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28.1 Introduction

and Epidemiology

Medulloblastoma and other embryonal brain
tumors such as atypical teratoid/rhabdoid tumors
(AT/RT) represent the most frequent malignant
central nervous system (CNS) tumors in children
below 4 years and the second in children and
adolescents up to 19 years [1]. These malignant
neoplasias share common characteristics, such
as undifferentiated cell morphology and an abil-
ity to disseminate throughout the CNS making
those malignancies highly aggressive and particu-
larly challenging to cure. The large majority of
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embryonal brain tumors are medulloblastomas;
they account for around 10% of all pediatric brain
tumors and are the most common malignant child-
hood posterior fossa tumor [2]. Predominantly
occurring in children with a median age of 6 years
and showing a male gender bias, medulloblasto-
mas are prevalent across the entire age spectrum
but rare in adults [2, 3]. In the United States, the
incidence rate reported in children up to 9 years
is 6 per million children compared to 0.6 per mil-
lion adults [4]. Medulloblastoma etiology is largely
unknown, and although potential risk factors such
as epidemiological, environmental, and infectious
factors have been studied, there is not yet any clear
evidence [5]. Genetic predisposition is reported in
up to 13% of medulloblastoma patients [6]. Several
cancer predisposition syndromes, including Gorlin
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syndrome, Turcot syndrome, and the Li-Fraumeni
syndrome, are associated with an increased risk
of medulloblastoma [7, 8], and it was the study of
these diseases that first suggested the molecular
basis of medulloblastoma (MB) pathogenesis [9].

28.2 Pathology and Molecular
Subgroups

The updated 2016 WHO classification of CNS
tumors recently moved to an integrated diagno-
sis, including histology and genetics. All medul-
loblastomas are classified as WHO grade IV,
which is the highest malignant tumor grade [10].
Long-established histological variants, which
are the classic, the desmoplastic nodular (D/N),
and the anaplastic/large cell (LCA) medullo-
blastomas as well as the medulloblastomas with
extensive nodularity (MBEN)), are still part of the
present classification [10]. The main histological
variant is classic medulloblastoma characterized
by sheets of small cells with a high nuclear-to-
cytoplasmic ratio, followed by D/N and LCA
with variable frequencies across age groups [3].
Genome- and epigenome-wide tumor profiling
studies have changed our understanding of medul-
loblastoma biology. Molecular insights and phe-
notype-genotype correlations have offered new
perspectives in medulloblastoma characterization
by redefining this tumor entity. It has been widely
accepted and consensually defined that medul-
loblastoma consists of at least four entities: Wnt/
Wingless (WNT), Sonic Hedgehog (SHH), Group
3, and Group 4 [11]. Each subgroup is character-
ized by specific genetic alterations, histological
variants, patient demographics, and clinical out-
comes [11, 12] (Table 28.1). Indeed, molecular
subgroup affiliation has a direct correlation with
survival and should be considered for patient risk
assessment, adjustment of treatment, and devel-
opment of specific subgroup therapies [13].

28.2.1 WNT Medulloblastoma

WNT represent the rarest subgroup and account
for only 11% of all medulloblastoma tumors [3].

WNT medulloblastomas typically occur in older
children and teenagers with a peak incidence
around 10 years of age and a balanced sex ratio
(1:1) [3]. WNT tumors are thought to arise from
cells of the dorsal brain stem and are rarely meta-
static at diagnosis [3, 11, 14]. The majority of WNT
tumors have a deletion of one copy of chromo-
some 6 (monosomy 6), while further copy number
alterations are rare [3, 12]. Hyperactivation of the
WNT signaling pathway is often due to the pres-
ence of somatic mutations in the CTNNBI gene
which leads to nuclear accumulation of a mutant
beta-catenin 1 protein that is resistant to degrada-
tion [11]. In addition to the CTNNBI mutations,
TP53, SMARCA4, and DDX3X mutations are also
reported in WNT patients [15-18].

28.2.2 SHH Medulloblastoma

SHH medulloblastomas constitute ~33% of all
medulloblastomas [3]. SHH medulloblasto-
mas have a bimodal incidence, mostly occur-
ring in infants under 3 years and teenagers and
young adults older than 16 years of age; they
do not show gender bias [3, 11]. SHH medul-
loblastomas frequently arise laterally, within
the cerebellar hemispheres, and metastases are
present at diagnosis in about 25% of cases [3,
14]. Histologically, D/N and MBEN variants are
almost exclusively described in this subgroup.
However, SHH tumors can also present with clas-
sic or LCA histological variants [15]. Mutations
in the components of the Sonic Hedgehog signal-
ing pathway, such as PTCHI, SMO, and SUFU,
lead to “SHH pathogenesis” [19]. PTCHI muta-
tions are described across all age groups, whereas
mutations in SUFU are more often present in
infants and adult tumors more frequently harbor
mutations in SMO. GLI2 and MYCN amplifica-
tions as well as TP53 mutations are also often
reported in SHH tumors [19].

28.2.3 Group 3 Medulloblastoma

Group 3 medulloblastomas account for 25% of all
medulloblastomas and are typically diagnosed in
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Table 28.1 Clinical and molecular features of the four medulloblastoma subgroups [3, 11, 15, 20]

Molecular
subgroup: WNT SHH
Percentage
@ 10% @ 30%
Age group ° °
L) A\
Gender ratio 3:9 3:9
(3:2)
Histology Classic, rarely Classic, desmoplastic
LCA nodular, LCA, MBEN
WHO grade 1\ v

Cells of origin

Lower rhombic
lip progenitor
cells

Cerebellar granule
neuron precursor cells
of the external
granule-cell layer

Group 3

O

2 f
33:?

Classic, LCA

\
Unknown

Midline, fourth ventricle

Very frequently

(40-45%)
Metastatic

Poor

Group 4

(Y s

)

33:?

Classic, LCA

v

Unknown

Midline, fourth ventricle

Frequently (35-40%)
Metastatic

Intermediate

Typical Brainstem, Cerebellar hemispheres
anatomic fourth ventricle
location
Metastasis at ~ Rarely (5-10%) Uncommonly
diagnosis (15-20%)
Pattern of Rarely local or ~ Local
recurrence metastatic
Prognosis Very good Infants good, others
intermediate
Key genetic CTNNBI, PTCHI, SMO, SUFU,
alterations DDX3X, TP53 mutation GLI2,
SMARCA4, MYCN amplification
TP53 mutation
Cytogenetics ~ Monosomy 6 3q gain 9q, 10q, 17p
loss
Gene WNT signaling  SHH signaling
expression

infants and children (peak incidence is between 3
and 5 years) with a male preponderance (2:1) [3].
Classic and LCA histological variants are only
reported in this subgroup, which also presents with
the highest prevalence of metastasis at diagnosis
(up to 45%) [3, 20]. The tumor usually arises in
the midline of the cerebellum. A GABAergic and
photoreceptor pathway transcriptional signature
characterizes this subgroup [11]. These tumors
present multiple copy number and chromosomal
structural alterations, for example, gain of iso-
chromosome 17q (i17q), which correlates with
worse outcome [20, 21]. Mutation in SMARCA4,
enhancer activation of GFII and GFIIB [22], and
amplifications of MYC, PVTI, or OTX-2 are other
alterations in oncogenic drivers reported in Group
3 tumors [16, 20].

GFIl1, GFIIB activation,
MYC, PVTI, OTX-2
amplification, SMARCA4

KDMO6A mutation, SNCAIP
duplication CDK6, MYCN
amplification GFI1, GFIIB

mutation activation

il7q 1q, 7, 18 gain 10q,  i17q 7q, 18q gain 8p, 11p,
11, 16q, 17p loss X loss

Photoreceptor/ Neuronal/Glutamatergic
GABAergic signature signature

28.2.4 Group 4 Medulloblastoma

The most common subgroup of medulloblastoma
is Group 4, accounting for 35% of all medullo-
blastoma tumors [3]. Group 4 medulloblastomas
develop across all age groups with a peak inci-
dence around 9 years of age and are three times
more frequent in males [3, 20]. The most common
histological variant is classic medulloblastoma.
Group 4 medulloblastomas usually arise in the
cerebellar midline, and metastatic disease at diag-
nosis is seen in 35-40% of patients [3]. Although
Group 4 tumors make up to one third of all medul-
loblastomas, the biology of this subgroup is not
well understood; gene expression studies suggest
a role for neuronal and glutaminergic pathways.
The most common mutation involves KDMG6A,
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a gene located on the X chromosome and which
encodes a histone demethylase (H3K27) [16].
Additionally, CDK6 (cyclin-dependent kinase 6)
and MYCN amplifications, as well as SNCAIP
duplications, are commonly described [20].
Frequently identified cytogenetic alterations are
isochromosome 17q, as well as loss of 11q and
the X chromosome [20, 21].

28.3 Clinical Presentation

Children and teenagers with medulloblastoma
often present with symptoms of obstructive non-
communicating hydrocephalus due to the cer-
ebellar tumor location in close proximity to the
fourth brain ventricle and obstruction of the CSF
flow causing an increase in intracranial pres-
sure (ICP) [23]. In infants, open cranial sutures
are protective against the increasing intracranial
pressure and, to a certain degree, provide a com-
pliant intracranial space. Thus, infants typically
present with hydrocephalus causing progres-
sive asymptomatic macrocephaly and bulging
of fontanelles [24] and nonspecific symptoms
such as lethargy, irritability, feeding difficulties,
and developmental delay. The gradual closure of
the cranial sutures in children and adolescents
leads to a reduced tolerance to increased ICP and
can typically cause headaches (especially in the
early morning upon awakening) accompanied
by vomiting and lethargy [25]. In severe cases,
Cushing’s triad consisting of increased blood
pressure, bradycardia, and irregular breathing
can occur and require emergent diagnostic and
therapeutic action [26]. Papilledema can occur
in medulloblastoma patients with hydrocephalus
but is often a late sign.

Due to the localization of medulloblastomas
in the posterior fossa, cerebellar symptoms, such
as dysmetria, dysarthria, and ataxia, are com-
mon findings at presentation. Midline cerebellar
masses are often associated with truncal ataxia,
whereas patients with lateral tumors located
in the cerebellar hemispheres more frequently
present with limb ataxia showing abnormal find-
ings in the finger-nose-finger, alternating move-
ments and heel-to-shin testing. Diplopia can be

observed due to sixth cranial nerve palsy, which
can present as a result of a direct involvement of
the cranial nerve or as a consequence of nerve
damage due to increased ICP [27].

In the rare event of tumor bleeding, patients
usually show an acute onset of symptoms.
Cerebellar hemorrhages in the pediatric popula-
tion are scarce and should always raise suspicion
for an underlying neoplasm. The differential diag-
nosis for medulloblastoma in children includes
other pediatric posterior fossa tumors such as
pilocytic astrocytoma, ependymoma, and atypi-
cal teratoid/rhabdoid tumors. Evaluation with
imaging and tissue collection during tumor resec-
tion for histopathology and molecular analyses
are crucial for a definitive diagnosis.

The time from onset of symptoms to the diag-
nosis is, on average, 4 weeks [28]. Generally,
rapid disease progression in patients correlates
with a shorter time to diagnosis and a worse out-
come [29]. Interestingly, the pre-diagnostic inter-
val of patients with Group 4 and WNT tumors is
distinctly longer compared to other medulloblas-
toma subgroups [28].

28.4 Imaging Characteristics

Medulloblastomas show specific neuroradiologi-
cal features in CT and MR imaging. CT usually
represents the initial imaging modality to diag-
nose patients with medulloblastoma. On non-
contrast CT scans, medulloblastomas present as
hyperdense posterior fossa tumors surrounded
by peritumoral edema, which homogenously
enhance following contrast administration. The
majority of medulloblastomas arise from the ver-
mis with close contact to the fourth brain ven-
tricle, often causing an obstructive, high-pressure
hydrocephalus with enlargement of the brain
ventricles (in up to 95% of cases) [30].

MRI is the imaging modality of choice for
staging (whole neuroaxis required), surgi-
cal planning, and follow-up examination as it
provides good soft-tissue contrast and is supe-
rior to other modalities regarding the detec-
tion of meningeal dissemination. The standard
MRI protocol for children with an undiag-
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nosed posterior fossa tumor consists of T1- and
T2-weighted, T1-weighted post-contrast, FLAIR
(fluid-attenuated inversion recovery), and dif-
fusion sequences. Medulloblastomas appear
on TI1-weighted images as iso- to hypoin-
tense masses with sharply defined margins. On
T2-weighted and FLAIR sequences, medullo-
blastomas typically present hyperintense to the
gray matter. Heterogeneous enhancement is usu-
ally detectable after contrast administration on
T1-weighted images. Diffusion-weighted images
show restricted diffusion caused by disturbed
mobility of water molecules in the hypercellular
medulloblastomas [31] (Fig. 28.1).

While large cysts and necrosis are typical
characteristics of pilocytic astrocytomas, medul-
loblastomas can also present with smaller, often
multiple, cysts [30]. Detection of calcification
and extension of the tumor into the foraminae
Luschkae and Magendii are more common in
patients with ependymoma; however, when pres-
ent, medulloblastoma should still be considered
as a differential diagnosis [32].

28.4.1 Subgroup-Specific Features

Tumor location in the cerebellar peduncles
and cerebellopontine angle, often extending
into the fourth ventricle, is predictive for WNT
medulloblastoma [33]. On MRI, WNT tumors
present as well-defined masses with highly
restricted diffusion; leptomeningeal metastases
are commonly not detectable at diagnosis [34].
Medulloblastomas of the SHH subgroup are fre-
quently located in the cerebellar hemispheres
[33]. They often appear as well-circumscribed
tumors, show extensive enhancement after con-
trast administration, and present with restriction
on diffusion-weighted MRI images [34]. In con-
trast to the laterally located SHH medulloblas-
tomas, Group 3 and Group 4 tumors typically
arise in the midline often causing an obstruc-
tive hydrocephalus. Patients with tumors of
these subgroups more often present with meta-
static disease at the time of diagnosis. The typi-
cal appearance of Group 3 medulloblastomas
on MRI is a high-contrast mass with ill-defined

tumor margins. On the contrary, Group 4 tumors
typically show minimal to no enhancement on
MR imaging. Imaging features such as mineral-
ization, edema, necrosis, cysts, and hemorrhage
are not significantly overrepresented in any of the
four molecular subgroups [33].

28.5 Staging and Risk
Stratification

Most studies completed over the last two decades
have performed a risk assessment based on clini-
cal criteria: age at diagnosis, metastatic status at
diagnosis, extent of surgical resection, and (in
some studies) histology. Brain and spine MRIs
with and without gadolinium as well as CSF
analysis are required to assess the metastatic dis-
ease at diagnosis. Extent of surgical resection is
evaluated by postoperative MRI, and presence of
more than 1.5 cm? of tumor is defined as local
residual disease. Nowadays, based on their age
and the presence or absence of residual disease
(metastatic and/or local), patients are divided
into two categories: high and average risk. High-
risk patients are infants (under 3 years of age) or
non-infants with a local residual disease >1.5 cm?
and/or dissemination; all other patients are con-
sidered average risk.

Future tumor staging will integrate the four
main subgroups of medulloblastoma as well as
new biomarkers (specific key genetic aberrations
and cytogenetic alterations) in order to refine risk
stratification for children and teenagers up to
17 years of age [13]. Integration of these biologi-
cal findings correlates with outcome and allows a
more robust and detailed tumor risk stratification.
New risk groups of patients have recently been
proposed based on the prognosis: >90% survival
for low risk, 75-90% survival for standard risk,
50-75% survival for high risk, and < 50% sur-
vival for very high risk [13]. Low-risk patients are
WNT patients (below 16 years old) and Group 4
patients with localized disease and whole chro-
mosome 11 loss. Standard-risk patients are all
patients with localized disease and one of the
following molecular tumor profiles: non-MYCN-
amplified SHH tumors, non-MYC-amplified
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Fig. 28.1 MRI of a pediatric patient with medulloblas-
toma in close proximity to the fourth ventricle. (a) Sagittal
T2-weighted image, the tumor is mildly hyperintense
compared to the normal cerebellum tissue. (b) Post-
contrast axial T1-weighted image, the tumor is partially

Group 3 tumors, and Group 4 medulloblastomas
without chromosome 11 loss. High-risk patients
are Group 4 and SHH patients with metastatic
disease, as well as MYCN-amplified SHH
patients with localized disease. Very high-risk
patients are patients with 7P53 mutated-SHH
tumors and children with disseminated Group 3
tumors [13] (Fig. 28.2).

enhancing. (¢) Coronal T1-weighted image shows a
hydrocephalic enlargement of the brain ventricles. (d)
Sagittal T1-weighted post-gadolinium image shows lepto-
meningeal dissemination on the surface of the spinal cord

28.6 Treatment

The current standard of care for pediatric medul-
loblastoma patients is a multimodal treatment
consisting of maximal safe tumor resection, adju-
vant chemotherapy, and for children over 3 years
of age, radiotherapy to the whole craniospinal
axis [15, 35].
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28.6.1 Surgery

Surgery is a key aspect of effective treatment for
patients with medulloblastoma. The main objec-
tives of surgical therapy are maximum safe tumor
resection, hydrocephalus treatment, decompres-
sion of the brain stem, and other critical neigh-
boring structures such as the cranial nerves and
tissue collection for diagnosis and molecular
tumor profiling.

The treatment of obstructive hydrocephalus
often has priority, as most patients with medul-
loblastoma present with symptoms of increased
ICP at the time of diagnosis. There are differ-
ent therapeutic options for surgical treatment of
hydrocephalus: The temporary implantation of
an external ventricular drain (EVD), the place-
ment of a permanent ventriculoperitoneal shunt
(VP-shunt), an endoscopic third ventriculostomy
(ETV), and early tumor resection with periop-
erative treatment with steroids. As only 30% of
all medulloblastoma patients show hydrocepha-
lus after tumor resection, a prediction tool—
the Canadian Preoperative Prediction Rule for
Hydrocephalus (CPPRH)—has been developed
to identify the patients at high risk for persis-
tent hydrocephalus. The CPPRH described by
Cambrin et al. consists of the following criteria:
Age <2 years, presence of papilledema, degree of
hydrocephalus, presence of cerebral metastases,
and preoperative estimation of tumor pathology.
The prediction tool supports the neurosurgeon
with patient counseling, planning of the pre-
resectional CSF diversion and evaluation of the
required intensity of postoperative hydrocephalus
surveillance [36]. Children classified as low risk
for postresection hydrocephalus may be treated
conservatively, with or without an intraoperative
EVD. The implantation of an EVD during tumor
resection as well as intensive postoperative moni-
toring is recommended for all high-risk patients;
a preoperative ETV can also be evaluated [37].
Patients with SHH, Group 3, and Group 4 tumors
require CSF diversion surgery more often than
patients with a WNT medulloblastoma. The lack
of metastases at the time of diagnosis and the
older age of patients with WNT medulloblastoma
are likely important factors in the decreased risk

of hydrocephalus development in this MB sub-
group [38].

The typical approach in order to resect a pos-
terior fossa tumor has the child in prone position;
the head is flexed allowing an easier approach to
the craniocervical junction. A median suboccipi-
tal craniotomy is performed following a midline
incision and the dissection of the soft tissue. A C1
laminectomy is required in order to create space
for a Y-shaped dura opening. The transvermian
and the telovelar approaches are the most com-
mon routes to access a tumor located in the fourth
ventricle. Early visualization of the floor of the
fourth ventricle is crucial to avoid damage to the
underlying brain stem. The resection of tumor
tissue infiltrating the floor of the fourth ventri-
cle involving the brain stem should be avoided
as brain stem damage can lead to severe neuro-
logical complications, including cranial nerve
dysfunction and fatal cardiorespiratory failure.
The tumor tissue is commonly removed using
a cavitron ultrasonic surgical aspirator (CUSA).
Before closure, the neurosurgeon ensures suffi-
cient hemostasis of the resection cavity [24].

Neuro-navigation systems and intraoperative
imaging are helpful and support the neurosurgeon
in terms of orientation within the operative site
and detection of residual tumor. This increases
the likelihood of a safe total or near-total resec-
tion and reduces the risk of postoperative neu-
rological morbidity and the necessity of early
second-look surgery; however, these advantages
come at a price of longer anesthesia and operat-
ing times [39].

When subgroup affiliation is taken into
account, gross total resection, defined as no vis-
ible remaining tumor tissue on postoperative MR
images, has no or minimal survival advantage
in medulloblastoma patients compared to near-
total resection with <1.5 cm? remaining tumor
tissue on the postoperative scan. Patients with
Group 4 medulloblastoma possibly benefit from
gross total resection compared to subtotal resec-
tion (>1.5 cm? tumor remaining) in terms of an
increased progression-free survival; nonetheless,
no difference was observed in overall survival.
For this reason, neurosurgeons are advised to per-
form maximum safe tumor resection, considering
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that aggressive surgery should be avoided at the
risk of increased postoperative neurological defi-
ciencies [40].

28.6.2 Postoperative Care

After posterior fossa surgery, patients require
close surveillance, including repetitive neuro-
logical examinations at a specialized intensive
care unit. Due to the limited space in the poste-
rior fossa compared to the supratentorial region,
complications such as a postoperative hemor-
rhage can quickly lead to a life-threatening situa-
tion. Therefore, unexpected neurological deficits
or sudden deterioration of the patient’s condition
should always be evaluated for acute hydroceph-
alus, postoperative hemorrhage, and cerebellar
edema using CT imaging. Delayed extubation
can be considered in cases of extended operating
time or manipulation of the cranial nerves during
surgery; however, close monitoring of the patient
must be ensured. An EVD provides the opportu-
nity to closely observe the ICP curve and to drain
CSF in case of increased ICP.

Complications after posterior fossa surgery are
common but not yet fully understood. Posterior
fossa syndrome (PFS)—also known as cerebellar
mutism—presents in up to one third of children
undergoing posterior fossa surgery. Patients typi-
cally develop symptoms within the first few days
after surgery, presenting with irritability, mutism,
behavioral changes, language deficits, and ataxia.
The underlying pathophysiology remains unclear;
however, there are some studies that describe an
increased incidence of PFS following damage to
the dentatothalamocortical pathways and/or the
dentate nuclei. The duration of symptoms is vari-
able; some pediatric medulloblastoma patients
show only transient deficiencies, whereas others
have to cope with persistent deficits [41].

More general symptoms such as headaches,
vomiting, and neck pain are frequently present
in children who have undergone posterior fossa
surgery. The causes of postoperative headaches
are multifactorial and can be due to pneumo-
cephalus and intraventricular blood, among oth-
ers. Vomiting can be explained by side effects of

anesthesia, adjuvant chemo- and radiotherapy,
as well as acute postoperative hydrocephalus.
Neck pain is commonly provoked by intraopera-
tive muscle damage and should be distinguished
from neck pain due to meningeal irritation. Other
possible complications following posterior fossa
surgery are meningitis, CSF leakage, and wound
infection [42]. Close monitoring and regular
medical examinations allow for early diagnosis
and treatment of postoperative complications.

28.6.3 Adjuvant Radiotherapy

The long-term survival of patients with medul-
loblastoma increased significantly after the intro-
duction of craniospinal irradiation described by
Paterson and Farr in 1953 [43]. Based on current
knowledge, early adjuvant radiotherapy is rec-
ommended, as delayed radiation is associated
with worse outcome [44]. Treatment of residual
tumor cells at the primary site and the preven-
tion of leptomeningeal dissemination are the
main goals of adjuvant craniospinal irradiation.
Radiation protocols have been adjusted over time
in order to improve overall survival and reduce
long-term side effects.

With the implementation of the most recent,
risk-adapted regimens, the total radiation dose
has been decreased for average-risk patients
over 3 years of age, with no survival disadvan-
tage given that adjuvant chemotherapy is admin-
istered [45]. Children older than 3 years of age
with average-risk disease commonly receive
23.4 Gy of craniospinal irradiation (CSI) and a
boost to the tumor bed with up to 54 Gy, whereas
a dose of 36 Gy CSI and a boost of 54 Gy to
the primary site are considered standard proto-
cols for high-risk patients with extensive dis-
ease (> 3 years old). New protocols, such as the
ACNS 1422 study from the Children’s Oncology
Group (COG) and the PNET 5 study from the
International Society of Pediatric Oncology
(SIOP), will treat low-risk patients with WNT
medulloblastoma with even more reduced CSI
doses (NCT02066220, NCT02066220).

Irradiation treatment is avoided in children
under 3 years of age as it is associated with severe
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sequelae. Common side effects of radiotherapy
to the developing brain include neurocognitive
deficits, sensorineural hearing loss, and endocri-
nopathies due to dysfunction of the pituitary and
thyroid glands [46, 47]. Studies investigating a
further reduction of the overall radiation dose and
boost volumes in order to reduce radiation toxicity
and improve long-term survival are ongoing [48].

28.6.4 Adjuvant Chemotherapy

Adjuvant chemotherapy has proven to be a sur-
vival benefit in average risk as well as high-risk
patients and is therefore part of the current stan-
dard treatment protocols of all medulloblastoma
patients.

Several trials have shown that children with
average-risk disease benefit from an adjuvant
multimodal therapy consisting of craniospi-
nal radiation as described above and postradia-
tion chemotherapy, including combinations of
cisplatin, vincristine, cyclophosphamide, and/
or lomustine. The efficacy of combination che-
motherapy allowed a reduction of total radiation
dose from 36 to 23.4 Gy, maintaining an over-
all survival of children with average-risk disease
above 85% [49, 50]. The St. Jude’s clinical trial
SIMB96 showed similar results based on cranio-
spinal radiation and cyclophosphamide-based
high-dose chemotherapy cycles with tandem
autologous stem cell rescue [51].

A more intense radiotherapy with 36 Gy to the
neuroaxis and a boost to the primary site with up
to 54 Gy is still the cornerstone of treatment of
patients with high-risk disease. The drugs shown
to be of benefit to patients with high-risk disease
are the same used to treat average-risk disease.
The POG 9031 study compared in a randomized
fashion the efficacy of chemotherapy pre- and
postirradiation and found no significant differ-
ence between the two regimens, with 5-year
overall survival around 75% [52]. Other stud-
ies have shown that neoadjuvant chemotherapy
and delayed irradiation may in fact be associated
with a survival disadvantage [53] and thus the
standard practice remains of using chemother-
apy after craniospinal irradiation. The clinical

trial SJIMB96 showed similar survival results in
high-risk patients given a combination treatment
consisting of radiotherapy followed by an early
high-dose four-cycle cyclophosphamide-based
chemotherapy [51]. There is evidence that carbo-
platin can have a radiosensitizing effect with a
survival advantage in high-risk patients [54].

The postsurgical treatment of infants under
3 years of age is especially challenging and
consists of chemotherapy-based approaches, as
radiation treatment should be avoided due to its
devastating effects on the developing brain. It
has been shown that a prolonged remission in
medulloblastoma patients <3 years of age can
be achieved by postoperative chemotherapy,
especially in children with desmoplastic histol-
ogy (which belongs exclusively to the SHH sub-
group) and without initial metastases [55]. The
Head Start clinical trials use a brief high-dose
myeloablative chemotherapy followed by autolo-
gous stem cell rescue [56]. The CCG99703 study
of the Children’s Cancer Group is comparable
and includes a high-dose myeloablative chemo-
therapy consisting of three induction cycles of
cisplatin, cyclophosphamide, etoposide, and vin-
cristine followed by three consolidation cycles of
carboplatin and thiotepa with consecutive autolo-
gous stem cell rescue [57].

28.6.5 Molecular Therapeutic Targets

Based on epidemiological, genetic, and tran-
scriptional differences and the identification of
key signaling pathways, four molecular medul-
loblastoma subgroups were described in 2010
[11]. The WNT and SHH pathways have been
studied extensively using molecular analyses of
primary tumor samples and specific animal mod-
els in order to identify new molecular targets and
agents for selective therapies. The smoothened
(SMO) inhibitor vismodegib showed promis-
ing results in the treatment of patients with SHH
medulloblastoma [58], and its effect is currently
being further investigated in the St. Jude’s clini-
cal trial SIMB0O12 (NCTO01878617). Key mol-
ecules of other overexpressed signaling pathways
such as the AKT and TGF-f represent promising
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molecular targets and new therapeutic opportuni-
ties for patients with SHH medulloblastoma [59].

Efforts are underway to de-escalate the treat-
ment of patients with WNT medulloblastoma as
this subgroup has a good prognosis with low risk
for recurrence and metastasis. Therefore, even
though molecular targets of the WNT signaling
pathway have been identified, there is currently
no strong indication to further investigate these
therapeutic options [60]. Furthermore, the clini-
cal trial NCT02212574 is currently ongoing and
is evaluating the feasibility of a treatment con-
sisting of only surgery and chemotherapy.

Compared to the well-studied drivers of the
WNT and SHH medulloblastomas, there are a
lack of key targetable molecules for Group 3 and
Group 4 medulloblastomas due to a shortage of
spontaneous mouse models hindering their iden-
tification. BET bromodomain inhibitors [61] and
inhibitors of the PI3K/AKT signaling pathway
[62], as well as the combination treatment con-
sisting of gemcitabine and pemetrexed, showed
promising preclinical results in the treatment of
MYC-driven mouse models [63] and possibly
represent a therapeutic potential for patients with
Group 3 medulloblastoma. Due to the devel-
opment of drug resistance with monotherapy,
combined targeted therapies may be adminis-
tered with conventional chemotherapy to favor
improved outcomes and decreased resistance.

Patient stratification based on the biology and
the molecular characteristics of the tumor will
open the door for subgroup-specific treatment in
the future. The goal of specific treatment is an
improvement of overall survival and quality of
life in long-term survivors.

28.7 Recurrence and Metastatic
Disease

Medulloblastoma recurrences tend to occur with
a specific location, incidence, and timeline across
the different subgroups. At the time of relapse,
tumors can arise locally in the posterior fossa or
as metastases, most commonly through lepto-
meningeal dissemination. A significant propor-
tion of SHH tumors recur locally at the primary

site of the disease, whereas the majority of Group
3 and Group 4 medulloblastomas relapse with
metastatic disease. WNT tumors rarely recur [64].
SHH and Group 3 tumors tend to recur early, with
a shorter survival when compared to Group 4
tumors [64]. Metastatic disease at presentation is
a prognostic factor that correlates with poor out-
come. Previously irradiated Group 3 and Group 4
tumors are typically metastatic at time of relapse
and often incurable [64]. Interestingly, metasta-
sis and primary tumors share the same subgroup
affiliation, and medulloblastoma subgroup affili-
ation stays stable at the time of recurrence [64,
65]. However, even if subgroup affiliation is con-
served (over time and between locations), recent
genetic comparison between treatment-naive pri-
mary tumors and recurrent tumors found signifi-
cant clonal divergence and selection of genetic
events through treatment [66]. At the time of
relapse, MYCN amplifications and 7P53 muta-
tions may emerge and become therapeutic targets
[67]. This significant biological and temporal
heterogeneity across subgroups and between pri-
mary and relapse tumors has important potential
therapeutic and diagnostic implications. At the
time of relapse for all tumors, a biopsy should be
performed, especially if targeted therapies are an
option [13].

28.8 Prognosis and Quality of Life

Overall 5-year survival for medulloblastoma
patients has reached 60—80% using a combination
of maximal safe resection, craniospinal radiation
(in children older than 3 years), and chemother-
apy [13]. Outcome greatly correlates with tumor
subgroup affiliation and is significantly differ-
ent across the medulloblastoma subgroups [3].
Patients younger than 16 years of age presenting
with WNT tumors have an excellent prognosis,
over 90% event-free survival at 5 years with
current standard of treatment [15]. SHH patient
outcomes can be highly correlated with patient
age and/or TP53 status. Infants generally have a
good prognosis, and children with 7P53 mutated
tumors a dismal prognosis compared to 7P53
wild-type tumors [68]. Group 3 patients pres-
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ent with a globally poor outcome using current
treatment modalities [35]. Dissemination, MYC
amplification, and i17q are factors that must be
taken into consideration because they confer
a less favorable prognosis for Group 3 patients
[21]. Group 4 tumor patients have an intermedi-
ate prognosis [35], and loss of chromosome 11 is
a favorable biomarker [21].

Although current standard therapies cure a
large number of medulloblastoma patients, the
majority of survivors suffer with long-term side
effects including neurological, otological, endo-
crine, and psychosocial impairments, as well
as higher risk of developing secondary malig-
nancies [69]. Important neurological morbidity
related to the treatment modalities impacts these
patients in their daily life [70, 71]. Radiation
therapy, especially in the youngest children,
impacts the quality of life of these patients, and
radiation avoidance in infants as well as proton
therapy advances may improve the global neu-
rological outcome of medulloblastoma patients
[72-74]. Long-term quality of life studies and
potential interventions to decrease treatment bur-
den are under investigation [75, 76]. By imple-
menting recent biological findings, future studies
will evaluate the possibility of adjusting con-
ventional and specific therapies, in order to treat
newly diagnosed medulloblastomas and prevent
relapse with the goal of maintaining the best out-
come while decreasing toxicities and long-term
side effects.

28.9 Future Perspective
and Challenges

There has been much improvement in the treat-
ment of patients with medulloblastoma since the
first description by Bailey and Cushing in 1926;
however, recurrent and metastatic medulloblas-
tomas remain a challenge. Extensive molecular
analyses resulted in the identification of the four
medulloblastoma subgroups and opened the door
for biology-based risk stratification of patients.
Recently, a further breakdown into 12 medullo-
blastoma subtypes has been suggested [77]. The
detection of subgroup- and subtype-specific ther-

apeutic targets opens the door for specific treat-
ments resulting in improved survival and reduced
treatment-related toxicity. Scientists as well as
clinicians are focused on the development of
more efficient treatment protocols, which can be
implemented in new clinical trials. Assessment
of treatment toxicity and resulting long-term
sequelae as well as functional outcomes will be
essential in future trials and improve the quality
of life for long-term survivors [78].

Development of new treatment regimens for
the often still fatal recurrent disease, based on
preclinical research on therapy-naive primary
tumors, has proven unsuccessful as therapeu-
tic targets discovered at disease presentation
may no longer play a major role at the time of
relapse. Therefore, the indication for re-biopsy
at the time of recurrence should be evaluated if a
targeted treatment is considered as a therapeutic
option [13].
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