exacerbated in the 
setting of hydrocephalus. Infratentorial LGGs 
treated with radiation therapy result in poorer out-
comes in comparison to those treated with surgi-
cal resection alone (Aarsen et  al. 2009; Ris and 
Beebe 2008). For example, patients with low-
grade cerebellar astrocytomas treated with radia-
tion therapy demonstrated global cognitive 
functioning that was slightly more than one stan-
dard deviation below the mean, while those 
treated with surgical resection exhibited global 
intellectual ability that was solidly average 
(Chadderton et  al. 1995). The use of CRT as 
opposed to WBRT and CSI results in improved 
outcomes with regard to cognitive and adaptive 
functioning (Merchant et al. 2009; Netson et al. 
2013). In recognition of poorer outcomes associ-
ated with young age at the time of radiation ther-
apy, chemotherapy is often used to delay this 
treatment. However, chemotherapy consisting of 
methotrexate in combination with other agents 
has been found to result in white matter disruption 
(Rutkowski et  al. 2005). Additionally, treatment 
with chemotherapy prior to treatment with CRT 
resulted in greater deficits in learning and mem-
ory in comparison to patients with LGGs treated 
with CRT alone (Di Pinto et al. 2012).

LGGs of the supratentorium are often located 
within midline structures (i.e., optic chiasm, thal-
amus, hypothalamus), which limits treatment 
with total surgical resection (Ris and Beebe 
2008). This is often the case in patients diagnosed 
with NF1 given that optic pathway gliomas are 
common in this population and frequently result 
in visual impairments. Patients with optic nerve 
involvement and involvement of other midline 
structures are therefore often treated with CRT. In 
addition to visual impairments associated with 
damage to the optic chiasm, nerve, and tract, 
midline LGGs often result in deficits in verbal 
learning and memory, which is consistent with 
disruption of diencephalic/temporal lobe struc-
tures that support these functions (Di Pinto et al. 
2012; King et  al. 2004). Endocrinopathies are 
also common secondary to disruption of the pitu-
itary gland (Armstrong et al. 2011). These mid-
line structures are damaged due to CRT as well as 
tumor mass effect, partial surgical resection, and 
hydrocephalus. Though LGGs arise in the cere-
bral hemispheres, less is known about neurocog-
nitive functioning within this population (Ris and 
Beebe 2008; Turner et  al. 2009). These tumors 
are typically treated with surgical resection alone 
and have better outcomes than midline LGGs, 
predominantly as a result of the stronger visuo-
spatial reasoning and processing speed found 
among patients with hemispheric tumors (Ris 
and Beebe 2008). Additionally, LGGs arising in 
the left hemisphere have been associated with 
worse outcomes in comparison to those arising in 
the right hemisphere (Aarsen et al. 2009).

14.4.2  Ependymoma

Ependymomas are also gliomas that arise from 
ependymal cells lining the ventricles of the brain 
and the central canal of the spinal cord. These 
tumors can be low or high grade depending upon 
their rate of growth. Ependymomas are frequently 
treated with surgical intervention followed by 
radiation therapy since they have a tendency to 
metastasize (Landau et al. 2013). Given that epen-
dymomas are comparatively localized, they are 
amenable to treatment with focal radiation ther-
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apy including CRT. Additionally, ependymomas 
are typically diagnosed at an earlier age in com-
parison to other focal tumors (i.e., astrocytoma) 
(Di Pinto et  al. 2010). Overall, treatment with 
CRT has allowed for improvement in outcomes as 
well as cleaner investigation of the impact of bio-
logical, treatment, and medical factors upon those 
outcomes.

Ependymomas of the supratentorium are rela-
tively rare; however, they result in cognitive dys-
function primarily in association with young age 
at the time of treatment with radiation therapy, 
female sex, and presence of a seizure disorder 
diagnosed at a young age (Landau et al. 2013). 
Infratentorial ependymomas are typically treated 
with CRT, which has done much to reveal the 
relationship between dose and volume of radia-
tion and cognitive dysfunction (Merchant et al. 
2014). In general, children treated with broader 
margin radiation therapy (i.e., WBRT, CSI) typi-
cally demonstrate declines in overall cognitive 
ability and learning (Di Pinto et al. 2010). While 
children treated with CRT do not demonstrate 
declines in global intellectual functioning, they 
may exhibit deficits in learning. Patients who are 
younger at the time of treatment often have an 
impaired rate of learning in comparison to same-
age peers 5 years following treatment. Deficits in 
learning have been found prior to treatment with 
CRT (i.e., baseline) in children who have had 
multiple resections and shunts for the manage-
ment of hydrocephalus; however, these deficits 
were largely transitory and improved secondary 
to alleviation of mass effect (Merchant et  al. 
2014). Use of chemotherapy prior to CRT has 
also resulted in poorer outcomes, particularly 
with regard to visual-auditory or paired-associ-
ates learning, which is a strong predictor of read-
ing ability. Indeed, patients treated with CRT 
have experienced comparatively greater declines 
in reading versus mathematics and spelling 
(Conklin et al. 2008). Deficits in adaptive func-
tioning have also been associated with younger 
age at treatment, use of chemotherapy prior to 
CRT, hydrocephalus and shunt placement, as well 
as surgical intervention (Netson et  al. 2012). In 
summary, investigation of LGGs and ependymo-

mas has revealed that factors such as age at the 
time of treatment, tumor location, type of radia-
tion therapy, number of surgical interventions, 
and medical complications (i.e., hydrocephalus, 
seizures) clearly have a synergistic effect upon 
cognitive outcomes. Neurocognitive processes 
including attention, processing speed, executive 
functioning, and learning are likely to be impacted 
with weaker functioning most probable in those 
treated at a younger age with broader field radia-
tion therapy.

14.4.3  Craniopharyngioma

Craniopharyngioma is a slow-growing, extra-
axial, calcified, and often cystic, tumor that 
occupies the sella/suprasellar brain region. It is 
relatively rare, accounting for 1–4% of all pri-
mary CNS tumors in children (Dolecek et  al. 
2012). Peak onset has a bimodal age distribu-
tion, with one peak during childhood at approxi-
mately 8–10 years of age and a second peak in 
middle age (Blaney et  al. 2011). No biological 
sex predilection has been reported (Blaney et al. 
2011). Prognosis is good with overall survival 
greater than 80% at 10 years post diagnosis 
(Rajan et  al. 1993). Craniopharyngioma is 
benign in histology but behaves malignantly due 
to its location and tendency to progress after 
treatment. Among pediatric brain tumors, long-
term morbidity including cognitive deficits is 
most closely associated with tumor location. 
Late effects result from tumor and treatment 
effect on surrounding brain structures and com-
monly include: (1) endocrinopathies, sleep dis-
turbance and decreased fitness due to 
hypothalamic/pituitary damage; (2) visual dis-
turbance due to mass effect on the optic chiasm; 
(3) hydrocephalus and resultant increased intra-
cranial pressure due to compression of the third 
ventricle, and (4) memory difficulties due to dis-
ruption of Papez circuit including the mammil-
lary bodies. General consensus is lacking 
regarding the best treatment approach for pediat-
ric craniopharyngioma with some medical teams 
attempting gross total resection when damage to 
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the anterior pituitary can be avoided and other 
medical teams preferring limited surgery, to 
increase CSF flow or restore vision, followed by 
radiation therapy. Radiation therapy is typically 
focal, including CRT or proton beam radiation 
therapy.

Not surprisingly, given tumor location, prior 
studies have reported frontal lobe dysfunction 
including impaired attention, perseveration, cog-
nitive inflexibility, and decreased inhibitory con-
trol among childhood survivors of 
craniopharyngioma (Cavazzuti et  al. 1983; Riva 
et  al. 1998; Kiehna et  al. 2006). There is some 
indication that impairment in frontal lobe func-
tions may be greater following extensive tumor 
resection in comparison to irradiation with or 
without conservative surgical procedures 
(Cavazzuti et al. 1983). These findings are typi-
cally in the context of intact intellectual function-
ing. Multiple studies have reported memory 
impairment, particularly retrieval deficits, among 
survivors of craniopharyngioma (Cavazzuti et al. 
1983; Carpentieri et  al. 2001). Memory impair-
ments have been found both among those patients 
undergoing extensive surgery as well as those 
with limited surgery and focal radiation therapy 
(Cavazzuti et al. 1983). Risk factors for declines 
in memory and learning may include hydrocepha-
lus and shunt insertion for management of hydro-
cephalus (Di Pinto et al. 2012). There have also 
been reports of declines in adaptive functioning 
over time, with female sex and pre-irradiation 
chemotherapy (interferon) associated with a more 
rapid decline (Netson et al. 2013).While research 
suggests that emotional and behavioral outcomes 
are generally good, again there is indication that 
interventions to manage hydrocephalus, as well as 
endocrine dysfunction, may predict greater prob-
lems (Dolson et al. 2009). Taken together, atten-
tion, executive functions, and memory 
impairments may follow treatment for childhood 
craniopharyngioma, with likelihood of impair-
ment related to surgical approach, need for hydro-
cephalus management, and the presence of 
endocrinopathies. Monitoring of adaptive func-
tioning and emotional adjustment is also war-
ranted given increased risk over time.

14.4.4  Germ Cell Tumors

Intracranial germ cell tumors develop when germ 
cells that normally form the reproductive organs 
fail to migrate appropriately. Germ cell tumors 
most frequently arise in the pineal and suprasel-
lar brain regions. Infrequently, germ cell tumors 
are bifocal, occurring both in the pineal and 
suprasellar regions; it is unclear whether bifocal 
disease represents tumor metastases or simulta-
neous development in two sites. Intracranial 
germ cell tumors are rare, accounting for 3–6% 
of all brain tumors (Sands et al. 2001). Intracranial 
germinomas, a subtype of germ cell tumors, 
account for 0.5–2.5% of all intracranial tumors 
(O’Neil et al. 2011). Intracranial germ cell tumors 
arise most often in adolescence. Males are 
approximately two times more likely than 
females to develop germ cell tumors, with a 
higher male-to-female ratio for nongerminoma-
tous germ cell tumors (i.e., germ cell tumors that 
are not pure germinomas) (Packer et  al. 2000). 
Neuroimaging characteristics of germinomas and 
nongerminomatous germ cell tumors are not dis-
tinct enough to afford diagnostic certainty such 
that tissue confirmation via biopsy or measure-
ment of specific tumor markers (e.g., β-human-
chorionic-gonadotropin or α-fetoprotein) via 
blood and/or serum is often required. Clinical 
presentation is dependent on tumor location, 
tumor size, and patient age. Germ cell tumors of 
the pineal region most commonly present with 
symptoms of hydrocephalus, visual impairment 
including Parinaud’s syndrome (i.e., vertical gaze 
palsy), reduced arousal, pyramidal tract signs, 
and ataxia (Packer et  al. 2000). Those in the 
suprasellar region are often characterized by 
hypothalamic/pituitary involvement resulting in 
endocrinopathies (e.g., diabetes insipidus, hypo-
pituitarism) at presentation. Radiation therapy 
has been the backbone of treatment for germ cell 
tumors; however, there is no consensus on dose 
or volume needed, especially if chemotherapy is 
used (Packer et al. 2000). Given the risk for cog-
nitive late effects, there have been recent attempts 
to reduce radiation dose and/or volume, some-
times through the use of adjuvant chemotherapy. 
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Germinomas are associated with excellent prog-
nosis, with most studies indicating 5-year pro-
gression-free survival rates over 90% (O’Neil 
et  al. 2011; Packer et  al. 2000). 
Nongerminomatous germ cell tumors have a 
poorer prognosis with reported survival rates 
between 40% and 70% (Packer et al. 2000).

Few studies have investigated neurocognitive 
outcomes following treatment for pediatric intra-
cranial germ cell tumors. Merchant and col-
leagues reported no declines in intellectual 
functioning in eight children with assessments 
pre- and post-radiation therapy (CSI [median 
dose = 25.6 Gy] with a boost to the primary site 
[median dose = 50.4 Gy]) for intracranial germi-
noma, at a median age of 12  years (Merchant 
et al. 2000). Sands and colleagues reported find-
ings from a feasibility trial of chemotherapy-
based treatment for intracranial germ cell 
tumors; of note, the majority of these patients 
subsequently received radiation therapy at the 
time of recurrence (Sands et al. 2001). Twenty-
two children completed cognitive assessments at 
an average age of 16  years and on average 6 
years post diagnosis. Findings revealed full scale 
IQ, verbal IQ, reading, spelling, and math abili-
ties all within the average range with low aver-
age range performance IQ (Sands et  al. 2001). 
Age at diagnosis was positively correlated with 
all IQ scores and mathematics. Those children 
treated for pure germinomas significantly out-
performed those with nongerminomatous germ 
cell tumors across measures of IQ and academic 
achievement; however, children with nongermi-
nomatous germ cell tumors were significantly 
younger at diagnosis than those with pure germi-
nomas. More recently, O’Neil and colleagues 
studied pediatric patients with newly diagnosed 
intracranial germinoma treated with four cycles 
of chemotherapy followed by reduced dose ven-
tricular field irradiation (22.5–24  Gy) with 
simultaneous boost to the primary site (30 Gy) 
(O’Neil et al. 2011). Twenty patients, mean age 
of 14.4 years at diagnosis, participated in one to 
four cognitive assessments. Findings revealed 
average range performance on all measures with 
no decline over time (O’Neil et  al. 2011). An 
improvement over time was found for nonverbal 

reasoning, nonverbal memory, processing speed, 
working memory, response inhibition, and cog-
nitive flexibility (O’Neil et al. 2011). There were 
no significant differences based on tumor loca-
tion, age at diagnosis, or hydrocephalus at pre-
sentation. Taken together, these findings suggest 
children treated for intracranial germ cell tumors 
generally perform well cognitively, even years 
after treatment. In part, these positive findings 
may relate to an older age at diagnosis with some 
findings indicating greater risk for younger chil-
dren and children treated for nongerminomatous 
germ cell tumors. New treatment approaches are 
under investigation (NCT01602666) that employ 
reduced radiation fields, which may offer better 
cognitive outcomes with similar survival rates.

14.4.5  Atypical Teratoid/Rhabdoid 
Tumors

Atypical teratoid/rhabdoid tumors (AT/RT) are 
rare, highly aggressive malignant rhabdoid 
tumors that occur within the CNS (Biggs et  al. 
1987). Morphologically, AT/RT resembles other 
embryonal tumors of the nervous system such as 
medulloblastoma, and is distinguished by a char-
acteristic loss of the SMARCB1 or INI1 gene 
products (Squire et  al. 2007; Strother 2005). 
Approximately 20% of CNS tumors in young 
children (less than 3 years of age) are AT/RT 
(Buscariollo et al. 2012), and AT/RT is one of the 
most common tumors arising in children younger 
than a year (Dolecek et al. 2012). Currently, AT/
RT has no effective therapy and median event-
free survival is less than 1 year (Tekautz et  al. 
2005). No large randomized clinical trials have 
been completed to establish a “standard of care” 
treatment for AT/RT. Current treatment strategies 
typically include surgical resection followed by 
intensive and/or high-dose chemotherapy and 
CSI for older patients (Strother 2005). Focal radi-
ation therapy is sometimes used with younger 
patients.

Given such a poor survival rate, there is very 
limited information on neurocognitive outcomes. 
One study examined neurocognitive outcomes in 
four survivors of AT/RT (median age of 
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52  months) whose treatment included surgical 
resection followed by high-dose chemotherapy 
(Finkelstein-Shechter et  al. 2010). All patients 
exhibited significant adaptive and neurocognitive 
delays even in the absence of radiation therapy. 
In a retrospective review, neurocognitive and/or 
academic achievement evaluations from eight 
survivors of AT/RT (median age of 7.6  years) 
were examined (Lafay-Cousin et  al. 2015). 
Treatment included surgical resection and high-
dose chemotherapy in all but one patient. Three 
patients also received radiation therapy. Five 
patients had IQ scores in the significantly 
impaired range and three were in the average to 
high average range. Despite the limited use of 
radiation therapy, the majority of patients exhib-
ited significant neurocognitive impairment, sug-
gesting that other tumor- or treatment-related 
factors must be contributing to poor neurocogni-
tive outcomes. More clinical trials that focus 
solely on treatment for AT/RT are needed.

14.5  Interventions

As reviewed herein, neuro-oncologists and radia-
tion oncologists have been working to reduce 
sources of known neurotoxicity as secondary pre-
vention of cognitive late effects. For example, in 
young children, radiation therapy may be delayed 
through the use of surgery and/or chemotherapy 
to reduce risk of cognitive late effects (Lacaze 
et al. 2003; Rutkowski et al. 2009). There are also 
systematic efforts to reduce radiation dose and 
volume, while maintaining high survival rates 
through the use of CRT or IMRT, which have 
resulted in better preservation of intellectual func-
tioning (Merchant et  al. 2009), academic skills 
(Conklin et  al. 2008), learning and memory (Di 
Pinto et al. 2010, 2012), and adaptive functioning 
(Netson et al. 2012, 2013). Proton beam radiation 
therapy offers even greater sparing of healthy sur-
rounding brain tissue than conventional photon-
based approaches, due to physical properties of 
protons, and is currently being investigated as a 
potential means to reduce cognitive late effects 
among children treated for brain tumors (Merchant 
et al. 2008; Greenberger et al. 2014; Macdonald 

et  al. 2013). Building on a growing research 
knowledge base, the hallmark of modern front-
line treatment protocols for pediatric brain tumors 
is risk-adapted therapy whereby treatment expo-
sure is reduced for those children with the best 
prognosis. While initial risk-adapted treatment 
schemas relied heavily on clinical factors such as 
extent of surgical resection or presence of meta-
static disease, newer protocols are incorporating 
molecular and histological tumor features with 
demonstrated prognostic value in up-front treat-
ment planning to offer even greater reduction in 
treatment burden.

It is important to realize even if cancer-
directed therapy is fully optimized, the risk for 
cognitive late effects will remain. In the case of 
pediatric brain tumors, the impact of tumor mass 
effect cannot be eliminated. Further, for certain 
treatment approaches (surgical resection, radia-
tion therapy) a plateau will be reached in the abil-
ity to limit treatment while still maintaining high 
survival rates. Despite the high prevalence of 
cognitive late effects among childhood cancer 
survivors and their known potential to negatively 
impact quality of life, there are few empirically 
validated interventions targeting these problems. 
The greatest research attention has been devoted 
to pharmacological approaches.

14.5.1  Pharmacotherapy

Early cognitive intervention studies with child-
hood cancer survivors were modeled after suc-
cessful interventions for children diagnosed with 
attention-deficit/hyperactivity disorder (ADHD) 
given the overlap in attentional issues. The effi-
cacy of stimulant medication is well established 
in addressing attention problems for otherwise 
healthy children diagnosed with ADHD. 
Methylphenidate (MPH), a mixed dopaminergic-
noradrenergic agonist, is the most commonly 
prescribed stimulant medication for the treatment 
of ADHD with benefits demonstrated on perfor-
mance measures of attention and concentration, 
as well as observable classroom and social behav-
ior (Brown et  al. 2005). However, the response 
rate and tolerability of stimulant medications 
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may differ for brain tumor survivors secondary to 
compromised neurologic status. Findings from 
preliminary studies with childhood cancer survi-
vors were mixed. Delong and colleagues studied 
12 children with brain tumors or ALL treated 
with an “adequate trial” of MPH for a period last-
ing between 6 months and 6 years. Based on par-
ent report, teacher report, and direct observation, 
response was indicated to be “good” for eight 
children, “fair” for two children, and “poor” for 
two children (DeLong et  al. 1992). A second 
study of MPH response among six children who 
were experiencing attention, learning, and mem-
ory difficulties secondary to treatment with 
whole-brain irradiation for brain tumors revealed 
no improvements on attention or memory mea-
sures (Torres et al. 1996). Meyers and colleagues 
conducted an open-label trial of MPH with adults 
who had been treated for a brain tumor and found 
significant improvements in psychomotor speed, 
executive functions, and memory (Meyers et al. 
1998). These studies tended to be limited by 
small sample sizes, poor sample characterization, 
lack of appropriate controls, and nonoptimal dos-
ing, thus limiting conclusions.

The first randomized, double-blind, placebo-
controlled trial of MPH with childhood cancer 
survivors was published by Thompson and col-
leagues in 2001 (Thompson et al. 2001). Thirty-
two children with identified problems with 
attention and academic achievement were ran-
domized to MPH (0.6 mg/kg) or placebo. Results 
revealed improved performance on a measure of 
sustained attention but not measures of verbal 
memory or visual-auditory learning. While 
encouraging, as a single dose trial this study 
lacked information regarding sustained response 
or performance in the naturalistic setting (school/
home).

These findings led to a large multisite, multi-
phase MPH trial for brain tumor and ALL survi-
vors who were between 6 and 18 years of age and 
at least 12  months from completion of cancer-
directed treatment (Conklin et  al. 2007, 2010a; 
Mulhern et  al. 2004b). In the first (Screening) 
phase, patients who met eligibility criteria 
(N  =  469) were assessed to identify those with 
adequate global cognitive functioning, attention 

problems, and academic difficulties. Patients 
who met screening criteria (N = 210) were offered 
participation in the second (In-Lab) phase, a 
2-day, in-clinic, double-blind crossover trial dur-
ing which they received MPH (0.6  mg/kg) and 
placebo in randomly assigned order. During the 
In-Lab phase, 134 patients were evaluated for 
acute neurocognitive response. Participants dem-
onstrating adequate medication tolerance 
(N = 132) were offered participation in the third 
(Home Crossover) phase, a 3-week, randomized, 
double-blind, placebo-controlled, crossover trial 
consisting of placebo, low-dose MPH (0.3  mg/
kg), and moderate-dose MPH (0.6  mg/kg). Of 
122 patients participating in the Home Crossover 
phase, 91 demonstrated initial improvement on 
MPH relative to placebo based on parent and/or 
teacher report and were offered participation in 
the fourth and final (Maintenance) phase, a 
12-month open-label MPH trial. Sixty-eight 
patients completed the Maintenance phase.

Findings from the Home Crossover phase 
revealed a significant improvement in attention 
regulation based on parent and teacher report for 
both MPH doses over placebo (Mulhern et  al. 
2004b). Teachers, but not parents, also reported a 
significant improvement in social and academic 
competence for both MPH doses (Mulhern et al. 
2004b). The discrepancy in reporting across rat-
ers may be related to limited parental opportunity 
to observe children with their peers during a 
1-week assessment period. Of note, across all 
outcome measures, there was no significant 
advantage for the higher (0.6 mg/kg) MPH dose 
over the lower (0.3 mg/kg) MPH dose, which is 
particularly relevant given different side effect 
risks as discussed below. Using a conservative, 
statistical approach to measuring medication 
response (reliable change index), the response 
rate during the Home Crossover phase, based on 
teacher report of attention skills, was 54% 
(Conklin et al. 2010b). While encouraging, this is 
significantly less than the 75–80% response rate 
typically reported in the ADHD literature 
(Barkley 1977; Efron et al. 1998). The only sig-
nificant predictor of MPH response was higher 
levels of attention problems at study initiation; 
age, biological sex, diagnosis (brain tumor or 
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ALL), IQ, and time since treatment were not pre-
dictive of response (Conklin et  al. 2010b). 
Findings from the yearlong Maintenance phase 
demonstrated sustained benefits in attention and 
behavioral improvements, often with normaliza-
tion of performance by the end of the trial 
(Conklin et al. 2010a). Maintained benefits were 
seen on performance measures of sustained 
attention as well as parent-, teacher-, and self-
report measures of behavior problems and social 
competencies. Notably, there were no improve-
ments on academic measures that assessed read-
ing and math abilities; however, parents reported 
that children received better school grades related 
to behaviors such as planning ahead for projects, 
studying in advance for tests, and remembering 
to turn in assignments (Conklin et al. 2010a).

The same study included assessment of MPH 
side effects, including growth effects. Overall, 
childhood cancer survivors tolerated MPH well 
(Conklin et  al. 2009), with the frequency and 
severity of side effects similar to or less than 
those reported for children diagnosed with 
ADHD (Efron et  al. 1998; Fine and Johnston 
1993). A significantly higher frequency and 
severity of symptoms was confirmed for the 
higher (0.6 mg/kg) MPH dose. Female sex and 
lower IQ were the only child risk factors for 
increased side effects; childhood brain tumor sur-
vivors had similar frequency and severity of side 
effects as ALL survivors (Conklin et  al. 2009). 
However, brain tumor survivors were more likely 
to discontinue MPH secondary to side effects. 
Stimulant medications have been associated with 
height and weight deceleration, which are of par-
ticular importance to childhood cancer survivors 
given risk for growth deficits secondary to dis-
ease- and treatment-related factors such as con-
comitant endocrinopathies. In comparison to 
childhood cancer survivors who were not taking 
MPH, survivors who took MPH over the year-
long Maintenance phase demonstrated a signifi-
cant deceleration in body mass index and weight, 
but not height (Jasper et al. 2009). Factors predic-
tive of growth deceleration included higher daily 
stimulant dose and loss of appetite. Of note, the 
cancer survivors in this study had body mass 
indices and weights significantly higher than age 

based normative comparisons at study initiation 
with body mass index and weight closer to nor-
mative expectations at the end of the yearlong 
MPH trial.

Since this MPH study, investigators have been 
interested in the use of other psychostimulant 
medications for the management of cognitive late 
effects among childhood cancer survivors. 
Modafinil, a dopaminergic CNS stimulant devel-
oped for the treatment of narcolepsy, has been 
studied in adult cancer patients and cancer survi-
vors. Multiple studies have reported improved 
fatigue/drowsiness (Blackhall et  al. 2009; 
Lundorff et  al. 2009; Gehring et  al. 2012) and 
better mood (Blackhall et  al. 2009; Lundorff 
et al. 2009; Gehring et al. 2012). Improved cogni-
tive outcomes have also been reported, including 
findings from randomized, placebo-controlled 
trials that show improved attention and psycho-
motor speed (Lundorff et al. 2009) or improved 
attention and memory (Kohli et al. 2009); how-
ever, not all trials have found improved cognitive 
outcomes following treatment with modafinil 
with adult cancer survivors (Blackhall et al. 2009; 
Boele et al. 2013). A recent open-label, random-
ized, pilot trial comparing MPH and modafinil 
found differential outcomes based on medication 
with improved attention following treatment with 
MPH and improved processing speed following 
treatment with modafinil (Gehring et  al. 2012). 
Currently, there is a randomized controlled trial 
investigating the safety and efficacy of modafinil 
use with survivors of pediatric brain tumors con-
ducted through the Children’s Oncology Group 
(NCT01381718).

Donepezil, an acetylcholinesterase inhibitor 
used to treat mild to moderate Alzheimer’s 
dementia, has recently been used to manage cog-
nitive late effects among survivors of cancer. 
Shaw and colleagues conducted a phase II, 
24-week, open-label, dose escalation (5  mg/day 
for 6 weeks followed by 10 mg/day for 18 weeks) 
study with 34 adults who had received irradiation 
for primary brain tumors. Findings indicated 
improved attention, verbal memory, figural mem-
ory, mood, and health-related quality of life (Shaw 
et al. 2006). These results led to development of 
an ongoing phase III donepezil trial in survivors 
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of adult brain tumors (NCT00369785). A feasibil-
ity trial is underway with childhood brain tumor 
survivors (NCT00452868) with encouraging ini-
tial findings. Castellino and colleagues reported 
preliminary findings from this trial, described as 
an open-label pilot study conducted with child-
hood brain tumor survivors who were at least 1 
year from completion of cancer treatment. The 
medication was tolerated well and significant 
improvements were noted in executive function 
and memory following 24  weeks of donepezil 
(Castellino et al. 2012).

Taken together, findings from MPH trials 
reveal an intervention that is safe and beneficial 
for nearly half of childhood cancer survivors who 
are experiencing attention and learning problems. 
Clear benefits have been demonstrated on perfor-
mance- and rater-measures of attention as well as 
rater-measures of social skills. While academic 
gains have not been demonstrated on standard-
ized measures, parents indicated improved school 
grades related to better executive aspects of 
school performance. It should be noted that chil-
dren were precluded from participating in these 
MPH trials for a number of possible medical con-
traindications (e.g., uncontrolled seizures and 
uncorrected hypothyroidism) and a significant 
proportion of children who qualified for the trial 
had parents refuse participation (36%) (Conklin 
et al. 2007). The most common reason cited for 
nonparticipation was concern about placing their 
child on a stimulant medication. These findings 
indicate there remains a significant proportion of 
children for whom MPH is not a viable treatment 
option because of medical exclusions, parental 
refusal, medication intolerance or poor response. 
Based on these findings, the investigation of dif-
ferent pharmacologic agents and the develop-
ment of nonpharmacologic interventions for 
childhood cancer survivors is clearly a necessity.

14.5.2  Cognitive Remediation

Cognitive remediation refers to systematic 
attempts to improve cognitive skills following an 
acquired brain injury, often through massed prac-
tice and other psychology-based interventions 

(Butler and Namerow 1988). A primary tenet of 
cognitive remediation is that the brain is plastic 
and capable of functional reorganization follow-
ing insult. The most comprehensive, therapist-
delivered approach to cognitive remediation in 
survivors of childhood cancer was developed by 
Butler and Copeland (Butler and Copeland 
2002). These researchers developed a tripartite 
model, Cognitive Remediation Program (CRP), 
which uses techniques from brain injury rehabili-
tation (e.g., repetitive exercises targeting sus-
tained, selective and divided attention), special 
education (e.g., training in metacognitive strate-
gies such as task preparedness and task monitor-
ing), and clinical psychology (e.g., cognitive 
behavior therapy approaches such as reframing 
of cognitive struggles) (Butler et al. 2008). CRP 
includes 20 two-hour sessions, which are com-
pleted one-on-one with a child over 4 to 5 months. 
Butler and colleagues published findings from a 
multicenter, randomized, controlled trial of CRP 
with 167 survivors of childhood cancer who 
ranged in age from 6 to 17, were at least 1 year 
off treatment, and were experiencing attention 
problems. CRP participants experienced a sig-
nificant improvement in academic skills, incor-
porated more metacognitive strategies in problem 
solving, and showed improvements on a parent-
rated measure of attention (Butler et  al. 2008). 
There were no significant differences between 
the group receiving CRP and controls on any 
measures of neurocognitive functioning, includ-
ing attention, working memory, and episodic 
memory. Effect sizes were small to medium, 
ranging from 0.1 to 0.5, but comparable to other 
brain injury rehabilitation programs and psycho-
logical interventions (Cicerone et  al. 2000; 
Anderson and Catroppa 2006). This study offered 
initial encouragement, particularly for improving 
academic skills in childhood cancer survivors.

Patel and colleagues conducted a single-arm, 
pilot study to evaluate the acceptance and impact 
of a brief (15 sessions/20 total child training 
hours over 3 to 4 months), clinic-based cognitive 
training program for childhood cancer survivors 
at least 6 months from completion of treatment 
(Patel et al. 2009). Remediation approaches were 
similar to Butler and Copeland’s CRP and 
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included five components: (1) general problem 
solving (learning to state the problem, generate 
and evaluate potential solutions), (2) study skills/
metacognitive strategies (e.g., task preparedness 
and monitoring), (3) information processing 
techniques (e.g., grouping information into 
smaller chunks, mnemonic strategies, and visual 
imagery), (4) reviewing compensatory tech-
niques (e.g., the SQ3R method that directs the 
child to survey, question, read, recite, and review 
assigned materials), and (5) collaborative con-
tacts (e.g., teaching parents and teachers strate-
gies to implement in the child’s daily 
environment). Children were required to have a 
CNS-involved cancer or treatment, to be off treat-
ment at least 6 months, and to have demonstrated 
attention and/or memory deficits. A total of 49 
children met study eligibility criteria with 15 
(31%) enrolling. Three children dropped out of 
the study within the first five training sessions 
resulting in 12 children in their final sample. As a 
group, children showed improvement across 
almost all performance-based cognitive mea-
sures, with two scores reaching significance 
reflecting improved written expression and social 
skills (Patel et  al. 2009). Parents reported the 
strategies taught were useful. Although the 
majority of enrolled participants completed at 
least 70% of training sessions, the low participa-
tion rate among eligible families was notable, 
with families expressing concern regarding the 
inconvenience of traveling to the clinic after 
school hours. Further, study interpretations are 
limited by a small sample size and lack of a con-
trol group such that findings could be reflective of 
practice effects across assessments.

More recently, investigators have become 
interested in intervening earlier to be able to pre-
vent rather than remediate cognitive late effects. 
Moore and colleagues conducted a randomized, 
controlled trial of mathematics intervention initi-
ated during treatment for leukemia (Moore et al. 
2012). Fifty-seven children with ALL were ran-
domized to mathematics intervention or standard 
of care during the maintenance phase of chemo-
therapy. Participants completed cognitive assess-
ments prior to the intervention, post-intervention, 
and 1 year later. The mathematics intervention 

was based on Multiple Representation Theory 
and consisted of 40 to 50 hours of intervention 
delivered individually over the course of 1 year. 
The mathematics intervention sessions had the 
children explore, ask questions, solve problems, 
and explain their solutions using multi-modali-
ties, such as pictures, abstract symbolism, con-
texts, mathematical language, and concrete 
manipulatives. Thirty-two of 57 children com-
pleted the study and were included in data analy-
ses. The intervention group showed significant 
improvement in calculation skills and applied 
mathematics reasoning from pre- to post-inter-
vention and also showed improvements in visual 
working memory (Moore et al. 2012). The find-
ings suggested that intervention during cancer 
treatment is feasible and targeting a core skill like 
mathematics might have generalizable benefits to 
other skills.

Findings from therapist-delivered cognitive 
remediation studies with childhood cancer survi-
vors have offered initial encouragement, particu-
larly with respect to the ability to impact 
acquisition of academic skills. Parents and teach-
ers appear to understand the cognitive strategies 
and their involvement, with ability to practice in 
the child’s daily environment, might increase the 
potency of these interventions. Further, there are 
no medical concerns or contraindications as 
encountered with pharmacologic approaches. 
That said, these interventions require a consider-
able time investment from families and providers 
with the reviewed studies showing that family 
concerns about scheduling and travel can signifi-
cantly diminish participation rates and adher-
ence. Further, the benefits tend to be modest and 
most cancer survivors do not live near centers 
that offer cognitive remediation. Findings from 
these studies highlight the need for less time-
intensive and portable cognitive interventions.

14.5.3  Computerized Cognitive 
Training

Computerized training refers to a group of com-
puter software programs designed to exercise 
specified cognitive processes. Most rest on the 

14 Cognitive Late Effects and Their Management



334

principal of massed practice with repetition of 
similar exercises over multiple sessions. The dif-
ficulty of tasks is graded and increases with dem-
onstrated success. Many programs require some 
level of “coaching” by a trained professional who 
provides feedback, trouble shoots problems, and 
assists in maintaining motivation. Research has 
shown the active ingredients for successful com-
puterized cognitive training include intensity 
(number of sessions) and adaptivity (difficulty 
adjusted to participant’s changing skill level). 
The benefits of adaptivity have been demon-
strated in randomized, controlled trials compar-
ing adaptive and non-adaptive administrations of 
the same computerized program (Chacko et  al. 
2013; Holmes et al. 2009; Klingberg et al. 2005) 
as well as by comparing adaptive computerized 
training to commercially available videogames 
(Thorell et  al. 2009). Accordingly, not all com-
puterized games/programs would be expected to 
be efficacious in addressing cognitive late effects.

The first computerized cognitive training 
study with childhood cancer survivors was a pilot 
study of Captain’s Log with nine survivors of 
ALL and brain tumors with identified attention 
and working memory deficits (Hardy et al. 2011). 
This program (www.braintrain.com) consists of 
33 multilevel, game-like exercises aimed at 
improving memory, attention, concentration, lis-
tening skills, self-control, patience, and process-
ing speed. The investigators assessed the in-home 
use of the program for at least 50 min per week 
for 12  weeks. The intervention was associated 
with good feasibility and acceptability. Parents 
reported few technical problems. Participants 
completed between 9 and 53 training sessions 
(mean = 28.4) and from 3.7 to 20.8 training hours 
(mean = 11.4) (Hardy et al. 2011). While partici-
pants’ working memory scores generally 
increased from baseline to immediate and 3 
month post-intervention evaluations, only mea-
sures of attention (digit span and parent report) 
reached statistical significance. These findings 
offered initial encouragement for computerized 
cognitive training but the small sample size and 
single-arm design left open the possibility for 
parent rating bias or practice effects. Concerns 
have been noted with this program given the 

graphical interface is simplistic relative to mod-
ern graphics with risk for boredom and difficulty 
standardizing administration across a large num-
ber of potential tasks.

A newer computerized program of interest is 
Cogmed (www.cogmed.com), a program created 
by neuroscience researchers and game develop-
ers to specifically train working memory. Cogmed 
is a manualized training program that consists of 
25 sessions (15 to 45 minutes  in duration depend-
ing on age/ability) completed at home over 5 to 9 
weeks. Children are guided through rotating 
exercises that train visual-spatial and verbal 
working memory. As ability improves, exercises 
become more difficult. Compliance and perfor-
mance is tracked over the internet with weekly 
telephone coaching. Hardy and colleagues con-
ducted a randomized pilot study of Cogmed 
training with 20 survivors of pediatric brain 
tumors or ALL (Hardy et al. 2013). The majority 
of participants (85%) finished the required 20 of 
25 sessions. Most parents (88%) rated themselves 
as “very” or “somewhat” satisfied with their 
child’s training. This study also provided prelimi-
nary evidence for cognitive benefit. After control-
ling for baseline intellectual ability, survivors 
who completed the intervention demonstrated 
significant improvement in visual working mem-
ory and a reduction in parent report of learning 
problems relative to controls (Hardy et al. 2013). 
The working memory benefit showed a trend for 
maintenance of benefit following 3 month fol-
low-up. While these findings are positive regard-
ing feasibility and acceptability of Cogmed with 
childhood cancer survivors, the study was not 
powered (large enough) to measure efficacy, nor 
did the investigators use neuroimaging to assess 
brain-based changes associated with training.

Conklin and colleagues recently completed a 
randomized, controlled Cogmed intervention trial 
with childhood cancer survivors (Cox et al. 2015). 
Sixty-eight survivors of childhood ALL or brain 
tumor with identified working memory deficits 
were randomly assigned to Cogmed training or 
standard of care. Functional MRI (fMRI) was 
conducted pre- and post-intervention to assess 
neural correlates of cognitive change. Compliance 
was strong with 30 of 34 participants (88%) com-
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pleting the intervention. Families had the neces-
sary skills to use the computer program 
successfully (Cox et al. 2015). Caregivers reported 
that they were generally able to find training time 
(63%), viewed training as beneficial (70%), and 
would recommend this intervention to others 
(93%) (Cox et al. 2015). Survivors completing the 
intervention demonstrated greater improvements 
than control participants on measures of attention, 
working memory, and processing speed, and 
showed greater reductions in parent reported exec-
utive dysfunction (Conklin et  al. 2015). FMRI 
revealed significant pre- to post-training reduction 
in activation of left lateral prefrontal and bilateral 
medial frontal areas (Conklin et al. 2015). These 
results replicated the earlier feasibility and accept-
ability study findings while providing evidence for 
efficacy, generalization of training benefits, and 
training-related neuroplasticity.

A single-arm pilot trial of Lumosity (www.
lumosity.com), a home-based computerized cog-
nitive rehabilitation curriculum designed to 
improve executive function skills, was con-
ducted with childhood cancer survivors (Kesler 
et  al. 2011). Twenty-three survivors of ALL or 
brain tumors who were exhibiting executive 
function deficits were assigned to complete 
Lumosity. Similar to other computerized train-
ing trials, compliance with training was good 
with 19 (83%) completing the entire curriculum 
(Kesler et  al. 2011). While the program was 
designed to be 8 weeks, most children required 
longer time (mean = 14 weeks; SD = 7.5 weeks) 
citing forgetting, illness, vacation, and too much 
schoolwork as reasons for falling behind sched-
ule. Intervention participants showed significant 
improvements in processing speed, cognitive 
flexibility, and memory following training 
(Kesler et  al. 2011). There were no improve-
ments in attention or working memory. FMRI 
revealed increased activation in inferior, middle, 
and superior frontal gyri and decreased reaction 
time from baseline to post training (Kesler et al. 
2011). Findings suggest Lumosity may lead to 
improved executive and memory skills in child-
hood cancer survivors with evidence for associ-
ated neuroplasticity. While these findings are 
promising, the lack of a control group limits 

interpretation with respect to potential for prac-
tice effects.

Palmer and colleagues completed a random-
ized controlled trial of computerized reading 
intervention (Fast ForWord; www.scilearn.com) 
with children undergoing radiation therapy for 
medulloblastoma (Palmer et  al. 2014). Fast 
ForWord is a computerized program designed to 
improve phonological awareness, word reading, 
and reading comprehension. The investigators set 
a goal of 48 minutes of training per day, 5 days 
per week for 6 weeks. Children typically com-
pleted training in the hospital-based school. Of 
85 eligible patients, 81 (95%) were randomized 
to reading intervention or standard of care, indi-
cating a high acceptance rate (Palmer et al. 2014). 
Overall, the group completed a median of 27 ses-
sions; however, there was large variability in 
training sessions completed with a range from 0 
to 46 (SD = 10.71) and only 17 patients (40%) 
completed the target of 30 intervention sessions 
(Palmer et al. 2014). There was no significant dif-
ference in selected reading outcomes over time 
between the intervention and control groups. Of 
note, in contrast to the other computerized inter-
vention studies, participants were not selected 
based on cognitive deficits in the targeted train-
ing area; participants in this study had average 
reading performance at baseline. Phone inter-
views conducted with a subset of these partici-
pants after study completion revealed some 
program-specific concerns (e.g., a reading inter-
vention provided to fluid readers).

Taken together, computerized training with 
childhood cancer survivors is feasible and accept-
able. When the program is targeted to a patient’s 
areas of difficulty, there is evidence for efficacy 
as well as training-related neuroplasticity. Other 
benefits include the ability to standardize and 
titrate administration, which is particularly bene-
ficial for research design. Programs can be 
administered remotely, extending intervention 
reach to individuals who often do not live in close 
proximity to providers. The time burden for train-
ing is reduced, for providers and families, relative 
to therapist-delivered cognitive remediation and 
there is greater flexibility to schedule around a 
patient’s other obligations. Further, there are few 
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medical contraindications, with possible concern 
related to photosensitive seizures. That being 
said, computerized programs that are commer-
cially available are expensive and not yet covered 
by health insurance. Some individuals may lack 
requisite technology (i.e., computers or internet 
connection). Finally, additional research is 
required to demonstrate generalizability of bene-
fits to untrained skills as well as maintenance of 
benefits over time.

14.5.4  Aerobic Exercise Training

The medical benefits of aerobic exercise are well 
established and include decreased risk for meta-
bolic, cardiovascular, and metastatic disease 
(Powell and Blair 1994). Cognitive benefits are 
less established with emerging evidence to sug-
gest improvements in learning and memory 
(Winter et al. 2007), delayed age-related memory 
decline or neurodegenerative disease (Laurin 
et  al. 2001), promotion of recovery following 
acquired brain injury (Devine and Zafonte 2009), 
and mood enhancement (Lawlor and Hopker 
2001). Correlational studies indicate children of 
higher cardiorespiratory fitness outperform lower 
fit children on laboratory cognitive tasks, aca-
demic measures, and complex real-world prob-
lem solving (Fedewa and Ahn 2011). An 
association between aerobic fitness and greater 
efficiency of neural networks underlying execu-
tive functions has been revealed by fMRI studies 
(Chaddock et al. 2012). One fMRI study of brain 
tumor survivors showed higher cardiorespiratory 
fitness was associated with better working mem-
ory performance, as well as more efficient func-
tioning in frontal and parietal brain regions of 
interest (Wolfe et al. 2013).

Mabbott and colleagues recently examined 
the efficacy of a 12 week aerobic exercise inter-
vention in long-term survivors of pediatric brain 
tumors treated with cranial radiation therapy 
(Mabbott et  al. 2014). They conducted a con-
trolled, crossover trial in which 18 brain tumor 
survivors were quasi-randomly assigned to 
either immediate exercise intervention or a wait-
list control group. Intervention compliance was 
high as indicated by an 87% attendance rate and 

100% retention. Exercise led to improved pro-
cessing speed on a battery of computerized cog-
nitive tasks (CANTAB), with waitlist participants 
showing an increase in mean latency time 
whereas exercise participants showed a decrease 
in mean latency across tasks of attention, reac-
tion time, motor speed, and visual memory. 
There were no group differences in accuracy on 
computerized tasks. Examination of white mat-
ter changes with DTI revealed increased func-
tional anisotropy, indicative of increased white 
matter integrity, in the corpus callosum and left 
central cerebral white matter following exercise 
training.

While randomized studies of exercise inter-
vention in cancer survivors are rare, there is a 
large volume of literature demonstrating exercise 
benefits for cognitive functions in rodents, includ-
ing improved spatial memory (Praag et al. 1999) 
and reduced age-related memory declines 
(Adlard et al. 2005). These studies provide clues 
regarding underlying mechanisms for exercise-
related cognitive benefits including neurogenesis 
(Praag et  al. 1999), synaptic plasticity (Farmer 
et  al. 2004), angiogenesis (Pereira et  al. 2007), 
and enhanced neurotransmitter functioning 
(Chaouloff 1989). Naylor and colleagues found 
voluntary running restored precursor cell and 
neurogenesis levels in the hippocampus of mice 
after a clinically relevant dose of irradiation 
(Naylor et  al. 2008). Additionally, irradiation-
induced behavior alterations were ameliorated by 
exercise. Wong-Goodrich and colleagues found 
daily running prevented a decline in spatial mem-
ory among mice receiving whole-brain irradia-
tion; improved performance in behavioral 
paradigms was associated with restoration of 
newborn neurons in the hippocampal dentate 
gyrus (Wong-Goodrich et al. 2010).

Aerobic exercise is an exciting new interven-
tion direction that may offer cognitive, in addi-
tion to cardiopulmonary, benefits to children 
treated for brain tumors. Exercise programs are 
relatively inexpensive and easy to implement. 
Further, candidate mechanisms underlying cog-
nitive benefits have been identified by animal 
models. That said, there is not yet an established 
dose (i.e., type of exercise, duration, or intensity), 
and there may be physical limitations to aerobic 
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exercise among childhood brain tumor survivors, 
and reduced adherence to exercise routines. It is 
also likely that the cognitive benefits of aerobic 
exercise would be less robust than targeted cogni-
tive interventions (Table 14.2).

14.5.5  Individualized Academic 
Supports

Although group-based intervention studies offer 
important direction for working with childhood 
cancer survivors experiencing cognitive late 
effects, one of the most common interventions is 
facilitated school reentry and development of 
individually customized academic support. It has 
been argued that children with cancer should 
return to normal activities, including school, as 
soon as medically possible. Regular school atten-
dance facilitates learning and social involvement. 
Getting back to school has been associated with a 
better quality of life years after treatment 
(Hoffman 2011). Working with a hospital-based 
school liaison during treatment can facilitate con-
tinuation of educational services during treat-
ment (e.g., home bound or hospital bound 
services), communication with the home school 
throughout treatment, and transition back to 
school following treatment. It may be possible to 
arrange for a school personnel workshop and/or a 

presentation to peers to provide education about 
childhood cancer, treatment, and side effects. 
There are also written materials that may be of 
benefit for the school including Helping Schools 
Cope with Childhood Cancer: Current Facts 
and  Creative Solutions (http://www.lhsc.on.ca/
Patients_Families_Visitors/Childrens_Hospital/
Programs_and_services/HelpingSchools.pdf) or 
Educating the Child with Cancer (Hoffman 
2011). Many children treated for a brain tumor 
will require academic accommodations and/or 
special education upon return to school. Special 
education services range from simple accommo-
dations in the regular classroom to all-day place-
ment in a resource room environment to 
instruction in the home or hospital. A school liai-
son can provide information regarding special 
education law and help advocate for appropriate 
services.

Three federal laws protect the rights of chil-
dren between the ages of 3 and 21 with disabili-
ties that impact their ability to profit from their 
education environment: Section 504 of the 
Rehabilitation Act of 1973, the Individuals with 
Disabilities Education Act (IDEA), and the 
Americans with Disabilities Act (Leigh et  al. 
2015). Any services required by a child returning 
to school, including classroom accommodations 
and special education, should be formalized with 
a written plan using Section 504 or IDEA. Section 

Table 14.2 Benefits and limitations of cognitive late effects interventions

Intervention type Benefits Limitations
Pharmacotherapy •  Improved attention and social skills • Medical contraindications

•  Acceptable side effects profile • High parental refusal
• Widely available •  Lower response rate than with attention deficit 

hyperactivity disorder (ADHD)
Therapist-delivered 
cognitive remediation

•  Improved metacognitive and 
academic skills

• High time investment/scheduling issues

•  Easily extends to home/school • Modest effect sizes
• No medical contraindications • Limited availability of providers

Computerized 
cognitive training

•  Improved attention and working 
memory

• Expensive/not covered by insurance

•  High acceptability and adherence • Requisite technology (e.g., internet)
•  Remote administration/easy 

scheduling
• Need to demonstrate generalizability

Aerobic exercise 
training

•  Cardiopulmonary and cognitive 
benefits

• Type/duration/intensity not established

•  Inexpensive and easy to implement • Physical limitations among cancer survivors
•  Animal model support mechanisms • Indirect cognitive benefits less robust
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504 of the Rehabilitation Act of 1973 is an anti-
discrimination law that mandates that students 
with a mental or physical impairment be  provided 
with a free and appropriate public education 
through use of classroom and instruction-based 
accommodations (http://www.parentcenterhub.
org/reposoitory/section504). Section 504 is typi-
cally used for those children who are in need of 
accommodations in the regular classroom. This 
law applies to public schools as well as colleges, 
universities, and private schools that receive fed-
eral funds and is also a way for college students 
to receive accommodations. IDEA also mandates 
that students with a disability receive a free and 
appropriate public education; however, under 
IDEA students are provided with accommoda-
tions, modifications, and interventions based 
upon individual student need (http://www.parent-
centerhub.org/repository/idea). To receive ser-
vices under IDEA, a child must meet criteria for 
classification under one of 13 categories, with 
many brain tumor survivors qualifying under the 
category of Other Health Impaired. If deemed 
appropriate, an Individualized Education 
Program (IEP) will be developed for the child 
with goals and objectives reviewed annually and 
reassessment every 3 years. The Americans with 
Disabilities Act prohibits discrimination against 
persons with disabilities and applies to all state 
and local agencies (not just those receiving fed-
eral funds). It provides a second layer of protec-
tion, in addition to Section 504, to ensure schools 
provide reasonable accommodations.

The first step in developing individually cus-
tomized academic support is a comprehensive 
assessment of cognitive abilities, preferably per-
formed by a neuropsychologist with experience 
with the pediatric oncology population. Based 
on assessment findings, specific recommenda-
tions including accommodations and interven-
tions for the school setting should be offered. 
Some examples of accommodations include 
preferential seating and frequent redirection/
praise to address attention difficulties; increased 
time or shortened assignments to address slower 
processing speed; use of reference materials or 
multiple choice exams to address memory prob-
lems; and receiving a copy of teacher notes, tape 

recording lectures, or using a word processor to 
reduce writing in children with fine motor diffi-
culties. Inter ventions might include smaller 
group or one-to-one instruction with a special 
educator to address reading difficulties (e.g., 
greater instruction in phonological decoding), 
math difficulties (e.g., more frequent repetition 
of math concepts or greater use of manipula-
tives), executive dysfunction (e.g., explicit 
teaching of metacognitive skills such as task 
preparedness or task monitoring), or memory 
impairment (e.g., teaching of mnemonic strate-
gies). Special education might also include 
related services such as speech-language ther-
apy, occupational therapy, physical therapy, or 
school counseling as needed.

14.6  Future Directions

There has been notable progress in the treatment 
of childhood brain tumors with not only improved 
survival rates but also increased understanding 
and mitigation of neurotoxicity that contributes 
to cognitive late effects. Current knowledge 
affords the opportunity to risk-stratify patients 
prior to treatment to lessen treatment burden 
when positive prognostic factors exist. Risk-
stratified treatment schemas have increased in 
sophistication, incorporating not only tumor 
type, extent of resection, and presence of post-
surgical residual disease but also molecular sub-
grouping and histologic variants that can lead to 
significant reductions in standard treatment 
exposure. There has also been noteworthy 
growth in the development of novel drugs that 
target specific tumor signaling pathways, such 
as MEK inhibitors for the treatment of LGG 
(Sievert et  al. 2013) or MET-targeted therapy 
for the treatment of sonic hedgehog driven 
medulloblastoma (Faria et al. 2015), which may 
offer greater ability to delay, dose reduce or, 
eventually, eliminate radiotherapy for certain 
tumor types. Improvements in neuroimaging 
and the delivery of radiation therapy have 
allowed for successively smaller radiation vol-
umes and contoured margins that have signifi-
cantly impacted cognitive outcomes with further 
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refinement possible with proton beam therapy 
(Merchant et  al. 2008). Cutting edge research, 
so far only with rodent models, has indicated a 
potential benefit of cranial transplantation of 
stems cells to reduce chemotherapy-induced 
cognitive dysfunction (Acharya et  al. 2015). 
Currently, brain tumors in infancy remain one of 
the most challenging areas of care as these 
patients experience a significantly poorer 
response to treatment and increased treatment-
related toxicities including cognitive late effects. 
Longitudinal trials evaluating risk-adapted ther-
apy in young children that also include compre-
hensive, serial cognitive evaluation are greatly 
needed.

Cognitive intervention research in pediatric 
oncology has been building momentum over the 
past decade. There are now multiple pharmaco-
logic and nonpharmacologic interventions with 
demonstrated feasibility and efficacy. That said, 
there is still much to be done to improve the qual-
ity of life of survivors. For those interventions 
that have demonstrated short-term efficacy, 
researchers need to evaluate maintenance of ben-
efits over time as well as generalizability of ben-
efits to skills that are functionally relevant (e.g., 
academic performance, independent living, 
career success). Moving outside of the clinic and 
into homes, schools, and community resource 
centers will also increase intervention reach to a 
growing number of survivors and hopefully 
improve enrollment and retention in intervention 
programs. Researchers need to intervene earlier 
to see if it is possible to prevent rather than reme-
diate cognitive deficits. This applies to both phar-
macologic and nonpharmacologic approaches. 
Prophylactic use of certain pharmacologic agents 
might offer neuroprotection prior to or during 
treatment. For example, Brown and colleagues 
completed a randomized placebo-controlled trial 
of memantine during radiotherapy for adults with 
brain metastases; findings indicated better cogni-
tive outcomes over time in the group receiving 
memantine (Brown et  al. 2013). Future studies 
should evaluate the ability of anti-inflammatory 
agents to attenuate loss of neuronal precursor 
cells and impact neurogenesis (Castellino et  al. 
2014). It is also time to start combining interven-

tions such as medication and computerized train-
ing in order to capitalize on the synergism of 
different therapeutic modalities. It is unlikely that 
one intervention will be sufficient in isolation and 
most children will require a combined approach. 
Breakthroughs in genetics and neuroimaging 
should be exploited in order to identify early in 
treatment those children at greatest risk for cog-
nitive late effects. These transdisciplinary efforts 
would increase our understanding of the mecha-
nisms underlying cognitive late effects as well as 
eventually assist in selecting and/or tailoring 
interventions to the individual child. While recent 
findings provide reason for hope, clinicians and 
researchers cannot grow complacent with current 
successes, there are still many childhood brain 
tumor survivors for whom cognitive late effects 
negatively impact their ability to attain important 
milestones of adulthood. Working together, we 
can improve not only survival rates but also the 
quality of survivorship.
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15.1  Introduction

According to the most recent estimates from the 
Surveillance, Epidemiology and End Results 
(SEER), 74% of children younger than 20 years 
of age diagnosed with a central nervous system 
(CNS) malignancy will become 5-year survi-
vors (Howlader et al. 2012). Current therapy for 
children with CNS malignancies often includes 
both surgical resection and a combination of 
CNS-directed radiation therapy (RT) and che-
motherapy. Among survivors of all primary 
pediatric cancers, survivors of CNS malignan-
cies are at the highest risk for late mortality 
(Mertens et  al. 2001; Taylor and Potish 1985; 
Dama et  al. 2006). Furthermore, survivors of 
CNS malignancies are at risk for developing 

subsequent neoplasms and chronic endocrine 
and neurologic conditions (Neglia et  al. 2001; 
Broniscer et  al. 2004; Cardous-Ubbink et  al. 
2007; Duffner et  al. 1998; Devarahally et  al. 
2003; Peterson et  al. 2006; Jenkinson et  al. 
2004; Hammal et al. 2005; Oeffinger et al. 2006; 
Packer et  al. 2003; Gurney et  al. 2003a). 
Documenting the incidence of and risk factors 
for these conditions in the second, third, and 
fourth decades of survival in this aging popula-
tion is essential as future efforts to reduce late 
morbidity and mortality through modification 
and risk stratification of primary therapy, screen-
ing and early detection of late effects, and inter-
ventions to reduce risk and impact of late effects 
are dependent on identifying populations at 
highest risk for poor outcomes. Thus, while 
5-year survival has improved, the patterns of 
late morbidity and mortality after exposure to 
multimodal therapy are only now being estab-
lished as this population ages. Future studies 
will need to identify whether exposure to mod-
ern therapies (including focal RT for embryonal 
CNS tumors in infants, whole ventricular vol-
ume RT for germ cell tumors, targeted thera-
pies, and immunotherapy, among others) 
increases or decreases the risk of long-term 
morbidity and late mortality compared with 
patients treated in previous eras (Armstrong 
et al. 2009a).
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15.2  Late Mortality

Five-year overall survival has been the accepted 
benchmark for clinical trials, and yet it is now 
apparent that those who survive childhood cancer 
beyond the 5-year time point remain at signifi-
cant risk for late mortality (Mertens et al. 2001, 
2008; Armstrong et al. 2009b; Moller et al. 2001; 
Garwicz et al. 2012; Reulen et al. 2010; Cardous-
Ubbink et al. 2004). Fewer studies have investi-
gated late mortality specifically among central 
nervous system (CNS) tumor survivors, and 
many of those are limited by small population 
sizes from individual treatment institutions, short 
follow-up time, and lack of treatment exposure 
information (Morris et  al. 2007; Jenkin 1996; 
Ning et  al. 2015; Acharya et  al. 2015; Perkins 
et al. 2013; Visser et al. 2010).

The most recent assessment of late-mortality 
among the 2821 5-year survivors of CNS tumors 

diagnosed between 1970 and 1986  in the 
Childhood Cancer Survivor Study (CCSS) pro-
vides 30 years of follow-up (Armstrong et  al. 
2009a). Cumulative all-cause mortality rates 
among 5-year survivors were 13.5%, 17.1%, 
21.5%, and 25.8% at 15, 20, 25, and 30  years, 
respectively (Fig. 15.1a); males had greater risk 
of death than females (28.1% vs. 23.1% at 
30  years; P  <  0.001). All-cause mortality at 
30 years was higher in 5-year survivors of epen-
dymoma (29.5%) and medulloblastoma (29.0%) 
than in 5-year survivors of astrocytoma and glial 
tumors (23.9%; P < 0.001 for both comparisons) 
(Fig. 15.1b) (Armstrong et al. 2009a).

Risk of death was 13-fold higher for survivors 
of central nervous system malignancies 
(SMR = 12.9, 95% CI = 11.8–14.0) compared to 
that of the age- and sex-specific general popula-
tion. Survivors of medulloblastoma and primitive 
neuroectodermal tumors were at highest risk 
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(SMR  =  17.4, 95% CI  =  14.6–20.6). The most 
common cause of death was recurrence or pro-
gression of primary disease (61%), followed by 
medical causes of death (21%) that included 
death attributable to subsequent neoplasms (9%), 
cardiac disease (3%), and pulmonary disease 
(3%). Cumulative cause-specific mortality at 
30  years (Fig.  15.1c) was highest for primary 
cancer progression or recurrence (14%), fol-
lowed by subsequent malignant neoplasm (2.8%), 
pulmonary disease (1.0%), and cardiac disease 
(0.4%). Cumulative mortality due to recurrence 
was higher in males than females (15.6% vs. 
12.1% at 30 years, P = 0.05) (Fig. 15.1d). Other 
studies have identified sepsis and metabolic death 
as significant causes as well (Morris et al. 2007). 
Notably, at 30 years from diagnosis the annual 
death rate from subsequent malignant neoplasms 
exceeds that of recurrence or progression of pri-
mary disease, suggesting that survivors face life-
threatening consequences of their primary tumor 
for decades (Hawkins et al. 1990).

We can be optimistic, however, that survivors 
in more recent decades, where risk-stratification of 
therapeutic intensity has guided primary cancer 
treatment, may have better outcomes. In particular, 
among patients identified as having an excellent 
prognosis, such as those with low-grade astrocy-
toma, efforts have been directed toward use of che-
motherapy to delay, and in some cases eliminate, 
use of radiotherapy. As a result, the CCSS recently 
reported that survivors of astrocytoma treated in 
the 1990s had a lower 15-year all-cause mortality 
than those from the 1970s (7.4% vs. 13.5%, 
P < 0.001). Most striking is that death due to late 
effects of cancer therapy was reduced (1.7% vs. 
4.7%, P = 0.02). This was due to reduction in the 
15-year cumulative mortality of death due to sub-
sequent neoplasm (2.1–0.5%, P = 0.02) and pul-
monary causes (0.5–0.2%, P = 0.02). During this 
time period, prevalence of RT exposure for treat-
ment of astrocytoma was reduced from 55% of 
survivors in the 1970s to just 24% in the 1990s. 
Thus, it appears that efforts to reduce RT exposure 
in this population may now be extending the life 
span of survivors of astrocytoma (Armstrong GT 
et al. 2016). Given this finding, it becomes all the 
more essential to also improve the health span of 

these survivors so that those experiencing longer 
survival will be accompanied by good health sta-
tus and high quality of life.

15.3  Subsequent Neoplasms

Development of subsequent neoplasms (SN) is an 
established late effect of childhood cancer therapy 
for which, unfortunately, the risk increases with 
time from diagnosis (Li et al. 1975; Neglia et al. 
2001; Mike et  al. 1982; Jenkinson et  al. 2004; 
Cardous-Ubbink et al. 2007; Friedman et al. 2010). 
In addition, those who survive a first subsequent 
neoplasm remain at significant risk for multiple 
subsequent neoplasms (Armstrong et  al. 2011b). 
Despite the large number of reports of subsequent 
malignancies from cohorts worldwide, fewer have 
explicitly focused on subsequent neoplasms spe-
cifically following a primary CNS tumor 
(Armstrong et  al. 2009a; Broniscer et  al. 2004; 
Duffner et  al. 1998; Peterson et  al. 2006; 
Devarahally et al. 2003; Stavrou et al. 2001; Hader 
et al. 2003; Tsui et al. 2015). Among 1877 survi-
vors of CNS malignancies within the CCSS cohort, 
there were 76 subsequent malignant neoplasms 
(SMNs, self-reported, with histopathologic confir-
mation), occurring at a median of 16 years from 
diagnosis. This represents a fourfold increase over 
the general population (standardized incidence 
ratio [SIR] 4.1, 95% CI 3.2–4.2) (Armstrong et al. 
2009a). Subsequent malignancies occurring in the 
CNS were most common (20 observed, SIR 25.3, 
95% CI 15.5–39.1), followed by thyroid cancer (12 
observed, SIR 11.2, 95% CI 5.8–19.6), soft tissue 
sarcomas (8 observed, SIR 8.4, 95% CI 3.6–16.5), 
and bone tumors (5 observed, SIR 15.1 95% CI 
4.5–35.2). Notably, however, the most common 
subsequent cancers observed among survivors of 
CNS tumors were tumors for which SIRs cannot be 
easily estimated (due to lack of an available com-
parable rate in the general population): nonmela-
noma skin cancers (n = 112, cumulative incidence 
2.9% at 25 years) and benign meningiomas (n = 59, 
cumulative incidence 3.3% at 25 years). Notably, 
there has been no evidence for an increased risk for 
breast cancer among survivors who received cra-
niospinal irradiaton (CSI) Moskowitz et al. (2015).
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At 25 years from diagnosis of a primary CNS 
tumor, the cumulative incidence of all subsequent 
neoplasms is 10.7% (95% CI 8.8–12.6, 
Fig. 15.2a). Of concern, the incidence of menin-
giomas increases sharply with time such that 
even among patients who are meningioma-free at 
25  years, the 30-year cumulative incidence is 
3.5% (95% CI 0.9–6.1, Fig. 15.2b). This increased 
rate over time clarifies the need for long-term 
follow-up of these patients and raises suspicion 
that screening neuroimaging modalities should 
be employed well beyond the immediate post-
diagnosis period (Bowers et al. 2013).

Radiation exposure has long been associated 
with an increased risk for subsequent neoplasms 
within the CNS.  The association was first 
observed in children treated with low-dose cra-
nial irradiation (mean 1.5  Gy) for tinea capitis 
(Ron et  al. 1988). More recently, children with 

computed tomography-based exposures were 
found to have increased risk for CNS tumors 
(Pearce et al. 2012). Likewise, the CCSS identi-
fied that survivors of CNS malignancies who 
received CNS-directed radiation >50  Gy had a 
cumulative incidence of a subsequent CNS neo-
plasm of 7.1% (95% CI 4.5–9.6) at 25 years com-
pared to 1.0% (95% CI 0.0–2.3) among those 
who received no CNS radiation (Fig.  15.2c) 
(Armstrong et al. 2009a). Subsequent neoplasms 
that arise in the CNS in the first decade after RT 
exposure are most commonly high-grade glio-
mas, which have an extremely poor prognosis 
(5-year survival range 0–19.5%). Beyond that 
window, meningiomas (5-year survival range 
69–100%) become more prevalent (Bowers et al. 
2013). To further investigate the dose effect of RT 
on the development of subsequent CNS tumors, 
investigators used a nested case–control method 
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to match 116 individuals identified with a subse-
quent CNS neoplasm (from the entire CCSS 
cohort) with control subjects matched on age, 
sex, and time since original cancer diagnosis 
(Neglia et al. 2006). RT exposure was associated 
with an increased risk for any subsequent CNS 
malignant neoplasm, and specifically for subse-
quent gliomas (odds ratio [OR]  =  6.78, 95% 
CI = 1.54–29.7) and meningiomas (OR = 9.94, 
95% CI = 2.17–45.6). Importantly, linear dose–
response relationships between RT dose and the 
development of both gliomas and meningiomas 
were identified and were statistically significant 
(Fig. 15.3). The excess relative risk per Gy, equal 
to the dose of the linear response function, was 
0.33 (95% CI = 0.07–1.71) per Gy for gliomas, 
and 1.06 (95% CI = 0.21–8.15) per Gy for menin-
giomas. After adjustment of radiation dose, there 
were no statistically significant associations 
between chemotherapy exposure and the 
 development of a CNS subsequent neoplasm 
(Neglia et al. 2006).

In the modern era of multimodal therapy, 
many survivors of CNS tumors have also received 
chemotherapy. With the well-established associa-
tions between alkylating agents, epipodophyllo-
toxins, and therapy-related acute myelogenous 
leukemia (t-AML), it is not surprising that 
increased rates of AML are present in CNS tumor 
survivors SIR 8.0, 95% CI 0.9–29.1  in CCSS 
(Armstrong et al. 2009a), and SIR 31.8, 95% CI 
10.2–74.1  in a population of survivors from St. 
Jude Children’s Research Hospital (Tsui et  al. 
2015). However, use of chemotherapy has often 
provided the opportunity for reduction of RT 
dose in standard risk populations, such as those 
with medulloblastoma; use of reduced RT plus 
chemotherapy has replaced use of cranospinal 
RT alone in these patients. A recent study by Tsui 
et al. (2015) observed no evidence for an increase 
in incidence of SNs in medulloblastoma/primi-
tive neuroectodermal tumor (PNET) survivors 
treated with multimodal therapy compared to RT 
alone at 20 years from diagnosis (12% vs. 11.3% 
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at 20  years), though the pattern of subsequent 
neoplasm appeared to differ. Furthermore, multi-
variable analysis of 2779 children with any type 
of CNS tumor identified no increase in risk for 
SNs among survivors who received multimodal 
therapy compared to those treated with RT but no 
chemotherapy (Tsui et al. 2015). This is impor-
tant because previous studies have raised concern 
for an increased risk of SNs with multimodal 
therapy (Packer et al. 2013).

Because of the increased risk for subsequent 
cancers, the Children’s Oncology Group has pro-
vided cancer surveillance recommendations for 
survivors of childhood cancer (Children’s OG 
2013). Specific recommendations for survivors 
exposed to CNS-directed radiotherapy are pro-
vided in Table  15.1. Given the paucity of evi-
dence for the efficacy and cost-effectiveness of 
these recommendations, it remains unknown 
whether following such guidelines leads to 
improved outcomes; thus, future investigations to 
evaluate the efficacy of these guidelines should 
be a high priority.

15.4  Long-Term Endocrine 
Complications

Endocrine sequelae of cancer and cancer therapy 
are known to affect more than 50% of long-term 
survivors of childhood cancer (Chemaitilly and 
Sklar 2010; Mostoufi-Moab et  al. 2016). 
Individuals with CNS tumors and those whose 
hypothalamus and/or pituitary regions (Fig. 15.4) 
were exposed to surgery or radiation are at par-
ticularly high risk for hypothalamic/pituitary 
dysfunction (Chemaitilly et  al. 2015; Sklar and 
Constine 1995). Similarly, direct and indirect 
radiation exposures are known risk factors of pri-
mary thyroid and gonadal sequelae (Barnes and 
Chemaitilly 2014). High-dose chemotherapy 
regimens, such as those incorporating alkylating 
agents, are also known to cause gonadal damage 
(Barnes and Chemaitilly 2014). Finally, hor-
monal dysfunctions in childhood CNS tumor sur-
vivors can impact bone health and metabolism 
and hence potentially have lasting repercussions 

on traditional cardiovascular risk factors and ulti-
mately quality of life. The early recognition and 
expeditious treatment of endocrine disorders may 
reduce morbidity and improve overall state of 
health of this vulnerable group of individuals 
(Diller et al. 2009).

15.4.1  Hypothalamic/Pituitary 
Dysfunction

Hypothalamic/pituitary dysfunction may precede 
or appear acutely at the time of diagnosis of a 
CNS tumor or following surgical resection. In 
this context, hypothalamic/pituitary dysfunction 
is generally clinically evident and involves mul-
tiple hormonal systems from the outset. In con-
trast, radiation-induced hypothalamic/pituitary 
dysfunction often appears several years after the 
completion of therapy and rarely combines mul-
tiple hypothalamic/pituitary axes simultaneously 
from the outset, as the dose thresholds vary for 
the different anterior pituitary hormones. The 
pathophysiology of radiation-induced hypotha-
lamic/pituitary deficits is not well understood. 
The nature (direct neuronal injury vs. neurovas-
cular damage) and site (hypothalamic vs. pitu-
itary) of the insult are not known with certainty 
(Chieng et  al. 1991). The hypothalamus may 
have a higher degree of sensitivity to radiation 
compared to the pituitary (Schriock et al. 1984; 
Constine et  al. 1993). Evidence supporting a 
hypothalamic origin for radiation-induced ante-
rior pituitary hormone deficits includes the obser-
vation of hyperprolactinemia, attributed to the 
disruption of dopaminergic pathways within the 
hypothalamus, following radiation doses >50 Gy 
(Constine et  al. 1993) and a preservation of 
growth hormone (GH) response to exogenous 
GH releasing hormone (GHRH) administration 
in certain individuals treated with radiotherapy 
(Schriock et al. 1984).

15.4.1.1  Growth Hormone Deficiency
Growth hormone deficiency (GHD) is the most 
common late effect after cranial RT and often 
only anterior pituitary deficiency is observed. In 
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a recent study of 748 adult survivors (mean age 
34.2  years) of childhood cancer treated with 
 cranial RT and followed for a mean 27.3 years, 
the prevalence of GHD was 46.5% (95% CI 
42.9–50.2%) (Chemaitilly et  al. 2015). This 
cohort included a majority of patients treated 
with cranial RT for acute lymphoblastic leukemia 
(ALL), most of whom were exposed to cranial 
RT at much lower doses (18 Gy) for CNS pro-

phylaxis than those used for the treatment of 
CNS malignancies. The prevalence of GHD is 
even higher in cohorts of CNS tumor survivors. 
In a study of 88 survivors of childhood medullo-
blastoma and embryonal tumors treated with CSI 
at 23.4–39.6 Gy, posterior fossa cranial RT dose 
of 55.8 Gy, and high-dose myeloablative chemo-
therapy followed by autologous stem cell rescue, 
the cumulative incidence of GHD was 93 ± 4% at 

Table 15.1 Children’s Oncology Group surveillance recommendations for pediatric CNS tumor survivors at high risk 
of specific subsequent neoplasms

Subsequent 
neoplasm

High risk cancer treatment 
features Surveillance recommendations Comment

Brain tumor 
(benign or 
malignant)

High radiation dose (linear 
dose–response relationship), 
younger age at treatment, 
neurofibromatosis

History and physical exam 
yearly for new onset seizure, 
cognitive, motor or sensory 
neurologic symptoms, 
headache, vomiting

Brain MRI as clinically indicated 
for symptomatic patients

Colorectal 
cancer

Treatment with radiation 
≥30 Gy potentially exposing 
colon/rectum with both dose 
and volume of bowel 
influencing risk

Colonoscopy every 5 years 
beginning 10 years after 
radiation or at age 35, 
whichever occurs last with 
frequency of surveillance 
informed by results 
(minimum every 5 years)

Due to lower prevalence of 
colorectal carcinoma and more 
limited information about it natural 
history in irradiated survivors, 
surveillance recommendation are 
linked to high-dose radiation 
exposure
Shared decision-making is advised 
regarding screening of individuals 
with radiation doses below 30 Gy 
until more definitive data is 
available

Oral cancer Head/brain radiation, neck 
radiation, total body 
irradiation, acute/chronic 
graft vs. host disease

Yearly oral cavity exam Head and neck and otolaryngology 
consultation as needed

Skin cancer Any radiation treatment Assessment of health risking 
and protective sun exposure 
behaviors
Skin examination yearly with 
particular attention to skin 
lesions and pigmented nevi in 
previous radiation treatment 
fields

Multiple occurrences of 
nonmelanoma skin cancers are 
commonly reported among 
childhood cancer survivors among 
survivors treated with radiation 
therapy
Clinicians should be aware that the 
occurrence of a nonmelanoma skin 
cancer as a first subsequent 
neoplasm appears to identify a 
population at subsequent risk for 
invasive subsequent neoplasms

Thyroid 
cancer

Thyroid gland in radiation 
field, risk increased up to 
30 Gy with decreased risk 
above 30 Gy, >5 years after 
irradiation, total boy 
irradiation

Yearly thyroid exam Ultrasound and fine needle 
aspiration for evaluation of palpable 
nodules. Surgical consultation for 
resection. Nuclear medicine 
consultation for ablation of residual 
disease. Endocrine consultation for 
postoperative medical management

15 Long-Term Outcomes Among Survivors of Childhood Central Nervous System Malignancies



354

4  years from diagnosis (Fig.  15.5) (Laughton 
et al. 2008). In a prospectively assessed cohort of 
192 patients treated with conformal radiotherapy 
for localized primary brain tumors, GH secretion 
was shown to decrease in both a time- and dose-

dependent fashion, allowing the establishment of 
risk prediction models for GHD based on these 
two parameters (Fig.  15.6) (Merchant et  al. 
2011). In this study, a cumulative dose of 16.1 Gy 
to the hypothalamus was associated with a 50% 
risk of GHD after 5 years of follow-up. The risk 
of GHD is, indeed, known to increase at higher 
doses of radiation and with longer durations of 
follow-up (Merchant et  al. 2011; Clayton and 
Shalet 1991a). Another risk factor for radiation-
induced GHD is young age at exposure to radio-
therapy, which has been suggested to have a 
significant role by some, but not all, investigators 
(Schmiegelow et al. 2000; Brauner et al. 1986).

The diagnosis of GHD in survivors of child-
hood CNS tumors is made using the same criteria 
as in the general population (Barnes and 
Chemaitilly 2014). However, in addition to GHD, 
multiple endocrine and non-endocrine factors 
could affect linear growth and need to be identi-
fied for diagnostic and prognostic considerations. 
Spinal radiotherapy affects growth by direct 
damage to the vertebral growth plates. As such, 
spinal growth is more severely affected than that 
of the limbs, causing survivors to have a rela-
tively short truncus compared to the rest of their 
body (Shalet et  al. 1987; Brauner et  al. 1993; 
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Posterior pituitary
Hormones:
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Anterior pituitary
hormones:

GH, LH, FSH, TSH,
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Fig. 15.4 Anatomy and physiology of the Hypothalamic-
Pituitary system
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Thomas et al. 1993; Clayton and Shalet 1991b). 
This type of skeletal dysplasia can be unmasked 
by measuring the patient’s sitting height and 
comparing it to the standing height using age- 
and sex-adjusted growth charts with values 
expressed in standard deviations (SD). A stand-
ing height (SD) out of proportion to the sitting 
height (SD) is generally suggestive of this type of 
skeletal dysplasia, although other factors such as 
scoliosis could also contribute to this discrep-
ancy. Obesity (Iwayama et  al. 2011) and disor-
ders of puberty are additional factors that can 
affect both GH secretion and linear growth. 
Patients with GHD who are concomitantly expe-
riencing central precocious puberty (CPP), a 
fairly common disorder in patients with hypotha-
lamic or optic pathways tumors and those treated 
with cranial RT, may experience misleadingly 
“normal” prepubertal growth rates at the expense 
of a rapidly advancing bone maturation (Sklar 
and Constine 1995). Should this association of 
GHD and CPP go unnoticed, patients may incur 
an irreversible loss in growth potential (Sklar and 
Constine 1995). It is therefore of the utmost 
importance to closely monitor the pubertal status 
of brain tumor survivors during childhood and 
adolescence (Barnes and Chemaitilly 2014).

Given the pulsatile, and mostly nocturnal, 
nature of GH secretion, the diagnosis of GHD 
relies on the measurement of a plasma GH peak 

level 2–3 h after the administration of a stimulat-
ing agent (“secretagogue”). While failing two 
different dynamic tests is necessary for the diag-
nosis of GHD in the general population, failing 
only one test was deemed sufficient in the con-
sensus guidelines of the GH Research Society, 
given the higher likelihood of dysfunction fol-
lowing tumor- or treatment-related insults to the 
hypothalamus/pituitary (Consensus guidelines 
for the diagnosis and treatment of growth hor-
mone (GH) deficiency in childhood and adoles-
cence: summary statement of the GH Research 
Society. GH Research Society 2000). A variety of 
secretagogues are used in children and adults, the 
“gold standard” test being the insulin tolerance 
test (ITT). The combination of GHRH and argi-
nine (GHRH-Arg), which is the most widely 
used test in adults assessed for GHD, cannot be 
used in brain tumor survivors exposed to cranial 
RT because of the likely hypothalamic origin of 
this disorder in this population (Ham et al. 2005; 
Darzy et al. 2003). Because of the risk of hypo-
glycemia associated with the ITT, glucagon has 
been suggested as an alternative (Conceicao et al. 
2003). More stable markers of GH secretion, 
such as plasma IGF-1 and IGF binding protein-3 
(IGFBP-3) levels may not be totally reliable 
when used as surrogate markers for GHD in indi-
viduals with a history of treatment with cranial 
RT. These markers were shown to remain normal 
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in a subset of individuals who failed GH dynamic 
testing and their use may result in underdiagnos-
ing GHD (Sklar et  al. 1993; Weinzimer et  al. 
1999).

Treatment with human recombinant GH 
(hGH) can improve the growth potential of chil-
dren with GHD (Beckers et al. 2010; Brownstein 
et  al. 2004; Gleeson et  al. 2003; Ciaccio et  al. 
2010). Children treated with CSI may not com-
pletely recover the loss in their growth potential, 
but it is possible that their height outcomes would 
be even worse without replacement with hGH 
(Brownstein et  al. 2004; Ciaccio et  al. 2010; 
Beckers et al. 2010). Given the in vitro prolifera-
tive and pro-mitogenic properties of GH and 
IGF-1, the safety of hGH in individuals with a 
history of cancers or brain tumors has come 
under scrutiny (Chemaitilly and Robison 2012). 
Use of hGH was not associated with cancer/
tumor recurrence and/or death in large-scale 
studies conducted in long-term survivors of 
childhood cancers (Swerdlow et al. 2000; Packer 
et al. 2001; Sklar et al. 2002). However, there are 
data to suggest a small increase in the risk of any 
secondary solid tumor, specifically in survivors 
of ALL who received hGH therapy (Relative 
Risk [RR] 4.98 (95% CI 1.95–12.74) (Sklar et al. 
2002; Ergun-Longmire et al. 2006). The associa-
tion between second neoplasms and hGH was not 
found to be significant in a study comparing 110 
survivors of childhood and adult cancers treated 
with hGH to 110 matched non-hGH-treated con-
trols followed for a median of 14.5  years 
(Mackenzie et al. 2011). In a recent report from 
the CCSS, individuals treated with hGH during 
childhood did not have a higher risk of develop-
ing second CNS neoplasms when compared to 
others (Patterson et al. 2014). In summary, hGH 
can be offered by pediatric endocrinologists to 
children with GHD who have been in remission 
(for at least 1 year per expert opinion) after com-
pleting treatment for a brain tumor (Raman et al. 
2015). Clearance should be sought from the treat-
ing oncologist, neurosurgeon, and other relevant 
providers following the individualized and multi-
disciplinary assessment of tumor recurrence and 
complication risks measured against potential 
benefits of hGH and provided that patients could 

be closely monitored for potential risks during 
therapy (Raman et al. 2015). The recommenda-
tions of the medical team and the potential risk of 
subsequent neoplasms and anticipated benefits of 
treatment with hGH need to be reviewed in detail 
with the patients and their families prior to 
obtaining their consent for this therapy (Raman 
et al. 2015). Over the past 15–20 years, given the 
potential beneficial effects on body composition, 
plasma lipids, bone mass, and quality of life, 
therapy using hGH has been extended to adults 
with hypopituitarism (Link et  al. 2004; Bakker 
et  al. 2007; van den Heijkant et  al. 2011; 
Elbornsson et  al. 2012, 2013). There are, how-
ever, no studies specifically assessing the benefits 
and long-term risks associated with hGH use in 
adult survivors of childhood brain tumors; this 
continues to be an active area of research 
(Chemaitilly et al. 2015; van den Heijkant et al. 
2011; Mukherjee et al. 2005; Murray et al. 2002; 
Follin et al. 2006).

15.4.1.2  Disorders of Luteinizing 
Hormone (LH) and Follicle 
Stimulating Hormone (FSH)

Central Precocious Puberty
Central precocious puberty (CPP) is the onset of 
puberty prior to the ages of 8 years in girls and 9 
years in boys as a result of the early activation 
of  the hypothalamic/pituitary-gonadal axis 
(Chemaitilly et al. 2001). CPP results in decreased 
adult height due to accelerated and premature 
closure of the skeletal growth plates. Poor psy-
chosocial adjustment is associated with the early 
appearance of secondary sexual characteristics, 
especially menarche, and more so in survivors of 
childhood brain tumors with special needs 
(Chemaitilly et al. 2001). The exact prevalence of 
CPP among childhood brain tumor survivors is 
yet to be described. In a report from the CCSS, 
14.5% of females exposed to cranial RT experi-
enced menarche before the age of 10 years, which 
could be an indirect marker of CPP in this 
 population (Armstrong et al. 2009c). Tumors in 
proximity to the hypothalamus and optic path-
ways, such as low-grade gliomas with or without 
neurofibromatosis type 1 (NF-1), and hypotha-
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lamic cranial RT exposure are associated with an 
increased risk of CPP (Armstrong et  al. 2009c; 
Oberfield et  al. 1996). Additional risk factors 
include hydrocephalus, female sex, cranial RT 
before the age of 5  years, and increased BMI 
(Oberfield et al. 1996; Armstrong et al. 2009c).

The diagnosis of CPP relies on the identifica-
tion of early and sustained pubertal development 
(Chemaitilly and Sklar 2010). In girls, the diag-
nosis is based on the presence of breast develop-
ment. In boys treated with gonadotoxic treatments 
such as high-dose alkylating agents or direct tes-
ticular radiotherapy, clinicians should not rely on 
the measurement of testicular volume for the 
diagnosis of puberty because treatment-related 
germ cell injury can impair testicular growth 
without necessarily affecting the ability to pro-
duce testosterone. Other markers such as 
pubarche, scrotal thinning, and penile size can be 
useful. Laboratory markers of CPP include 
pubertal basal levels of LH and sex steroids 
(estradiol or testosterone). Basal, non-stimulated 
and random values may be inconclusive because 
of the pulsatile and circadian nature of gonado-
tropin secretion during the early stages of puberty. 
Gonadotropin Releasing Hormone agonists 
(GnRHa) are used in dynamic testing for the 
diagnosis of CPP (Carel et al. 2009). The impact 
of CPP on skeletal maturation and linear growth 
can be assessed using chronological age compar-
ison standards for the X-ray of the left hand 
(“Bone Age”) (Bayley and Pinneau 1952). 
Uterine length and ovarian volume measure-
ments may also be helpful for establishing the 
diagnosis of CPP (de Vries et al. 2006).

Pubertal suppression using GnRHa can delay 
skeletal maturation and allow more time for skel-
etal growth (Carel et  al. 2009). Patients with 
GHD in addition to CPP should also receive 
treatment with hGH (Gleeson et  al. 2003). The 
duration of pubertal suppression depends on a 
variety of factors, including chronological age, 
bone age, mid-parental height, and psychosocial 
factors (Barnes and Chemaitilly 2014). 
Alternative approaches aimed at delaying skele-
tal maturation, such as the use of aromatase 
inhibitors, are of no proven benefit and remain 
experimental (Stephen et al. 2011).

LH/FSH Deficiency
Luteinizing hormone/follicle stimulating hor-
mone deficiency (LH/FSHD), also known as 
hypogonadotropic hypogonadism, results in the 
decline or cessation of gonadal sex hormone pro-
duction. The prevalence of LH/FSHD varies 
between 5 and 10% in long-term survivors who 
have been treated with cranial RT (Chemaitilly 
et al. 2015). It is the most common anterior pitu-
itary deficiency after GHD in patients treated with 
cranial RT; it appears most commonly following 
radiation doses ≥30 Gy (Chemaitilly et al. 2015; 
Sklar and Constine 1995; Constine et  al. 1993) 
and may possibly occur more frequently in males 
and Caucasians when compared to females and 
other races, respectively (Chemaitilly et al. 2015). 
The clinical manifestations of LH/FSHD vary 
depending on the age and pubertal stage at which 
the deficiency occurs. It can result in delayed 
(absence of pubertal signs after the ages of 12 and 
13 years in girls and boys, respectively) or arrested 
pubertal development during childhood and in 
androgen insufficiency symptoms (decreased 
libido, fatigue, depression) in postpubertal males 
and secondary amenorrhea in postpubertal 
females (Barnes and Chemaitilly 2014). The 
treatment of the endocrine component of the 
gonadal failure secondary to LH/FSHD relies on 
sex hormone replacement therapy adjusted to 
pubertal stage. In postpubertal males and females, 
the stimulation of germ cells and follicular 
growth, respectively, when deemed appropriate, 
requires referral to reproductive medicine special-
ists (Kenney et al. 2012; Metzger et al. 2013).

15.4.1.3  Thyroid Stimulating 
Hormone (TSH) Deficiency 
(TSHD)

Deficiency in TSH, also known as central hypo-
thyroidism, causes a decline of thyroid hormone 
production because of insufficient stimulation by 
the hypothalamus/pituitary. The prevalence of 
TSHD was estimated at 3.4–7.5% in large cohorts 
of childhood cancer and brain tumor survivors 
(Livesey and Brook 1989; Schmiegelow et  al. 
2003). The 4-year cumulative incidence of TSHD 
reached 28 ± 8% in childhood embryonal tumor 
survivors treated under a protocol combining 
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CSI, additional cranial RT to the posterior fossa 
and high-dose myeloablative chemotherapy fol-
lowed by autologous stem cell rescue (Fig. 15.5) 
(Laughton et al. 2008). The main risk factor asso-
ciated with TSHD is exposure to doses of cranial 
RT ≥ 30 Gy (Chemaitilly et al. 2015; Rose et al. 
1999). Caucasians may also have a higher risk 
when compared to other races (Chemaitilly et al. 
2015). The symptoms of TSHD are identical to 
those of primary hypothyroidism and include, in 
children, decreased stamina, decreased growth 
velocity, excessive weight gain, and delayed skel-
etal maturation. Other symptoms of hypothyroid-
ism are constipation, cold intolerance, and 
depression. A plasma free T4 (FT4) below nor-
mal, coinciding with a low or “inappropriately” 
normal plasma TSH, is characteristic of TSHD 
(Barnes and Chemaitilly 2014). Replacement 
therapy with levothyroxine is the mainstay of the 
treatment of TSHD; doses should be adjusted to 
maintain FT4 values within mid to high normal 
ranges. In patients with TSHD, plasma TSH val-
ues are not helpful in monitoring the treatment of 
patients as they are expected to remain low, 
regardless of whether the doses of treatment are 
adequate or not (Barnes and Chemaitilly 2014).

15.4.1.4  Adrenocorticotropic 
Hormone (ACTH) Deficiency 
(ACTHD)

Deficiency in ACTH, also known as central adrenal 
insufficiency, causes insufficient glucocorticoid 
(cortisol) secretion by the adrenal glands due to 
inadequate stimulation by the hypothalamus/pitu-
itary. Production of mineralocorticoid (aldoste-
rone), which regulates electrolyte balance, is less 
commonly affected as it is largely controlled by the 
kidneys via the renin-angiotensin-aldosterone sys-
tem. Estimates of the prevalence of ACTHD in sur-
vivors of childhood cancers and brain tumors have 
varied between 4 and 43% due to differences in the 
studied populations and testing modalities 
(Chemaitilly et  al. 2015; Laughton et  al. 2008; 
Rose et  al. 2005). In the study of children with 
embryonal brain tumors treated with CSI, addi-
tional cranial RT to the posterior fossa and high-

dose myeloablative chemotherapy followed by 
stem cell rescue, the 4-year cumulative incidence 
of ACTHD was 38  ±  6% (Fig.  15.5) (Laughton 
et al. 2008). Symptoms of ACTHD include fatigue, 
weakness, decreased appetite, nausea, emesis, fre-
quent illnesses, and vulnerability to infections. 
When exposed to a severe illness, patients with 
ACTHD may experience rapid clinical deteriora-
tion with hypoglycemia, seizures, and hypotensive 
shock if they are not treated with higher “stress” 
doses of intravenous or intramuscular glucocorti-
coids expeditiously. The diagnosis of ACTHD 
must be suspected in patients with 8 AM plasma 
cortisol levels <10  μg/dL.  The confirmatory test 
most commonly used is the low-dose ACTH 
dynamic test. A peak cortisol value <16 μg/dL fol-
lowing the administration of 1 μg of ACTH is gen-
erally considered diagnostic of ACTHD (Chrousos 
et  al. 2009). Patients with ACTHD should be 
treated with maintenance doses of hydrocortisone, 
generally close to 10  mg/m2 per day given three 
times daily. The doses should be adjusted to 
respond to illness and patients should be treated 
with high doses of intravenous or intramuscular 
hydrocortisone in situations of severe illness or in 
preparation for significant medical procedures, 
such as those requiring sedation and/or general 
anesthesia (Chemaitilly and Sklar 2010). Patients 
and families should receive education on how to 
respond to moderate to severe illness by using 
higher doses of hydrocortisone (“stress dose teach-
ing”) orally or intramuscularly (in situations of 
emesis and severe diarrhea) until they can receive 
further medical advice. Patients should be 
instructed to carry some form of documentation 
that they have a diagnosis of adrenal insufficiency 
at all times (via cards, bracelets, etc.) in case they 
are found unconscious in the absence of their usual 
caregivers (Barnes and Chemaitilly 2014).

15.4.1.5  Hyperprolactinemia
Hyperprolactinemia can occur following disrup-
tions of hypothalamic/pituitary connections 
because of the loss of hypothalamic inhibition 
on prolactin secretion (Constine et  al. 1993). 
Tumor growth, surgical resections, and doses of 
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radiotherapy >30–50 Gy can cause such disrup-
tions and be associated with increased prolactin 
levels. Symptoms of hyperprolactinemia include 
galactorrhea and decreased sex hormone produc-
tion (Barnes and Chemaitilly 2014). However, in 
childhood CNS tumor survivors, it tends to be 
asymptomatic and rarely warrants treatment 
given the high risks of concomitant LH/FSHD 
and gonadal dysfunction in this population.

15.4.1.6  Central Diabetes Insipidus
Central diabetes insipidus is defined by the inabil-
ity to retain free water, with ensuing polyuria and 
polydipsia because of a deficit in the secretion and 
release of the antidiuretic hormone (ADH) by the 
hypothalamus and the posterior pituitary, respec-
tively. Central diabetes insipidus is generally the 
consequence of an anatomical insult to the hypo-
thalamus and/or pituitary and is not associated 
with cranial RT. It is usually present at the time of 
tumor diagnosis and/or surgical resection (Ramelli 
et al. 1998). However, central diabetes insipidus is 
frequently permanent, and is often among the 
more challenging endocrine dysfunctions in a 
large subset of brain tumor survivors (Barnes and 
Chemaitilly 2014). Certain tumors, such as germ 
cell tumors or hypophyseal non-Hodgkin lym-
phomas, can be revealed by diabetes insipidus 
(Ramelli et al. 1998; Silfen et al. 2001). This defi-
ciency is, however, more commonly described in 
the context of panhypopituitarism accompanying 
sellar/supra-sellar tumors and/or the surgical 
resection required to remove them. Central diabe-
tes insipidus is treated using desmopressin; 
replacement doses are adjusted by taking into 
account the patient’s ability to sense thirst (which 
could be impaired due to hypothalamic injury), 
fluid intake, urine output and changes in body 
weight in order to maintain adequate hydration 
and avoid hyponatremia and seizures related to 
overtreatment (Di Iorgi et  al. 2012; Mishra and 
Chandrashekhar 2011). The management of 
patients with altered thirst sensation usually 
requires the determination of a fixed daily fluid 
intake in addition to a fixed dose of desmopressin 
(Mishra and Chandrashekhar 2011).

15.4.2  Thyroid Disorders

Thyroid dysfunction is common following direct 
or indirect radiation exposures of the gland. In 
CNS tumor survivors, such exposures include 
scatter radiation from whole brain RT and 
CSI.  Patients exposed to these treatments may 
develop primary hypothyroidism and thyroid 
cancer.

15.4.2.1  Hypothyroidism
The prevalence of primary hypothyroidism 
ranges between 41 and 51% among patients 
treated with CSI (Laughton et al. 2008; Livesey 
and Brook 1989; Schmiegelow et al. 2003). In a 
cohort of patients with medulloblastoma, the 
cumulative prevalence for this disorder reached 
65 ± 7% by 4 years from diagnosis (Fig.  15.5) 
(Laughton et  al. 2008). Significant associations 
with cranial RT alone were described by some, 
but not all, authors (Livesey and Brook 1989; 
Schmiegelow et  al. 2003). A potentiating effect 
of chemotherapy along with CSI has been 
reported but not established (Schmiegelow et al. 
2000; Livesey and Brook 1989; Ogilvy-Stuart 
et al. 1991). The majority of the cases reported in 
these studies had subclinical forms of primary 
hypothyroidism, in which thyroid hormone levels 
are normal but TSH levels are elevated (Barnes 
and Chemaitilly 2014). The reported prevalence 
of decompensated forms (i.e., patients with 
abnormally low FT4 and increased TSH levels) is 
much lower at 5.6–7.9% (Livesey and Brook 
1989; Schmiegelow et al. 2003). Primary hypo-
thyroidism may still occur decades after the 
exposure to radiation and patients at risk should 
have lifelong follow-up with yearly measurement 
of TSH and FT4 levels (Chemaitilly and Sklar 
2010). The clinical symptoms are similar to those 
observed in patients with TSHD (see Sect. 
17.4.1.3). The mainstay of replacement therapy 
is levothyroxine at doses maintaining plasma 
FT4 levels between the middle and the upper 
limit of the normal range while keeping plasma 
TSH levels within the normal range (in contrast 
to TSHD).

15 Long-Term Outcomes Among Survivors of Childhood Central Nervous System Malignancies



360

15.4.2.2  Thyroid Cancer
Thyroid cancer was the second most common 
subsequent neoplasm observed in a report on 455 
survivors of childhood medulloblastoma fol-
lowed for a mean 16 years; a mean latency period 
of 24.8 years was noted for thyroid cancer in this 
population (Ning et al. 2015). While this report 
does not specifically comment on the risk factors 
associated with thyroid cancer, it is likely related 
to exposure to CSI at a young age, given the 
established linear-exponential dose–response 
association relationship with RT exposure where 
risk increases linearly up to 30  Gy and doses 
>30 Gy actually provide decreased risk, consis-
tent with a cell killing effect (Bhatti et al. 2010). 
The most common presentation for thyroid can-
cer is the presence of a palpable nodule or a cer-
vical lymph node. The currently recommended 
screening modality in survivors deemed at risk of 
thyroid neoplasia by the Children’s Oncology 
Group is yearly examination of the neck by an 
experienced provider, although significant con-
troversy surrounds this subject with others sug-
gesting the use of ultrasound (Li et al. 2014). The 
diagnosis is confirmed by a positive result on a 
fine needle aspiration biopsy of a suspected nod-
ule; the treatment approach and prognosis are 
identical to thyroid cancer cases diagnosed in the 
general population (Acharya et al. 2003).

15.4.3  Disorders of the Gonads

Male survivors of childhood CNS tumors may 
experience primary testicular dysfunction 
because of the risk associated with alkylating 
agent chemotherapy regimens as well as scatter 
radiation exposure from CSI (Gleeson and Shalet 
2004). The testes have two functional compart-
ments with different susceptibilities to cancer 
treatments. The endocrine compartment, respon-
sible for testosterone production, includes the 
Leydig cells. The reproductive compartment, 
responsible for sperm production, includes the 
germ cells and the Sertoli cells.

Testosterone production is impaired by the use 
of very high doses of alkylating agents, as dem-
onstrated in other, non-CNS tumor survivor pop-

ulations (Ridola et al. 2009; Bakker et al. 2004). 
Scatter radiation from CSI, however, has been 
shown not to significantly impact Leydig cell 
function (Schmiegelow et al. 2001; Ahmed et al. 
1983). The clinical signs of low testosterone pro-
duction are similar to those described in male 
patients with LH/FSHD. The laboratory diagno-
sis of Leydig cell failure relies on the measure-
ment of a low AM plasma level of testosterone 
(normative ranges vary with age and depending 
on the assay) coinciding with an elevated plasma 
LH level (Barnes and Chemaitilly 2014). 
Treatment relies on replacement therapy using 
exogenous testosterone as described in patients 
with LH/FSHD (see Sect. 17.4.1.2).

In contrast to the testosterone-producing func-
tion, spermatogenesis may be affected by both 
chemotherapy and CSI regimens used to treat 
CNS tumors (Schmiegelow et  al. 2001; Ahmed 
et al. 1983). The clinical examination of patients 
with primary germ cell failure may be remark-
able for a small testicular volume, and laboratory 
testing may show increased plasma FSH and low 
inhibin B values (Schmiegelow et  al. 2001). 
Nevertheless, the diagnosis of germ cell failure 
and/or abnormal spermatogenesis requires a 
semen analysis given the limited reliability of 
laboratory markers (Lopez Andreu et  al. 2000). 
Patients who are capable of producing a semen 
sample should be offered the option of sperm 
banking prior to their exposure to potentially 
gonadotoxic treatments (Chemaitilly and Sklar 
2010).

Endocrine and reproductive functions are 
closely interdependent in the ovarian follicle and 
the functional dichotomy (distinct endocrine and 
reproductive compartments) observed in the tes-
tes is not replicated in the ovaries. The ovaries 
have been shown to potentially incur damage 
from scatter radiation related to CSI (Livesey and 
Brook 1988) and from chemotherapy (Ahmed 
et  al. 1983) in survivors of childhood brain 
tumors. In a report on 31 patients diagnosed with 
medulloblastoma during childhood, the preva-
lence of ovarian failure at a median age of 
16.6 years was 25.8% (Balachandar et al. 2014). 
In this study, the main risk factor associated 
with ovarian failure was high-dose chemotherapy 
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followed by autologous stem cell rescue; up to 
60% of patients who received this treatment 
modality experienced ovarian failure, despite not 
being exposed to CSI.  A higher percentage of 
patients treated with CSI at ≥35 Gy vs. ≤24 Gy 
experienced ovarian failure (22.2% vs. 5.9%) but 
this did not reach statistical significance, given 
the small number of patients in each group 
(Balachandar et al. 2014). These numbers likely 
underestimate the risk of ovarian failure in this 
population, as patients may still experience pre-
mature menopause during the course of their 
follow-up (Sklar et al. 2006). As with LH/FSHD 
(see Sect. 17.4.1.2) patients with primary ovarian 
failure may present with delayed or interrupted 
pubertal development or with primary or second-
ary amenorrhea in postpubertal females. 
Laboratory values combine low plasma estradiol 
and elevated FSH levels (Chemaitilly and Sklar 
2010). Sex hormone replacement therapy is war-
ranted in females with ovarian failure who would 
otherwise be at risk of poor bone mineral density, 
increased cardiovascular morbidity, and poor 
quality of life (Metzger et  al. 2013). Mature 
oocyte cryopreservation may represent a viable 
option for young pubertal females prior to 
gonadotoxic therapies (Barnes and Chemaitilly 
2014).

15.4.4  Abnormal Body Composition

15.4.4.1  Decreased Bone Mineral 
Density (BMD)

Survivors of childhood CNS tumors are suscep-
tible to developing decreased BMD (Gurney 
et al. 2003a; Cohen et al. 2012). In a report com-
piling data on 1607 childhood brain tumor survi-
vors and 3418 randomly selected sibling controls 
enrolled in the CCSS, the risk of low BMD was 
significantly higher in survivors vs. controls 
(RR  =  24.7; 95% CI 9.9–61.4) (Gurney et  al. 
2003a). Several factors may contribute to this 
risk, including treatment toxicities, untreated 
hormonal deficiencies (GH, sex steroids), and 
rather sedentary lifestyles (Chemaitilly et  al. 
2015; Cohen et al. 2012). Optimizing bone health 
in this population requires adequate screening 

and replacement of hormonal deficiencies, 
including vitamin D (Sala and Barr 2007). 
Patients should also engage in a healthy and 
active lifestyle, receive adequate amounts of cal-
cium through diet, and refrain from smoking 
(Sala and Barr 2007).

15.4.4.2  Overweight and Obesity
The prevalence of obesity and overweight in the 
overall population of childhood CNS tumor sur-
vivors was reported as comparable to that 
observed in the general population in large cohort 
studies (Gurney et al. 2003b). However, patients 
with sellar/suprasellar tumors and those with 
hypothalamic injury do experience obesity at 
much higher rates and with higher degrees of 
severity (Lustig et al. 2003b; Muller 2014). The 
prevalence of severe obesity in patients with cra-
niopharyngioma was reported at 55%, despite the 
adequate and complete substitution of all hor-
monal deficiencies (Muller 2014). These patients 
may experience “hypothalamic” or “central” 
obesity, which is characterized by hyperphagia 
and rapid weight gain (Lustig et al. 2003b). This 
phenomenon may be caused by increased para-
sympathetic tone and ensuing hyperinsulinemia 
(Lustig et  al. 2003a). Treatment approaches for 
this particular type of obesity have included 
octreotide and dextroamphetamine (Lustig et al. 
2003a; Mason et  al. 2002). Octreotide allowed 
the stabilization of BMI over a period of 6 months 
in a randomized, double-blind placebo controlled 
study of 18 individuals with hypothalamic obe-
sity (Lustig et al. 2003a). The use of dextroam-
phetamine allowed the stabilization of BMI over 
a period of 24 months in five children with hypo-
thalamic obesity (Mason et al. 2002). The small 
number of patients in these studies and the cost 
and possible side effects of the treatments used, 
in addition to the limited data supporting long-
term safety and efficacy, have limited the wider 
adoption of these treatment strategies.

Endocrine late effects are among the most 
commonly observed sequelae in survivors of 
childhood brain tumors. Endocrine  complications 
may be present at the time of presentation in a 
child diagnosed with a brain tumor, and they may 
continue to appear years and decades following 
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the initial diagnosis, throughout adulthood and 
middle age, potentially feeding into their 
increased risks of adverse long-term health out-
comes. The importance of the long-term follow-
up of this vulnerable group of patients cannot be 
overemphasized (Table 15.2).

15.5  Long-Term Neurologic 
Complications

Depending upon tumor location and histopatho-
logical diagnosis, varying combinations of treat-
ment, including surgical resection, chemotherapy, 
and RT, are utilized to maximize 5-year survival 
in children with brain tumors. Neurologic deficits 
may develop at or prior to diagnosis due to tumor 
involving eloquent areas of the brain, or from 
effect of surgical resection. However, as survi-
vors age, neurologic complications arising from 
acute and/or long-term effects of radiation and 
chemotherapy have become increasingly 
apparent.

15.5.1  Cerebrovascular Disease

Numerous reports provide evidence for an 
increased incidence of cerebrovascular disease 
among survivors of childhood CNS tumors 
(Bowers et al. 2006; Campen et al. 2012; Mueller 
et al. 2013; Noje et al. 2013). Many of these stud-
ies focused on symptomatic stroke (intracranial 
hemorrhage or ischemic infarct) and did not 
assess asymptomatic vascular stenosis, infarcts, 
or hemorrhages, nor did they confirm stroke 
based on CNS imaging. As a consequence, they 
likely underestimate the prevalence and inci-
dence of cerebrovascular disease in CNS tumor 
survivors. The CCSS has provided the largest 
study to date, which includes 1871 survivors of 
childhood CNS tumors (Bowers et  al. 2006). 
Data was collected via a self-reported question-
naire and included sibling controls. The inci-
dence of late occurring stroke was 267.6/100,000 
person-years and relative risk for first stroke of 
29.0 (95% CI 13.8–60.6) compared to siblings. A 
relatively smaller single institution study of 431 

childhood brain tumor survivors, which included 
a systematic chart and imaging review, reported 
an even higher incidence (548/100,000 person-
years) of ischemic stroke or transient ischemic 
attack (Campen et al. 2012).

15.5.1.1  Types of Stroke
Both intracranial hemorrhage and ischemic 
stroke have been reported in approximately equal 
proportions in long-term survivors (Noje et  al. 
2013). Intracranial hemorrhage may be related to 
radiation-induced cavernous malformations, 
which have been described in adult and pediatric 
CNS tumor survivors (Duhem et  al. 2005; Di 
Giannatale et al. 2014; Lew et al. 2006). Minor 
hemorrhage in a cavernous malformation is not 
uncommon and only rarely requires surgical 
intervention (Di Giannatale et  al. 2014). 
Hemorrhage in a cavernous malformation is gen-
erally of low pressure, is self-limited, and rarely 
causes life-threatening complications, although it 
may be a nidus for seizures or new neurologic 
deficit. Survivors of CNS radiation therapy may 
also develop small (<0.5 cm) micro hemorrhages, 
which may be numerous and are best visible on 
susceptibility-weighted or gradient echo 
sequences on MRI (Fig. 15.7) (Kyrnetskiy et al. 
2005). These likely represent micro bleeds in tel-
angiectatic malformations. It is not clear if these 
increase the risk of symptomatic ischemic stroke 
or hemorrhage. However, in adults with no his-
tory of cancer, presence of micro hemorrhages is 
known to increase the risk for ischemic stroke 
(Boulanger et al. 2006).

15.5.1.2  Risk Factors
Radiation exposure has consistently been associ-
ated with an increased risk for stroke (Bowers 
et  al. 2006; Campen et  al. 2012; Duhem et  al. 
2005). One study suggested that exposure to 
alkylating agents increased stroke risk as well 
(Bowers et al. 2006). Time from radiation expo-
sure may also increase the risk (Yuan et al. 2014). 
Animal studies suggest that radiation treatment 
promotes atherogenesis in irradiated arteries 
(Stewart et  al. 2006; Hoving et  al. 2008). 
Underlying pathophysiology has not been fully 
elucidated, but may include oxidative stress and 
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Table 15.2 Endocrine complications observed in survivors of childhood central nervous system tumors

Complication Risk factors Clinical symptoms Evaluation/labs Intervention

GH deficiency  –  Damage to HPA by 
tumor growth and/or 
surgical resection

 –  Radiotherapy to HPA 
>18 Gy

 –  Growth 
deceleration

 – Short stature

 –  Bone age X-ray,
 –  IGF1, GH stimulation 

test

GH replacement

Central 
precocious 
puberty

 –  Tumor growth near 
HPA

 –  Radiotherapy to HPA 
≥18 Gy

 –  Puberty <8 years 
(girls) or 9 years 
(boys)

 – Bone age X ray,
 –  LH, FSH, sex 

hormones
 –  GnRH agonist 

stimulation test

GnRH agonist

LH/FSH 
deficiency

 –  Damage to HPA by 
tumor growth and/or 
surgical resection

 –  Radiotherapy to HPA 
≥30 Gy

 –  Delayed puberty
 –  Irregular menses
 –  Low sex hormone 

signs

 – Bone age X ray,
 –  LH, FSH, sex 

hormones

Induction of puberty/
sex hormone 
replacement

TSH deficiency  –  Damage to HPA by 
tumor growth and/ or 
surgical resection

 –  Radiotherapy to HPA 
≥30 Gy

Hypothyroidism  – Free T4
 –  TSH useful for 

diagnosis (low) but not 
follow up

Levothyroxine

ACTH 
deficiency

 –  Damage to HPA by 
tumor growth and/or 
surgical resection

 –  Radiotherapy to HPA 
≥30 Gy

Adrenal insufficiency  – 8 AM cortisol
 –  Low dose ACTH 

stimulation test

Hydrocortisone and 
stress dose teaching

Central 
diabetes 
insipidus

 –  Damage to HPA by 
tumor growth and/or 
surgical resection

Polyuria, polydipsia Monitor fluid intake/urine 
output; electrolytes, serum/
urine osmolality

Fluid management 
and DDAVP

Primary 
hypothyroidism

Indirect neck irradiation 
(CSI, CRT)

Hypothyroidism TSH, Free T4 Levothyroxine

Thyroid 
neoplasms

Indirect neck irradiation 
(CSI, CRT)

Thyroid nodule or 
cervical lymph node

 –  Yearly palpation of 
neck

 –  Thyroid ultrasound, 
FNAB

Per etiology

Leydig cell 
dysfunction

High dose alkylating 
agents

 –  Delayed puberty
 –  Low sex hormone 

signs

8 AM testosterone, LH, 
FSH

Replacement therapy

Male germ cell 
dysfunction

 –  Indirect testicular 
irradiation

 – Alkylating agents

Male infertility  –  Baseline FSH,  
inhibin B

 –  Adults: Semen Analysis

Prevent infertility 
with sperm banking

Ovarian failure  –  Indirect ovarian 
irradiation

 – Alkylating agents
 –  Higher risk at older 

age

 –  Delayed puberty
 –  Irregular menses
 –  Female infertility

Baseline LH, FSH, 
estradiol

 –  Replacement 
therapy

 –  Prevent infertility 
with oocyte 
cryopreservation

Osteoporosis  –  Glucocorticoids, 
methotrexate

 –  Untreated hormone 
deficiencies

 –  Nutritional/lifestyle 
causes

Increased fracture 
risk

 – BMD studies
 – Vitamin D 25 levels

Per etiology

Obesity, 
overweight, 
metabolic 
syndrome

 –  Hypothalamic damage 
due to tumor 
expansion and/ or 
surgery

 – CRT

Abnormal weight 
gain, obesity and 
overweight

 – Waist to hip ratio
 –  Fasting: glucose, lipids, 

insulin, HbA1c

 –  Lifestyle 
modifications- 
diet, physical 
activity

 – Per etiology

GH growth hormone, HPA hypothalamic pituitary axis, IGF-1 insulin-like growth factor-1, LH luteinizing hormone, 
FSH follicle stimulating hormone, TSH thyroid stimulating hormone, ACTH corticotropin, DDAVP desmopressin, CSI 
cranio-spinal radiotherapy, CRT cranial radiotherapy, FNAB ultrasound guided fine needle aspiration biopsy, BMD bone 
mineral density
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production of free radicals, endothelial cell stimu-
lation, production of transcription factors, reduced 
responsiveness to nitrous oxide, and generation of 
inflammatory cytokines (Robbins and Zhao 2004; 
Halle et al. 2011; Sugihara et al. 1999; Napoli and 
Ignarro 2009; Hansson and Libby 2006; Krysiak 
et al. 2011). Radiation-induced risk for cerebro-
vascular disease is dose dependent with maxi-
mum risk for doses ≥50 Gy (Bowers et al. 2006; 
Campen et al. 2012; Mueller et al. 2013). Risk of 
symptomatic events may be increased if large 
arteries in the pre-pontine cistern or circle of 
Willis are irradiated (Bowers et al. 2006; Campen 
et al. 2012; Haddy et al. 2011). Risk of Moyamoya 
disease was 3.5% in a single institution cohort of 
345 survivors (Ullrich et al. 2007). In addition to 
radiation dose, this study also found younger age 
at radiation treatment, a diagnosis of neurofibro-
matosis, and presence of optic pathway tumor as 
risk factors for development of vascular stenosis 
and Moyamoya disease.

Only a minority of survivors who are treated 
with cranial radiation develop clinical stroke. There 
are undoubtedly host factors that have not been 
adequately studied and identified. There may be a 
genetic disposition for development of intracranial 

vascular disease after exposure to radiation treat-
ment. Indeed, a recent study suggested an increased 
tendency for development of carotid plaque when a 
certain haplotype was present in PON1, an anti-
atherosclerotic gene (Yuan et al. 2015).

Migraine headaches, particularly those with 
an aura, are associated with an increased risk of 
ischemic stroke in non-cancer patients. 
Interestingly, a study of 265 pediatric patients 
with CNS tumors found a 19% prevalence of 
ischemic stroke in those with recurrent headaches 
compared to 3% in those without (hazard ratio 
5.3, 95% CI 1.8–15.9) (Kranick et al. 2013). As 
survivors age, traditional cardiovascular risk fac-
tors may compound the risk for stroke. CCSS 
recently assessed diabetes, hypertension, smok-
ing, and oral contraceptive use, and found a four-
fold increased hazard of stroke in survivors with 
hypertension. This risk was even higher if hyper-
tension coexisted with diabetes mellitus or black 
race (Mueller et al. 2013).

15.5.1.3  Management
There are no evidence-based guidelines for early 
detection or prevention of stroke. Generally, anti-
platelet therapy is not recommended for asymp-

Fig. 15.7 Susceptibility-weighted images show multiple dark microhemorrhages in cortical and subcortical areas in 
both images. A left insular cavernoma is present in the right image
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tomatic smooth <50% narrowing of a major 
intracranial vessel, or asymptomatic periventric-
ular hyperintense lesions on T2 MRI, or small 
periventricular lacunar infarcts. The latter repre-
sent small vessel hyalinosis likely not responsive 
to antiplatelet therapy. For a more severe or irreg-
ular stenosis, low dose daily or alternate day aspi-
rin may be considered. In the presence of a severe 
asymptomatic stenosis antiplatelet therapy is rea-
sonable when there is adequate collateralization 
seen on digital subtraction angiography. However, 
a surgical revascularization procedure in addition 
to antiplatelet therapy should be given strong 
consideration when there is severe or progressive 
vascular stenosis and inadequate cortical collat-
eralization, or if a stenosis causes clinical stroke 
or TIA with inadequate cortical collateralization. 
Extradural arterial synangiosis is the procedure 
of choice and must be performed by an experi-
enced neurosurgeon (Fig.  15.8). At least one 
study reported good long-term vascular outcome 
after this procedure (Scott et  al. 2004). Finally, 
all conventional cerebrovascular risk factors must 
also be rigorously controlled. Management of 
cerebrovascular disease is largely empirical and 
further research is needed not only in acute 
 management of stroke but also in primary and 
secondary prevention.

15.5.2  Seizure

Seizure as a presenting symptom of CNS tumor is 
less common in children compared to adults and 
this may reflect a dominance of posterior fossa 
tumors in children. Two separate studies reported 
9% and 12% of childhood brain tumors presenting 
with seizures (Khan et  al. 2005; Ibrahim and 
Appleton 2004). Seizure as a presenting symptom 
was similar (12.5%) in 280 children with low-
grade brain tumors (Khan et al. 2006a). However, 
seizure frequency may approach 75–100% in glio-
neuronal tumors involving the temporal lobe 
(Wells et al. 2012). Overall seizure prevalence of 
15–25% in children with CNS tumors is also lower 
compared to 30–50% in adults (Khan et al. 2005; 
Khan et al. 2006a; Packer et al. 2003). Most sei-
zures develop at diagnosis or within the first few 
months after diagnosis of CNS tumor, but up to 
6% of patients may develop late onset epilepsy 
after tumor diagnosis and treatment (Khan et  al. 
2005; Packer et al. 2003). Although a vast majority 
of patients with seizures have supratentorial 
tumors, particularly involving the cortex, seizures 
can develop in posterior fossa tumor as well (Khan 
et al. 2005). This is likely due to cortical dysfunc-
tion or injury from hydrocephalus, external ven-
tricular drain, or a ventriculo-peritoneal shunt.

Fig. 15.8 T2-weighted image on the left shows a remote 
right frontal ischemic infarct and two left periventricular 
lacunes. T1 post contrast axial image after subtraction in 
the middle shows fine vascular blush in the basal ganglia 
area consistent with moyamoya disease. Prominent corti-
cal circulation after extradural arterial synaniosis proce-

dure can be seen bilaterally. MR angiogram in the right 
image shows intracranial termination of bilateral internal 
carotid arteries, absence of middle and posterior cerebral 
arteries, bilateral deep vascular blush of moyamoya, and 
cortical collateralization
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15.5.2.1  Seizure Phenotype
The presentation of tumor-related seizures 
depends on the region of the brain involved. 
Seizure type may be simple-partial where there is 
no loss of awareness, or complex-partial when 
there is partial or complete loss of awareness, and 
either may progress to secondary generalization 
with loss of posture and tonic-clonic activity. A 
seizure may start as generalized tonic clonic, but 
a careful history will often reveal premonitory 
symptoms consistent with focal onset, such as 
head or eye deviation, speech arrest, paresthesia, 
or gustatory or olfactory hallucinations. Status 
epilepticus is uncommon but was reported in 3% 
in one study (Khan et al. 2005).

15.5.2.2  Pathophysiology
Underlying mechanisms of seizure generation in 
patients with CNS tumors is not completely 
understood. Pathological studies have demon-
strated abnormal brain structure adjacent to 
tumor and in many cases frank cortical dysplasia 
is present (Prayson 2010). Molecular markers 
such as BRAF/V600, mammalian target of 
rapamycin (mTOR) activation, and IDH1/IDH2 
mutations within the tumor have been evaluated 
and may be associated with higher risk of sei-
zures (Ruda and Soffietti 2015). Improvement of 
intractable epilepsy with everolimus, an mTOR 
inhibitor, in patients with tuberous sclerosis lends 
support to this hypothesis (Krueger et al. 2013). 
Glutamate is an excitatory neurotransmitter and 
its release by glioma cells has been shown in pre-
clinical models of glioma (Ruda and Soffietti 
2015; Douw et  al. 2013). However, the role of 
molecular factors contributing to seizure risk is 
not settled and further work is needed. 
Additionally, magnetic encephalogram studies 
have suggested altered peri-tumoral brain net-
works, and glioneuronal tumors may themselves 
have epileptogenic neurons within them (Douw 
et al. 2013; Douw et al. 2010).

15.5.2.3  Treatment
Prophylactic use of anti-seizure medications 
prior to development of seizures is not warranted 
in patients with CNS tumors, and anti-seizure 

drugs may be discontinued a week after the crani-
otomy if initiated in the absence of seizure. This 
was the position statement of the American 
Academy of Neurology steering committee on 
the subject after reviewing five randomized trials 
(Glantz et  al. 2000). Because a second seizure 
may develop in up to 64–89% of children with 
CNS tumor after experiencing their first seizure 
(Khan et  al. 2005; Khan et  al. 2006a), most 
neuro-oncologists will start an anti-seizure medi-
cation after the first unequivocal seizure. 
Principles of seizure management are similar to 
those in non-cancer patients (i.e., use of single 
agent if possible, use of minimum dose needed, 
choice of second drug based on mechanism of 
action and drug interactions, and referral to an 
epilepsy center if seizures fail to control with two 
or more anti-seizure medications) (Engel et  al. 
2003). In patients with CNS tumors, complete 
surgical resection of the tumor improves seizure 
outcome (Ruda et al. 2012). It is still not estab-
lished whether use of intraoperative electrocorti-
cography improves seizure outcome over simple 
gross total lesionectomy (Ruda et al. 2012).

15.5.2.4  Choice of Anti-Seizure 
Medications

In 2000, a study showed adverse effect on over-
all survival if children with acute lymphoblastic 
leukemia were treated with enzyme inducing 
anti-seizure medications (Relling et  al. 2000). 
There have been a number of other phase I stud-
ies confirming lower levels of many chemother-
apeutic agents when treated concurrently with 
enzyme inducing anti-seizure medications (Yap 
et  al. 2008; Prados et  al. 2004). Cytochrome 
P450 enzymes of interest relevant to chemo-
therapy include CYP3A4, CYP2C9, and 
CYP2C19. Carbamazepine, phenytoin, oxcar-
bazepine, primidone, phenobarbital, prem-
panel, and high-dose topiramate induce these 
enzymes while valproic acid may suppress 
some of them. Other drugs like gabapentin, 
levetiracetam, lacosamide, zonisamide, and 
lamotrigine have none or few such effects. Two 
retrospective studies of children with CNS 
tumors and leukemia showed efficacy of gaba-

G. T. Armstrong et al.



367

pentin in controlling seizures (Khan et al. 2004, 
2005). However, because of ease of use and 
availability of intravenous formulation, leveti-
racetam has become the first choice medication 
to treat seizures based on many observational 
studies (Bauer et al. 2014). Phenytoin or pheno-
barbital are reserved for status epilepticus that 
does not resolve after initial benzodiazepine 
and a loading dose of levetiracetam, and may be 
subsequently withdrawn when the patient stabi-
lizes. Lacosamide has pharmacokinetic proper-
ties similar to levetiracetam and an intravenous 
formulation is available. It is an appropriate 
second line drug if levetiracetam fails or is not 
tolerated. Valproic acid, because of its ability to 
induce platelet dysfunction and thrombocyto-
penia, may be avoided. However, there are cur-
rently clinical trials looking at antitumor effect 
of valproic acid (Guthrie and Eljamel 2013; 
Kerkhof et al. 2013), and there is a suggestion 
of similar effect for levetiracetam as well 
(Bobustuc et al. 2010).

Approximately one-third of children with 
CNS tumors and seizures will continue to have 
breakthrough seizures or develop refractory 
intractable seizures (Khan et al. 2005). Referral 
to an epilepsy center for epilepsy surgery evalua-
tion should be considered in these children after 
they have failed therapeutic trial with two or 
more anti-seizure medications. Epilepsy surgery 
in carefully selected patients can result in resolu-
tion or improvement of seizures in children with 
CNS tumors (Ojemann et al. 2012).

There has been only one study looking at 
withdrawal of anti-seizure medications in chil-
dren with brain tumors (Khan and Onar 2006). 
In a relatively small study of 62 patients, the 
seizure recurrence rate of 27% was not different 
compared to a non-CNS tumor population with 
epilepsy. Most recurrent seizures developed in 
the first 6  months. Multiple tumor resections 
and whole brain radiation increased seizure risk 
while the presence of infrequent spikes on EEG 
did not. Seizure recurrence was also less likely 
in posterior fossa tumors. In carefully selected 
patients who have had long-standing seizure 
control, have required only single seizure medi-
cation, have not had frequent spikes on EEG, 

and had few seizures before gaining control, it 
is reasonable to consider anti-seizure drug 
withdrawal.

Injury precautions, driving statutes, and poten-
tial for teratogenicity should be discussed with all 
survivors on seizure medications. There is a risk 
for osteoporosis with chronic use of anti-seizure 
medications and this risk may be enhanced in 
brain tumor survivors, especially if they have 
endocrine dysfunction. Vitamin D levels should 
be periodically checked in survivors taking anti-
seizure medications and its deficiency should be 
appropriately treated. Physical activity should be 
encouraged in all survivors taking anti-seizure 
medications.

15.5.3  Headache

Although many children with CNS tumors will 
have headache as one of the presenting symp-
toms of their tumor (Wilne et al. 2007), preva-
lence, severity, types, outcome, and effect of 
headache on quality of life has been inade-
quately studied among long-term survivors. A 
Finnish study of 740 survivors found an elevated 
risk of headaches in survivors compared to 
healthy siblings (Gunn et al. 2015). Another ret-
rospective study of 81 children found headache 
in 21% of medulloblastoma, 26% of pilocytic 
astrocytoma, and 56% of craniopharyngioma 
survivors (Johnson et al. 2009). A retrospective 
study of survivors of craniopharyngioma from 
St. Jude Children’s Research Hospital reported 
that 68% had headaches prior to diagnosis, 78% 
during treatment, and only 25% still had head-
ache at a median follow-up of more than 2 years 
(Khan et al. 2013). The majority fulfilled diag-
nostic criteria for migraine headaches, while 
22% had episodic tension type headaches. Large 
tumor volume and distortion of circle of Willis 
were risk factors for frequent and severe head-
aches. The approach to treatment of headache in 
cancer survivors is similar to the general popu-
lation. However, because of their potential to 
cause vasoconstriction, triptan drugs should be 
avoided when steno-occlusive vasculopathy is 
present.
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15.5.4  Stroke-like Migraine After 
Radiation Treatment (SMART 
Syndrome)

Transient stroke-like symptoms and headaches in 
childhood cancer survivors were first reported in 
1995 (Shuper et al. 1995). Stroke-like symptoms 
may develop with or without headaches and have 
been reported in children and adults (Armstrong 
et al. 2014). SMART syndrome develops usually 
a year or more after brain tumor radiation. A 
careful history may reveal that stroke-like symp-
toms develop more slowly over minutes to hours, 
may wax and wane, and may involve more than 
one vascular territory. There may or may not be 
an accompanying headache. MRI may reveal 
gyral swelling, cortical enhancement, patchy 
areas of diffusion restriction (Fig. 15.9), or may 
be normal (Armstrong et  al. 2014). EEG may 
show focal slowing. Different treatments have 
been tried, including antiplatelet therapy, intrave-
nous immunoglobulin, or high-dose steroids 
(Armstrong et al. 2014). Symptoms recover over 

a few days in most patients, but recovery is 
incomplete in some and laminar necrosis on MRI 
may develop (Black et al. 2013). Recurrent epi-
sodes may develop. SMART syndrome should be 
considered in the differential diagnosis of stroke 
in cancer survivors so that inappropriate throm-
bolytic therapy is avoided.

15.5.5  Sleep

Sleep control requires structures in hypothalamus, 
basal ganglia, and brain stem (Saper 2013). 
Orexin is a wakefulness-promoting hormone pro-
duced by cells in the lateral hypothalamus, and 
deficiency of this hormone is implicated in causa-
tion of narcolepsy (Krahn et al. 2002). One would 
expect increased or disturbed sleep if these struc-
tures are damaged with tumor or surgery, or if 
they receive high-dose radiation. Indeed many 
relatively smaller series have reported sleep dis-
turbance or daytime sleepiness in childhood CNS 
tumor survivors (Mandrell et al. 2012; Rosen and 

Fig. 15.9 T1-weighted post contrast image (right) of a patient with SMART syndrome shows cortical enhancement in 
the frontal, parietal, and occipital cortices. FLAIR image on the right shows gyral swelling in the corresponding areas
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Brand 2011; Nolan et al. 2013). These studies of 
symptomatic patients revealed daytime sleepiness 
to be the most common symptom. Polysomnogram 
testing showed increased sleep latency, sleep-dis-
ordered breathing, obstructive sleep apnea, hyper-
somnia, and narcolepsy. Most of the CNS tumors 
in these studies were located in the sella–parasel-
lar area, or in the brainstem. Paradoxically, a 
study of 299 brain tumor survivors and siblings 
did not find a meaningful difference in sleep 
disturbance or daytime sleepiness between the 
two groups based on Pittsburgh Sleep Quality 
Index and Epworth Sleepiness Scale (Mulrooney 
et al. 2008; Dewald-Kaufmann et al. 2014).

15.5.5.1  Management
Behavior therapy and management of underlying 
anxiety if present will help with delayed sleep 
latency (Dewald-Kaufmann et al. 2014). Although 
many clinicians prescribe melatonin, there is no evi-
dence for its efficacy and no studies on its long-term 
toxicity. Obstructive sleep apnea should be man-
aged with weight loss, evaluation by an ENT sur-
geon, posture control in sleep, and continuous 
positive airway pressure treatment when indicated. 
The latter will need supervision by a sleep special-
ist. Narcolepsy is treated with utilization of strategic 
naps and medications such as modafinil, armodafinil, 
and different stimulant medications. These are all 
schedule II drugs and require close monitoring by 
clinician for appetite suppression, hypertension, 
and other cardiovascular adverse effects.

15.5.6  Auditory and Visual 
Impairment

Medulloblastoma and ependymoma arise in the 
posterior fossa and are the two of the most com-
mon childhood CNS tumors. Both are treated 
with focal radiation and medulloblastoma with 
ototoxic cisplatin. A study of 78 children with 
posterior fossa tumors treated with radiation but 
no chemotherapy showed a low probability of 
hearing impairment if cochlear dose was <30 Gy, 
while the incidence of sensori-neural hearing loss 
progressively increased with radiation dose 
above 40 Gy (Hua et al. 2008). Overall 14% had 
hearing impairment which may develop within 

few months after radiation or many years after 
completion of therapy. Another study of 72 chil-
dren found that the need for ventriculo-peritoneal 
shunt and ototoxic chemotherapy both increased 
the risk of hearing loss (Merchant et  al. 2004). 
Results from CCSS of more than 3000 adult sur-
vivors and a Finnish study of 740 survivors also 
showed an increased relative risk of hearing 
impairment, deafness, and need for hearing aid in 
adult survivors of childhood brain tumors com-
pared to siblings (Packer et  al. 2003; Whelan 
et al. 2011; Armstrong et al. 2011a). More than 
50  Gy to the posterior fossa and temporal lobe 
tumor location were risk factors. There was also 
a suggestion that prevalence of hearing impair-
ment increases with time, approaching 22% at 
15 years from treatment (Armstrong et al. 2011a).

As for vision loss in the CCSS study, the rela-
tive risk of legal blindness in one or both eyes 
was 14.8 (Packer et  al. 2003). This study also 
reported an elevated risk of cataracts and double 
vision. Another CCSS study of survivors of low-
grade glioma reported an increasing risk of blind-
ness with time approaching 18% at 15  years 
(Armstrong et al. 2011a). However, the majority 
of the tumors in this study involved the hypothal-
amus, optic chiasm, or thalamus. A study of 30 
craniopharyngioma survivors treated with radia-
tion reported visual acuity loss in one eye in at 
least 40% of survivors and visual field impair-
ment in at least 67% (Merchant et al. 2002).

15.5.7  Neurologic Deficits and Motor 
Function

Survival of medulloblastoma and ependymoma 
depends on the extent of tumor resection. The need 
for aggressive surgical resection not infrequently 
results in injury to cranial nerves, sensory motor 
tracts, or cerebellum, and may result in impaired 
swallowing, need for airway protection with tra-
cheostomy, hemiparesis, or ataxia (Morris et  al. 
2009). In one study of children with ependymoma, 
79% of the 96 study participants had some neuro-
logic functional deficit after surgery and radiation 
treatment (Morris et al. 2009). Neurologic deficits 
improved over time in most, even in those who had 
more severe deficits. Neurologic deficits were 
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mild in those who survived to 60 months after sur-
gery. Resection of supratentorial tumors when 
present close to eloquent structures may also cause 
motor weakness or sensory loss (Khan et  al. 
2006b). This study also reported improvement in 
deficits with time and that the presence of water 
diffusion restriction in a postoperative scan corre-
lated with slower and incomplete recovery. The 
self-report based CCSS reported motor problems 
in 49% and coordination problems in 26% of 1607 
survivors of CNS tumor (Packer et  al. 2003). 
Radiation to frontal lobes was noted to be a risk 
factor for motor dysfunction.

A relatively small study of 52 survivors 
reported abnormal motor function in 50% and 
need for some assistance in activities of daily liv-
ing in 13% (Pietila et  al. 2012). A study of 78 
adult survivors of childhood brain tumor and 78 
normal controls from St. Jude Children’s 
Research Hospital showed lower estimated grip 
strength, knee extension strength, and oxygen 
uptake in survivors compared to normal controls 
(Ness et  al. 2010). Interestingly, this study also 
showed that lower physical performance corre-
lated with not living independently. Impaired bal-
ance and coordination was also reported in a 
majority of survivors of posterior fossa tumors, 
especially in those with non-astrocytoma tumors. 
Frailty and pre-frailty, when defined based on 
presence of low muscle mass, exhaustion, low 
energy expenditure, slow walking speed, and 
weakness, was present in 40% of 148 survivors 
of childhood CNS tumors (Ness et  al. 2013). 
Prevalence of frailty in survivors in this study 
was similar to that reported in 65 years and older 
population, suggesting CNS tumor survivors may 
be experiencing accelerated aging.

15.5.7.1  Management
There is little data on treatment or interventions to 
improve physical functioning in cancer survivors. 
Exercise, both aerobic and isometric, has been 
shown to improve frailty in older adults. There are 
studies looking at exercise as an intervention to 
improve motor function and endurance. In our 
opinion, it is appropriate to guide childhood brain 
tumor survivors toward a healthier eating and an 
appropriate graded exercise program.
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16.1  Introduction

Despite significant advances in the treatment of 
pediatric malignant tumors over the past several 
decades, cancer remains the leading cause of 
death by disease for children and adolescents in 
the United States (Arias et al. 2003). Brain tumors 
constitute a substantial proportion of childhood 
malignant neoplasms (Miltenburg et  al. 1996), 
among which they have the highest disease-
related mortality rate (Packer 1995). In addition 
to often facing a poor prognosis, children with 
brain cancer suffer from a distinct and significant 
constellation of symptoms secondary to both the 
primary disease and the acute and persistent 
sequelae of treatment (Hendricks-Ferguson 2008; 
Lannering et  al. 1990), and these symptoms 
adversely affect the quality of life for both 
patients and their families (Wolfe et  al. 2008). 
Additionally, the negative effects on the parents’ 
long-term emotional and psychological well-
being of inadequate communication and the 
insensitive delivery of bad news are well docu-
mented (Contro et al. 2004), and doctor–patient 
communication and continuity of care have been 
characterized as markers of high-quality physi-
cian care (Mack et al. 2005).

Palliative care for children is the active total 
care of the child’s body, mind, and spirit while 
giving additional support to the family. This 
approach uses early identification and treatment 
of sources of physical, psychosocial, and spiri-
tual distress to prevent and relieve suffering in 
patients with life-threatening illnesses and their 
families. The integration of palliative care prin-
ciples and practices should begin when a serious 
disorder is diagnosed and should continue 
throughout the course of illness, regardless of 
whether or not a child receives treatment directed 
at the disease. The National Quality Forum 
(NQF), the Institute of Medicine (IOM), and the 
National Institutes of Health have identified pal-
liative and end-of-life care as a national priority 
and have proposed that palliative care should be a 
key component of high-quality medical care for 
children with advanced illness. The NQF has out-
lined preferred practices to ensure that high-qual-
ity palliative care is provided (National Quality 
Forum 2006), and defined the role of the pallia-
tive care clinician and team to include addressing 
issues such as anticipatory counseling for end-of-
life symptoms, symptom control, and emotional, 
social, spiritual, and bereavement care. This 
NQF-recommended interdisciplinary approach 
needs to be integrated early in the treatment pro-
cess so that the interdisciplinary palliative care 
team can integrate with the primary oncology 
team as both work to support families and patients 
in defining goals of care near the end of life and 
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in determining the type of care that can best meet 
those goals.

Pediatric palliative care (PPC) has emerged as 
a multidisciplinary strategy to address and ease 
the suffering of children with life-threatening ill-
ness, as well as provide psychosocial support for 
their families (Waldman and Wolfe 2013), and 
there is a clear, growing recognition of the impor-
tance of integrating palliative care early as part of 
the overall management of children with cancer 
(Mack and Wolfe 2006). Experience and research 
demonstrate that children with cancer who 
receive optimal integrated palliative care have 
improved symptom control and experience less 
suffering (Pritchard et  al. 2008; van der Geest 
et al. 2014; Zelcer et al. 2010). In light of accu-
mulating data in support of PPC and strong rec-
ommendations from the IOM, the American 
Academy of Pediatrics (AAP), and the American 
Society of Clinical Oncology (ASCO), the early 
integration of PPC for children with especially 
life-threatening cancers and their families should 
be considered best practice within the field of 
pediatric neuro-oncology. Moreover, parents of 
children with cancer and other life-threatening 
conditions who are enrolled in PPC report sig-
nificant improvements in their own quality of 
life, with decreased parental reporting of self-
perceived burden and psychological stress (Groh 
et  al. 2013a, 2013b). Even healthcare providers 
report significant improvements in all care 
domains after PPC is integrated into the care of 
complex patients before the end of life, particu-
larly in the areas of cooperation, communication, 
and family support (Vollenbroich et  al. 2012). 
Moreover, integrating PPC into the ongoing care 
of patients with high-risk disease across different 
care settings has been identified by PPC expert 
clinicians and researchers, parents of children 
with life-threatening illness, and bereaved par-
ents as one of the top five research priorities that 
are integral to improving the quality of care for 
children with high-risk disease (Baker et  al. 
2015). Integrating high-quality PPC is particu-
larly critical for individual practitioners or an 
institution caring for children with high-risk 
malignant CNS tumors. These children represent 
an especially vulnerable cohort, and early inte-

gration of palliative care is essential to manage 
their symptoms, coordinate the complex manage-
ment required, and support their families in mak-
ing difficult decisions throughout the illness 
trajectory and towards the end of life (Wolfe et al. 
2008). Leaders in the field of PPC have advo-
cated that an ideal model for compassionate care 
involves the early integration of palliative care 
principles by the primary neuro-oncology team 
in conjunction with parallel involvement of a 
subspecialty palliative care team, with both par-
ties journeying cooperatively with the patient and 
family from the time of diagnosis to the end of 
life (Friebert and Osenga 2009).

In this chapter, the principles and practices 
that facilitate the integration of key palliative care 
concepts into the paradigm of caring for children 
with malignant CNS tumors will be described 
and discussed.

16.2  Models for Integrating 
Pediatric Palliative Care into 
Pediatric Neuro-Oncology

The individualized care planning and coordina-
tion (ICPC) model outlined in Fig.  16.1 was 
designed to facilitate the integration of PPC prin-
ciples into the pediatric oncology paradigm 
(Baker et  al. 2007, 2008; Kane and Himelstein 
2007). The goal of individualized care planning 
is to value patient and family experiences and to 
use a patient- and family-centered approach to 
information delivery and needs assessment, thus 
enhancing communication about difficult issues 
by discerning the values and priorities of the 
patient and family before a crisis occurs or criti-
cal decision points are reached. Applying the 
ICPC model helps patients, families, and clini-
cians negotiate care options under uncertain con-
ditions by assessing the patient’s and family’s 
understanding of the prognosis, elucidating their 
goals of care, and allowing them to choose from 
the available goal-directed treatment alternatives. 
At no time is use of the ICPC model more impor-
tant than when caring for children with high-risk 
brain tumors, especially those who may die from 
their disease or its treatments.

J. N. Baker



381

The provision of PPC for children with cancer 
has been described as “the total care of a child 
and family” (Waldman and Wolfe 2013). We 
believe that this total care philosophy should be 
guided by the primary oncology team, with col-

laboration from interdisciplinary clinicians and 
expert consultants as needed (Von Roenn 2011). 
Pediatric palliative care principles should be 
rooted in the culture of an institution (including 
formalized support of PPC education, policies, 
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and resources), and should be integrated into 
patient care using specified mechanisms of sup-
port in predefined (trigger-based) or particularly 
challenging circumstances, as well as expert 
teams for consultation as needed (Fig. 16.2). In 
this system, the three tiers of PPC services func-
tion synergistically to maximize early provision 
of PPC to children with high-risk cancer and their 
families. We advocate that primary oncology 
teams should deliver the core elements of PPC 
from the time of diagnosis (Von Roenn 2011; von 
Gunten 2002) (e.g., symptom management and 
alignment of goals of care with treatment), 
reserving early subspecialty consultation for pre-
defined high-risk scenarios (e.g., uniformly fatal 
diseases such as diffuse intrinsic pontine glioma 
or high-grade glioma) or more complex situa-
tions (e.g., managing refractory symptoms; 
mediating contentious or otherwise challenging 
family dynamics; or negotiating difficult conver-
sations, such as those surrounding the discontin-
uation of life-sustaining therapies that are no 
longer beneficial, in which discordance emerges 
between the goals of patients/families and those 
of providers) (Quill and Abernethy 2013; 
Wentlandt et al. 2014). To capture a wider range 
of patients, PPC principles should emerge from 
the ground up, ideally being woven seamlessly 
into each aspect of the interdisciplinary care 
model. This may be achieved through institution-
ally supported didactics for nursing staff (ELNEC-
Peds) (Ferrell et al. 2015), through cancer-specific 
PPC training models for clinicians, or by 

embedding trained experts within outpatient and 
inpatient care settings to provide additional guid-
ance and education as needed (Fig. 16.3) (Kaye 
et al. 2015).

Pediatric palliative care referral criteria for 
children were established through the Center to 
Advance Palliative Care (Friebert and Osenga 
2009) and further modified for use in the pediat-
ric oncology context (Kaye et al. 2015). The cri-
teria offer optional guidelines for pediatric 
oncology teams to consider when triaging those 
patients and families who might benefit from 
early integration of PPC teams. Pediatric pallia-
tive care should be introduced early into the 
holistic cancer care plan for a child with a high-
risk malignant CNS tumor, with the simple goal 
of familiarizing the child and family with basic 
PPC concepts and resources. The aims of this 
strategy, from the perspective of the patient and 
family, are threefold: (1) to establish the ground-
work for PPC resources offered in parallel with 
cancer-directed therapy; (2) to demonstrate a 
collaborative partnership between the primary 
oncology team and PPC clinicians from the 
outset, with the mutual goal of supporting both 
the child and the family throughout the illness 
trajectory; and (3) to normalize PPC concepts 
for the child, family, and other members of the 
interdisciplinary team, thereby preempting 
stigmatizing language and other preconceived 
barriers to providing PPC.  Additionally, with 
early PPC involvement, there are more opportu-
nities for the child and family to benefit from 
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the continuity of care that PPC offers, including 
a range of flexible services and resources to link 
inpatient and outpatient care (Mack and Wolfe 
2006; Kaye et al. 2015).

16.3  Barriers to Integrating 
Pediatric Palliative Care

Despite the increasing awareness of palliative 
care and support for its integration into the field 
of pediatric oncology, it is important to acknowl-
edge that many patients, families, and healthcare 
providers retain the false perception of palliative 
care and disease-directed or cure-oriented ther-
apy as being mutually exclusive (Davies et  al. 
2008; Knapp and Thompson 2012; Dalberg et al. 
2013). As a result of this misconception, PPC is 
often offered at the end of an illness trajectory 
when no further curative or life-prolonging 
options exist. This phenomenon is particularly 
evident in the field of pediatric oncology, in 

which the involvement of palliative care teams 
may be viewed as “giving up” (Dalberg et  al. 
2013). When PPC principles are introduced only 
late in the illness course, the patient and family 
are more likely to perceive PPC in a negative 
light, risking a fracturing of the therapeutic alli-
ance. Two primary factors contribute to this 
adverse outcome: (1) after receiving extensive 
treatment and attention from the primary oncol-
ogy team, the patient and family may perceive 
PPC consultation as representing abandonment 
by their primary caregivers; and/or (2) the patient 
and family might view the PPC team as a “sec-
ond-best” resource employed as a last-resort 
strategy after all “real” diagnostic and treatment 
options have been exhausted. Patients and fami-
lies with these perceptions may be more likely to 
have difficulty partnering with PPC clinicians to 
work collaboratively towards ameliorating symp-
toms or participating willingly in difficult deci-
sion-making processes. Pediatric palliative care 
should not be exclusive to the dying process; 
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rather, the goal is to honor the process of living in 
the face of childhood cancer. With this philoso-
phy in mind, it stands to reason that the integra-
tion of palliative care into the ongoing care of 
children with malignant CNS tumors can and 
should begin at the time of diagnosis of high-risk 
disease and not be reserved exclusively for dis-
ease relapse, progression, or the end of life.

16.4  Ethical Considerations, 
Communication, 
and Decision-Making

In the context of providing care for children with 
brain tumors and their families, ethical consider-
ations abound. The central ethical consideration 
of medical decision-making is built on the core 
palliative care concept of excellent communica-
tion. The majority of children with brain tumors 
by definition lack the capacity for autonomous 
decision-making, though children as young as 
7 years of age can provide assent for participa-
tion, and assent is strongly recommended for 
enrolling adolescents in clinical research (Varma 
et al. 2008; Wiener et al. 2008). In clinical medi-
cine, however, there is no standard for involving 
children in medical decision-making, even at 
critical junctures such as the end of life. 
Furthermore, there is no standard for advanced 
care planning with pediatric patients. Many advo-
cate age-appropriate involvement of children in 
medical decision-making, especially at the end of 
life, by using developmentally appropriate means 
of communication (Bluebond-Langner et  al. 

2010). It is clear that children as young as 6 years 
of age can actively participate in complex end-of-
life decision-making and play an influential role 
in those decisions when their preferences are 
considered (Hinds et  al. 2005a; Nitschke et  al. 
2000; Nitschke 2000). Therefore, great attention 
should be paid to the child’s preferences when 
working with children with malignant CNS 
tumors. A multidisciplinary approach to involv-
ing the child and promoting his/her participation 
in medical decision-making provides the greatest 
opportunity for successfully including the child’s 
viewpoint. Child life specialists, chaplains, social 
workers, nurses, psychologists, etc. should all be 
encouraged to help elucidate the child’s point of 
view and integrate it into the complex plan of 
care. Examples of empathic, exploratory, and 
validating questions and responses are presented 
in Table 16.1 (Baker et al. 2007).

Parents are the presumed decision-makers for 
these ill children and, in most cases, have the right 
to make decisions for them. Parental autonomy in 
medical decision-making for children with malig-
nant CNS tumors is based on the premise that a 
child’s parents are best able to judge what is in the 
child’s best interest (Levine et  al. 2012). With 
regard to decision-making for a child with incur-
able cancer, parents’ choices are likely to be 
shaped by their own internal definition of being a 
“good parent to their ill child.” This has been 
broadly defined as “one who makes informed, 
unselfish decisions in the child's best interest, 
meets the child's basic needs, remains at the 
child's side, shows the child love, protects the 
child's health, prevents suffering, teaches the child 

Table 16.1 Examples of empathic, exploratory, and validating responses

Empathic statements Exploratory questions Validating responses
“I can see how upsetting this is to you.” “How do you mean?” “I can understand how you felt 

that way.”
“I can tell you weren’t expecting to 
hear this.”

“Tell me more about it.” “I guess anyone might have that 
same reaction.”

“I know this is not good news for you.” “Could you explain what you 
mean?”

“You were perfectly correct to 
think that way.”

“I’m sorry to have to tell you this.” “You said it frightened you?” “Yes, your understanding of the 
reason for the tests is very good.”

“This is very difficult for me also.” “Could you tell me what you’re 
worried about?”

“It appears that you’ve thought 
things through very well.”

“I was also hoping for a better result.” “Now, you said you were concerned 
about your children. Tell me more.”

“Many other patients have had a 
similar experience.”

J. N. Baker
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moral values, and advocates for the child” (Hinds 
et al. 2009; Maurer et al. 2010). Considering that 
parents bear the burden of caring for their child 
and will be the most affected by the child’s out-
come, one question is whether weighing their own 
interests and those of the family can lead parents 
to make decisions that might not be solely in the 
child’s best interest. Some maintain that it is well 
within the parents’ rights to decide on behalf of 
their child while considering the interests of all 
affected members. Provided that parents are not 
clearly neglectful, are choosing within the range 
of medically acceptable options, and are not 
exposing the child to undue risk of harm, they are 
generally given broad latitude as the decision-
makers for their children (Diekema 2004). Data 
demonstrate, however, that parents typically do 
not wish to bear the sole burden of medical deci-
sion-making and prefer to make medical deci-
sions on behalf of their children in collaboration 
with their child’s physicians (Mack et  al. 2011; 
Pyke-Grimm et al. 1999).

The model of shared medical decision-making 
involves physicians presenting parents with a 
range of medically acceptable options and help-
ing the family to prioritize them and choose a 
mutually agreeable plan (Levine et  al. 2012). 
Building a relationship with the family and estab-
lishing trust is essential to arriving at medically 
sound and goal-directed care for each patient. 
Collaborative communication in this phase is crit-
ical for establishing clarity, understanding com-
mon goals, and developing mutual respect 
between the physician and the family (Feudtner 
2007). Clear and concise language, as well as full 
prognostic disclosure, can increase clarity and 
comprehension while maintaining hope (Mack 
et al. 2007). Communication that is both informa-
tive and marked by active listening and sensitivity 
is associated with increased parental satisfaction 
with their role in the decision-making process. 
Developmentally appropriate communication 
with the pediatric patient, eliciting both the 
patient’s preferences and their assent, is an impor-
tant component of this process (Klick et al. 2014; 
Klick and Hauer 2010). For an adolescent or 
young adult patient, inclusion in medical deci-
sion-making, as well as open communication, is 
especially important in order to demonstrate 

respect for their desire for self-determination and 
enhance their overall care (Freyer 2004; Weaver 
et al. 2015).

Despite the earlier integration of palliative 
care and the emphasis on advance care planning, 
the process of caring for children at the end of life 
is not always without conflict. Occasionally, con-
flict may occur between family members, 
between staff, or between family members and 
staff about the goals of care or which treatments 
are in the best interest of the child. Conflicts may 
be highly emotional and result in moral distress. 
Often, these conflicts are the result of a break-
down in communication rather than a true ethical 
dilemma. Palliative care teams, with their exper-
tise in family communication and shared deci-
sion-making, can often meet with individual 
family members or hold family care conferences 
and work through perceived conflicts about goals 
of care. Clinical ethics consultation may be help-
ful for difficult cases in which interdisciplinary 
team meetings or family care conferences have 
not resolved disagreements or in which a true 
ethical dilemma is felt to exist. When conflicts 
over goals of care occur within the care team and 
result in moral distress among clinical staff, eth-
ics consultation can facilitate communication 
among the interdisciplinary team. This may be 
particularly helpful when the conflict involves 
ancillary staff who may feel excluded from pri-
mary decision-making. Clinical ethics consulta-
tions can help resolve conflicts, educate clinical 
staff on ethical issues, and provide a forum for 
discussing hospital policies (Johnson et al. 2015). 
Ethics consultations can often be used for “curb-
side” advice and can offer an opinion on the util-
ity of a formal consultation. An ethics consultation 
may provide some reassurance for the family and 
staff when a medical decision involves a rarely 
used intervention (e.g., palliative sedation or 
withdrawal of artificial nutrition and hydration 
after a severe traumatic brain injury).

Life-sustaining medical treatments include all 
interventions that may prolong the life of a 
patient. They can range from technologically 
complex treatments (e.g., the use of a ventilator, 
dialysis, or vasoactive drugs) to less complex 
measures (e.g., antibiotics, insulin, or artificial 
nutrition and hydration) (Diekema and Botkin 
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2009). The decision to initiate, continue, or with-
draw life-sustaining medical treatment most 
commonly involves a consideration of the bene-
fits and burdens of the therapy in the context of 
the preferences and goals of the child and family. 
The ability to provide life-sustaining medical 
treatments (such as artificial nutrition and hydra-
tion) is not an obligation to do so, especially if 
the burdens of therapy are greater than the per-
ceived benefits. It may be appropriate to limit or 
stop a life-sustaining medical treatment if it only 
preserves biological existence or if the goals of 
care have shifted from life prolongation to com-
fort-directed care (American Academy of 
Pediatrics Committee on Bioethics 1994). When 
the risk–benefit ratio of an intervention is unclear, 
a timed trial may be beneficial; the life-sustaining 
treatment can later be withdrawn if it fails to 
achieve the desired outcome. Withdrawing a life-
sustaining medical treatment is ethically equiva-
lent to withholding the treatment and is 
permissible if the treatment is not compatible 
with the goals of care, even if the withdrawal 
results in death. Discontinuing nonbeneficial life-
sustaining medical treatments is within the scope 
of the parents’ decision-making authority and 
should not be viewed as being inconsistent with a 
child’s best interests. Clinicians who cannot par-
ticipate in forgoing life-sustaining medical treat-
ments must notify the family about their position 
and arrange for the transfer of care to another 
physician or care provider (American Academy 
of Pediatrics Committee on Bioethics 1994). 
Clinicians should override family wishes only 
when these wishes are in conflict with the best 
interests of the child. Clinical ethics consultation 
and input from other clinicians, such as palliative 
care specialists, is advisable in cases of conflict.

16.5  Symptom Management 
for Children with Malignant 
CNS Tumors

Caring for a child with cancer is difficult and 
emotionally charged, and few things are more 
heartrending than the suffering of a vulnerable 
young patient ravaged by cancer and its treat-
ment. Integrating palliative care principles and 

practices into the mainstream of pediatric oncol-
ogy programs requires appropriate attention to 
expected and unexpected symptoms from the 
point of diagnosis forward. The timely and skilled 
management of pain and symptoms is the corner-
stone of palliation in the care of children facing 
life-threatening conditions (Himelstein et  al. 
2004). These symptoms may be disease-related, 
treatment-related, or both. The voice of the child 
has been noted as telling us that distressing symp-
toms are highly prevalent and of a high intensity 
level while the child is undergoing cancer treat-
ment (Collins et  al. 2000; Collins et  al. 2002). 
The pediatric pain literature clearly demonstrates 
that “there is no such thing as a little stick” and 
that the effects of underdiagnosed and under-
treated pain, as well as unrelieved procedural 
pain, are long lasting (Weisman et al. 1998; Berde 
and Sethna 2002). The same may be the case for 
many other symptoms that are yet to be studied in 
this manner. Furthermore, proper symptom man-
agement and attention to the suffering of children 
dying a cancer-related death must be comprehen-
sively addressed, as pain and other symptoms 
continue to be prevalent and distressing in this 
setting (Goldman et al. 2006; Wolfe et al. 2000). 
The assessment and management of symptoms, 
including pain, are guided by age-adapted tools 
and principles, as well as by specific therapeutic 
parameters. In many cases, symptoms are not 
adequately addressed in pediatric patients with 
malignant CNS tumors (Hendricks-Ferguson 
2008; Liben et  al. 2008). The following briefly 
summarizes the symptoms that children with 
CNS tumors experience and provides clinical 
pearls for addressing them.

16.6  Pain

Pain is “an unpleasant sensory and emotional 
experience associated with actual or potential tis-
sue damage, or described in terms of such dam-
age” (Mack et  al. 2011). Pain is subjective in 
nature. The experience of pain can be modulated 
by environmental, developmental, behavioral, 
psychological, familial, or cultural factors. Many 
children with malignant CNS tumors experience 
pain at some time during their course. Failure to 
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relieve this pain can produce fear, mistrust, irrita-
bility, impaired coping, and other issues. Parents 
feel guilt and anger when pain is undertreated, 
and this may even lead them to consider euthana-
sia as a preferable alternative to watching their 
child’s suffering (Dussel et al. 2010).

Clinical pearls

• Assessment is key
 Elements of the pain assessment should include 

the quality of the pain, its region and radiation, 
its severity, temporal factors, and provocative 
and palliative factors. Additional historical ele-
ments include the disease stage and context, 
fear of pain, the ability to take medication, prior 
analgesic use, the potential role of disease-spe-
cific treatment, the reactions of parents and 
family context, and other nonpain symptoms, 
including depression and/or anxiety, sleep dis-
turbance, and, most importantly, interference 
with activities of daily life, including play.

• Identify the mechanism and pathophysiology 
of the pain

 Pain can be defined as either nociceptive or 
neuropathic; nociceptive pain can be further 
categorized as visceral or somatic pain. Mixed 
patterns of pain are common in the setting of 
metastatic solid malignant tumors, particu-
larly when the tumors are invading nerves or 
nerve roots (Haanpää et  al. 2011). Correctly 
assessing and characterizing pain may help in 
determining the appropriate first- and second-
line treatments.

• Employ a stepwise approach using medica-
tions with different mechanisms of action

 In general, pain management should follow the 
World Health Organization’s revised two-step 
approach, with low doses of a strong opioid for 
moderate pain. Medications for pain should be 
administered according to a regular schedule, 
with rescue doses being provided for intermit-
tent or severe breakthrough pain. Pain medica-
tions should be given via the appropriate route 
for adequate treatment of pain, with frequent 
reassessment of the effectiveness of the medi-
cation, dose, and route of administration, and 
with tailoring of the treatment to meet the 
needs of the individual child. In general, the 
least invasive, most effective, and least painful 

route of administration is to be preferred, mak-
ing oral administration recommended if possi-
ble. When the oral route is unavailable, safe or 
effective alternative routes should be consid-
ered based on clinical judgment, preparation 
availability, and patient and family preference. 
Alternative routes include intravenous, subcu-
taneous, rectal, or transdermal administration. 
Intramuscular injections should be avoided in 
children, as they are associated with additional 
pain and may cause fear and anxiety, leading to 
children not requesting or receiving appropri-
ate medications.

Pharmacologic management pearls
Opioids remain the mainstay of pain treat-

ment in children with malignant CNS tumors. 
However, throughout the course of illness, non-
pharmacologic options and nonopioid medica-
tions should be considered in addition to opioids. 
Nonopioid analgesics include acetaminophen, 
nonsteroidal anti-inflammatory drugs (NSAIDs), 
and selective cyclooxygenase 2 (COX-2) inhibi-
tors. In children and adolescents who can take 
oral medications, acetaminophen and ibuprofen 
are the most frequently used nonopioid medica-
tions (Table 16.2).

• Adjuvant medications and neuropathic pain 
pharmacologic management pearls

 The term “adjuvant medications” refers to 
medications with a primary indication for pain 
and with analgesic properties in certain 
 clinical circumstances; they have different 
mechanisms of action and are given in combi-
nation with analgesics to enhance and aug-
ment pain relief. The most commonly used 
adjuvant medications for pain in pediatrics are 
those used in treating neuropathic pain or spe-
cific disease-related pain, such as bone pain or 
pain associated with bladder, bowel, or muscle 
spasms. The medication algorithm and the 
order of medications used in treating neuro-
pathic pain at our institution is as follows: (1) 
anticonvulsants (gabapentin, pregabalin); (2) 
tricyclic antidepressants (amitriptyline, nor-
triptyline); (3) methadone; and (4) other phar-
macologic interventions (ketamine infusion, 
lidocaine infusion).
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Table 16.2 Common medications and dosing in pediatric palliative care

Symptom Medication Pediatric dose (<60 kg) Max. daily dose
Pain Acetaminophen (mild pain) 10–15 mg/kg orally every 4–6 h 75 mg/kg/24 h

Ibuprofen (mild pain) 5–10 mg/kg orally every 6–8 h 40 mg/kg/24 h
Oxycodone 0.1 mg/kg/dose orally every 4 h Patient dependent
Morphine 0.3 mg/kg orally, SL, or PR every 3–4 h Patient dependent

0.1 mg/kg IV every 2–4 h
Sustained-release opioids (chronic severe pain)
Opioid/route Available dosages Dosage frequency
Morphine (Kadian®) 10, 20, 30, 50 mg Every 12 or 24 h
Oxycodone/PO (Oxycontin®) 10, 20, 40, 80 mg Every 12 h
Fentanyl/transdermal 
(Duragesic® patches)

12.5, 25, 50, 75, 100 μg/h Every 72 h

Gabapentin (neuropathic pain) Initially 5–10 mg/kg per day divided 
TID. Increase dose every 3 days

70 mg/kg/24 h or 
3600 mg/24 h

Amitriptyline (adjunct for 
neuropathic pain)

0.1 mg/kg orally at bedtime. Increase 
dose by doubling every 3–5 days

1 mg/kg/24 h

PCA (severe pain)
Opioid Infusion Boost 

dose
Interval between 
boosts

Morphine 0.02 mg/kg/h 0.02 mg/
kg

15 min

Hydromorphone 0.004 mg/kg/h 0.004 mg/
kg

15 min

Fentanyl 0.5 μg/kg/h 0.5 μg/kg 15 min
Symptom Medication Pediatric dose (<60 kg) Max. daily dose
Constipation Glycerin <6 years: one infant suppository, one to 

two times or 2–5 mL as an enema
2 doses/day

≥6 years: one adult suppository one to 
two times or 5–15 mL as an enema

Lactulose (can be diluted in 
water, juices, or milk)

<12 years: 7.5 mL orally; may be 
repeated after 2 h

60 mL/day

>12 years: 15–30 mL orally; may be 
repeated after 2 h

Polyethylene glycol (mix in 
4–8 oz. liquid)

½ to 1 packet (17 g) orally every day up 
to TID dosing

3 packets/day

Docusate/senna (Senna-S) 2–6 years: ½ tab daily 1 tab BID
6–12 years: 1 tab daily 2 tabs BID
≥12 years: 2 tabs daily 4 tabs BID

Nausea/
vomiting

Ondansetron 0.15 mg/kg orally or IV every 6–8 h 8 mg/dose

Promethazine > 2 years: 0.25 mg/kg/dose every 6–8 h 
orally or IV

1 mg/kg/24 h

Scopolamine (transdermal) 8–15 kg: ½ patch every 3 days
>15 kg: 1 patch every 3 days

1 patch every 3 days

Secretions Hyoscyamine 2–12 years: 0.0625–0.125 mg orally or 
SL every 4 h

2–12 years: 
0.75 mg/24 h

>12 years: 0.125–0.25 mg orally or SL 
every 4 h

>12 years: 
1.5 mg/24 h

Glycopyrrolate 0.04–0.1 mg/kg orally every 4–8 h 1–2 mg/dose or 
8 mg/day
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Nonpharmacologic pain management
Psychosocial interventions represent an 

important approach to pain management through-
out the course of treatment for children with 
malignant CNS tumors. These interventions are 
aimed at empowering the patient to gain a sense 
of control over their pain and decrease the experi-
ence and perception of pain. These techniques 
are adjuncts to appropriate analgesics for pain 
management. Psychosocial interventions can 
help alleviate pain by influencing how one inter-
prets and experiences painful events and bodily 
sensations. Cognitive techniques focus primarily 
on altering how the patient thinks about, reacts 
to, and physically experiences pain, changing 
how the patient reacts to painful stimuli (by 
increasing pain tolerance while decreasing pain 
sensation). Behavioral approaches help the 
patient employ techniques and skills that alter the 
body’s response to pain. When cognitive and 
behavioral techniques are combined, they form a 
highly effective treatment program. To be maxi-
mally effective, these techniques should be intro-
duced early in the course of the pain management. 
Behavioral methods, such as deep breathing 
(blowing bubbles), progressive relaxation, and 
biofeedback, have a role in pain management for 
children. Physical methods, such as touch thera-
pies (including massage), transcutaneous electri-
cal nerve stimulation, physical therapy, heat/cold 
therapy, and acupuncture and/or acupressure, are 
helpful adjuncts. Cognitive modalities, including 
distraction, music, art, play, imagery, and hypno-
sis, are also effective in children. Studies have 
demonstrated the efficacy of many of these 
modalities alone or in combination with pharma-
cologic therapies (Mercadante and Giarratano 
2014; Uman et al. 2013).

16.7  Dyspnea

Dyspnea is a term used to describe a feeling of 
breathlessness. It is a distressing symptom for 
children and their families and can be a major det-
riment to comfort and quality of life in advanced 
disease. In many cases, dyspnea is also associated 
with shorter survival. Measurement of dyspnea is 
difficult, as it is subjective and does not correlate 
well with respiratory rate, work of breathing, or 
oxygen level.

Clinical pearls

• Care of patients with dyspnea typically 
involves treating the underlying cause, if pos-
sible, and providing oxygen and/or oral and/or 
parenteral opiates and/or benzodiazepines 
(Ben-Aharon et al. 2008).

• Some patients may benefit from using a fan to 
blow cold air on their face, pulmonary 
 rehabilitation, or chest physiotherapy to mobi-
lize secretions (Bausewein et al. 2008).

• The use of supplemental oxygen has not been 
found to be more beneficial than air inhalation 
in adults with end-stage dyspnea, but there are 
no studies supporting the use of supplemental 
oxygen in children with malignant CNS 
tumors at the end of life. Clinical experience 
suggests that this treatment has additional 
psychological benefits for the parents and/or 
caregivers of the sick child.

16.8  Gastrointestinal Symptoms

Gastrointestinal symptoms are commonly seen in 
children with malignant CNS tumors. These 
include nausea and vomiting, constipation, and 

Table 16.2 (continued)

Symptom Medication Pediatric dose (<60 kg) Max. daily dose
Delirium
Agitation

Haloperidol 0.01–0.02 mg/kg orally, SL, or PR every 
8–12 h

0.15 mg/kg/day

Agitation
Anxiety
Seizures

Lorazepam 0.05 mg/kg orally, SL (preferred for 
seizure), or PR every 4–6 h

2 mg/dose

Pruritus Diphenhydramine 0.5–1.0 mg/kg orally every 6–8 h 5 mg/kg/24 h or 
400 mg/24 h

Hydroxyzine 0.5–1.0 mg/kg orally every 6–8 h 4 mg/kg/24 h
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anorexia-cachexia syndrome. These symptoms 
cause considerable distress and diminish function 
and quality of life (Santucci and Mack 2007).

16.8.1  Nausea and Vomiting

Nausea may manifest as inactivity, weakness, 
irritability, and poor appetite. In older children, 
self-report is the preferred method of assessment. 
Nausea and vomiting in children with malignant 
CNS tumors may be secondary to medications 
(i.e., chemotherapy administration), gastrointes-
tinal illness, such as gastroenteritis, constipation, 
gastric stasis, ileus, or obstruction, or increased 
intracranial pressure, as well as many other eti-
ologies. Anticipatory nausea and vomiting may 
reflect the presence of anxiety and stress.

Clinical pearls

• Prokinetic agents, such as metoclopramide, 
are useful in treating ileus and intestinal 
hypomotility.

• Antihistamines (e.g., diphenhydramine, 
meclizine), phenothiazines (e.g., prometha-
zine, chlorpromazine), and butyrophenones 
(e.g., haloperidol) are useful in treating cen-
trally mediated nausea and vomiting.

• 5-HT3 antagonists (ondansetron and granise-
tron) are the treatment of choice for chemo-
therapy- and radiation therapy-induced and 
postoperative nausea and vomiting.

• Adding an oral neurokinin-1 antagonist, such 
as aprepitant, can provide superior protection 
against nausea and vomiting caused by highly 
emetogenic chemotherapy (Hesketh et  al. 
2003).

• Corticosteroids have intrinsic antiemetic 
properties and potentiate the effect of other 
antiemetics.

• Cannabinoids have antiemetic properties and 
may be beneficial to some pediatric patients.

• Benzodiazepines may reduce anxiety and the 
likelihood of anticipatory nausea.

• Nondrug measures for palliating nausea and 
vomiting that may enhance the effect of anti-
emetic drugs include acupuncture, psycholog-
ical techniques, and transcutaneous electrical 
nerve stimulation (Burish and Tope 1992).

16.8.2  Constipation

Constipation may be defined as the passage of 
small, hard feces infrequently and with diffi-
culty. Constipation can often be traced to an 
organic source, and the etiology should be inves-
tigated. On physical examination, clay-like 
masses may be palpated in a partially distended 
abdomen. Opioids, vincristine, and drugs with 
anticholinergic effects, such as phenothiazines 
and tricyclic antidepressants, may cause consti-
pation. Other causes include malignant intestinal 
obstructions and metabolic conditions, such as 
dehydration and hypercalcemia. A spinal cord 
metastasis or other neuromuscular dysfunction 
may also be associated with constipation. 
Opioid-induced constipation is extremely com-
mon in children with malignant CNS tumors and 
results from the action of these medications on 
the peripheral mu receptors in the gastrointesti-
nal tract. This action triggers delayed gastric 
emptying via constriction of the pyloric sphinc-
ter, decreased peristalsis and increased absorp-
tion of water and electrolytes from the 
gastrointestinal tract, and increased anal sphinc-
ter tone, all of which contribute to constipation 
development (Kyle 2011).

Clinical pearls

• Prophylactic measures are the first line of 
intervention. Prevention is the key concept 
when discussing constipation management.

• Mobility, adequate fluid intake, and increased 
fiber in the diet are helpful.

• Patients with hard stools can receive laxatives 
with a predominately softening action, such as 
lactulose or docusate sodium.

• A peristalsis-stimulating agent, such as senna 
or bisacodyl, can be combined with laxatives 
for improved effect.

• Osmotic laxatives, such as polyethylene gly-
col or magnesium citrate, can also be used in 
symptomatic children with severe constipa-
tion (Stevens et al. 1994).

• Prophylactic therapy is necessary for patients 
receiving opioids. Remember, prevention is 
the key.

• Methylnaltrexone has proven helpful in the 
treatment of opioid-induced constipation 
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(Laubisch and Baker 2013). This medication 
reacts only with gastrointestinal tract mu 
receptors, thus allowing analgesia centrally 
but lessening peripheral side effects. It is indi-
cated for children who have opioid-induced 
constipation and cannot tolerate oral 
medications.

16.8.3  Anorexia and Cachexia

In patients with advanced disease, anorexia-
cachexia syndrome often correlates with poor 
quality of life and poor outcome. Patients with 
anorexia-cachexia have diminished caloric 
intake, increased basal energy expenditure, pro-
gressive loss of lean body mass, and weight loss. 
Although decreased oral intake is often a natural 
development at the end of life, it can cause dis-
tress for children and their families because of 
the social associations of food preparation and 
eating (Santucci and Mack 2007). The underly-
ing cause should be delineated in order to choose 
appropriate treatment, if indicated.

Clinical pearls

• Cyproheptadine can be used as an appetite 
stimulant and has proven helpful in preventing 
further weight loss in children with cancer-
associated cachexia (Couluris et al. 2008).

• Corticosteroids and cannabinoids may also 
have a therapeutic role in some patients.

• Although a hypercaloric diet is not sufficient 
to reverse the syndrome, enteral nutritional 
supplementation may be appropriate in some 
cases.

• Parenteral nutrition support may be appropri-
ate for patients in whom nutritional support is 
required for a short period of time or in 
patients for whom the enteral route is not 
feasible.

16.9  Fatigue

Fatigue is one of the most prevalent symptoms 
in children dying with cancer (Dans et al. 2017). 
It is a nonspecific symptom that is difficult to 
measure and describe because of its subjective 

nature and the lack of confirmed physiologic or 
laboratory indicators. Symptoms of fatigue may 
include physical weakness, mental exhaustion, 
disruption of sleep, reduced energy, emotional 
withdrawal, decreased play, or reduced partici-
pation in usual activities. Some medications, 
including chemotherapeutic regimens used in 
treating cancer, can cause fatigue and general-
ized weakness (Bradshaw et al. 2005). Common 
causes of prolonged fatigue, such as anemia, 
hypothyroidism, sleep disturbances, anxiety, 
and depression, among others, should be 
excluded. A good history and physical examina-
tion may point to other potential causes that 
may respond to therapy.

Clinical pearls

• Treatment should be directed at the medical or 
psychiatric condition that is most likely asso-
ciated with the fatigue.

• A gradual increase in exercise and rehabilita-
tion may be helpful.

• Cognitive-behavioral approaches may also be 
an effective counseling technique to assist the 
child in switching to a more adaptive coping 
strategy.

• Reintegration with peer and school activities 
is recommended.

• The use of drugs has not been explored well in 
children. Steroids, transfusion of blood prod-
ucts, recombinant erythropoietin, and methyl-
phenidate have been used in the treatment of 
fatigue with varying results (Mock et  al. 
2007).

• For children who are oversedated from opi-
oid administration, adding adjuvant medica-
tions (see above) may permit dose reductions. 
Additionally, psychostimulants, such as 
methylphenidate or dexamphetamine, have 
been used empirically to improve quality of 
life.

16.10  Neurologic Symptoms

Some of the more common and distressing neu-
rologic symptoms in children with malignant 
CNS tumors include seizures, headaches, sleep 
disturbances, and delirium.
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16.10.1  Seizures

Seizures are often caused by primary or meta-
static brain lesions or metabolic disturbances. 
They may also develop as a side effect of chemo-
therapy, radiotherapy, or medications. 
Maintenance medications are appropriate for 
children known to have seizures; for children 
who are at risk for seizures, it should be planned 
to have at least one anticonvulsant available in 
the home.

Clinical pearls

• For children who are unable to take medica-
tions orally, as is usually the case during a gen-
eralized seizure, it is possible to administer 
several agents by alternative routes: rectally 
for valproic acid, phenytoin, pentobarbital, 
lorazepam, and diazepam; sublingually for 
lorazepam; subcutaneously for midazolam and 
phenobarbital; and intramuscularly for fosphe-
nytoin, phenobarbital, and lorazepam.

• Rectal diazepam gel provides premeasured 
medication in a convenient dose delivery 
device; its efficacy and safety in children have 
been demonstrated in randomized clinical tri-
als (Dreifuss et al. 1998).

16.10.2  Headache

Headache is often multifactorial in nature. A 
careful history and examination of the child will 
often suggest the cause. In the preverbal child, 
increased intracranial pressure may result in 
symptoms associated with headache, such as 
nausea, vomiting, photophobia, lethargy, tran-
sient neurologic deficits, or severe irritability.

Clinical pearls

• Depending on the cause, increased intracra-
nial pressure may be treated with surgery, che-
motherapy, radiotherapy, steroids, or expectant 
management only.

• Immediate and aggressive use of analgesics, 
antiemetics, and, often, benzodiazepines is 
critical for managing rapidly escalating 
headache.

• Steroids may be the best medical management 
for headache related to tumor progression, but 
the positive clinical effects are relatively 
short-lived, and the side effect profile must be 
closely monitored.

16.10.3  Sleep Disturbance 
and Insomnia

Sleep disturbances and insomnia in children with 
malignant CNS tumors are often undetected 
unless specifically elicited in the history. The 
presence of other symptoms, such as pain or dys-
pnea, and emotional symptoms, such as anxiety, 
may be contributing factors and should be treated 
aggressively.

Clinical pearls

• Hypnotics are the mainstay of therapy for 
inadequate sleep.

• Low-dose tricyclic antidepressants, such as 
amitriptyline, may also be appropriate, partic-
ularly for children also presenting with neuro-
pathic pain (Sheldon 2001).

16.10.4  Delirium

Delirium is a state of altered consciousness, con-
fusion, and reversal of the sleep-wake cycle that 
develops acutely and may fluctuate throughout 
the day. It is fairly common in children with 
malignant CNS tumors because of the multiple 
inciting factors to which they are generally 
exposed. In our experience, delirium is frequently 
unrecognized by healthcare providers until it has 
been present for quite some time and is causing 
considerable distress. Delirium may be second-
ary to opioids or anticholinergics, infection, 
dehydration, renal or liver abnormalities, or psy-
chosocial or spiritual distress.

Clinical pearls

• Elucidate and treat the underlying cause.
• Antipsychotic medications (e.g., haloperidol) 

are often helpful for managing agitation and 
mental confusion.
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• Benzodiazepines (e.g., lorazepam) may exac-
erbate delirium. If agitation is not fully con-
trolled with the antipsychotic medications, 
adding benzodiazepines may be warranted.

16.11  Anxiety

Children with malignant CNS tumors are under 
considerable personal and family strain and may 
experience symptoms of anxiety as a manifesta-
tion of psychological distress without meeting 
the criteria for diagnosis of an anxiety disorder. 
Working with the family system is the key way to 
decrease the anxiety symptoms experienced by 
the child. The aim of any intervention is to dis-
rupt the dysfunctional patterns of interaction that 
promote family insecurity/instability.

Clinical pearls

• Attention to the child–parent relationship is 
vital to preventing and treating anxiety 
symptoms.

• Behavioral therapy, cognitive-behavioral 
therapy, and psychodynamic psychotherapy 
are useful for helping the child and family 
cope with the challenges of a life-limiting 
illness.

• Breakthrough medication with short-acting 
benzodiazepines may be useful in combina-
tion with nonpharmacologic techniques.

• Commonly selected medications for treating 
longer-standing anxiety symptoms include tri-
cyclic antidepressants and selective serotonin 
reuptake inhibitors. These should be pre-
scribed and monitored in collaboration with 
trained psychiatric personnel.

16.12  Depression

Fortunately, although children with malignant 
CNS tumors appear to be at slightly elevated 
risk for depression and have higher rates of mal-
adjustment, most children with chronic disease 
are not depressed. The clinical picture of depres-
sion in children and adolescents varies consider-
ably across different developmental stages. 

Younger children may have more somatic com-
plaints, auditory hallucinations, temper tan-
trums, and other behavioral problems, whereas 
older children may report low self-esteem, guilt, 
and hopelessness. The family relationships of 
youth with depressive symptomatology are fre-
quently characterized by conflict, maltreatment, 
rejection, and problems with communication, 
with little expression of positive affect and 
support.

Clinical pearls

• The most important tool for diagnosing 
depression in children is a comprehensive 
psychiatric evaluation, which should be con-
ducted by a trained clinician.

• The treatment of depressed children with 
malignant CNS tumors should not be based 
exclusively on pharmacotherapy.

• Treatment may include a combination of cog-
nitive-behavioral therapy, interpersonal ther-
apy, psychodynamic psychotherapy, and other 
psychotherapies.

• For patients requiring pharmacotherapy, drug-
drug interactions and comorbidities must be 
considered before trialing any medications 
aimed at addressing the depression.

• Depressive symptoms may occur at the end of 
life as a normal reaction to grief. They could 
indicate the child’s need to explore their fears 
and concerns and find support in the child’s 
and the family’s search for meaning and 
understanding of their disease, suffering, and 
imminent death.

16.13  Care of the Imminently 
Dying Child with a Malignant 
CNS Tumor

To best incorporate the principles and practices 
of palliative care into the care of children with 
cancer, processes to care for the imminently 
dying patient need to be included. Communication 
is key during the entire end-of-life process but 
has a heightened level of importance during the 
final days and hours of a child’s life. As the symp-
toms progress and the child’s condition deterio-
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rates, the emotional and spiritual needs of both 
the patient and those caring for the patient 
increase. It is essential to continue to have fre-
quent conversations about the prognosis and 
goals, as well as continuing the ongoing patient- 
and family-centered needs assessment. Open and 
honest communication can provide security in a 
situation that is filled with unknowns and fear for 
families.

Parents have a desire to be, and are apprecia-
tive of being, very involved in the decision-mak-
ing during the final days of their child’s care and 
treatment. They want to remain informed about 
the child’s changes in condition and participate in 
the adjustments to the care plan. Parents report 
that receiving consistent information from a con-
sistent team is very helpful during these distress-
ing times (Contro et  al. 2004). A coordinated 
effort, including a transdisciplinary approach and 
interdisciplinary participation in the child’s care 
in order to provide consistent information, cannot 
be overemphasized, and an evidence-based stan-
dard operating procedure/checklist is probably 
the best way to accomplish this (Fig.  16.4) 
(Johnson et al. 2014).

 1. This checklist has been adapted from the 
checklist used by the Quality-of-Life/
Palliative Care Service at St. Jude Children’s 
Research Hospital (2015).

 2. The goal is to obtain items before the child 
enters the imminently dying phase of illness.

 3. A column may be added to identify which 
staff members are assigned to follow up on an 
individual task

Parents report that end-of-life decisions are 
among the most difficult they face on behalf of 
their seriously ill child (Hinds et al. 2001). Some 
of the difficult decisions children, parents, and 
healthcare providers must face and their positive 
and negative aspects are outlined in Table 16.3. It 
is also complicated to decide the appropriate age 
at which to begin involving the child in end-of-
life decision-making. Children as young as 
9  years with progressive incurable cancer are 
able to complete a complex decision-making pro-
cess and understand the ramifications of their 
decisions (Hays et  al. 2006). In order to better 
support and understand decision-making in the 
care of the imminently dying child, an advanced 

Checklist of Individualized Care Planning and Coordination Processes
Individualized care planning and coordination

Comprehensive encounter completed and placed in medical record

Advanced Care Planning
Participation of child and family in decision making
Negotiation with family regarding plan of care

Prognosis and goal-directed treatment options Use of artificial hydration and nutrition
Use of artificial life-prolonging measures Use of transfusion therapies (platelets, RBCs, etc.)
Use of antibiotics Use of cancer-directed therapies (chemotherapy, radiation, surgery)
Admission to the critical care unit or transfer to the floor

POST/POLST/DNaR signed and available in the medical record
Advanced Care Plan/5 wishes/My wishes in chart, if applicable
Unique patient/family requests identified and distributed to staff
Appointment of health care agent in chart, if applicable
Family conference offered to share the gravity of the patient’s status with family members designated by primary care
        givers.
Family notified that patient is imminently dying and medical decisions regarding care noted.

Medication review Need for vital signs
Discussed need for further diagnostic tests, invasive/painful procedures, and labs

Nonessential equipment reviewed (e.g., monitors)
Discussion complete on preferences of where death will occur 

____Hospice care at home ____Inpatient hospice ____Hospital ____Home hospital _____ ICU ___Other
Ethical issues identified, Ethics Committee consulted (as needed)
Autopsy discussion Organ donation
Consent completed (autopsy or organ donation, when applicable)

By whom? _________________________________________________

Symptom Control
Comfort optimized

Physical symptoms addressed Psychological symptoms addressed
Pain team notified of admission via pager, if applicable
Quality-of-Life Service notified of admission or via pager, if applicable

Fig. 16.4 Checklist of individualized care planning and coordination (ICPC) processes
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Function optimized
Rehabilitation service notified of admission or via pager if applicable

Signs and symptoms of imminently dying discussed with family (i.e., changes in vital signs, respiration, skin, neurologic
response)

Educational/resource materials provided

Emotional, Social,and Spiritual Care
Assessments reviewed by family member

Child’s needs Siblings’ needs Parents’ needs
Assessments reviewed by discipline

Emotional needs Social needs Spiritual needs Cultural needs
Sibling and patient relationship needs addressed (i.e., expressions of love, gratitude, forgiveness, and farewell)
Family presence facilitated (e.g., Red Cross, military)
Accommodations arranged for family gathering on unit (i.e., larger, quieter room)
The need for calling cards addressed Family members contacted about status ___Yes ___ No ____N/A

Contact made by: ________________________________________________________
End-of-life cultural concerns addressed
Financial burdens assessed Discussion of St. Jude’s financial assistance complete 
Financial support optimized (i.e., Clayton Dabney)
Servicesf/uneral arrangements Funeral home notified (name):

Arrangements made by___________________________________
Funeral home contact person:_____________________________
Burial options - Cremation Burial 

Transportation home arranged ____Yes ____ No ____ N/A
Mode of transportation _____family car ____ambulance ____air ambulance

Housing rule addressed ______N/A  Extension given for housing _____
Make-A-Wish or other wish agency contacted ____Yes ____No _____N/A

Care Coordination and Continuity
Room flagged with symbol
Social worker notified of admission via pager Child Life notified of admission via pager
Chaplain notified of admission via pager Psychology notified of admission via pager ____N/A
Primary Care Team emailed of admission for end-of-life care
Plan for contacts at the time of death completed Plan: ___________________________________________
Identification of key health care member to contact in urgent situations
Patient and family requesting notifications to ___ Family & friends ____Schools ___Church ______Other
Notifications at time of death

Other service providers
Primary Care Physician_________________________________
Home hospital _______________________________________
Referring physician ____________________________________
Family members______________________________________ 

______________________________________________________
______________________________________________________
______________________________________________________

Postmortem packet stamped and placed in nursing binder
Planned follow-up interdisciplinary care team meeting

Bereavement Care
Anticipatory needs for bereavement process applied (i.e., assist family and staff with staying connected to the child,
facilitated communication between child and family, addressed decisional regret, facilitated memorial objects/legacy items,
educational/resource materials provided)
Bereavement care of surviving family members

Risk assessment for complicated bereavement
Bereavement materials provided

Sympathy Booklet in Nursing Binder for staff to sign
Sympathy Booklet mailed
Bereavement care of staff

Debriefing scheduled
Signature/Initial:

FORMS: (Initial When completed)

_____ Record of Death
_____ Final Disposition
_____ Death Certificate
_____ Autopsy Consent

Fig. 16.4 (continued)

care planning process should be facilitated. This 
process will help ascertain the family’s priorities, 
values, and goals. Advanced illness care planning 
has been demonstrated to improve aspects of 
quality of life and family satisfaction when 
implemented in the care of seriously ill children 
(Hinds et al. 2005a).

As the death becomes imminent, many par-
ents feel that there is less interaction with the 
medical team. Certain members of the care team 
may become less visible as curative options are 
exchanged for comfort measures. This is difficult 
for families to comprehend, and parents report 
having feelings of abandonment when this occurs 
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(Hinds et al. 2005b). This may cause complicated 
grief issues following the death. Changing care-
givers during the last and oftentimes most intense 
days of the illness can be stressful for both the 
patient and the parents; therefore, maintaining 
open communication is essential (Contro et  al. 
2004). A focus on care coordination and care 
continuity in the imminently dying pediatric can-
cer patient can help provide the much needed 
support and relationships sought by the families 
of these patients.

Imminently dying cancer patients experience 
many symptoms, such as pain, fatigue, behavior 
changes, breathing changes and dyspnea, reduced 
mobility, depression, anxiety, nausea and vomit-
ing, anemia and bleeding, and loss of appetite 
(Wolfe et al. 2000; McCallum et al. 2000; Stevens 
et  al. 1994; Wolfe et  al. 2002; Jalmsell et  al. 
2006). As stated earlier, many of these symptoms 
are not treated, and even if treatment is instituted, 
it is frequently unsuccessful (Goldman et  al. 

2006; Wolfe et  al. 2000). Addressing suffering 
and managing these symptoms is of paramount 
importance in that parents report fear of the 
child’s physical symptoms as one of their main 
concerns at the end of life (Theunissen et  al. 
2007). Furthermore, parental report of unrelieved 
pain in their dying child has been linked to long-
term distress in bereaved parents (Kreicbergs 
et al. 2005). There should be an ongoing compre-
hensive systematic symptom assessment of all 
children dying a cancer-related death. Those 
symptoms that are distressing to the child and/or 
parent should be addressed and treatment 
initiated.

Imminently dying children should not be 
allowed to experience suffering at the end of life. 
Clinicians have a clinical and ethical responsibil-
ity to their patients and should control symptoms 
with appropriate medical interventions. The rule 
of double effect and the principles that guide 
sedation of highly symptomatic adult patients 

Table 16.3 Specific decisions, along with their positive and negative aspects

Decision Potential positive aspects Potential negative aspects
Further cancer-
directed therapy

Slow progression of the tumor
Fulfills a need to continue to fight against the 
tumor

Introduces or increases suffering due to 
side effects
Continued need for medical care, 
primarily provided through outpatient 
clinic or hospital setting, so less time to 
pursue other life goals

Enrollment in a Phase 
I study

Further understanding of how the medicine 
works
Involvement in research → altruism; a chance 
to give back
Closer monitoring of clinical status
Fulfills a need to continue to fight against the 
tumor

No studies may be available
Introduces or increases suffering due to 
side effects
Continued need for medical care, 
primarily provided through outpatient 
clinic or hospital setting, so less time to 
pursue other life goals

Hospice enrollment Home-based provision of care
Expertise in pain and symptom management
Interdisciplinary approach to care—availability 
of chaplain, physician, nurse, social worker, 
and volunteers
24/7 call coverage for symptom-related or other 
emergencies

May be viewed by others as “giving 
up”—seen as being for imminently 
dying people by public
Another team working with you and 
your child; meeting new people may 
seem difficult
May not allow for blood product 
transfusion or continuation of some 
cancer-directed therapies

Placement of a “Do 
Not Attempt 
Resuscitation” order

Allows recognition by all team members that 
the benefits of aggressive resuscitation efforts 
are outweighed by the suffering such efforts 
may inflict
Focuses the final moments on comfort and 
mourning
Can be rescinded/reversed at any point in time

May be viewed as “giving up” or not 
doing everything possible
Because it is a piece of paper, it may 
not be followed unless presented to 
medical personnel at the point of death
Can be a statement of acceptance that 
the end result will likely be death
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with pain or dyspnea also apply in the care of 
children (Fleischman 1998). The goal of therapy 
is to relieve distressing symptoms and not to has-
ten death. Consultation with palliative care and 
pain teams can aid clinicians with symptom man-
agement at the end of life and is recommended.

Unfortunately, a small number of children 
with malignant CNS tumors will experience 
intractable physical suffering that is refractory to 
traditional medical interventions. Parents of seri-
ously ill children may be willing to try a variety 
of approaches, some of which may be potentially 
harmful, hoping for benefit in a desperate situa-
tion, particularly when the condition imposes a 
heavy burden for which mainstream therapies are 
insufficient. Of note, although some alternative 
medicine practices in the care of seriously ill 
children may be justified, there are no published 
guidelines for using these practices in children. 
In these rare circumstances, palliative sedation 
therapy (PST) with medications achieving con-
tinuous deep sedation can be ethically permissi-
ble. Propofol is one such medication and has 
been demonstrated to reduce pain and suffering 
in pediatric patients. The indications for PST at 
the end of life include two core components: the 
presence of severe suffering that is refractory to 
standard palliative management and the primary 
aim of relief of distress. We recommend that tra-
ditional therapies be maximized under a time-
limited trial and ethics consultation be obtained 
prior to initiating PST in pediatric patients 
(Anghelescu et al. 2012).

16.14  Psychosocial, Emotional, 
Cultural, and Spiritual Care

In addition to issues of pain and other physical 
symptoms, psychosocial and spiritual needs are 
consistently identified as being very important to 
patients and their families. These psychological 
and spiritual concerns are frequently left unat-
tended but should be treated as aggressively as 
physical symptoms. Many clinicians are poorly 
trained with regard to the spiritual and religious 
concerns of patients and families. They may have 
an understanding of and a level of concern for the 

spiritual and religious needs of the patient, but 
this understanding does not translate into the 
interaction with the patient and their families 
(Grossoehme et al. 2007). A significant number 
of cancer patients report that spirituality/religion 
is important to them personally. Addressing these 
issues may lead to improved outcomes, in that 
there is an association between spirituality/reli-
gion and improved quality of life, as well as an 
increased ability to cope with the imminent death 
of a patient (Balboni et al. 2007).

In the ideal scenario, the end of a child’s life 
will occur in the most comfortable manner pos-
sible, allowing the family and child to be together 
in their chosen place. More commonly, however, 
this ideal scenario is complicated by continuing 
advances in medical regimens that, although 
introduced with the hope of restoring function, 
may ultimately expose a child to overly aggres-
sive treatments or interventions in the last days or 
weeks of life. This difficulty often occurs in the 
inpatient setting and may complicate the provi-
sion of end-of-life care that is inclusive of a fam-
ily’s personal, cultural, religious, or spiritual 
beliefs. Although commonly thought to be impor-
tant, the role of these needs of families at the end 
of a child’s life has been insufficiently studied in 
pediatric populations. Facilitating the expression 
of a family’s religious or spiritual beliefs as a 
child approaches the end of life may provide 
comfort and a sense of meaning by supporting a 
sense of connection to a higher power. Parents 
often identify community religious figures as 
important members of their support system (Thiel 
and Robinson 1997). A community clergy person 
is typically more grounded in specific religious 
traditions and may already have an existing long-
term relationship with the family. However, a 
hospital chaplain has more experience with coun-
seling individuals through illness and death, so 
the ideal combination of resources may result 
from partnerships between the two. Therefore, 
the interdisciplinary team should include a 
trained and certified chaplain to address the reli-
gious and spiritual needs of dying children and 
their families. Chaplaincy services may be 
consulted to assist with assessing the religious 
and spiritual needs of a child and family 
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(Nelson-Becker 2013). Additionally, discussions 
with community-based religious leaders, inter-
preters, or other members of the cultural group 
can be informative. After the death of a child, 
parents are often asked to make difficult deci-
sions about funeral, burial, or cremation plans. 
Families of children with malignant CNS tumors 
have probably already thought about the child’s 
funeral and related plans before the death occurs 
as a part of anticipatory grief (Brown and Sourkes 
2006). Various members of the interdisciplinary 
team, especially social workers and chaplains, 
may be helpful in supporting families and help-
ing to make arrangements.

16.15  Bereavement Support

Bereavement is the objective situation of losing 
someone significant through death and the adjust-
ment that follows (Bruce 2007). Grief refers to 
the distress resulting from bereavement and 
includes complex cognitive, emotional, and 
social difficulties. Together, these constitute the 
“grief process.” The death of a child is one of the 
most intense and painful events that a parent can 
experience; parental grief is more intense and 
longer-lasting than other types of grief and is 
associated with increased risk of psychological 
and physical illness. Parents who survive their 
child’s death experience higher intensities of 
grief than do adults who experience the death of 
a spouse or parent (Dans et al. 2017; Bradshaw 
et  al. 2005; Sanders 1979). Bereaved parents 
have elevated risks of psychiatric hospitaliza-
tions, even 5 or more years after their child’s 
death, and a higher risk of early death (Li et al. 
2003, 2005). Pediatric cancer treatment places 
many burdens on families. Children receiving 
treatment for cancer are often hospitalized far 
from home for lengthy periods of time, and the 
geographic distance reduces the opportunity for 
social support from friends and extended family. 
Therefore, parents often come to depend upon 
the hospital staff for their psychosocial needs. 
When their child dies and these services are with-
drawn, families may feel abandoned by the hos-
pital staff (Truog et  al. 2006). The majority of 
families desire some continued contact with the 

members of their child’s care team and report that 
such contact is meaningful to them (Hinds et al. 
2005b; Contro et al. 2004; deCinque et al. 2004, 
2006).

Bereaved parents may experience severe per-
sonal guilt in the years after their child’s death, 
particularly if they did not expect their child to 
die during the week before their death (Surkan 
et  al. 2006). When death is anticipated, it is 
important that the attending staff and other mem-
bers of the interdisciplinary team clearly discuss 
the child’s condition with the parents. Families 
who have access to and use psychological sup-
port during the last month of their child’s life are 
more likely to work through grief, particularly if 
they have the opportunity to discuss their child’s 
condition with the team (Kreicbergs et al. 2007). 
Healthcare professionals should display empathy 
and remain attentive to familial needs in a man-
ner that is open and culturally sensitive. Families 
should be informed that there is no “right way” to 
feel or act at the time of death, and their privacy 
should be respected. Families should be allowed 
to spend as much time with their child as they 
need after death, and accommodations should be 
made to allow for personal, cultural, or spiritual 
needs within the hospital setting.

A practical approach to providing care for 
bereaved families begins when the child is first 
admitted for treatment. In these early stages of 
the child’s treatment, important building blocks 
for future relationships are set in place. Using a 
“hope for the best, plan for the worst” approach 
enables care teams to help prepare a family for 
loss, which may lower the risk for psychological 
disturbances after the death. The goal to inte-
grate bereavement care into the mainstream of 
the child’s care also suggests the need to develop 
and implement effective evaluation tools that 
permit the team to identify families at risk for 
complicated bereavement. Initial assessments by 
the chaplaincy and social work departments can 
alert the team to families whose coping may be 
less than adaptive. Identifying disbelief, yearn-
ing, anger, or depression as negative grief indica-
tors 6  months after the death of the child may 
identify those family members in need of further 
evaluation (Maciejewski et al. 2007). Individuals 
who lack a good social support network and 
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those who have experienced a childhood history 
of neglect and abuse are at the highest risk for 
complicated bereavement. Individuals most at 
risk for complicated bereavement are often those 
who are the most reluctant to seek help, which 
can complicate attempts at intervention by clini-
cians (Zhang et al. 2006). There are seven symp-
toms that should serve as a warning signal to 
clinicians that a person may be experiencing 
complicated grief: trouble accepting the death, 
inability to trust others, excessive bitterness 
towards the death, uneasiness about moving on 
with life, detachment from other people to whom 
the person was previously close, the view that 
the future holds no prospect of fulfillment, and 
agitation since the death. These symptoms must 
be persistent and disruptive to the bereaved per-
son and must have lasted for more than 6 months 
(Hawton 2007). Thus, in order to identify and 
help persons who may be suffering from compli-
cated bereavement, a bereavement program must 
include regular contact between family members 
and trained staff over an extended period of time.

 Conclusion
Despite advances in the field of neuro-oncol-
ogy, children with brain tumors continue to 
experience high rates of morbidity and mortal-
ity and a substantial symptom burden, neces-
sitating the integration of palliative care 
principles and practices throughout their ill-
ness trajectory. As a high-risk group, these 
patients experience a high number of hospital 
deaths, and there is often only a short interval 
between the initial palliative care consultation 
and death. The early introduction of palliative 
care for these patients is essential, and a broad-
based approach that does not exclusively rely 
on consult-based palliative care services can 
help optimize the integration of palliative care 
into the continuum of care for pediatric neuro-
oncology patients.
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17.1  Introduction

Eighty-five percent of the world’s children live in 
areas of limited resources. The poorest continent, 
Africa, accounts for 23% of pediatric disease but 
only employs 1.3% of the world’s health work-
ers. Pediatric neuro-oncology requires highly 
specialized teams, and in countries where there 
are inadequate resources for even the most com-
mon diseases, such as infections, malnutrition, 
and HIV-related disease, it is understandable that 
children with central nervous system (CNS) 
tumors are not a priority.

According to the World Bank (TWB 2015a), 
there are 35 low income countries (LIC) with 
gross national income (GNI) per capita per year 

(Atlas Method) of less than $1500, 56 lower mid-
dle income countries (LMIC)  (GNI per capita of 
$1500–$3975), 54 upper middle income countries 
(UMIC, GNI per capita of $3976–$12,275), and 
50 high income countries (HIC, GNI per capita of 
>$12,275), see Table 17.1 and Fig. 17.1. This is 
reflected in the health expenditure per capita 
(TWB 2015b) (Table 17.2), which varies as a per-
centage of gross domestic product (GDP) and 
ranges from $13 per person per year in the Central 
African Republics to $9715 per person per year in 
Norway. The inequity of financial resources is 
reflected in the availability of doctors and other 
health workers (Table 17.2) and certainly in the 
availability of pediatric neuro-oncology facilities. 
It is estimated that at least 80% of children with 
brain tumors in the world do not receive adequate 
treatment (Friedrich et  al. 2015; Hadley et  al. 
2012; Barr et al. 2011) and major efforts would be 
required to reverse the current situation. Ensuring 
that all children of the twenty-first century are 
able to receive basic treatment in the neglected 
domain of CNS tumors should be a priority for all 
pediatric oncology health workers.

The number of children in the world under the 
age of 15  years presenting each year with any 
cancer is estimated to be 160,000 (Ferlay 2004; 
Howard et  al. 2008), although the accuracy of 
this figure is questionable due to the uncertain 
incidence in many LMIC and LIC. Extrapolating 
from US data, about one-fifth of these cancers are 
CNS cancers (Howard et al. 2008). However, the 
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Table 17.1 Tables showing countries in order as defined by Gross National Income (GNI) per capita

Rank Country GNI Year
(a) High income countries
1 Monaco 186,950 2008
2 Liechtenstein 116,030 2009
– Bermuda (UK) 106,140 2013
3 Norway 103,050 2014
4 Switzerland 90,670 2013
5 Qatar 90,420 2014
– Macau (China) 71,270 2013
– Isle of Man (UK) 48,360 2007
6 Luxembourg 69,880 2013
7 Australia 64,680 2014
8 Sweden 61,600 2014
9 Denmark 61,310 2014
– GuernseyJersey Channel Islands (UK) 65,440 2007
10 Kuwait 55,470 2013
11 United States 55,200 2014
12 Singapore 55,150 2014
– Faroe Islands (Denmark) NA N/A
13 Canada 51,690 2014
14 San Marino 51,470 2008
15 Netherlands 51,210 2014
– Cayman Islands (UK) NA N/A
16 Austria 50,390 2013
17 Finland 48,910 2013
18 Germany 47,640 2014
19 Iceland 47,640 2014
20 Belgium 47,030 2014
21 Ireland, Republic of 44,660 2014
22 United Arab Emirates 43,480 2014
23 France 43,080 2014
24 United Kingdom 42,690 2014
25 Japan 42,000 2014
26 Andorra 41,460 2013
– Hong Kong (China) 40,320 2014
27 New Zealand 39,300 2013
28 Brunei Darussalam 36,710 2012
29 Israel 34,990 2014
30 Italy 34,280 2014
– Curaçao (Netherlands) NA N/A
31 Spain 29,940 2013
– Guam (USA) NA N/A
32 Korea, South 27,090 2014
33 Cyprus 26,370 2014
34 Saudi Arabia 26,340 2013
– Greenland (Denmark) 26,020 2009
– Aruba (Netherlands) NA N/A
– Turks and Caicos Islands (UK) NA N/A
35 Slovenia 23,220 2013
36 Greece 22,090 2014
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Table 17.1 (continued)

Rank Country GNI Year
39 Portugal 21,320 2014
40 Bahrain 21,330 2013
41 Bahamas, The 21,010 2014
– Sint Maarten (Netherlands) NA N/A
42 Malta 21,000 2013
43 Taiwan (TWB 2015b) NA N/A
– Puerto Rico (USA) 19,310 2013
44 Czech Republic 18,970 2013
45 Estonia 18,530 2014
46 Oman 18,150 2013
47 Slovakia 17,810 2013
– Saint Martin (France) NA N/A
48 Uruguay 16,360 2014
– French Polynesia (France) 15,990 2000
49 Latvia 15,660 2014
50 Trinidad and Tobago 15,640 2013
51 Lithuania 15,380 2014
52 Barbados 14,880 2012
53 Chile 14,900 2014
54 Argentina 14,560 2014
55 Saint Kitts and Nevis 14,540 2014
– New Caledonia (France) 14,020 2000
56 Seychelles 13,990 2014
57 Poland 13,730 2014
– Virgin Islands, U.S. (USA) 13,660 1989
58 Hungary 13,470 2014
59 Antigua and Barbuda 13,360 2014
60 Equatorial Guinea 13,340 2014
61 Russia 13,210 2014
– Northern Mariana Islands (USA) NA N/A
62 Croatia 13,020 2014
63 Venezuela 12,820 2014
(b) Upper middle income countries
64 Brazil 11,760 2014
65 Kazakhstan 11,670 2014
66 Palau 11,110 2014
67 Panama 10,970 2014
– World 10,858 2014
68 Turkey 10,850 2014
69 Malaysia 10,660 2014
70 Mexico 9980 2014
71 Lebanon 9880 2014
72 Costa Rica 9750 2014
73 Mauritius 9710 2014
74 Romania 9370 2014
75 Suriname 9370 2013
76 Gabon 9320 2014
– American Samoa (USA) NA N/A
77 Turkmenistan 8020 2014

(continued)
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Table 17.1 (continued)

Rank Country GNI Year
78 Libya 7920 2014
79 Botswana 7880 2014
80 Grenada 7850 2014
81 Colombia 7780 2014
82 Azerbaijan 7590 2014
83 Bulgaria 7420 2014
84 China 7380 2014
85 Belarus 7340 2014
86 Maldives 7290 2014
87 Montenegro 7240 2014
88 Saint Lucia 7090 2014
89 Dominica 7070 2014
90 South Africa 6800 2014
91 Saint Vincent and the Grenadines 6560 2014
92 Iraq 6410 2014
93 Peru 6410 2014
94 Iran 6820 2013
95 Ecuador 6040 2014
96 Dominican Republic 5950 2014
97 Cuba 5910 2011
98 Tuvalu 5840 2013
99 Namibia 5820 2014
100 Serbia 5820 2014
101 Thailand 5410 2014
102 Algeria 5340 2014
103 Angola 5300 2014
104 Jamaica 5220 2013
105 Jordan 5160 2014
106 Macedonia, Republic of 5070 2014
107 Bosnia and Herzegovina 4770 2014
108 Fiji 4540 2014
109 Belize 4510 2013
110 Albania 4460 2013
111 Mongolia 4320 2014
112 Marshall Islands 4310 2013
113 Tonga 4280 2014
114 Tunisia 4210 2013
115 Paraguay 4150 2014
(c) Lower middle income countries
116 Samoa 4050 2014
117 Kosovo 4000 2014
118 Guyana 3970 2014
119 Armenia 3810 2014
120 El Salvador 3780 2014
121 Georgia 3720 2014
122 Indonesia 3650 2014
123 Ukraine 3560 2014
124 Cabo Verde 3520 2014
125 Guatemala 3440 2014
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Table 17.1 (continued)

Rank Country GNI Year
126 Philippines 3440 2014
127 Sri Lanka 3400 2014
128 Egypt 3280 2014
129 Micronesia, Federated States of 3280 2013
130 Timor Leste 3120 2014
131 Vanuatu 3090 2013
132 Palestine 3060 2013
133 Morocco 3020 2013
134 Nigeria 2950 2014
135 Bolivia 2830 2014
136 Swaziland 2700 2014
137 Congo, Republic of the 2680 2014
138 Moldova 2550 2014
139 Bhutan 2390 2014
140 Kiribati 2280 2013
141 Honduras 2190 2014
142 Uzbekistan 2090 2014
143 Papua New Guinea 2020 2013
144 Vietnam 1890 2014
145 Syria 1850 2007
146 Nicaragua 1830 2014
147 Solomon Islands 1830 2014
148 Zambia 1760 2014
149 Sudan 1740 2014
150 Ghana 1620 2014
151 India 1610 2014
152 Laos 1600 2014
153 São Tomé and Príncipe 1570 2013
154 Côte d’Ivoire 1550 2014
155 Pakistan 1410 2014
156 Yemen 1370 2013
157 Cameroon 1350 2014
158 Lesotho 1350 2014
159 Kenya 1280 2014
160 Myanmar 1270 2014
161 Mauritania 1260 2014
162 Kyrgyzstan 1250 2013
163 Bangladesh 1080 2014
164 Tajikistan 1060 2014
165 Senegal 1050 2014
166 Djibouti 1030 2005

(d) Lower income countries
67 Cambodia 1010 2014
168 Chad 1010 2014
169 South Sudan 960 2014
170 Tanzania 930 2014
171 Zimbabwe 860 2014
172 Comoros 840 2014
173 Haiti 830 2014

(continued)
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actual incidence of brain tumors in LIC and 
LMIC is very difficult to ascertain. Many chil-
dren and young people are not diagnosed for a 
variety of reasons, including late presentation 
and lack of neuroimaging facilities. In addition, 
there is frequently a lack of trained clinicians, 
including radiologists, pathologists, neurosur-
geons, and oncologists (Barr 1994), which 
adversely affects the ability to adequately diag-
nose brain tumors. True numbers of subtypes of 
brain tumors may not be possible to determine 
since a tissue diagnosis is seldom achieved. The 
prevalence of the different CNS tumor types as 
well as the biological subgroups may differ in 
LIC and LMIC from HIC, but this information is 

not readily available due to the factors mentioned 
above. In addition, a number of intracerebral 
lesions are labelled as brain tumors when in fact 
they are not (Mitra et al. 2012).

Globally, great advances have been made in 
the biological understanding of pediatric CNS 
tumors as well as treatment modalities and treat-
ment stratification for children with CNS tumors, 
but these advances are not relevant to the major-
ity of children with brain tumors in whom ade-
quate access to the basic pillars of treatment are 
missing. Successful treatment of such children 
requires input from many different health profes-
sionals and is best coordinated by a formal and 
functioning multidisciplinary team. This can be 

Table 17.1 (continued)

Rank Country GNI Year
174 Benin 810 2014
175 Nepal 730 2014
176 Mali 720 2014
177 Sierra Leone 720 2014
178 Burkina Faso 710 2014
179 Afghanistan 680 2014
180 Uganda 660 2014
181 Rwanda 650 2014
182 Mozambique 630 2014
183 Togo 580 2014
184 Guinea-Bissau 570 2014
185 Korea, North 500 2015
186 Ethiopia 550 2014
187 Eritrea 530 2014
188 Guinea 480 2014
189 Gambia 450 2014
190 Madagascar 440 2014
191 Niger 430 2014
192 Congo, Democratic Republic of the 410 2014
193 Liberia 400 2014
194 Central African Republic 330 2014
195 Burundi 270 2014
196 Malawi 250 2014
197 Somalia 150 1990

This is defined as the gross national income, converted to U.S. dollars using the World Bank Atlas method, divided by 
the midyear population. GNI is the sum of value added by all resident producers plus any product taxes (less subsidies) 
not included in the valuation of output plus net receipts of primary income (compensation of employees and property 
income) from abroad (TWB 2015a). (a) Shows high income countries, (b) upper middle income countries, (c) lower 
middle income countries, and (d) lower income countries. These are defined by the world bank as follows: low-income 
economies are those with a GNI per capita, calculated using the World Bank Atlas method, of $1045 or less in 2013; 
middle-income economies are those with a GNI per capita of more than $1045 but less than $12,746; high-income 
economies are those with a GNI per capita of $12,746 or more. Lower-middle-income and upper-middle-income econo-
mies are separated at a GNI per capita of $4125
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difficult to achieve in LIC and LMIC where the 
number of health professionals varies widely 
(Table  17.2), with some countries having less 
than 0.2 doctors and 56 nurses per 100,000 popu-
lation (TWB 2015b).

There are many factors important in setting up 
and maintaining a functioning program to ade-
quately treat children with CNS tumors in LIC 
and LMIC. Some of these are outlined below.

17.2  Establishing a Neuro-
Oncology Program in Low 
Income and Low Middle 
Income Countries

17.2.1  Political Will and Funding

Considerable investment is required to adequately 
care for children with brain tumors, but the com-
mitment of different governments to their care 
varies. Not only are highly trained personnel 
required, but functioning tertiary facilities with 
adequate infrastructure and maintenance are 
needed as well. Nongovernmental organizations, 
including universities and charities from resource-
rich countries, sometimes provide training, finan-
cial assistance, and equipment. However, the local 

government must be supportive in order to sustain 
effective programs.

Trained health professionals in some LIC and 
LMIC countries receive limited salaries for their 
public work, resulting in them seeking employ-
ment outside of their countries or in the private 
sector where they are better remunerated. This 
may result in less time for treating the majority of 
children who require their expertise. Some prac-
titioners use income from their private practice to 
fund patients unable to afford treatment, and non-
governmental organizations and charities may 
supplement salaries of key personnel in order to 
ensure that more time is spent looking after those 
who are less advantaged. The requirement for 
patients to pay for part of their treatment or for 
certain drugs or treatment modalities varies from 
country to country and may also have an effect on 
the delivery of care.

17.2.2  The Importance 
of the Multidisciplinary Team

Early discussion of each child with a CNS tumor 
results in a higher standard of care and a better 
outcome (Parkes et  al. 2015). There are many 
aspects of care requiring involvement from many 

Low income - $1,005 or less

Country Income Groups

Lower middle income - $1,006–$3,975 
Upper middle income - $3,976–$12,275 

High income: nonOECD - $12,275 or more
High income: OECD - $12,275 or more

Year: July 2011
Source: The World Bank Group

Fig. 17.1 World Map showing Gross National Income (GNI) (US dollars) per capita per year using the Atlas method 
(The World Bank 2015a)
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Table 17.2 Table showing health related parameters in countries as defined by the World Bank (TWB 2015b)

Health workers Hospital beds
Country Per capita Physicians Nurses and midwives

$ per 1000 people per 1000 people per 1000 people
2013 2007–13 2007–13 2007–12

Norway 9715 4.3 17.3 3.3
Switzerland 9276 4 17.4 5
United States 9146 2.5 9.8 2.9
Luxembourg 7980 2.9 12.6 5.4
Monaco 6993 7.2 17.2 13.8
Denmark 6270 3.5 16.8 3.5
Netherlands 6145 2.9 8.4 4.7
Australia 5827 3.3 10.6 3.9
Canada 5718 2.1 9.3 2.7
Sweden 5680 3.9 11.9 2.7
Austria 5427 4.8 7.9 7.6
Belgium 5093 4.9 16.8 6.5
Germany 5006 3.9 11.5 8.2
France 4864 3.2 9.3 6.4
Finland 4449 2.9 10.9 5.5
Ireland 4233 2.7 15.7 2.9
Iceland 4126 3.5 15.6 3.2
New Zealand 4063 2.7 10.9 2.3
Euro area 4018 3.9 7.5 5.6
Japan 3966 2.3 11.5 13.7
San Marino 3847 5.1 8.8 3.8
United Kingdom 3598 2.8 8.8 2.9
Italy 3155 3.8 0.3 3.4
Andorra 2948 4 4.8 2.5
Israel 2601 3.3 5 3.3
Spain 2581 4.9 5.7 3.1
Singapore 2507 2 5.8 2
Greece 2146 6.2 0.2 4.8
Slovenia 2085 2.5 8.5 4.6
Qatar 2043 7.7 11.9 1.2
Portugal 2037 4.1 6.1 3.4
Malta 1994 3.5 7.5 4.8
Korea, Rep. 1880 2.1 5 10.3
Cyprus 1866 2.3 4.5 3.5
Bahamas, The 1621 2.8 4.1 2.9
United Arab Emirates 1569 2.5 3.2 1.1
Kuwait 1507 2.7 4.6 2.2
Slovak Republic 1454 3.3 6.1 6
Uruguay 1431 3.7 5.5 2.5
Czech Republic 1367 3.6 8.4 6.8
Chile 1204 1 0.1 2.1
Brazil 1083 1.9 7.6 2.3
Argentina 1074 3.9 4.7
Estonia 1072 3.2 6.4 5.3
Bahrain 1067 0.9 2.4 2.1
Hungary 1056 3.1 6.5 7.2

S. Bailey et al.



411

Table 17.2 (continued)

Health workers Hospital beds
Country Per capita Physicians Nurses and midwives

$ per 1000 people per 1000 people per 1000 people
2013 2007–13 2007–13 2007–12

World 1048 1.5 3.3
Palau 1008 1.4 5.7 4.8
Barbados 1007 1.8 4.9 6.2
Costa Rica 1005 1.1 0.8 1.2
Croatia 982 3 5.3 5.9
Brunei Darussalam 974 1.4 8 2.8
Lithuania 966 4.1 7.2 7
Trinidad and Tobago 965 1.2 3.6 2.7
Russian Federation 957 4.3 8.5
Poland 895 2.2 6.2 6.5
Latvia 874 3.6 3.4 5.9
St. Kitts and Nevis 861 2.3
Saudi Arabia 808 2.5 4.9 2.1
Panama 796 1.7 1.4 2.2
Latin America and Caribbean 746 2 4.3 2
Maldives 720 1.4 5 4.3
Equatorial Guinea 714 2.1
Tuvalu 704 1.1 5.8
Oman 678 2.4 5.4 1.7
Antigua and Barbuda 665 2.1
Mexico 664 2.1 2.5 1.5
Lebanon 631 3.2 2.7 3.5
Marshall Islands 630 0.4 1.7 2.7
St. Lucia 621 0.1 1.6
Turkey 608 1.7 2.4 2.5
Cuba 603 6.7 9.1 5.3
South Africa 593 0.8 5.1
Kazakhstan 580 3.6 8.3 7.2
Bulgaria 555 3.9 4.8 6.4
Seychelles 551 1.1 4.8 3.6
Colombia 533 1.5 0.6 1.5
Romania 504 2.4 5.6 6.1
Grenada 499 3.5
Venezuela, RB 497 0.9
Upper middle income 479 1.8 2.7 3.4
Serbia 475 2.1 4.5 5.4
Belarus 463 3.9 10.6 11.3
Mauritius 463 3.4
Montenegro 461 2.1 5.4 4
Bosnia and Herzegovina 449 1.9 5.6 3.5
Suriname 445 3.1
Gabon 441 6.3
Azerbaijan 436 3.4 6.5 4.7
Europe and Central Asia 436 2.6 6 5.6
Libya 433 1.9 6.8 3.7
Iran, Islamic Rep. 432 0.9 1.4 0.1

(continued)
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Table 17.2 (continued)

Health workers Hospital beds
Country Per capita Physicians Nurses and midwives

$ per 1000 people per 1000 people per 1000 people
2013 2007–13 2007–13 2007–12

Malaysia 423 1.2 3.3 1.9
Namibia 423 0.4 2.8 2.7
Dominica 417 3.8
Micronesia, Fed. Sts. 407 0.2 3.3 3.2
Botswana 397 0.3 2.8 1.8
Paraguay 395 1.2 1 1.3
China 367 1.9 1.9 3.8
Ecuador 361 1.7 2.2 1.6
Peru 354 1.1 1.5 1.5
Georgia 350 4.3 0.1 2.6
St. Vincent and the Grenadines 345 5.2
Jordan 336 2.6 4 1.8
Dominican Republic 315 1.5 1.3 1.7
Algeria 314 1.2 1.9
Ukraine 313 3.5 7.7 9
Macedonia, FYR 312 2.6 0.6 4.5
Tunisia 309 1.2 3.3 2.1
Iraq 305 0.6 1.4 1.3
Jamaica 300 0.4 1.1 1.7
East Asia and Pacific 293 1.5 1.8 3.6
Samoa 271 0.5 1.9
Angola 267 0.2 1.7
El Salvador 266 1.6 0.4 1.1
Thailand 264 0.4 2.1 2.1
Moldova 263 3 6.4 6.2
Belize 262 0.8 2 1.1
Middle East and North Africa 260 1.4 2.1 0.8
Swaziland 256 0.2 1.6 2.1
Guyana 250 0.2 0.5 2
Mongolia 244 2.8 3.6 6.8
Albania 240 1.1 3.8 2.6
Guatemala 227 0.9 0.9 0.6
Tonga 204 0.6 3.9 2.6
Honduras 193 0.7
Fiji 189 0.4 2.2 2
Morocco 189 0.6 0.9 0.9
Bolivia 174 0.5 1 1.1
Kiribati 166 0.4 3.7 1.3
Cabo Verde 165 0.3 0.6 2.1
Armenia 159 2.7 4.8 3.9
Turkmenistan 158 2.4 4.4 4
Nicaragua 153 0.9
Egypt, Arab Rep. 151 2.8 3.5 0.5
Djibouti 137 0.2 0.8 1.4
Congo, Rep. 131 0.1 0.8
Lesotho 123
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Table 17.2 (continued)

Health workers Hospital beds
Country Per capita Physicians Nurses and midwives

$ per 1000 people per 1000 people per 1000 people
2013 2007–13 2007–13 2007–12

Vanuatu 123 0.1 1.7 1.8
Philippines 122 1
Uzbekistan 120 2.5 11.9 4.4
Nigeria 115 0.4 1.6
Sudan 115 0.3 0.8 0.8
Vietnam 111 1.2 1.2 2
Sao Tome and Principe 110 2.9
Indonesia 107 0.2 1.4 0.9
Sri Lanka 102 0.7 1.6 3.6
Sub-Saharan Africa 101 0.2 1.1
Ghana 100 0.1 0.9 0.9
Solomon Islands 100 0.2 2.1 1.3
Sierra Leone 96 0 0.2
Papua New Guinea 94 0.1 0.6
Zambia 93 0.2 0.8 2
Bhutan 90 0.3 1 1.8
Lower middle income 88 0.8 1.8
Cote d’Ivoire 87 0.1 0.5
Kyrgyz Republic 87 2 6.2 4.8
Haiti 77 1.3
Cambodia 76 0.2 0.8 0.7
Yemen, Rep. 74 0.2 0.7 0.7
Rwanda 71 0.1 0.7 1.6
Tajikistan 70 1.9 5 5.5
Cameroon 67 0.1 0.4 1.3
India 61 0.7 1.7 0.7
Timor-Leste 59 0.1 1.1 5.9
Uganda 59 0.1 1.3 0.5
South Asia 56 0.7 1.4 0.7
Togo 54 0.1 0.3 0.7
Mali 53 0.1 0.4 0.1
Comoros 51
Afghanistan 49 0.3 0.1 0.5
Tanzania 49 0 0.4 0.7
Burkina Faso 46 0 0.6 0.4
Senegal 46 0.1 0.4 0.3
Kenya 45 0.2 0.9 1.4
Liberia 44 0 0.3 0.8
Mauritania 44 0.1 0.7
Syrian Arab Republic 43 1.5 1.9 1.5
Mozambique 40 0 0.4 0.7
Nepal 39
Benin 37 0.1 0.8 0.5
Chad 37
Pakistan 37 0.8 0.6 0.6
Bangladesh 32 0.4 0.2 0.6

(continued)
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disciplines. Since they are interdependent, it is 
vital that coordinated care is discussed prior to 
definitive treatment. Interdisciplinary discussion 
is critical in order to maximize outcomes. An 
example of this is the decision to undertake cura-
tive surgery for a presumed medulloblastoma 
when there are no radiation facilities available. In 
some circumstances referral to the nearest ter-
tiary unit with appropriate facilities should be 
encouraged. Lack of multidisciplinary team 
coordinated care is a major stumbling block to 
effective care in many LIC and LMIC centers.

17.2.3  The Value of Country-Wide 
Services and Common 
Protocols

Common treatment protocols used across a coun-
try or region allow a standard of care to be devel-
oped. Each LIC and LMIC should consider 
whether centralization of core neuro-oncology 

services, such as surgery and radiotherapy, would 
benefit the children of the region. A different 
solution may be necessary for each country or 
region. Twinning with regular online meetings 
with other centers or regions may also advance 
care. One such example is the weekly shared care 
telemedicine meeting run by the team at Red 
Cross Children’s Hospital in Cape Town where 
sub-Saharan centers in Africa discuss difficult 
cases. Others include wider initiatives such as 
Asociacion de Hemato-Oncologia Pediatrica de 
Centro America (AHOPCA), which is a collabo-
ration between many countries in Central 
America (Barr et al. 2014).

17.2.4  Outside Support, Including 
Twinning

The International Society of Paediatric Oncology 
(SIOP) has a subgroup named Paediatric 
Oncology in Developing Countries (PODC). 

Table 17.2 (continued)

Health workers Hospital beds
Country Per capita Physicians Nurses and midwives

$ per 1000 people per 1000 people per 1000 people
2013 2007–13 2007–13 2007–12

Guinea-Bissau 32 0 0.6 1
Lao PDR 32 0.2 0.9 1.5
Gambia, The 29 0 0.6 1.1
Niger 27 0 0.1
Malawi 26 0 0.3 1.3
Ethiopia 25 0 0.2 6.3
Guinea 25 0.1 0 0.3
Burundi 21 1.9
Madagascar 20 0.2 0.2
South Sudan 18
Eritrea 17 0.7
Congo, Dem. Rep. 16
Myanmar 14 0.6 1
Central African Republic 13 0 0.3 1
Zimbabwe 0.1 1.3 1.7

Health expenditure per capita is the sum of public and private health expenditures as a ratio of total population. It covers 
the provision of health services (preventive and curative), family planning activities, nutrition activities, and emergency 
aid designated for health but does not include provision of water and sanitation. Values in US $. Nurses and midwives 
include professional nurses, professional midwives, auxiliary nurses, auxiliary midwives, enrolled nurses, enrolled 
midwives and other associated personnel, such as dental nurses and primary care nurses. Hospital beds include inpatient 
beds available in public, private, general, and specialized hospitals and rehabilitation centers. In most cases beds for 
both acute and chronic care are included

S. Bailey et al.
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This latter group has been set up to aid health 
professionals working in the resource challenged 
world and to facilitate twinning between centers 
in resource challenged and resource rich coun-
tries. In addition, the development of treatment 
guidelines for specific tumor types appropriate to 
various settings is a priority. The first SIOP-
PODC neuro-oncology guideline, namely that 
for standard risk medulloblastoma, was recently 
published (Parkes et al. 2015).

The American Society of Clinical Oncology 
(ASCO) has similar initiatives, as do a number of 
other organizations and institutions, particularly 
St. Jude Children’s Research Hospital (Ribeiro 
et al. 2008; Ribeiro 2012) in Memphis and Sick 
Kids Hospital (Qaddoumi et al. 2008) in Toronto. 
The majority of these programs aim to enable the 
local hospitals to lead the process and to develop 
their own long-term clinical and funding 
strategies.

There are many other examples of twinning 
and many large institutions in HIC have twinning 
partners. Twinning is individualized according to 
the centers involved and most programs encom-
pass the exchange of ideas, regular video confer-
encing or teleconferencing with multidisciplinary 
teams (Ribeiro et  al. 2008; Ribeiro 2012; 
Qaddoumi et al. 2008) and remote pathological 
diagnosis (Mitra et  al. 2012; Carey et  al. 2014; 
Fischer et al. 2011; Gimbel et al. 2012; Sirintrapun 
et al. 2012).

17.2.5  Development of Essential 
Infrastructure

There are a number of core facilities and infra-
structure requirements for treatment of children 
with CNS tumors. SIOP PODC has produced a 
guideline for determining settings according to 
the facilities and expertise available in order to 
facilitate decisions about what treatment should 
be offered (Parkes et al. 2015) (Table 17.3). The 
temptation to offer treatment conceived in HIC 
that requires a high level of supportive care may 
paradoxically worsen the outcome in LIC and 
LMIC, because excessive toxic mortality out-
weighs any survival advantage (Magrath et  al. 

2013). Some of the essential infrastructure 
required is outlined below.

17.2.5.1  Radiology
Accurate and detailed imaging is vital in diagno-
sis, decision-making, and follow-up of children 
with CNS tumors. The radiologist is a vital mem-
ber of the multidisciplinary team. In most LIC 
and LMIC centers, reporting is done by a general 
radiologist. The experience of the radiologist 
may vary greatly depending on prior training 
opportunities. Hence, the guidance given to the 
surgeon, radiation oncologists, and oncologist 
varies. This must be taken into account when 
making decisions on when and how to treat 
children.

Diagnostic facilities vary greatly in LIC and 
LIMC.  There may also be inequity in imaging 
facilities between the private and government 
sectors. In a survey of 104 SIOP PODC mem-
bers, 93% of respondents had access to CT scans 
and 82% to MRI scans (77% in Africa, Table 17.4) 
(Parkes et al. 2015), but some of these centers did 
not have access to intravenous contrast agents. 
More refined techniques, such as magnetic reso-
nance spectroscopy and diffusion weighted imag-
ing were usually not available. Waiting times to 
access scans as well as the quality of the scans 
varies greatly. Twinning with a center in a HIC 
may be of some assistance since images may be 
shared and discussed remotely using telemedi-
cine platforms (Mitra et al. 2012; Gimbel et al. 
2012).

17.2.5.2  Neurosurgery
Neurosurgical expertise is vital for the safe treat-
ment of children and adolescents with CNS 
tumors. Children with CNS tumors are usually 
referred directly to the neurosurgical service and 
the willingness and ability of surgeons to refer 
these patients on to other members of the multi-
disciplinary team, including oncologists, may 
determine the feasibility of further curative treat-
ment. In the SIOP PODC survey, only 76% of 
respondents had neurosurgical and oncology 
facilities available within the same hospital net-
work (Parkes et al. 2015). In addition, neurosur-
geons in LMIC frequently did not have vital 
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equipment or adequate preoperative imaging, 
making definitive surgery more difficult. It may 
be appropriate in many LIC and LMIC centers to 
perform a temporary cerebrospinal fluid (CSF) 
diversion in order to enable transfer of the patient 
to another center with more expertise or 
facilities.

The experience and support of neurosurgeons 
varies greatly in terms of pediatric CNS tumor 
surgery in LIC and LMIC. Some surgeons may 
offer surgery without any knowledge of whether 
further treatment is available, and others may 
attempt surgery that is beyond the level of their 
expertise. The neuro-oncology units with the best 

outcomes for children have a multidisciplinary 
team in which there is a close collaboration 
between the neurosurgeon and other members of 
the wider team.

17.2.5.3  Pathology
The pathological diagnosis of children’s CNS 
tumors is complex. The majority of pathologists 
in LIC and LMIC are not subspecialized and see 
relatively few children’s CNS tumors. In the 
SIOP PODC survey, 96% of centers had access to 
morphology and 53% to subtyping, but in 39% 
the waiting time for a result was longer than 
10 days (Parkes et al. 2015). Many immunocyto-

Table 17.4 Online survey of resources available in low and low middle income countries with regards to services 
essential for a pediatric neuro-oncology service

Online survey via www.cure4kids.org in May and June 2013
Total responses 104
Responses by continent Africa 32%, Asia 30%, South and Central (S&C) America 33%
Respondents Oncologists 58%, Neurosurgeons 15%, Radiation Oncologists 8%, Pediatricians 15%
Access to imaging CT 93%, MRI 82% (Africa 77%)
Access to pathology Morphologic diagnosis 96%, subtyping 53%

Waiting time longer than 10 days 39%
On site neurosurgery 76%
VPS insertion 35% of 79 respondents reported that >50% of children had VPS
Access to ICU 80%
Referred to 
radiotherapy

Overall: 84% within 40 days: 74%

Access to CT planning 89%
Access to Linac 66% (Africa 48%) the rest have Cobalt
Access to craniospinal 
XRT

84%

Access to 
chemotherapy

79%

Vincristine with 
radiotherapy

63%

Chemotherapy 
pre-XRT

31% (1/3 routinely; 2/3 because of XRT delays)

Venous access devices 
(mostly portocaths)

45% (Africa 21%; Asia 41%; S&C America 64%)

Chemotherapy drug 
access

Lomustine 43% (Africa 44%; Asia 39%; S&C America 64%)
Carboplatin 86%
All other drugs >89%

Supportive care Dedicated pediatric oncology ward 88%
Nutritional support 72% and dietetics 67%
Physiotherapy 78%; Occupational Therapy 47%; Play Therapy 33%

Access to a combined 
clinic

56%

VPS ventriculoperitoneal shunt, ICU intensive care unit, Linac linear accelerator, XRT external beam radiation therapy

S. Bailey et al.
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chemistry tests essential for accurate diagnosis 
are not routinely available in LIC and LMIC. With 
the increasing reliance on molecular testing and 
the likely inclusion of these tests in the new 
World Health Organization (WHO) tumor clas-
sification (Gottardo et  al. 2014), this gap will 
only increase.

Some HIC services offer remote pathological 
advice through web-based systems such as with 
scanners or simple microscope cameras with 
dropboxes (Mitra et al. 2012; Carey et al. 2014; 
Fischer et al. 2011; Gimbel et al. 2012; Sirintrapun 
et al. 2012). The alternative is that specimens are 
sent by courier to other centers or countries, but 
this may lead to a delay in diagnosis.

17.2.5.4  Radiotherapy
Availability of radiotherapy requires considerable 
investment. Because of this, many LIC and LMIC 
have a single center or limited numbers of centers 
that cater to all patients requiring radiotherapy. 
Distances to access such centers are huge, and 
since most radiotherapy courses require daily 
treatments for up to 6 weeks, patients have to be 
accommodated in or close to the center. Small 
children requiring daily radiotherapy treatments 
require sedation or anesthetics. This is resource-
intense and time consuming. For this reason, 

some LIC and LMIC centers refer such cases to 
regional tertiary centers for treatment.

The radiotherapy technique used may deter-
mine the late side effect profile in the child. The 
ability to do at least 3-D conformal radiotherapy 
planning and treat patients on linear accelerators 
as opposed to 2-D planning and Cobalt treatment 
may significantly affect the future quality of life 
of survivors. Currently, less than 50% of centers 
within Africa are able to offer this (IAEA n.d.) 
(Fig. 17.2).

The ability to identify and manage late effects 
of radiotherapy may also be problematic in LIC 
and LMIC.  Survivors of pediatric CNS tumors 
require long-term follow-up and management of 
various problems, including endocrinopathies, 
hearing and visual deficits, and neurocognitive 
problems. Poor diagnosis and management of 
these problems may impact significantly on qual-
ity of life for these patients.

17.2.5.5  Chemotherapy
Although surgery and radiotherapy are the main-
stay of treatment for CNS tumors in children, 
chemotherapy plays an important role, especially 
in the very young and for chemosensitive tumors. 
Chemotherapeutic strategies need to be tailored 
in a risk-adapted way to take into account the 

Fig. 17.2 World Map showing the availability of radiotherapy machines per million people (IAEA n.d.)
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availability of drugs and the supportive care 
available. Skilled and knowledgeable staff are 
required to deliver chemotherapy that is often 
complex to administer and requires close moni-
toring. In 21% of centers surveyed, there was no 
access to chemotherapy necessary to treat pediat-
ric CNS tumors (Parkes et al. 2015). Of the 79% 
of centers that used chemotherapy for brain 
tumors, carboplatin was available in 86% of cen-
ters but lomustine in only 43%. The regimens 
used varied widely; some centers used locally 
adapted regimens, some developed protocols in 
discussion with their twinning partners, and some 
attempted to use protocols developed in 
HIC. Treating children with chemotherapy is best 
undertaken when the potential consequences of 
toxicity can be adequately managed (e.g., hearing 
aids when cisplatin may lead to deafness).

17.2.5.6  Supportive Care
Advances in supportive care have enabled more 
intensive therapies to be delivered safely. This is 
not always the case in LIC and LMIC where lev-
els of supportive care vary widely; therefore, it is 
vital that the intensity of treatment offered to 
patients does not exceed the level of supportive 
treatment available.

Supportive care has many facets, especially 
for children with CNS tumors, and includes 
both short- and long-term issues. In the immedi-
ate diagnostic and management period when the 
children may be extremely unwell, the ability to 
monitor electrolytes 24 h a day, perform blood 
counts and neurological observations, and have 
access to antibiotics and antifungals as well as 
blood products is essential to safe management. 
Children may have electrolyte instabilities, 
either as a presenting feature or as a conse-
quence of their surgery. This, coupled with pos-
sible hormone disorders, such as antidiuretic 
hormone (ADH) deficiency (diabetes insipidus) 
or inappropriate ADH secretion, may require 
specialist endocrine input. Intracranial bleed-
ing, CSF leaks, development of raised intracra-
nial pressure, or deterioration in neurological 
state require rapid recognition and response, 

especially in the acute setting. There needs to be 
rapid 24-h access to either CT or MRI scanning. 
Central venous catheters may need to be inserted 
to deliver some of this supportive care. The 
majority of children in the immediate postoper-
ative phase are managed in an intensive care 
unit when the child is most susceptible to sud-
den deterioration. Supportive care drugs such as 
anti-emetics,  opiates, and neuropathic analgesia 
play an important role in the comfort of the 
child.

After the immediate postoperative period, the 
ability to provide nutritional support (both enteral 
and parental) is an important adjunct to many 
treatment schedules and may limit the intensity 
of treatment that can be used. The access to visual 
and hearing aids for those children with compro-
mised vision or hearing is necessary to ensure the 
quality of their life. The ability to measure and 
treat hormone deficiencies that were either pres-
ent pre-surgery or developed post-surgery is 
essential.

In a survey by Parkes et al. (2015) (Table 17.4), 
only 45% of units surveyed were able to place 
central venous access devices (21% in Africa, 
41% in Asia and 64% in Central and South 
America). Nutritional support was provided in 
72% of centers and dietetic support in 67%. 
Physiotherapy was available in 78% of centers, 
occupational therapy in 47%, and play therapy in 
33%. Dedicated pediatric oncology wards were 
present in 88%.

17.2.6  Developing Skills and Training 
Staff

Adequate training of all team members is one of 
the most vital aspects in both setting up a neuro-
oncology service and in its continuing develop-
ment. There are many training programs as well 
as twinning programs that are supported by gov-
ernments from HIC or by nongovernmental orga-
nizations. It is important that the training should 
be appropriate to the setting in which the profes-
sionals are working and that specific issues relat-
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ing to working in LIC and LMIC are addressed. 
Where training happens remotely, ongoing sup-
port from the host institutions must be provided 
in order to sustain this development.

In instances where expensive equipment needs 
to be procured for cancer services (e.g., 
 radiotherapy equipment, neurosurgical equip-
ment), it is prudent that the cost of training per-
sonnel, as well as the cost of maintaining such 
equipment, be included in the equipment tender. 
This requires commercial companies who supply 
such equipment to have a responsibility both in 
ensuring that the correct equipment is procured 
and that local staff are empowered to operate it 
optimally.

17.3  Factors Affecting 
the Program

17.3.1  Delayed Recognition

The successful treatment of CNS tumors is reli-
ant on early diagnosis and timely intervention. 
Delays are more often the result of nonrecogni-
tion by medical personnel rather than non-pre-
sentation by parents (Dang-Tan et  al. 2007; 
Stefan et al. 2011; Abdelkhalek et al. 2014). It is 
important for the multidisciplinary team to work 
with the general pediatric and surgical services to 
continue to educate them about the warning signs 
of CNS tumors, and to be accessible to provide 
advice to referring centers as well as to expedite 
potential referrals.

17.3.2  Cultural Factors

In some poorly developed countries, prompt 
management is delayed due to families present-
ing to traditional healers first. However, tradi-
tional healers play an important role in many 
cultures and respect for these professionals must 
be maintained. Some countries, such as India, 
have chosen to promote such healers (Kumar 
2000) and embed them in their health system. A 

partnership with such healers may have multiple 
benefits, such as mutual respect and trust allow-
ing for prompt referral in both directions. Gender 
bias in some societies may also be a barrier to 
effective and prompt treatment for some (Arora 
et al. 2010).

17.3.3  Financial Factors

The financial implications of having a child with 
a brain tumor cannot be overstated, especially in 
regions of extreme poverty. There is a wide varia-
tion within regions and countries as to the cost of 
healthcare to the patients themselves. Some 
countries have free healthcare but others require 
the parent to contribute, and often require them to 
pay for medications. This leads to further ineq-
uity of healthcare as the poorest families are not 
able to afford treatment.

Food and transport to and from the hospital is 
expensive. Since children with CNS tumors 
need to be treated at a central hospital, many 
parents in rural LMICs have to travel vast dis-
tances in order to be present for treatment. The 
child may require prolonged stays in the hospi-
tal with a caregiver present. This adds to the 
family’s financial burden since the parent who is 
the primary caregiver is unable to work during 
this time. Additional caregivers may also need 
to be employed to care for siblings remaining at 
home.

17.3.4  Comorbidities

The treatment of children with CNS tumors in 
LMIC may be confounded by the presence of 
comorbidities making optimal treatment exces-
sively toxic. Underlying nutritional status has 
major implications and although this has best 
been described for non-CNS tumors, the same 
principles apply (Israëls et al. 2008). There may 
be a decreased ability to tolerate some drugs, such 
as cardio- and nephrotoxic drugs. The children 
may also be unable to mount an adequate response 
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to infection in the face of chemo- or radiotherapy-
induced myelosuppression. Additionally, HIV 
infection is prevalent in many LIC and LMIC. It 
does not appear to play a major causative role in 
most primary pediatric CNS tumors, but it may 
significantly complicate the treatment of affected 
children.

17.4  Decision-Making and Service 
Development

17.4.1  Deciding Who to Treat 
and When

The key when developing a neuro-oncology ser-
vice is to set realistic expectations and goals. One 
of the most challenging decisions is to decide what 
diagnoses are able to be treated safely and what 
level of treatment should be offered in a center. 
The balance of manageable toxicity versus poten-
tial curability needs to be carefully considered. It 
is tempting to try to offer advanced treatment to 
everyone in every setting, but the toxic death and 
morbidity rate may result in an overall poorer out-
come. It is important that the whole team supports 
this concept. A suggestion would be that each unit 
uses setting tables such as those developed by 
SIOP PODC (Table 17.3) to realistically select the 
optimal treatment regimen for their patients. With 
limited resources, children who have tumors that 
are potentially curable should be prioritized. 
However, it is important that all children should be 
offered a good standard of clinical care, whether it 
be radical or palliative.

17.4.2  Preventing Treatment 
Abandonment

The failure to complete treatment for nonmedical 
reasons (also known as treatment abandonment) 
is a long-standing concern, especially in LIC and 
LMIC.  In a recent survey it was estimated that 
99% of cases in which children fail to complete 
treatment occur in LIC and LMIC (Friedrich et al. 
2015). The number of children failing to complete 

treatment is approximately equal to the number of 
children treated in HIC. There are many reasons, 
but the predominant ones are failure of caregivers 
to understand the reasons for treatment, financial 
concerns, need to care for other children, and lack 
of transport (Friedrich et  al. 2015; Wang et  al. 
2015; Salaverria et  al. 2015). There have been 
many efforts across many countries to tackle the 
issue of abandonment and great strides have been 
made. These are most successful when having 
government backing with national investment; an 
example is state-sponsored treatment for children 
with acute lymphoblastic leukemia in Mexico 
(Rivera-Luna et  al. 2014). Since complex treat-
ments and rehabilitation are required for many 
children with CNS tumors, active efforts must be 
made to address parents’ concerns from the start 
of treatment.

17.4.3  Follow-Up and Management 
of Late Effects

One of the major challenges faced by units in 
LIC and LMIC is the ability to manage the late 
effects of treatment of children with CNS 
tumors. These children often have major diffi-
culties in later life and it is crucial that support 
is available to help them. The tumors and treat-
ment can cause a range of problems including 
motor difficulties, cognitive problems, hearing 
and visual deficits, endocrinopathies, and 
growth disturbances (Laughton et  al. 2008; 
Palmer et  al. 2013; Ullrich et  al. 2007). These 
can significantly affect school performance, the 
ability to gain employment, interpersonal rela-
tionships, and reproductive ability. All of the 
above may result in depression and loss of self-
worth requiring counselling and possibly 
intervention.

Treating the tumor is only the beginning of the 
child and family’s journey. It is just as important 
that resources are used in this area as it is in the 
acute care of children with CNS tumors. However, 
many LIC and LMIC centers do not have the 
facilities, staffing levels, or training to provide 
follow-up.
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17.4.4  Measuring Outcomes

Measuring outcomes is a fundamental corner-
stone in developing and improving a neuro-
oncology service. Outcomes should include not 
only survival but also morbidity and toxicity of 
treatment. Follow-up in LIC and LMIC can be 
challenging since patients may not return and 
considerable effort is required to make contact 
with the families in order to assess survival and 
impact of treatment. Many units employ a data 
manager or follow-up nurse/social scientist for 
this task. A robust and well backed-up database is 
essential and there are a number of web-based 
and stand-alone software solutions available 
(e.g., POND database from Cure 4 Kids based at 
St. Jude) (Quintana et al. 2013).

17.4.5  Registries and Tumor Banks

A national, regional, or even a center tumor reg-
istry is a worthwhile investment for the future. It 
allows the incidences of various CNS tumor 
types to be calculated, and records treatment 
details, toxicities, and outcomes. A registry takes 
a lot of effort, but is extremely beneficial in the 
long term. Similarly, although storing tumor 
samples for future research is a low priority for 
most LIC and LMIC, it is valuable for future 
translational research. It does need to go hand in 
hand with a tumor registry to ensure that appro-
priate clinical data is collected alongside the 
tumor sample. If possible, constitutional DNA in 
the form of blood should be collected at the same 
time.

17.4.6  Research

Research, mainly in the form of clinical trials or 
translational research, is an important aspect of 
the development of neuro-oncology services. 
Research conducted in resource-constrained 
countries fosters improved care and outcomes for 
children; most examples of this are found in leu-
kemia (Carey et  al. 2014; Magrath et  al. 2005) 

but it is just as important in children with CNS 
tumors. It has been well shown that participation 
in clinical trials improves the outcome of chil-
dren with cancer (Magrath et al. 2013; Howard 
et  al. 2005). While it is important to foster and 
encourage research in LIC and LMIC, this should 
not be the primary aim of a developing service. It 
is equally important that institutions from HIC do 
not use developing countries as testing grounds 
or a means of improving their institution’s 
research portfolio and journal outputs. The local 
institution should have a local principal investi-
gator who has equal rights, including senior 
authorship. The development of local principal 
investigators is important for long-term sustain-
ability, growth, and ownership of neuro-oncology 
services.

Technological developments and equipment 
may help centers in LIC and LMIC, but these 
should be coupled with improvements in all 
aspects of care; for example, subgrouping of 
medulloblastoma is only of use if there is ade-
quate surgery, radiotherapy, and supportive 
care. It is also important that any financial con-
tribution from research to the care of the 
patients be spread among all the patients in the 
unit and not be used exclusively for those on 
the study, as this encourages differential levels 
of care.

17.4.7  The Wider Multidisciplinary 
Team

There are many other members of the wider mul-
tidisciplinary team who perform important roles 
in the functioning of a neuro-oncology service 
(Fig. 17.3). These may include physiotherapists 
and occupational therapists, dieticians, speech 
and language therapists, play therapists (very 
useful in helping children through various proce-
dures and treatments such as radiotherapy), social 
workers, chaplains and equivalents in other reli-
gious faiths. A palliative care team that may dou-
ble as a pain management team is vital in a 
context where a number of patients will not 
survive.
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Fig. 17.3 (a) The essential core members of any neuro-
oncology multidisciplinary team, ensuring that the patient 
is the focal point. (b) Suggested members of a wider mul-

tidisciplinary team that can optimize therapy and outcome 
for children with CNS tumors
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 Conclusion

Treating children with CNS tumors in an LIC 
or LMIC setting is challenging, but with an 
effective multidisciplinary team and realistic 
decision-making the best possible outcomes 
can be achieved. Treating children with CNS 
tumors should only be undertaken if the side 
effects of treatment are manageable. 
Irrespective of  experience, consulting with 
others outside one’s own center is often 
beneficial.
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