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Abstract

Medulloblastoma is the most common malignant brain tumor affecting children. These tumors are high grade
with propensity to metastasize within the central nervous system and, less frequently, outside the neuraxis.
Recent advancements in molecular subgrouping of medulloblastoma refine diagnosis and improve counseling
in regards to overall prognosis. Both are predicated on the molecular drivers of each subgroup—WNT-activated,
SHH-activated, group 3, and group 4. The traditional therapeutic mainstay for medulloblastoma includes a multi-
modal approach with surgery, radiation, and multiagent chemotherapy. As we discover more about the molecular
basis of medulloblastoma, efforts to adjust treatment approaches based on molecular risk stratification are under
active investigation. Certainly, the known neurological, developmental, endocrine, and psychosocial injury related
to medulloblastoma and its associated therapies motivate ongoing research towards improving treatment for this
life-threatening tumor while at the same time minimizing long-term side effects.
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I
Clinical Case Presentation

A 2-year-old boy with gross motor delays presented with
wide-based, unsteady gait and headaches over 1 month.
A brain MRI reveals a large posterior fossa mass (Fig. 1).
He underwent gross total resection and pathology showed
medulloblastoma, World Health Organization (WHO) grade IV.

|
Epidemiology

Medulloblastoma is the most common malignant brain
tumor of childhood, comprising about 20% of all pediatric
brain tumors.” They can occur in both children and adults,
although greater than 70% of cases are found in children
less than 18 years old.?2 Medulloblastomas are considered
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Fig. 1

high-grade embryonal tumors based on histology and cell
of origin, and have historically been grouped with other
embryonal tumors under the category of primitive neuroe-
ctodermal tumors (PNET). However, medulloblastomas are
now recognized as their own entity and, based on molecular
pathways that drive their tumorigenesis, are subclassified
into WNT-activated, SHH-activated, group 3, and group 4.3
The incidence of medulloblastoma is estimated to be 0.7
per 100000 children per year with a male predominance;
the relative risk for males is 1.5 times that of females.'
The male predominance appears to be greatest among
patients older than 3 years with a near 1:1 male-to-female
ratio occurring in children less than 3 years.? Sex may also
have a prognostic role, with one recent review of over
1200 patients showing a median survival in females of
152 months as compared to only 90 months in males.?
There are several genetic predisposition syndromes
linked to the development of medulloblastoma. Gorlin syn-
drome involves a germline mutation in the PTCH1 or SUFU
genes and leads to heightened risk of basal cell carcino-
mas and medulloblastoma, with SUFU mutations carrying
the highest risk for medulloblastoma.*® Other germline
mutations associated with medulloblastoma include APC
mutations in Turcot syndrome type 2, TP53 mutations in
Li-Fraumeni Syndrome, as well as BRCA2 and PALB2.57

Clinical Case Relevance

Our case exhibited the usual epidemiology patterns—he
was a male who presented at 2 years of age. On presen-
tation, he had no evidence of familial predisposition syn-
drome, no notable family history of cancer, and no signs
suggestive for a genetic syndrome.

|
Initial Supportive Care

Medulloblastoma most frequently arises at the level of the
fourth ventricle within the posterior fossa. Accordingly,

Axial (A) and sagittal (B) postgadolinium, T1-weighted images at time of diagnosis.

common presenting symptoms are consistent with
obstructive hydrocephalus or cerebellar dysfunction
including headache, vomiting, gait disturbance, and imbal-
ance.®® Cranial nerve palsies can be seen and in infants,
macrocephaly can be prominent.® Average time from
symptom onset to diagnosis ranges from 2 to 6 months.8?°

Corticosteroids, Emergent Radiation, and Surgery

It is important to recognize patients with medulloblastoma
are at risk of increased intracranial pressure. For patients
showing evidence of obstruction and in whom immediate
surgical resection is not possible, initiation of corticoster-
oids to decrease tumor-associated edema and/or surgical
placement of an external ventricular drain or ventriculo-
peritoneal shunt may be considered. Patients with bulky,
metastatic leptomeningeal disease may present with spi-
nal cord compression and lower extremity weakness or
bladder/bowel incontinence. In this setting, corticosteroids
should be initiated quickly along with possible emergent
radiation or debulking surgery to prevent permanent spi-
nal cord injury. Seizures are a less commonly seen pre-
senting symptom, but do occur.

Clinical Case Relevance

The patient was found to have mild hydrocephalus without
evidence of metastatic disease at time of initial diagnosis.
Dexamethasone was initiated prior to resection.

|
Initial Diagnostic Imaging

The majority of medulloblastomas occur in a midline
location, involving the vermis or fourth ventricle, but can
be seen more laterally in the cerebellar hemispheres.’0"
On CT imaging, medulloblastoma appears hyperdense,
but tumor extension into the fourth ventricular foramina
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may be poorly characterized.'®" Compared to CT, MRI is
a more powerful method to evaluate the primary tumor,
leptomeningeal spread, and extent of disease within the
fourth ventricular foramen or cerebellopontine angle.” On
T1-weighted imaging, medulloblastoma can be isointense
or hypointense; while on T2/FLAIR (fluid attenuated inver-
sion recovery) imaging, tumors are hyperintense.'®" The
distinguishing characteristic of medulloblastoma on MRI
is reduced diffusion on diffusion-weighted imaging.'? This
feature is attributable to high cellularity and nuclear-to-
cytoplasmic ratio. Large cell and anaplastic variants often
show increased apparent diffusion coefficient values.™®

Spine imaging is critical for evaluation of metastatic
disease and contrast-enhanced MRI is more sensitive in
detecting metastatic spread than CSF analysis alone.™
Disease in the spine usually manifests as nodular enhance-
ment of leptomeninges with nerve root thickening.™
MR spectroscopy typically demonstrates elevated cho-
line, reduced N-acetyl aspartate, and occasional lactate
peaks.' PET imaging is not routinely indicated for medul-
loblastoma staging, but "8F-fluorodeoxyglucose (['®F]FDG)
uptake has been variably correlated with survival and lep-
tomeningeal dissemination.>16

MRI characteristics such as tumor location and enhance-
ment correlate with molecular subtypes of medulloblasto-
mas."3"” WNT-activated tumors are predominantly located
within the cerebral peduncle/cerebellopontine angle. SHH-
activated tumors are commonly found in cerebellar hemi-
spheres. Group 3 and group 4 tumors are found along the
midline with extension into the fourth ventricle.'®' Lack of
contrast enhancement in group 4 tumors can sometimes
differentiate them from group 3 tumors."”

|
Surgery

Goals of Surgery

The goals for operative intervention are: 1) relieve mass
effect, 2) re-establish CSF circulation, 3) obtain diagnostic
tissue, and 4) reduce tumor burden. At the time of diag-
nosis, gross total resection of the primary tumor is stand-
ard of care. However, survival difference between gross
total resection and near total resection (> 90% of tumor
removed) has not been proven.?®

Treatment of Hydrocephalus

Although hydrocephalus is noted in the majority of
patients presenting with medulloblastoma, placement of
a ventriculoperitoneal shunt or external ventricular drain
prior to resection is rarely indicated.?'22 In addition to
infectious risk, upward transtentorial herniation is a rare
but serious complication of preoperative ventricular drain-
age.? Earlier tumor detection and the use of corticoster-
oids have also made preoperative drainage less necessary
than in the past. In cases where symptoms of hydrocepha-
lus are refractory to maximal medical therapy, an external
ventricular drain should be placed and CSF drained in a
controlled manner. Most patients have resolution of hydro-
cephalus following tumor resection, but approximately

40% will require a ventriculoperitoneal shunt within 4
weeks of resection.?? Lee and others identified factors
associated with permanent shunting include young age,
extensive preoperative ventricular dilatation, and large
tumors.?? Patients with postoperative lethargy, especially if
worsening, or with a large pseudomeningocele should be
screened for hydrocephalus.

Surgical Technique

Medulloblastomas frequently push the vermis in the pos-
terior direction leading to division or interruption of the
vermis with tumor removal. Two key approaches, telovelar
and transvermian, are used to minimize damage to the ver-
mis and deep cerebellar nuclei.

Telovelar vs Transvermian Approach

The telovelar approach uses the cerebellomedullary fis-
sure, defined as the cleft between the anterior surface of
the tonsils and the posterior aspect of the caudal medulla.
No known functional neural tissue exists within these
structures, making this approach the choice of many sur-
geons. For larger tumors, extension through the foramen
of Magendie and thinning of the vermis and cerebel-
lar peduncles may be present. In these cases, the tumor
should be debulked to allow for partial restoration of nor-
mal anatomy.?* For the transvermian approach, the infe-
rior vermis is identified and split vertically. Generally, the
telovelar approach is preferred given the proposed rela-
tionship between splitting the vermis and development of
cerebellar mutism.?5:26

Tumor Resection—Both Approaches

During resection, an attempt to locate a plane between the
tumor and surrounding tissue should be made. This allows
for resection without damage to underlying structures.
Neuronavigation and neuromonitoring may be useful and
identifying the fourth ventricle above and below the tumor
is essential to prevent entry into the brainstem. From a
vascular standpoint, medulloblastomas may have large
draining veins and preservation of these can prevent sig-
nificant bleeding.

Complications

A dreaded complication following medulloblastoma resec-
tion is cerebellar mutism syndrome, also referred to as
posterior fossa syndrome.?® These terms describe a syn-
drome of speech apraxia, hypotonia, ataxia, emotional
lability, and cranial nerve deficits. Up to 30% of patients
experience cerebellar mutism after undergoing medul-
loblastoma resection. Multiple theories aim to explain
etiology; however, none have been proven. One popular
theory suggests splitting of the inferior vermis plays a
role, yet avoiding splitting fails to improve the rate of mut-
ism.?526The dentatothalamic pathway may play a role, but
is also not the sole determinant. Most patients regain at



least some speech but may experience persistent lack of
full speech, abnormal tone, and balance problems.?>%’
Additional postoperative complications include infection,
pseudomeningocele, and CSF leak.

Clinical Case Relevance

Our patient underwent gross total resection at time of ini-
tial diagnosis (Fig. 2). The patient had no intraoperative or
postoperative complications. At the time of recurrence,
the patient was not deemed a surgical candidate given the
extent of metastatic disease and evidence of spinal cord
compression (Fig. 3).

|
Staging

Medulloblastoma has a high likelihood of spreading
throughout the central nervous system and is one of the
few central nervous system tumors with potential for
extraneural metastasis. Thus, standard of care includes
brain and spine imaging and, if clinically indicated, imag-
ing for extraneural metastases. Staging should include
full spine MRI and CSF cytology to assess for leptome-
ningeal dissemination. Because the combination of full
spine imaging and CSF analysis is more sensitive than
each modality alone, both should be done to most relia-
bly identify spinal metastatic disease.?® If spine imaging is
not done prior to surgery, it can be done postoperatively
but not before 10 days after surgery due to potential for
false positives from postsurgical blood products within
the subarachnoid space. If there is concern for extra-
neural metastases such as in bone marrow (blood count
abnormalities), lymph nodes (palpable, firm nodes), or
bone (pain or presence of solid masses), bone marrow
aspiration and biopsy and whole body PET or bone scans
should be done.
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Prior to the more recent molecular risk stratification,
patients older than 3 years were staged according to
degree of resection combined with amount of metastases.
The Chang staging system identified tumors as M0 to M4
ranging from no evidence of gross metastasis to extraneu-
ral metastasis.?® This score was combined with degree of
surgical resection (< or > 1.5 cm? postoperative residual
tumor) to determine low-risk (M0 and < 1.5 cm? residual
tumor) or high-risk (M1-4 and > 1.5 cm? residual tumor) dis-
ease. Current staging continues to use broad categories of
focal or metastatic residual disease, but now incorporates
histologic and molecular markers.

Clinical Case Relevance

The patient had negative spine imaging and CSF cytology
at time of initial diagnosis, but was found to have clear
evidence of bulky metastatic leptomeningeal disease at
recurrence.

|
Pathology

Medulloblastoma is a primitive, small round blue cell
tumor of the neuronal lineage. It is a high-grade embry-
onal neoplasm that demonstrates brisk mitotic activity,
scattered apoptotic cells, and foci of necrosis. Neuronal
differentiation is evidenced by diffuse synaptophysin
positivity in most tumors, although focal glial, melanotic,
or myogenic differentiation can be observed. Histologic
subtypes of medulloblastoma include classic, large cell,
anaplastic, nodular/desmoplastic, and extensive nodular-
ity. Medulloblastomas with large cell or anaplastic fea-
tures typically show a mixture of these 2 variants, and
such tumors are classified as combined large cell/ana-
plastic histologic subtype. Tumors with classic histology
show cells with minimal cytoplasm and dense basophilic

Fig.2 Axial (A) and sagittal (B) postgadolinium, T1-weighted images postsurgical resection.
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Fig. 3 Axial fluid-attenuated inversion recovery (FLAIR) imaging of brain (A), postgadolinium, T1-weighted lumbar spine (B), and cervical and
thoracic spine (C) attime of recurrence. Arrows indicate sites of recurrent, metastatic disease.

nuclei present in diffuse sheets. Homer Wright (neuroblas-
tic) rosettes may be seen. Large cell medulloblastoma is
comprised of cells with increased cytoplasm, large nuclei
with vesicular chromatin, and conspicuous nucleoli.
Anaplastic medulloblastoma is composed of cells with
marked nuclear pleomorphism, atypical mitotic figures,
nuclear molding, and cell-cell wrapping. Nodular/desmo-
plastic medulloblastoma demonstrate pale islands or nod-
ules of neurocytic differentiation with more cellular and
mitotically active internodular zones that contain a dense
intercellular reticulin network. Medulloblastomas with
extensive nodularity are composed of numerous back-to-
back nodules with thin internodular zones that are rela-
tively devoid of primitive elements.303

Beyond histology, medulloblastoma classification
is based on molecular differences and signaling path-
ways driving tumor development. In 2010, a consen-
sus statement identified four predominant subgroups:
WNT-activated, SHH-activated, group 3, and group 4.%2
Immunohistochemical markers help stratify medulloblas-
tomas into each of the molecular subgroups: WNT-activated
tumors typically show classic histology and immunostain-
ing positive for 3-catenin aberrantly located in cell nuclei;
SHH-activated frequently show nodular/desmoplastic his-
tology and immunostaining positive for GAB1; Group 3
and Group 4 tumors commonly have either classic or large
cell/anaplastic histologic features and negative GAB1 and
nuclear B-catenin immunostaining.3?

In 2016, the revised fourth edition of the WHO
Classification of Tumours of the Central Nervous System
recommended integrated medulloblastoma classification,
including both histologic and molecular features into the
diagnosis.® Each subgroup potentially portends important
prognostic indications; however, rather than individually
delineating separate prognoses for every possible histo-
logic and genetic combination, the guidelines encourage
integrated interpretation based on findings unique to each

tumor.33The guidelines highlight five commonly identified
histologically and molecularly integrated subgroups with
associated prognoses (Fig. 5, derived from Louis et al and
Ramaswamy et al).33:34

Clinical Case Relevance

The patient’'s tumor was nodular/desmoplastic subtype
with SHH-activation. Histology revealed a primitive small
round blue cell tumor with intervening pale nodules com-
posed of cells with neurocytic differentiation. There was
diffuse synaptophysin positivity with increased staining in
the nodules. SMARCB1/INI-1 was intact in tumor cells, and
no nuclear staining for §§ -catenin was seen. Diffuse strong
immunostaining for GAB1 was present. Fluorescence
in situ hybridization revealed absence of MYC or MYCN
amplification and diploid status of chromosome 17 (Fig. 4).
At time of relapse, targeted next-generation sequenc-
ing was performed on tumor tissue and peripheral blood.
The patient was found to have a germline inactivating
frameshift mutation in the SUFU gene with loss of remain-
ing wild-type allele in the tumor.The presence of a germline
SUFU mutation combined with the patient’s known medul-
loblastoma met criteria for diagnosis of Gorlin syndrome.3®

|
Radiation Therapy

Adjuvant treatment for medulloblastoma often com-
mences with radiotherapy, usually 3 to 4 weeks after
surgery. Radiation involves treatment of the entire crani-
ospinal axis, known as craniospinal irradiation (CSI).
Patients with standard-risk disease have conventionally
received CSI| with 23.4 Gy plus a boost to 54 to 59.4 Gy to
the posterior fossa. The classic CSI field for medulloblas-
toma consists of prone positioning with opposed lateral
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Fig.4 Pathology from initial diagnosis showing diffuse positivity for GAB1 staining (A), scattered nodules (B), reticulin (C), and desmoplasia (D).

brain portals and posterior spinal axis field, including
sacral nerve roots with matching in the region of the cer-
vical spine or at posterior spinal axis junctions if multiple
fields are necessary. Daily verification of beam alignment
is done with light field matching. Historically, the posterior
fossa was treated with at least a 1-cm margin and inferior
border set at C2. However, recent investigations demon-
strated focal radiation to the surgical bed is comparable
to entire posterior fossa radiation with less risk of radia-
tion exposure to surrounding structures.®437 Advances in
image-guided radiotherapy, such as daily cone beam com-
puterized tomography, have facilitated more focal irradia-
tion and many now practice this more limited approach.
The randomized phase 3 study ACNS0331 evaluated
whether target volume reduction to the primary tumor bed
alone could be performed without compromising disease
control in standard-risk medulloblastoma. Initial results
confirm equivalent 5-year event free and overall survival
for focal surgical bed versus entire posterior fossa boost.
Evolving understanding of the genomic drivers and prog-
nostic indicators of medulloblastoma, combined with adverse
effects of CSl in young patients, suggests a single approach
for all patients is not appropriate.3? Recent studies have dem-
onstrated intensification of chemotherapy with autologous
stem cell rescue may allow reduction or delay of CSI without
decreasing survival.®®3° CS| dose reduction or complete avoid-
ance is currently being investigated in patients with advan-
tageous features (ie, focal, WNT-activated; NCT 01878617,
NCT02017964). In standard-risk patients, CSl to a total dose
of 23.4 Gy (reduced from > 36 Gy) remains effective when
administered with adjuvant chemotherapy.*® Unfortunately,
results of ACNS0331 demonstrated inferior event-free sur
vival and overall survival with further CSI decrease to 18 Gy.4'
Alternative radiation modalities such as proton-beam
and volumetric arc or intensity-modulated radiation ther-
apy are increasingly employed to minimize dose outside

target volumes and mitigate long-term effects of radiation.
Outcome data for these modalities are limited; however,
comparisons suggest superior sparing of normal struc-
tures with the use of protons.*?

Re-irradiation

Re-irradiation is often not considered for recurrent medul-
loblastoma due to potential toxicity and uncertain efficacy.
However, several have reported this technique is safe and
may prolong survival, with most benefit derived in patients
who have no evidence of residual disease after re-resec-
tion.*344In select cases, re-irradiation for relapsed medullo-
blastoma has achieved 5-year progression free and overall
survival from first relapse of 48% and 65%, respectively.

Clinical Outcomes After Radiation

Medulloblastoma survivors are affected by intellectual,
neurological, and physical disabilities from treatment, with
profound impacts on quality of life, neurocognitive dys-
function, strokes, and risk of secondary malignancies.?”4547
Long-term adverse effects of radiotherapy vary directly
with dose, and inversely with patient age at time of radio-
therapy.*® Baseline assessments of cognitive and endocrine
function should be performed for all patients, as CSI may
lead to stunted growth and development due to neurologic,
neuroendocrine, and skeletal insult. In terms of neurocogni-
tion, processing speed and memory appear most affected,
but all neurocognitive parameters should be followed.*

Clinical Case Relevance

The patient was initially treated on study through the radi-
ation-sparing trial ACNS1221. At time of recurrence, he
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Fig. 5 Example of World Health Organization (WHQ) 2016 molecularly integrated classification for medulloblastoma, with anticipated corre-

sponding clinical and prognostic characteristics.%%%

underwent emergent CSI to a total dose of 36 Gy with a
posterior fossa boost of 18 Gy and lower spine boost of
9 Gy. The patient went on to show diffuse white matter
hyperintensity as well as global volume loss on follow-up
imaging, likely due to radiation.

|
Chemotherapy

A variety of chemotherapy and radiation combinations
and, more recently, targeted agents and immunotherapy,
have been investigated in the treatment of medulloblas-
toma. Regardless of the approach, nearly all strategies
recommend multiple agents serving as a backbone to
decrease or eliminate exposure to radiation and, for the
extremely young, delay time to radiation and limit perma-
nent neurocognitive injury.

Traditional Chemotherapies

Chemotherapy regimens, comprising platinum agents
(cisplatin or carboplatin), alkylators (lomustine or cyclo-
phosphamide), and vincristine, represent the most com-
mon backbone of medulloblastoma therapy.#94%-52 The
order and combination of these drugs and their rela-
tionship to radiation has been the focus of a number of
multicenter clinical trials with studies very early on sug-
gesting promise for multimodal therapy.53% Early trials
in children with high-risk medulloblastoma treated with

CSI with concurrent vincristine followed by maintenance
chemotherapy including lomustine, cisplatin, and vin-
cristine showed improved overall survival compared
to historical controls and provided support for adjuvant
chemotherapy in high-risk therapy.50515556 Adjuvant
chemotherapy in standard-risk medulloblastoma was
then shown to allow de-escalation of CSI with no reduc-
tion in survival.*®* The Pediatric Oncology Group also
showed delaying radiation in patients less than 3 years
was possible through postoperative chemotherapy.5’ The
International Society of Pediatric Oncology and German
Society of Pediatric Oncology went on to investigate the
use of chemotherapy before or after radiation. The study
showed no therapeutic benefit for preradiation chemo-
therapy and significantly poorer outcomes in average-
risk patients receiving preradiation chemotherapy with
reduced radiation.58

Additional follow-up clinical trials have investigated
therapy options driven by stratification according to low-
risk or high-risk disease (Table 1). Certain medulloblastoma
histologies, specifically the nodular/desmoplastic subtype,
have shown better responses to chemotherapy alone and
potential to avoid or defer radiation.>®%The HIT SKK 2000
trial illustrated an impressive 5-year event-free survival of
95% and overall survival of 100% for patients with nodu-
lar/desmoplastic medulloblastoma.® Children’s Oncology
Group study ACNS1221 follows a modified HIT SKK 2000
protocol without intraventricular methotrexate for patients
with ND medulloblastoma; final outcomes are pending in
this study.
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Table1 Therapeutic trials for children with medulloblastoma

Trial

SIOoP
PNET-3%

Target population Approach/Drugs

Vincristine, etoposide, carboplatin, and cyclophos-
phamide followed by radiation versus radiation
alone

> 3 years of age
with low-risk
(M1/M0) disease

SFOP&¢ Carboplatin, procarbazine, etoposide, cisplatin,
vincristine, and cyclophosphamide over 7 cycles
Salvage with busulfan and thiotepa, second-look
surgery, and radiation at time of local relapse
versus melphalan, busulfan, and thiotepa with
autologous stem cell rescue plus focal radiation
for recurrent focal disease or melphalan, cisplatin,
thiotepa with autologous stem cell rescue and
reduced-dose CSI for recurrent, metastatic disease

HIT SKK ‘87

Postoperative arms determined by standard or
high-risk disease

Low risk: Procarbazine, vincristine, high-dose
methotrexate

High risk: Procarbazine, ifosfamide, etopo-

side, high-dose methotrexate, cisplatin,
cyclophosphamide

Radiation at 3 years of age or time of progression

<b5years of age
with newly diag-
nosed, maximally
resected disease

HIT SKK
18760

< 3 years of age

HIT SKK
19184

Arm 1—Neoadjuvant chemotherapy (Ifosfamide,
etoposide, high-dose methotrexate, cisplatin, cyta-
rabine x 2 cycles) before radiation

Arm 2—Postoperative radiation with concomitant
vincristine followed by cisplatin, lomustine, and
vincristine x 8 cycles

HIT SKK
‘92 pilot*®

Postoperative cyclophosphamide, methotrexate,

vincristine, carboplatin, and etoposide with intra-
ventricular methotrexate

Radiation only if residual disease and >18 months
of age at end of chemotherapy

< 3years of age

Head Start < 3 years of age Induction with vincristine, cisplatin, cyclophospha-

1 & 115 mide, and etoposide x 5 cycles
Consolidation with myeloablative chemotherapy
with carboplatin, thiotepa and autologous stem
cell transplant
(Doses varied between Head Start | & 11)
COG 6 months to 3 years Induction with cisplatin, vincristine, cyclophospha-
9970364 of age mide, and etoposide x 3 cycles

Consolidation with high-dose carboplatin and thi-
otepa followed by autologous stem cell transplant
x 3 cycles

S o

(=

Q ~

(=3

- O
Outcomes 8 CID
Chemotherapy + Radiation =]
- 3-year EFS 79% Q
- 5-year EFS 74% .9.
Radiation alone o
- 3-year EFS 65% S

- 5-year EFS 60%

Demonstrated cure without radiation pos-
sible in patients with focal disease who
underwent gross total resection and those
with local recurrence could be salvaged by
combined chemotherapy and radiation

Chemotherapy can prolong time to radiation
or allows potential complete avoidance of
radiation in patients with focal disease who
achieved gross total resection

Children without macroscopic metastases
(complete resection):

- 10-year PFS 53%

- 10-year OS 59%

Children without macroscopic metastases
(incomplete resection):

- 10-year PFS 56%

- 10-year OS 67%

Children with metastases:

- 10-year PFS 33%

- 10-year OS 44%

Maintenance chemotherapy most effective
in patients 6 years or older with low-risk
disease, otherwise no statistically significant
differences between arms

Children without macroscopic metastases
(complete resection):

- 5-year PFS 93%

- 5-year OS 100%

Children without macroscopic metastases
(incomplete resection):

- 5-year PFS 43%

- 5-year OS 56%

Children with macroscopic metastases:

- 5-year PFS 36%

- 5-year OS 40%

Children with ND MB:

- 10-year PF 89%

- 10-year OS 89%

Children without macroscopic metastases
(complete resection):

- 5-year PFS 52%

- 5-year OS 79%

Children without macroscopic metastases
(incomplete resection):

- 5-year PFS 64%

- 5-year OS 57%

Children with ND MB:

- 5-year PF 67%

- 5-year OS 78%

- 5-year EFS 44%

- 5-year OS 64%
Children with ND MB:
- b-year OS 85%
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Table 1

Continued

Outcomes

- 5-year EFS 32%

- 5-year OS 43%
Children with ND MB:
- 5-year EFS 77%

- 5-year OS 85%

- 4-year EFS 50%

- 4-year OS 69%
Children with ND MB:
- 4-year EFS 58%

- 5-year EFS 81%

Trial Target population Approach/Drugs

CCG < 3years of age Induction vincristine, cisplatin, cyclophosphamide,

9921999 and etoposide alternating with vincristine, carbopl-
atin, ifosfamide, and etoposide
Maintenance vincristine, etoposide, and
cyclophosphamide
No radiation unless residual tumor after induction
or metastatic disease at diagnosis

COG 8 months to 3 years Induction with cyclophosphamide, vincristine,

P9934'%°  of age cisplatin, and etoposide followed by age- and
response-adjusted radiation, if no progression
Maintenance with cyclophosphamide, vincristine,
and oral etoposide

COG 3yearsto 21 years Randomized to postradiation cisplatin and vincris-

99617° of age tine plus either CCNU or cyclophosphamide

- 5-year OS 87%
No impact of chemotherapy choice

Abbreviations: EFS, event-free survival; 0S, overall survival; PFS, progression-free survival; ND MB, nodular/desmoplastic medulloblastoma.

Molecular Subgrouping of Medulloblastoma and
Therapeutic Implications

The recent insight on the biology of medulloblastoma
and clinical outcomes according to WNT-activated, SHH-
activated, group 3, and group 4 has led to attempts at treat-
ment stratification and investigation of targeted therapies.
WNT-activated medulloblastomas exhibit fenestrated vas-
culature, altering structure of the blood-brain barrier, and
allowing greater penetration of chemotherapy.®® Given the
excellent prognosis of children with these tumors, ongo-
ing trials are investigating reduction of treatment inten-
sity (NCT02212574, NCT01878617). There are currently
no effective WNT-pathway inhibitors able to penetrate
the blood-brain barrier; however, this pathway remains
a potential for targeted therapy. SHH-activated medul-
loblastoma are most typically associated with intermedi-
ate outcomes.®” Mutations in PTCH1, SUFU, or SMO, or
amplifications of GL/2, are the most frequent genomic
aberrations in SHH-activated tumors.33268-70 Accordingly,
small molecule inhibitors of SMO, such as vismodegib,
have shown efficacy in relapsed SHH-activated medullo-
blastoma, but drug resistance can develop.”! For instance,
genomic alterations downstream of SMO (ie, GLI2 and
SUFU) confer resistance to SMO-inhibitors and tumors
harboring MYC-amplifications commonly exhibit rampant
progression despite multimodal therapy. There is currently
a paucity of drugs targeting MYC, but preclinical investi-
gation surrounds BET-bromodomain, HDAC, IGFR1, and
PI3K inhibitors as well as cell-cycle modulators.’27¢ The
least molecularly well-defined is group 4, yet possible
enrichment with CDK6 or MYCN amplification raises the
possibility of BET-bromodomain or cell-cycle inhibition as
promising approaches.

Clinical Case Relevance

The patient was initially enrolled on clinical trial ACNS1221,
an ongoing study targeting young children with newly

diagnosed, nonmetastatic nodular desmoplastic medul-
loblastoma. At time of relapse, the child was treated with
salvage therapy with CSI followed by repeat multidrug
chemotherapy as per ACNS0332. ACNS0332 using com-
bined chemotherapy and radiation upfront was chosen at
relapse based on the child’'s emergent need for radiation.
The child demonstrated bulky relapse throughout the
CNS and exhibited symptoms of spinal cord compression
at multiple sites. Combination chemotherapy and radia-
tion was given with the goal of decreasing tumor burden
as rapidly as possible. Given the patient’s germline and
somatic SUFU mutation downstream of SMO, he was not
deemed a candidate for targeted SMO inhibition.

I
Surveillance

There are currently no strict guidelines for post-therapy
imaging surveillance of patients with medulloblastoma.
Most institutions follow a pattern of more frequent imag-
ing within the first year after therapy, usually every 2 to
3 months, with spacing out of imaging thereafter. The
utility of both brain and spine MRI has been brought
into question given reports of low numbers of patients
presenting with isolated spine relapse. Instead, spine
surveillance based on risk for spine recurrence (ie, prior
metastatic disease or temporal proximity to initial diag-
nosis) has been proposed.”’” Recent Children’s Oncology
Group guidelines recommend spine imaging for only the
first 24 to 36 months off therapy if no increased clinical
concern for spine recurrence or, for patients with nodular/
desmoplastic medulloblastoma, only if metastases pre-
sent at initial diagnosis. Once patients have been stable
without evidence of recurrence for 5 years, annual imag-
ing is reasonable. It is important to consider germline
mutations and exposure to radiotherapy during surveil-
lance planning, as both can increase risk for secondary
central nervous system malignancy such meningioma or
glioma.”881



|
Prognosis and Survivorship

The progression-free and overall survival rates for all chil-
dren with medulloblastoma improved in a step-wise fash-
ion over the preceding thirty-years, but have plateaued
since the mid-2000s.3236:405882-84 Ag previously noted,
children 3 years or older at diagnosis have convention-
ally been separated into 2 major risk groups. Those with
“average-risk disease” (no evidence of dissemination at
diagnosis and total or near total resection) have a 5-year
progression-free survival between 80% and 85% after CSI
and local boost with chemotherapy.3¢-3840 The majority of
these patients who are disease-free at 5 years following
diagnosis maintain remission, although late relapses occur
in 5% to 10%.3640 However, it is likely many “late relapses”
are secondary high-grade glial tumors.”® For patients with
high-risk disease, primarily those with dissemination at
diagnosis, the b-year survival is between 50% and 65%,
with a similar rate of late relapse as for standard-risk dis-
ease.3848 The pattern of relapse does not differ greatly
between patients with dissemination at diagnosis com-
pared to those without—over 60% of patients have dis-
semination, with or without primary site failure.36.38.40.84.85
The probability of survival in infants and children less
than 3 years of age at diagnosis is lower than older chil-
dren 575961626486 |t remains unclear whether this is due
to biologic differences in the very young or whether it is
avoidance of CSl in this population. After chemotherapy
with or without primary site irradiation, reported survival
rates range from 20% to over 50%.57:61.6486 Sych variation
is likely due to patients with nodular/desmoplastic tumors,
as 75% of these patients survive up to five years with
chemotherapy alone.5626486 Syrvival after chemotherapy
alone or chemotherapy plus local radiotherapy in infants
with nondesmoplastic tumors appears less than 40% and
significantly lower with disseminated disease.486
Progression-free and overall survival have to be re-
evaluated in light of biologic understanding of medullo-
blastoma.33287 Children with WNT-activated tumors have
a near 100% rate of survival after treatment with radia-
tion and chemotherapy, even with dissemination.332:87.88
Patients with SHH-activated tumors have more variable
progression-free and overall survival depending on the
site of the SHH pathway alteration and presence of con-
comitant TP53 mutations.?3267 Those with upstream
mutations in SMO or PTCH, primarily infants and young
children, have a better prognosis and experience 5-year
event-free survival of 70% to 80%.5” Children with down-
stream alterations such as GL/ 2 amplification or with
concomitant TP53 mutations experience 5-year overall sur-
vival of 30% or less.®” Patients with group 3 and 4 disease
have outcomes dependent on specific molecular abnor
malities.33287 Patients with MYC amplification experience
5-year event-free and overall survival of less than 50% and
carry higher incidence of dissemination. Patients harbor-
ing loss of chromosome 11 carry excellent prognoses and
those with isochromosome 17q have somewhat poorer
prognoses.® It is important to note the potential need for
germline testing in patients with identified SHH-activated
tumors with associated SUFU or TP53 somatic mutations.
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A substantial proportion of patients with SHH-activated
tumors carry germline mutations in these genes and this
must be considered in surveillance and prognostic coun-
seling, given their negative impact on outcome and indica-
tion for genetic counseling.348°

At time of relapse, especially disseminated relapse,
long-term disease control is unlikely with presently avail-
able salvage therapy.The exception to this may be isolated
primary site relapse, especially in infants who have not
received radiation therapy. In such patients, treatment with
additional chemotherapy, often high-dose chemotherapy
and focal radiation, has resulted in a long-term disease
control in 30% to 50%.6".86

Although survival remains the primary goal of treat-
ment for medulloblastoma, survivor quality of life is fre-
quently riddled with neurologic, endocrine, physical, and
psychosocial sequelae.*¢% The most common is cognitive
impairment, which may be secondary to the tumor, hydro-
cephalus, radiation, and other poorly understood host fac-
tors.4791-98Those with a history of posterior fossa syndrome
carry higher risk for cognitive impairment.®' CSI and local
boost radiotherapy have significant detrimental impact on
intelligence, especially in younger children.There is no spe-
cific age cutoff for this damaging effect; however, children
between 3 and 7 years of age receiving 36 Gy CSlI plus local
boost radiotherapy experience 20- to 30-point declines in |IQ
within 3 years of treatment, on top of often impaired base-
line intelligence.®%% Even after reduction of CSI dose to 23
Gy, there is a decline of 10 to 15 1Q points.®?

One of the most common forms of long-term sequelae
from treatment related to medulloblastoma is neuroendo-
crine. Endocrine compromise is almost solely due to radia-
tion to the hypothalamus and pituitary, although radiation
scatter to the thyroid may result in hypothyroidism. Growth
hormone deficiency is the most common deficit and is
usually apparent 1 to 3 years after radiation. Decreased
growth from growth hormone deficiency is exacerbated by
the effect of CSl on vertebral growth, which can result in a
1- to 3-inch reduction in overall height. Growth hormone
replacement, especially in children more than 2 years from
diagnosis, has not resulted in a higher incidence of disease
relapse and should be considered.%

Neurosensory deficits have been well reported in chil-
dren surviving medulloblastoma, with hearing loss related
to cisplatin and, less frequently, radiation being the most
common. Other deficits include vertigo, cataracts, and
gross motor issues.®® Strokes and secondary tumors are
additional devastating consequences in patients with
medulloblastoma. The incidence of stroke may affect
up to 10% of survivors 10 or more years after diagnosis.
Secondary tumors tend to occur 5 or more years from
diagnosis, most commonly high-grade gliomas, fol-
lowed by meningiomas 10 or more years from therapy,
and with highest risk in patients with germline SUFU
mutations.”9:90:95

Lastly, patients with medulloblastoma can exhibit signif-
icant psychosocial compromise. Physically, they tend to be
shorter and suffer from obesity, which can exacerbate psy-
chosocial challenges.®%9 Due to psychosocial deficits,
survivors can become isolated with decreased likelihood
of independent living.%°
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I
Conclusions

Medulloblastoma is the most frequent pediatric malignant
CNS tumor. Recent molecular advances are driving clini-
cal trials and development of novel therapies, but there
remain questions about how to best stratify treatment
based on molecular findings and how to best combine
targeted therapies with more traditional therapeutic main-
stays. Ongoing and upcoming trials will hopefully provide
insight into these questions and ideally lead to better pre-
diction of outcomes and decreased long-term deficits.
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