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Simple Summary: The European trial SIOP PNET5 MB was initiated in 2014 and will remain open
to recruitment until 2022. It is the first European trial using clinical, histological, and molecular
parameters to stratify treatments for childhood medulloblastoma, based on disease risk. In the
standard-risk stratum, a randomized intensification of carboplatin concomitant to radiotherapy is
investigated. In the favourable-risk stratum, defined by localized WNT subgroup disease, reduction
of craniospinal radiotherapy intensity (from 24 to 18 Gy) and reduced maintenance chemotherapy
is investigated for children <16 years old at diagnosis. Two additional exploratory strata (WNT-
HR and SHH-TP53) have been implemented during the trial. The use of biological parameters
for stratification has proven feasible in a prospective multicentre setting, and may improve future
risk-adapted treatment. The primary endpoint is 3-year event-free survival. Late effects on hearing,
endocrine- and neurologic function, alongside health-related quality of life (e.g., health status,
behavioural outcomes), are secondary endpoints.

Abstract: Background. SIOP PNET5 MB was initiated in 2014 as the first European trial using
clinical, histological, and molecular parameters to stratify treatments for children and adolescents
with standard-risk medulloblastoma. Methods. Stratification by upfront assessment of molecular
parameters requires the timely submission of adequate tumour tissue. In the standard-risk phase-III
cohort, defined by the absence of high-risk criteria (M0, R0), pathological (non-LCA), and molecular
biomarkers (MYCN amplification in SHH–MB or MYC amplification), a randomized intensification
by carboplatin concomitant with radiotherapy is investigated. In the LR stratum for localized WNT-
activated medulloblastoma and age <16 years, a reduction of craniospinal radiotherapy dose to
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18 Gy and a reduced maintenance chemotherapy are investigated. Two additional strata (WNT-HR,
SHH-TP53) were implemented during the trial. Results. SIOP PNET5 MB is actively recruiting. The
availability of adequate tumour tissue for upfront real-time biological assessments to assess inclusion
criteria has proven feasible. Conclusion. SIOP PNET5 MB has demonstrated that implementation
of biological parameters for stratification is feasible in a prospective multicentre setting, and may
improve risk-adapted treatment. Comprehensive research studies may allow assessment of additional
parameters, e.g., novel medulloblastoma subtypes, and identification and validation of biomarkers
for the further refinement of risk-adapted treatment in the future.

Keywords: medulloblastoma; children; trial; CNS; brain tumour

1. Introduction and Status of Knowledge When SIOP PNET5 MB Was Planned

Medulloblastoma is a highly cellular malignant embryonal neoplasm [1]. It is the most
common malignant brain tumour in children, accounting for 15 to 20% of all childhood
primary central nervous system (CNS) neoplasms. Medulloblastoma arises in the posterior
fossa, from the cerebellar vermis in the roof of the 4th ventricle, cerebellar hemispheres
or the dorsal brainstem. Medulloblastomas have a marked propensity to metastasize via
CSF pathways, and evidence of such metastatic spread is present in up to 35% of cases at
diagnosis [1].

When the SIOP PNET5 MB trial was planned, the following histological variants of
medulloblastoma were recognized in the WHO classification of CNS tumours [2]: clas-
sic medulloblastoma, desmoplastic/nodular medulloblastoma, medulloblastoma with
extensive nodularity, large-cell medulloblastoma, and anaplastic medulloblastoma. The
treatment of medulloblastoma involved surgical resection followed by radiotherapy and
chemotherapy. While this combined-modality treatment regimen had substantially im-
proved the cure rate, medulloblastoma remained incurable in approximately one-third
of patients [3], and 20–25% of standard risk patients [4,5]. Moreover, survivors suffer
from long-term toxic side effects related to therapy that often seriously affect their quality
of life [6–9].

At that time, prognosis was most commonly assessed based on imaging and CSF
cytology risk criteria. Risk-adapted treatment of medulloblastoma was established, using
age, extent of resection, and presence of metastases for stratification. Patients were usually
assigned to treatment groups based on absence of established imaging/cytology high-risk-
factors (metastatic disease (M+, ~30% of patients), sub-total resection (R+, ~10%), and
large-cell/anaplastic pathology (LCA, ~15%). Patients over 3 years of age were divided
into: standard-risk group (SR-MB; negative for all clinical risk-factors, 40–50% of patients,
~80% survival) or high-risk group (HR-MB; positive for any clinical risk-factor, ~30% of
patients, ~60% survival), and received risk-adapted therapies accordingly. However, these
clinical schemes stratified risk inaccurately, based on the observed survival differences
within each group.

In the prospective European predecessor trial HIT/SIOP-PNET4, children older than
3–5 years of age without metastatic disease were randomized to receive postoperative
conventional standard radiotherapy (23.4 Gy to craniospinal axis plus boost to 54 Gy to
the entire fossa posterior, 1.8 Gy per day) or hyperfractionated radiotherapy (36 Gy to
craniospinal axis plus boost to 60 Gy to fossa posterior plus 8 Gy to tumour bed; 2 × 1 Gy
per day), followed by eight cycles of maintenance chemotherapy with CDDP, CCNU, and
vincristine. Survival rates were not significantly different between the two treatment arms:
5-year event-free survival (EFS) was 77 ± 4% in the STRT group and 78 ± 4% in the HFRT
group; corresponding 5-year OS was 87 ± 3% and 85 ± 3%, respectively. A postoperative
residual tumour of more than 1.5 cm2 was the strongest negative prognostic factor [10], with
5-year EFS of 64 ± 9% versus 82 ± 2% in the subgroup of patients with completely resected
tumours. This is exactly in the same range as outcomes of contemporary clinical trials
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including patients with completely resected medulloblastoma treated with postoperative
radiotherapy [4,5].

Age less than 3 years was globally associated with a two-fold higher risk of disease
progression within 5 years of diagnosis in comparison with older patients [11,12]. One
of the reasons for this less favourable prognosis was a different biological behaviour. It
was known that different histological medulloblastoma variants had different age dis-
tributions, with nodular desmoplastic medulloblastomas being more frequent in infant
medulloblastoma, and associated with a good prognosis. Conversely, prognosis of infants
with classic medulloblastoma was worse compared to older children with classic medul-
loblastoma [13,14]. Decreased prognosis was also explained by an unwillingness to apply
dose-intense radiotherapy in this young age group, as this causes severe damage to the
developing brain [15]. Due to these factors, infants were not considered to be ‘standard
risk’ patients, and could not be included into the trial SIOP PNET5 MB.

Patients with disseminated disease had a much poorer prognosis. The presence of
metastatic disease at presentation as diagnosed by the presence of meningeal enhancement
on MRI of the brain (Chang Stage M2) or spine (Chang Stage M3) clearly carried a poor
prognosis [11,16]. Although it was not consistently used for stratification in the early trials,
microscopic spread to the CSF had also been shown to be associated with an impaired prog-
nosis, independently of the presence of macroscopic metastases (Chang Stage M1) [17–20].
It was widely accepted that patients should be staged by MRI and CSF analysis to exclude
metastases in order to be regarded as standard risk patients. However, in a multicentre trial
with a large number of participating centres, technique and quality of MRI imaging differs.
Therefore, a standardized imaging technique was defined in the predecessor trial PNET 4,
and central reference assessment of the MRI was recommended. In PNET4, the outcome
of patients whose scans had not been centrally reviewed was found to be worse than of
patients in which central review of MRI scans of brain and spine had taken place [10]. This
suggested that quality assurance of imaging was a relevant tool for keeping the group of
included patients clear of patients with falsely negative metastasis staging. The relevance
of MRI review had also been shown by other groups [5,21].

Within PNET 4, residual tumour >1.5 cm2 was associated with an impaired prog-
nosis [10]. Therefore, patients with residual tumours >1.5 cm2 were not considered as
standard risk patients within PNET 5 MB. However, the definition of 1.5 cm2 (on MRI) as
the limit for inclusion was arbitrary. Other groups used the definition of ‘any measurable’
tumour on MRI [21], and even within groups that used the definition of 1.5 cm2 there was
no international consensus about the plane in which this area should be measured and
calculated. As the early trials were based on CT imaging, the axial plain was commonly
used for area calculation. But with the use of MRI, calculation of residual tumour area was
also estimated in the maximum cross-sectional area, or as volume in three dimensions. To
allow comparability to the earlier trials, it was decided to use 1.5 cm2 on the axial plane
in SIOP PNET5 MB. For the estimation of the extent of residual disease, a patient’s pre-
operative MRI imaging should be compared with the post-operative imaging. Adherence
to per protocol standard MRI techniques are important for proper comparison between
pre- and post-operative imaging. It was accepted that postoperative imaging is best per-
formed within 72 h of surgery, after which post-operative changes render interpretation of
residual disease difficult. For the purposes of the SIOP PNET5 MB trial, all patients should
therefore have post-operative MRI imaging before and after contrast agent injection within
72 h of surgery.

More recent data suggested that the histological subtype of medulloblastoma as well
as biological factors influence clinical behaviour, and could therefore be used to optimize
treatment stratification [22–24].
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2. Selection of the SIOP PNET5 MB Trial Population: Biomarker-Driven Disease
Sub-Classification and Risk-Stratification

Biomarker-Driven Sub-Classification and Risk-Stratification Schema

First extensive trial-based biological studies of medulloblastoma were performed on
previous SIOP-PNET clinical trials cohorts; SIOP-UKCCSG-PNET3 [25–27] and HIT-SIOP-
PNET4 [28,29]. Through these and other works, a series of medulloblastoma biomarkers
were discovered and validated to show consistent cohort-wide prognostic relationships.
Most notably, the WNT subgroup was identified first as a distinct molecular disease
subgroup, which was consistently associated with a favourable prognosis (>90% survival)
in multiple trials cohorts [4,27–30]. WNT tumours are rare in young children (peak around
9 years of age), and are associated with a WNT profile (on expression or DNA-methylation-
based profiling), CTNNB1 mutation, isolated chromosome 6 loss and nuclear localisation
of the ß-catenin protein (encoded by CTNNB1). Evidence indicates that WNT subgroup
tumours which arise in adults (>16.0 years at diagnosis) do not share the favourable
outcomes of childhood WNT tumours [28,31].

In addition, consistently observed high-risk biological factors (MYC amplification
(~5% of tumours), MYCN amplification (~10%)) were identified [30,32,33]. Critically, in the
PNET3 clinical trial cohort, retrospective application of these biomarkers alongside WNT
status and clinical and pathological risk-markers significantly showed that the complete
cohort of non-infant patients could be separated into favourable-, standard- and high-
risk groups. These findings both validated the utility of this combined clinical-molecular
stratification scheme and provided a strong rationale for its prospective adoption as the
basis for SIOP PNET5 MB [30,34].

The medulloblastoma scientific community reached further consensus in 2012 that the
disease comprises four molecular disease subgroups—WNT, SHH, Group 3, and Group
4—characterised by their transcriptomic, methylomic and genomic signatures, with distinct
clinico-pathological features and developmental origins [35]. In addition to the WNT sub-
group (10–15% of tumours), the sonic hedgehog (SHH) subgroup (~25%) is characterised
by mutational aberrations in the SHH pathway (e.g., PTCH1, SUFU) and is associated with
desmoplastic/nodular histology (particularly in young children) and frequent chromo-
some 9q deletions. Group 3 medulloblastomas (~25%) typically have either classic or large
cell/anaplastic pathology, with genomic aberrations including isochromosome 17q (i17q)
and, most characteristically, MYC amplification. Group 4 tumours (~40%) are typically
either classic or large cell/anaplastic pathology and also frequently harbour i17q [35,36].

Unlike the WNT subgroup, SHH, Group 3 and Group 4 tumours do not show clear
subgroup-wide prognostic differences in trials-based cohorts of childhood MBs [28,34].
However, new prognostic biomarkers have emerged over the last 10 years, which have
refined our understanding of such intra-subgroup heterogeneity. Most notably, SHH
subgroup tumours with TP53 mutations have been identified to have a particularly poor
prognosis [37], with these relationships now validated across independent cohorts, includ-
ing SIOP-PNET4 [28,38]. A significant proportion of this patient group harbour germline
TP53 mutations in the context of diagnosed or undiagnosed Li-Fraumeni syndrome [39].
Moreover, we discovered the poor prognosis associated with MYCN amplification is
subgroup-specific. In both the SIOP-PNET4 clinical trial and other independent cohorts,
MYCN amplification within the SHH subgroup is strongly associated with TP53 mutation,
LCA pathology and a very poor prognosis, whereas its detection in Group 4 tumours has
no prognostic impact [28,38]. Together, these findings have supported amendments to the
SIOP PNET5 MB protocol, through incorporation of SHH-TP53 into the SIOP PNET5 MB
diagnostic and stratification repertoire, and the inclusion of MYCN-amplified Group 4
tumours with no other high-risk features in the PNET-MB-SR stratum.

Importantly, since the inception of SIOP PNET5 MB, such contemporary molecular
diagnostics have become standard-of-care. In addition to underpinning the trials described
here, molecular factors (e.g., subgroup and TP53 mutation), alongside histological vari-
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ants, form the basis of medulloblastoma sub-classification in the 2016 and 2021 WHO
classifications of central nervous system tumours [1,40].

3. Treatment

In the beginning of SIOP PNET5 MB in 2014, only patients with ‘clinically standard
risk’ medulloblastoma (i.e., non-metastatic medulloblastoma not belonging to the large-cell
or anaplastic histological subtype, without MYC or MYCN amplification) were included.
These patients are then stratified according to the activation of the WNT pathway: patients
with WNT-activated medulloblastoma are stratified to the low-risk [41] stratum (Figure 1)
while patients with non-WNT medulloblastoma are stratified to the standard risk (SR)
stratum (Figure 2). In 2017, patients with biologically low-risk (i.e., WNT-activated) medul-
loblastoma and high-risk features, as well as patients with biologically very-high-risk (i.e.,
SHH-activated, TP53 mutated) medulloblastoma became eligible (Figure 3; see below for
details and rationale).
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Figure 1. Therapy overview SIOP PNET5-LR stratum. After surgery (OP), patients receive 18.0 Gy
craniospinal radiotherapy followed by a boost to 54.0 Gy to the tumour bed. Subsequently, patients
receive six cycles of chemotherapy, alternating B (cyclophosphamide 1000 mg/m2/d i.v. days 1 and
2 with mesna, vincristine 1.5 mg/m2/d day 1, continue with the next block day 22) with A (cisplatin
70 mg/m2/d day 1, lomustine 75 mg/m2/d day 1 and vincristine 1.5 mg/m2/d days 1, 8 and 15,
continue with next block day 43).
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Figure 2. Therapy overview SIOP PNET5-SR stratum. After surgery (OP), patients receive 23.4 Gy
craniospinal radiotherapy followed by a boost to 54.0 Gy to the tumour bed. Patients are randomized
to receive carboplatin 35 mg/m2/d on everyday radiotherapy (i.e., usually 5 days a week). After-
wards, patients receive eight cycles of chemotherapy, alternating B with A (see legend of Figure 1 for
drug doses in A and B).
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Figure 3. Therapy overview SIOP PNET5-WNT-HR and SHH-TP53 strata. After surgery (OP), patients in the WNT-HR
stratum receive 23.4 Gy craniospinal radiotherapy followed by a boost to 54.0 Gy to the tumour bed and boosts to metastatic
sites if applicable. Afterwards, younger than 16 receive six, patients 16 years or older at surgery receive eight cycles of
chemotherapy, alternating B with A (see legend of Figure 1 for drug doses in A and B). Patients in the SHH-TP53 stratum
receive 2 cycles of HIT-SKK like induction chemotherapy with Vincristine 1.5 mg/m2/d (max. 2.0 mg), days 1, 15, 29 and
43; Doxorubicin 37.5 mg/m2/d, days 1–2, intraventricular Methotrexate 2 mg (via Rickham/Ommaya), days 1–4, 15, 16, 29,
30, 43–46; HD-Methotrexate 5 g/m/d (24 h-infusion, 10% of dose within first 30 min, 90 over 23.5 hours), days 15 and 29;
Carboplatin 200 mg/m2/d, days 43, 44, and 45. Radiotherapy is stratified according to (a) presence or absence of metastatic
disease and (b) presence or absence of germline TP53-alteration (Li-Fraumeni Syndrome). Patients with non-metastatic
medulloblastoma and germline TP53-alteration receive focal radiotherapy to the tumour bed to a dose of 54 Gy. Patients
with metastatic medulloblastoma and germline TP53-alteration receive 23.4 Gy craniospinal radiotherapy (CSI) with boost
to primary tumour bed up to 54 Gy and further boosts to intracranial (54 Gy) and spinal (45 Gy) metastasis. Patients without
germline alteration in TP53 receive 36 Gy CSI with a boost to the primary tumour bed up to 54 Gy and further boosts to
intracranial (54 Gy) and spinal (45 Gy) metastasis if applicable. Patients receive weekly vincristine (1.5 mg/m2/week, max
2.0 mg) up to a maximum of six doses if tolerated. After radiotherapy, patients receive weekly vinblastine (5 mg/m2/week,
max 10 mg) for 24 weeks with modification to tolerance.
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3.1. Surgery

The classical first element of therapy is maximal safe tumour resection to reduce the
tumour volume as much as possible. Because of the importance of the residual tumour for
progression-free survival (PFS) [10], patients with large post-operative residual tumour
who are considered to reach a gross total or near total resection by second surgery may
undergo second surgery before inclusion and might become eligible for participation in
SIOP PNET5 MB, if a postoperative residual tumour of <1.5 cm2 (axial) can be achieved
and postoperative can start in due time after first surgery.

3.2. Radiotherapy

As in PNET4 [10], post-operative therapy is to start with radiotherapy (RT) followed
by chemotherapy. Post-operative chemotherapy in non-metastatic medulloblastoma was
shown to lead to inferior outcomes in the HIT’91 trial [18] and historically, trials incorporat-
ing post-operative radiotherapy [5,42] had better outcomes than those using post-operative
chemotherapy [21,43].

RT in SIOP PNET5 MB should start within 28 days after first tumour surgery and a
delay in the initiation of RT over 40 days post-op renders a patient ineligible for participa-
tion in SIOP PNET5 MB. This was based on the observation in PNET4 that a delay in RT
resulted in poorer PFS [10]. While in PNET4 the observed cut-off for risk of a lower PFS
was 49 days, the cut-off in SIOP PNET5 MB was set to 40 days to include a safety margin.

Radiotherapy in SIOP PNET5 MB is delivered to the entire central nervous system
as craniospinal irradiation (CSI), followed by a boost to the tumour region, in once-daily,
five weekly fractions of 1.8Gy. The CSI-dose depends on the risk stratum: 18Gy in the LR-
Stratum, 23.4Gy in the SR and WNT-HR stratum. RT dose prescription for the SHH-TP53
stratum depends on clinical and biological risk strata (metastasis, TP53-germline alteration).

While in PNET4 the boost to the primary tumour was delivered to the entire poste-
rior fossa, the boost in SIOP PNET5 MB is given to the tumour region only, defined by
the contact area between brain structures and tumour plus 1 cm in 3 planes. This has
been introduced with the purpose of dose reduction to the temporal lobes, hippocampi,
pituitary gland and cochlea [44], and was made possible by increasing access to modern
RT techniques, rendering more precise delineations of the target volume using pre and
postoperative MRI fusion, and techniques of image guided RT. When SIOP PNET5 MB
started, this reduction of the boost volume was solely based on single centre and non-
randomised comparisons [45,46]. However, in the meantime, results from the phase III
randomised ACNS-0331 trial comparing posterior-fossa irradiation vs. tumour bed boost in
clinically standard-risk medulloblastoma have demonstrated the safety of this RT volume
reduction [47].

Conformal RT planning and delivery techniques are mandatory in SIOP PNET5 MB,
and the use of intensity-modulated radiotherapy (IMRT) or proton beam therapy is encour-
aged. Currently, approximately 50% of the German patients are receiving proton beam
radiotherapy [48].

As reported by the French group, central quality control of RT is paramount and
e.g., deviations of doses to the cribriform plate are correlated with a decreased overall
survival [49]. Because quality of radiotherapy delivery is considered to be critical, pretreat-
ment quality assurance of RT (RT-QA) is mandatory for SIOP PNET5 MB participants. First
experiences of RT-QA have been published from the German and the Italian groups, show-
ing that potentially clinically relevant deviations from the protocol are frequent [48,50,51]
and decrease with increasing experience of the treatment site with the protocol [48,50].

3.3. Chemotherapy during Radiotherapy

Carboplatin during RT is the randomised question in the SR stratum of PNET5 (see
below). No other chemotherapy is given during RT in the LR, SR and WNT-HR strata.
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3.4. Maintenance Chemotherapy

Chemotherapy plays an important role in childhood medulloblastoma. However,
the optimal combination of drugs is unknown, and many different schemes have been
in use after radiotherapy with none of them having demonstrated superiority over the
other [5,10,18,42,47,52]. In PNET4, eight cycles of ‘Packer’-chemotherapy (VCR 1.5 mg/m2,
max. dose 2 mg, days 1, 8, 15; lomustine 75 mg/m2, day 1; Cisplatin 70 mg/m2, day 1; rest
until day 42) have been used. However, toxicity of this regimen is substantial and dose
reductions are frequently required [18]. Therefore, it was decided to replace every second
cycle of chemotherapy by a cyclophosphamide-containing cycle. Cyclophosphamide is an
active drug in medulloblastoma and used in various protocols, such as the St. Jude MB
trials [4], the HIT-SKK trials [14,41] and other COG-trials [47,53]. Replacing lomustine by
cyclophosphamide has been shown to be safe in a randomised trial [5]. Unlike most of the
published protocols, in SIOP PNET5 MB the newly introduced ‘B’-block does not contain
cisplatin but just vincristine and cyclophosphamide (VCR 1.5 mg/m2, max. dose 2 mg,
day 1, cyclophosphamide 1.000 mg/m2, days 1 and 2, rest until day 22).

The duration of maintenance chemotherapy in SIOP PNET5 MB depends on the
stratum, with 8 cycles (4 cycles A and 4 cycles B) in SR, 6 cycles (3 cycles A and 3 cycles B)
in LR, six to eight cycles (eight for patients older than 16 and six for patients younger than
16) in WNT-HR (Figures 1–3).

During the SIOP PNET5 MB trial, an increased incidence of posterior reversible
encephalopathy syndrome (PRES) was observed after the first A cycle, which had not
been described in previous studies on medulloblastoma. The cause of the PRES was
not identified despite intensive review of all cases. However, PRES is a known side
effect of vincristine and all PRES cases occurred in close proximity of the first exposure
to vincristine. Since in previous trials, vincristine had always been used during RT we
speculated that the first exposure to vincristine in close proximity to CSI might be related to
PRES and therefore decided to alter the order of chemotherapy cycles during maintenance
chemotherapy. Hereby, the first exposure to vincristine after RT would not be three weekly
doses of vincristine, but a single dose followed by a three-week rest.

3.5. Chemotherapy in the SHH-TP53 Stratum

The concept of the SHH-TP53 stratum is to assess and intend to improve anti-tumour
efficacy of chemotherapy and simultaneously reduce the intensity of therapy, in particular
the use of alkylating agents, in order to decrease the risk of secondary malignancies
especially in patients with Li-Fraumeni syndrome (LFS) [54]. This reduction of alkylating
agents is compensated by increased use of non-genotoxic and p53 function-independent
microtubule inhibitors vincristine and vinblastine [55]. Vinblastine was introduced for
maintenance chemotherapy because of the decreased risk of peripheral neurotoxicity
compared to vincristine.

Another drug expected to have low genotoxicity in TP53 deficient cells while still
showing high anti-tumoral effectivity is methotrexate (MTX), so it was decided to use
this drug in SHH-TP53 mutant medulloblastoma. Because of the neurotoxic potential of
MTX if used after RT, postoperative chemotherapy before RT and use of an alkylator-free,
modified HIT-SKK-like chemotherapy, as used in high-risk medulloblastoma in the German
MET-HIT2000-AB4 series [56] was introduced in this highly particular subgroup (Figure 3).

4. Aims and Design of the Trial Strata
4.1. Low Risk Stratum of the SIOP PNET5 MB Study

At the time of the SIOP PNET5 MB study design, it was known that WNT pathway ac-
tivation defines a unique molecular sub-group of medulloblastomas, which display distinct
gene expression profiles, patterns of genomic abnormalities, immunohistochemistry profile
and clinical outcome [34,57–63]. Genomically, WNT-active medulloblastomas appear to
be exclusively associated with an isolated loss of an entire copy of chromosome 6 in the
majority of cases [25,63,64]. The WNT-active medulloblastoma criteria clearly define a
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subgroup with good prognosis, and, at the time of SIOP PNET5 MB design, β-catenin
status had been shown to be an independent marker of favourable clinical outcome (greater
than 90% overall survival) across independent clinical trials-based biological studies [4,27],
including the PNET4 study for children younger than 16 years [29].

The methods to assign tumours to the WNT medulloblastoma subgroup in the context
of a prospective multicentric international trial have improved over the last 10 years,
allowing increased specificity of WNT subgrouping. Early criteria chosen for the SIOP
PNET5 MB study were based on immunohistochemical analysis of stabilisation of nuclear β-
catenin expression. These have since been refined to incorporate molecular diagnosis either
with direct CTNNB1 (encoding β-catenin) mutation assessment, or assessment of isolated
somatic monosomy 6, as recommended in an international consensus [65] and absence of
high-risk biological features (MYC or MYCN amplification). A further amendment during
the conduct of the SIOP PNET5 MB study mandated molecular subgrouping by methylome
or expression analysis.

4.2. Rationale for Lowering the Craniospinal Dose in the LR Stratum of the PNET 5 MB Study

It was demonstrated that WNT-medulloblastoma but no other medulloblastoma
subgroups lacks a blood brain barrier [66].

In addition to the favourable clinical outcomes described above, previous studies of
the toxicity of craniospinal dose on neurocognitive functions have shown a clear dose–
effect relationship. This has been the rationale to decrease the craniospinal dose from
36 to 23.4 Gy in standard risk medulloblastoma, establishing better cognitive outcome
after craniospinal dose reduction [9,67]. Furthermore, age <7 years at diagnosis was the
most prominent risk factor for neurocognitive decline and the reason for the Children’s
Oncology Group to launch a randomised phase III trial in 2004 to evaluate further dose
reduction from 23.4 to 18.0 Gy in children age 3–7 years [9,47]. A recent publication has
confirmed a significantly reduced decline in IQ in younger children with 18.0 Gy compared
to 23.4 Gy [47]. Although dose reductions to 18.0 Gy are not recommended in this study, in
particular due to the high number of leptomeningeal failures primarily driven by group 4
patients, there is no suggestion that exploring the de-intensification strategy in the group
of young patients with favourable molecular profile is unwarranted. Consequently, both
biological and clinical aforementioned data still justify the decision to set up the single
arm SIOP PNET5 MB LR prospective study with craniospinal dose reduction of 18.0 Gy in
patient with classical or desmoplastic medulloblastoma, WNT-subgroup, age <16 years,
M0, <1.5 cm2 residue and MYC/MYCN negative disease. At present time, at least two
prospective trials evaluating doses between 15 and 18 Gy in WNT subgroup patients are
ongoing: SJMB12 (NCT01878617) from the St Jude Childrens Research Hospital uses 15 Gy
CSI for completely resected, WNT-activated medulloblastoma without further risk factors,
and ACNS1422 (NCT02724579) from the Children’s Oncology Group uses 18 Gy CSI for
completely resected (residual less than 1.5 cm2), WNT-activated medulloblastoma without
further risk factors. Omission of radiotherapy as demonstrated in a pilot study exploring a
surgery and chemotherapy-only approach, resulted in an unacceptable rate of CNS-relapses
and early study closure after enrolling six children [68].

The aim of the SIOP PNET5 MB LR study is to prospectively confirm the high rate of
event-free survival in patients between the ages of 3 and 5 years and less than 16 years,
with ‘standard risk’ medulloblastoma and a low-risk biological profile after reduced CSI
dose, standard radiation dose to the initial tumour bed (54 Gy) followed by reduced
chemotherapy using 6 instead of 8 cycles alternating vincristine, cisplatin and CCNU with
vincristine and cyclophosphamide (Figure 1). The primary endpoint is the 3-year EFS rate.
The aim of the study is to achieve a 3-year rate in excess of 80%. Interim analyses and
stopping rules are implemented.

The secondary objectives include investigation of overall survival (OS) rate, progres-
sion free survival (PFS), study of late effects (hearing, endocrine, and neurologic function,
and standardized, patients/parents rated measurements of health status, executive func-
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tion, behavioural outcome, and quality of life) and conduct further biological/biomarkers
studies to better characterize this subgroup.

4.3. Standard-Risk Stratum

According to the PNET 4 study results, the 5-year event-free survival (EFS) for patients
without a favourable biological profile, receiving 23.4 Gy in daily fractions of 1.8 Gy on
the craniospinal axis, may be around 75% [10]. In this study, the dominant site of relapse
is within the craniospinal axis only, suggesting that an intensification of the neuroaxis
treatment could improve survival rate. Since salvage strategies at relapse yield poor
results, intensification at primary treatment was considered, taking into account the risk of
neurocognitive damage and the cumulative toxicity from vincristine and cisplatin leading
to dose modifications in the adjuvant setting [18]. Hence the interest arose to explore the
role of chemotherapy added during the RT phase of the treatment.

Given the reduced risk of nephron- and ototoxicity, carboplatin was suggested as
an attractive platinum analogue. In addition, from a pharmacological point of view,
carboplatin more efficiently penetrates into the brain and has a longer free platinum
half-life compared to cisplatin [69].

At the time SIOP PNET5 MB was designed, the results of the phase I/II COG 99,701
study were reported, investigating the feasibility of carboplatin given 5 days a week
simultaneously to dose-intensive craniospinal and boost irradiation along with weekly
vincristine, followed by maintenance chemotherapy in children with newly diagnosed high-
risk medulloblastoma [53]. Haematological toxicity was dose-limiting while ototoxicity
was acceptable. This regimen resulted in a favourable 5-year PFS rate of 71% and was the
basis for the later randomised phase III Children’s Oncology Group ACNS-0332 study [70].
Recently, this study has demonstrated an improvement of EFS by 19% at 5-years for children
with high-risk group 3 medulloblastoma receiving concurrent carboplatin during 36 Gy
craniospinal irradiation. These results are encouraging for the radio-sensitizing effect and
the survival impact of concurrent carboplatin (Figure 2).

Moreover, a significantly lower cumulative dose of cisplatin will be given in the PNET
5 MB-SR stratum during maintenance chemotherapy. In addition, guidelines with stopping
rules for the monitoring of the hearing function and neurotoxicity have been implemented
in the statistical design of the SIOP PNET5 MB-SR stratum.

Taking into account all aforementioned considerations, a randomised study of the addi-
tion of carboplatin during RT in patients eligible for the SR-stratum was deemed acceptable.

The primary objective of this study is to assess whether concurrent administration of
carboplatin during radiotherapy results in a better EFS. Sample size calculation is based
on assumption of 3-year EFS of 75% for patients with standard therapy. 3-year EFS for
patients with additional carboplatin during radiotherapy is assumed to be 10% higher, i.e.,
85%. Interim analyses and stopping rules are implemented. The secondary objectives are
identical to the ones in the LR-stratum.

4.4. WNT-HR Stratum

The WNT-HR stratum (Figure 3) was introduced into the SIOP PNET5 MB trial with
the 2nd substantial amendment in 2017. Its introduction was based on the observation that
the very rare patients with WNT-activated medulloblastoma and clinical high-risk features
had a favourable prognosis when treated with high-risk therapy [4,56]. Therefore, the
SIOP PNET5 MB study group considered a reduction of therapy intensity (and therefore
long-term side effects) clinically justified. However, a formal confirmatory clinical trial was
not possible because WNT-activated medulloblastoma with high-risk features is a very
rare disease and only one to two patients per year were expected to be eligible for this
trial throughout Europe. Therefore, the WNT-HR stratum was designed as an exploratory
stratum to estimate survival rates in these very rare patient group with the aim to explore
possibilities for further clinical research.



Cancers 2021, 13, 6077 11 of 16

Children with ‘high-risk’ WNT medulloblastoma younger than 16 years with post-
operative residual disease, metastases or high-risk histology are treated postoperatively
with 23, 4 Gy CSI, a total of 54 Gy to the tumour bed and boost to metastatic sites, followed
by 8 cycles of maintenance chemotherapy as in the SR-stratum.

4.5. SHH-TP53 Stratum

The SHH-TP53 stratum (Figure 3) was also introduced with the 2nd substantial amend-
ment in 2017. The background was the observation that SHH-activated medulloblastoma
with TP53 mutation carry an extremely high risk of relapse, both if observed in the context
of an LFS (germline TP53 mutation) as well as in somatic TP53-mutated SHH-MBs [37].
Unpublished data suggested that treatment intensity did not improve survival in LFS-
associated medulloblastoma (T Milde, unpublished), and at the same time patients with
LFS have a high risk of second malignancies [71], and the use of alkylating agents is dis-
couraged based on their genotoxicity. Therefore, reduction of therapy and avoidance of
alkylators (as compared to standard high-risk therapy protocols) seemed justified.

As for the WNT-HR stratum, the expected number of cases are very small. Therefore, a
formal statistical design could not be established for the SHH-TP53 stratum and all analysis
were considered exploratory. A secondary aim was to provide a common treatment
protocol to allow analysis of a uniformly treated cohort, as analysis of prior case series is
severely limited by the use of a wide variety of therapy regimens.

5. Biological Investigations: Reference Assessments and Biological Studies
5.1. Strategy

The overall strategy for biological investigations within SIOP PNET5 MB studies
is two-fold; (i) to use molecular diagnostics of well-defined biomarkers to enrol and
stratify patients into the LR and SR study strata, and (ii) to conduct comprehensive studies
on the biological basis of medulloblastoma, with the aim of identification, investigation
and validation of biomarkers and drug targets with potential to improve management
of the disease.

5.2. Establishing Practice and Standards

Practices developed through SIOP PNET5 MB have introduced standardised real-time
centralised molecular diagnostics and pathology review for medulloblastoma patients
across Europe, for the first time. These are supported by the introduction of contemporary
practices for the routine collection of high-quality samples (i.e., fresh-frozen and FFPE tu-
mour material, blood (all mandatory) and CSF (optional), essential for clinical and research
investigations [72]. A biology and pathology group within the SIOPE embryonal tumours
group works to establish, undertake, coordinate and quality control these processes [73],
together with translational biological studies, within SIOPE medulloblastoma clinical trials;
the committee has representatives from all partner countries.

5.3. Diagnostic Criteria

Centralised molecular diagnostics and pathology review must be completed ideally
within 3 weeks post-surgery to enable timely planning and commencement of adjuvant ther-
apies. Definition of diagnostic criteria for molecular tests, and quality control/validation
of diagnostic methods, are an essential component of the biology group’s work, and have
evolved to introduce emerging technologies and methods through protocol amendments.
Critical advances have included a requirement for definition of molecular subgroup status
by consensus across at least two independent assays (e.g., immunohistochemistry (IHC),
direct beta-catenin mutation analysis, DNA methylation or expression profiling), the defini-
tion of thresholds for positivity of ‘gold-standard’ iFISH-based testing for MYC and MYCN
amplification status, and the introduction of pathologist panels to review interpretation of
IHC analysis [33,73].
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5.4. Biological Research Questions

Following upfront diagnostic assessments, samples are shipped to designated interna-
tional research coordinating centres (Newcastle University, UK (for all of Europe); Bonn
(for Germany, Austria and Switzerland)). Here, frozen and FFPE tissues are processed, and
tissue microarrays (TMAs) constructed to support biological studies. Comprehensive bio-
logical studies are performed on surplus collected material by a network of partner research
centres, to advance biological understanding of the disease, identify and validate next
prognostic and predictive biomarkers. A comprehensive core set of prospective biological
investigations is undertaken (RNA-seq, Illumina-850K-copy number/DNA methylation,
panel sequencing (tumour/germline) of all commonly-mutated MB genes), alongside es-
tablishment of a tissue, TMA and DNA/RNA resource for future planned studies, such as
WGS, proteomic and ctDNA (CSF) evaluations.

Integrated biological and genetic datasets obtained are being used, alongside clinical
phenotyping, to address key questions and inform planning of future studies, including:

• Identification and/or validation of independent prognostic biomarkers which are
associated with disease course in LR (i.e., WNT) and SR medulloblastoma.

• Development of models for the optimal prediction of disease risk, using combined
clinical, pathological and molecular indices, within the LR and SR strata.

• Prioritisation of potential therapeutic targets, and associated predictive biomarkers,
for further investigation and validation.

• Investigation of novel germline predisposition within the cohort.
• Investigation of associations with clinical factors such as imaging features, quality of

survival, intellectual outcomes and toxicity measures.

6. Conclusions and Outlook

The eligibility criteria and risk-stratification schemes for SIOP PNET5 MB are based
on contemporary understanding of the biological features of medulloblastoma and their
clinical relevance. Hence, SIOP PNET5 MB is the first European trial using clinical, his-
tological and molecular parameters for inclusion and stratification of medulloblastoma
patients. The newly implemented upfront assessment of molecular parameters requires
the availability and timely submission of adequate tumour tissue as an inclusion criterion.
This might also allow the investigation and/or validation of further biological parame-
ters which have been discovered during the recruitment of SIOP PNET5 MB and other
studies, e.g., medulloblastoma subtypes, including refinement of stratification schemes for
risk-adapted treatment.

Complementary to SIOP PNET5 MB, the European trial SIOP HR-MB for children
older than 3–5 years with high-risk medulloblastoma is currently implemented in Europe.
The diagnostic criteria used in SIOPE HR-MB are equivalent to those used in SIOP PNET5
MB, and are assessed using common pathways, so that most patients with MB within the
respective age-group can be allocated to one of the two trials. Planning of the SIOP PNET5
MB successor trial is under way, and will incorporate findings from SIOP PNET5 MB.

Author Contributions: Conceptualisation, S.R. and F.D.; methodology, S.R. and F.D. resources, M.M.,
T.M., L.P., G.O.J., R.K., V.M., S.C.C., F.D. and S.R.; writing—original draft preparation, M.M., T.M.,
L.P., G.O.J., R.K., V.M., S.C.C., F.D. and S.R.; writing—review and editing, S.R. and F.D.; visualisation,
M.M.; project administration, S.R. and F.D.; funding acquisition, S.R., F.D., S.C.C. All authors have
read and agreed to the published version of the manuscript.

Funding: The SIOP PNET5 MB trial office at UKE Hamburg Eppendorf is funded by German
Childrens Cancer Aid (Deutsche Kinderkrebsstiftung, DKS 2013.15). The SIOP PNET5 MB trial
in France is supported by Grant PHRC-K 2011-250 from French Ministry of Health and Institut
National du Cancer, and by Société Française de lutte contre les Cancers et leucémies de l’Enfant
(SFCE)/Enfants et santé and from Association de Recherche sur les Tumeurs Cérébrales (ARTC).
Biological research investigations within SIOP PNET5 MB are supported by Cancer Research UK. Till
Milde is supported by the BMBF ADDRess (01GM1909E).



Cancers 2021, 13, 6077 13 of 16

Conflicts of Interest: S.R. and F.D. received fees for several advisory board roles. F.D. received fees
for his institution for advisory board roles from Bayer, BMS, Roche, Celgene, LOXO Oncology, Servier,
Tesaro; travel expenses from Bayer, BMS, Roche; and consultancy roles from Servier. All honoraria
contributed to an account at Institut Curie, not to his personal funds. S.R. received fees for advisory
board roles from Bayer, Novartis, BMS and Roche; for DMSC from Celgene; and for trial support by
German Children’s Cancer Foundation and Riemser Pharma GmbH, Germany. The other authors
declare no conflict of interest.

References
1. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,

G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251.
[CrossRef]

2. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K. (Eds.) WHO Classification of Tumours of the Central Nervous System; IARC:
Lyon, France, 2007.

3. Gilbertson, R.J. Medulloblastoma: Signalling a change in treatment. Lancet Oncol. 2004, 5, 209–218. [CrossRef]
4. Gajjar, A.; Chintagumpala, M.; Ashley, D.; Kellie, S.; Kun, L.E.; Merchant, T.E.; Woo, S.; Wheeler, G.; Ahern, V.; Krasin, M.J.;

et al. Risk-adapted craniospinal radiotherapy followed by high-dose chemotherapy and stem-cell rescue in children with newly
diagnosed medulloblastoma (St Jude Medulloblastoma-96): Long-term results from a prospective, multicentre trial. Lancet Oncol.
2006, 7, 813–820. [CrossRef]

5. Packer, R.J.; Gajjar, A.; Vezina, G.; Rorke-Adams, L.; Burger, P.C.; Robertson, P.L.; Bayer, L.; LaFond, D.; Donahue, B.R.; Marymont,
M.H.; et al. Phase III study of craniospinal radiation therapy followed by adjuvant chemotherapy for newly diagnosed average-
risk medulloblastoma. J. Clin. Oncol. 2006, 24, 4202–4208. [CrossRef] [PubMed]

6. Gurney, J.G.; Kadan-Lottick, N.S.; Packer, R.J.; Neglia, J.P.; Sklar, C.A.; Punyko, J.A.; Stovall, M.; Yasui, Y.; Nicholson, H.S.;
Wolden, S.; et al. Endocrine and cardiovascular late effects among adult survivors of childhood brain tumors: Childhood Cancer
Survivor Study. Cancer 2003, 97, 663–673. [CrossRef] [PubMed]

7. Maddrey, A.M.; Bergeron, J.A.; Lombardo, E.R.; McDonald, N.K.; Mulne, A.F.; Barenberg, P.D.; Bowers, D.C. Neuropsychological
performance and quality of life of 10 year survivors of childhood medulloblastoma. J. Neuro-Oncol. 2005, 72, 245–253. [CrossRef]
[PubMed]

8. Ris, M.D.; Packer, R.; Goldwein, J.; Jones-Wallace, D.; Boyett, J.M. Intellectual outcome after reduced-dose radiation therapy plus
adjuvant chemotherapy for medulloblastoma: A Children’s Cancer Group study. J. Clin. Oncol. 2001, 19, 3470–3476. [CrossRef]

9. Mulhern, R.K.; Palmer, S.L.; Merchant, T.E.; Wallace, D.; Kocak, M.; Brouwers, P.; Krull, K.; Chintagumpala, M.; Stargatt, R.;
Ashley, D.M.; et al. Neurocognitive consequences of risk-adapted therapy for childhood medulloblastoma. J. Clin. Oncol. 2005,
23, 5511–5519. [CrossRef] [PubMed]

10. Lannering, B.; Rutkowski, S.; Doz, F.; Pizer, B.; Gustafsson, G.; Navajas, A.; Massimino, M.; Reddingius, R.; Benesch, M.; Carrie,
C.; et al. Hyperfractionated versus conventional radiotherapy followed by chemotherapy in standard-risk medulloblastoma:
Results from the randomized multicenter HIT-SIOP PNET 4 trial. J. Clin. Oncol. 2012, 30, 3187–3193. [CrossRef] [PubMed]

11. Zeltzer, P.M.; Boyett, J.M.; Finlay, J.L.; Albright, A.L.; Rorke, L.B.; Milstein, J.M.; Allen, J.C.; Stevens, K.R.; Stanley, P.; Li, H.; et al.
Metastasis stage, adjuvant treatment, and residual tumor are prognostic factors for medulloblastoma in children: Conclusions
from the Children’s Cancer Group 921 randomized phase III study. J. Clin. Oncol. 1999, 17, 832–845. [CrossRef]

12. Packer, R.J.; Rood, B.R.; MacDonald, T.J. Medulloblastoma: Present concepts of stratification into risk groups. Pediatr. Neurosurg.
2003, 39, 60–67. [CrossRef] [PubMed]

13. Grill, J.; Sainte-Rose, C.; Jouvet, A.; Gentet, J.C.; Lejars, O.; Frappaz, D.; Doz, F.; Rialland, X.; Pichon, F.; Bertozzi, A.I.; et al.
Treatment of medulloblastoma with postoperative chemotherapy alone: An SFOP prospective trial in young children. Lancet
Oncol. 2005, 6, 573–580. [CrossRef]

14. Rutkowski, S.; Bode, U.; Deinlein, F.; Ottensmeier, H.; Warmuth-Metz, M.; Soerensen, N.; Graf, N.; Emser, A.; Pietsch, T.; Wolff, J.E.;
et al. Treatment of early childhood medulloblastoma by postoperative chemotherapy alone. N. Engl. J. Med. 2005, 352, 978–986.
[CrossRef]

15. Duffner, P.K.; Horowitz, M.E.; Krischer, J.P.; Friedman, H.S.; Burger, P.C.; Cohen, M.E.; Sanford, R.A.; Mulhern, R.K.; James, H.E.;
Freeman, C.R.; et al. Postoperative chemotherapy and delayed radiation in children less than three years of age with malignant
brain tumors. N. Engl. J. Med. 1993, 328, 1725–1731. [CrossRef] [PubMed]

16. Chang, C.H.; Housepian, E.M.; Herbert, C., Jr. An operative staging system and a megavoltage radiotherapeutic technic for
cerebellar medulloblastomas. Radiology 1969, 93, 1351–1359. [CrossRef] [PubMed]

17. Verlooy, J.; Mosseri, V.; Bracard, S.; Tubiana, A.L.; Kalifa, C.; Pichon, F.; Frappaz, D.; Chastagner, P.; Pagnier, A.; Bertozzi, A.I.; et al.
Treatment of high risk medulloblastomas in children above the age of 3 years: A SFOP study. Eur. J. Cancer 2006, 42, 3004–3014.
[CrossRef] [PubMed]

18. von Hoff, K.; Hinkes, B.; Gerber, N.U.; Deinlein, F.; Mittler, U.; Urban, C.; Benesch, M.; Warmuth-Metz, M.; Soerensen, N.;
Zwiener, I.; et al. Long-term outcome and clinical prognostic factors in children with medulloblastoma treated in the prospective
randomised multicentre trial HIT’91. Eur. J. Cancer 2009, 45, 1209–1217. [CrossRef]

http://doi.org/10.1093/neuonc/noab106
http://doi.org/10.1016/S1470-2045(04)01424-X
http://doi.org/10.1016/S1470-2045(06)70867-1
http://doi.org/10.1200/JCO.2006.06.4980
http://www.ncbi.nlm.nih.gov/pubmed/16943538
http://doi.org/10.1002/cncr.11095
http://www.ncbi.nlm.nih.gov/pubmed/12548609
http://doi.org/10.1007/s11060-004-3009-z
http://www.ncbi.nlm.nih.gov/pubmed/15937648
http://doi.org/10.1200/JCO.2001.19.15.3470
http://doi.org/10.1200/JCO.2005.00.703
http://www.ncbi.nlm.nih.gov/pubmed/16110011
http://doi.org/10.1200/JCO.2011.39.8719
http://www.ncbi.nlm.nih.gov/pubmed/22851561
http://doi.org/10.1200/JCO.1999.17.3.832
http://doi.org/10.1159/000071316
http://www.ncbi.nlm.nih.gov/pubmed/12845195
http://doi.org/10.1016/S1470-2045(05)70252-7
http://doi.org/10.1056/NEJMoa042176
http://doi.org/10.1056/NEJM199306173282401
http://www.ncbi.nlm.nih.gov/pubmed/8388548
http://doi.org/10.1148/93.6.1351
http://www.ncbi.nlm.nih.gov/pubmed/4983156
http://doi.org/10.1016/j.ejca.2006.02.026
http://www.ncbi.nlm.nih.gov/pubmed/16956759
http://doi.org/10.1016/j.ejca.2009.01.015


Cancers 2021, 13, 6077 14 of 16

19. Fouladi, M.; Gajjar, A.; Boyett, J.M.; Walter, A.W.; Thompson, S.J.; Merchant, T.E.; Jenkins, J.J.; Langston, J.W.; Liu, A.; Kun, L.E.;
et al. Comparison of CSF cytology and spinal magnetic resonance imaging in the detection of leptomeningeal disease in pediatric
medulloblastoma or primitive neuroectodermal tumor. J. Clin. Oncol. 1999, 17, 3234–3237. [CrossRef] [PubMed]

20. Miralbell, R.; Bieri, S.; Huguenin, P.; Feldges, A.; Morin, A.M.; Garcia, E.; Wagner, H.P.; Wacker, P.; von der Weid, N. Prog-
nostic value of cerebrospinal fluid cytology in pediatric medulloblastoma. Swiss Pediatric Oncology Group. Ann. Oncol.
1999, 10, 239–241. [CrossRef] [PubMed]

21. Oyharcabal-Bourden, V.; Kalifa, C.; Gentet, J.C.; Frappaz, D.; Edan, C.; Chastagner, P.; Sariban, E.; Pagnier, A.; Babin, A.; Pichon,
F.; et al. Standard-risk medulloblastoma treated by adjuvant chemotherapy followed by reduced-dose craniospinal radiation
therapy: A French Society of Pediatric Oncology Study. J. Clin. Onco.l 2005, 23, 4726–4734. [CrossRef]

22. Eberhart, C.G.; Kepner, J.L.; Goldthwaite, P.T.; Kun, L.E.; Duffner, P.K.; Friedman, H.S.; Strother, D.R.; Burger, P.C. Histopathologic
grading of medulloblastomas: A Pediatric Oncology Group study. Cancer 2002, 94, 552–560. [CrossRef]

23. Pomeroy, S.L.; Tamayo, P.; Gaasenbeek, M.; Sturla, L.M.; Angelo, M.; McLaughlin, M.E.; Kim, J.Y.; Goumnerova, L.C.; Black,
P.M.; Lau, C.; et al. Prediction of central nervous system embryonal tumour outcome based on gene expression. Nature 2002,
415, 436–442. [CrossRef]

24. Rutkowski, S.; von Hoff, K.; Emser, A.; Zwiener, I.; Pietsch, T.; Figarella-Branger, D.; Giangaspero, F.; Ellison, D.W.; Garre, M.L.;
Biassoni, V.; et al. Survival and prognostic factors of early childhood medulloblastoma: An international meta-analysis. J. Clin.
Oncol. 2010, 28, 4961–4968. [CrossRef] [PubMed]

25. Clifford, S.C.; Lusher, M.E.; Lindsey, J.C.; Langdon, J.A.; Gilbertson, R.J.; Straughton, D.; Ellison, D.W. Wnt/Wingless pathway
activation and chromosome 6 loss characterize a distinct molecular sub-group of medulloblastomas associated with a favorable
prognosis. Cell Cycle 2006, 5, 2666–2670. [CrossRef]

26. Taylor, R.E.; Bailey, C.C.; Robinson, K.; Weston, C.L.; Ellison, D.; Ironside, J.; Lucraft, H.; Gilbertson, R.; Tait, D.M.; Walker, D.A.;
et al. Results of a randomized study of preradiation chemotherapy versus radiotherapy alone for nonmetastatic medulloblastoma:
The International Society of Paediatric Oncology/United Kingdom Children’s Cancer Study Group PNET-3 Study. J. Clin. Oncol.
2003, 21, 1581–1591. [CrossRef]

27. Ellison, D.W.; Onilude, O.E.; Lindsey, J.C.; Lusher, M.E.; Weston, C.L.; Taylor, R.E.; Pearson, A.D.; Clifford, S.C.; United Kingdom
Children’s Cancer Study Group Brain Tumour Committee. Beta-Catenin status predicts a favorable outcome in childhood
medulloblastoma: The United Kingdom Children’s Cancer Study Group Brain Tumour Committee. J. Clin. Oncol. 2005,
23, 7951–7957. [CrossRef]

28. Goschzik, T.; Schwalbe, E.C.; Hicks, D.; Smith, A.; Zur Muehlen, A.; Figarella-Branger, D.; Doz, F.; Rutkowski, S.; Lannering,
B.; Pietsch, T.; et al. Prognostic effect of whole chromosomal aberration signatures in standard-risk, non-WNT/non-SHH
medulloblastoma: A retrospective, molecular analysis of the HIT-SIOP PNET 4 trial. Lancet Oncol. 2018, 19, 1602–1616. [CrossRef]

29. Clifford, S.C.; Lannering, B.; Schwalbe, E.C.; Hicks, D.; O’Toole, K.; Nicholson, S.L.; Goschzik, T.; Zur Muhlen, A.; Figarella-
Branger, D.; Doz, F.; et al. Biomarker-driven stratification of disease-risk in non-metastatic medulloblastoma: Results from the
multi-center HIT-SIOP-PNET4 clinical trial. Oncotarget 2015, 6, 38827–38839. [CrossRef] [PubMed]

30. Ellison, D.W.; Dalton, J.; Kocak, M.; Nicholson, S.L.; Fraga, C.; Neale, G.; Kenney, A.M.; Brat, D.J.; Perry, A.; Yong, W.H.; et al.
Medulloblastoma: Clinicopathological correlates of SHH, WNT, and non-SHH/WNT molecular subgroups. Acta Neuropathol.
2011, 121, 381–396. [CrossRef]

31. Korshunov, A.; Remke, M.; Werft, W.; Benner, A.; Ryzhova, M.; Witt, H.; Sturm, D.; Wittmann, A.; Schöttler, A.; Felsberg, J.; et al.
Adult and pediatric medulloblastomas are genetically distinct and require different algorithms for molecular risk stratification.
J. Clin. Oncol. 2010, 28, 3054–3060. [CrossRef]

32. Lamont, J.M.; McManamy, C.S.; Pearson, A.D.; Clifford, S.C.; Ellison, D.W. Combined histopathological and molecular cytogenetic
stratification of medulloblastoma patients. Clin. Cancer Res. 2004, 10, 5482–5493. [CrossRef] [PubMed]

33. Ryan, S.L.; Schwalbe, E.C.; Cole, M.; Lu, Y.; Lusher, M.E.; Megahed, H.; O’Toole, K.; Nicholson, S.L.; Bognar, L.; Garami, M.; et al.
MYC family amplification and clinical risk-factors interact to predict an extremely poor prognosis in childhood medulloblastoma.
Acta Neuropathol. 2012, 123, 501–513. [CrossRef] [PubMed]

34. Schwalbe, E.C.; Williamson, D.; Lindsey, J.C.; Hamilton, D.; Ryan, S.L.; Megahed, H.; Garami, M.; Hauser, P.; Dembowska-
Baginska, B.; Perek, D.; et al. DNA methylation profiling of medulloblastoma allows robust subclassification and improved
outcome prediction using formalin-fixed biopsies. Acta Neuropathol. 2013, 125, 359–371. [CrossRef]

35. Taylor, M.D.; Northcott, P.A.; Korshunov, A.; Remke, M.; Cho, Y.J.; Clifford, S.C.; Eberhart, C.G.; Parsons, D.W.; Rutkowski,
S.; Gajjar, A.; et al. Molecular subgroups of medulloblastoma: The current consensus. Acta Neuropathol. 2012, 123, 465–472.
[CrossRef] [PubMed]

36. Northcott, P.A.; Robinson, G.W.; Kratz, C.P.; Mabbott, D.J.; Pomeroy, S.L.; Clifford, S.C.; Rutkowski, S.; Ellison, D.W.; Malkin, D.;
Taylor, M.D.; et al. Medulloblastoma. Nat. Rev. Dis. Prim. 2019, 5, 11. [CrossRef]

37. Zhukova, N.; Ramaswamy, V.; Remke, M.; Pfaff, E.; Shih, D.J.; Martin, D.C.; Castelo-Branco, P.; Baskin, B.; Ray, P.N.; Bouffet,
E.; et al. Subgroup-specific prognostic implications of TP53 mutation in medulloblastoma. J. Clin. Oncol. 2013, 31, 2927–2935.
[CrossRef]

38. Schwalbe, E.C.; Lindsey, J.C.; Nakjang, S.; Crosier, S.; Smith, A.J.; Hicks, D.; Rafiee, G.; Hill, R.M.; Iliasova, A.; Stone, T.; et al.
Novel molecular subgroups for clinical classification and outcome prediction in childhood medulloblastoma: A cohort study.
Lancet Oncol. 2017, 18, 958–971. [CrossRef]

http://doi.org/10.1200/JCO.1999.17.10.3234
http://www.ncbi.nlm.nih.gov/pubmed/10506624
http://doi.org/10.1023/A:1008363422189
http://www.ncbi.nlm.nih.gov/pubmed/10093696
http://doi.org/10.1200/JCO.2005.00.760
http://doi.org/10.1002/cncr.10189
http://doi.org/10.1038/415436a
http://doi.org/10.1200/JCO.2010.30.2299
http://www.ncbi.nlm.nih.gov/pubmed/20940197
http://doi.org/10.4161/cc.5.22.3446
http://doi.org/10.1200/JCO.2003.05.116
http://doi.org/10.1200/JCO.2005.01.5479
http://doi.org/10.1016/S1470-2045(18)30532-1
http://doi.org/10.18632/oncotarget.5149
http://www.ncbi.nlm.nih.gov/pubmed/26420814
http://doi.org/10.1007/s00401-011-0800-8
http://doi.org/10.1200/JCO.2009.25.7121
http://doi.org/10.1158/1078-0432.CCR-03-0721
http://www.ncbi.nlm.nih.gov/pubmed/15328187
http://doi.org/10.1007/s00401-011-0923-y
http://www.ncbi.nlm.nih.gov/pubmed/22139329
http://doi.org/10.1007/s00401-012-1077-2
http://doi.org/10.1007/s00401-011-0922-z
http://www.ncbi.nlm.nih.gov/pubmed/22134537
http://doi.org/10.1038/s41572-019-0063-6
http://doi.org/10.1200/JCO.2012.48.5052
http://doi.org/10.1016/S1470-2045(17)30243-7


Cancers 2021, 13, 6077 15 of 16

39. Waszak, S.M.; Northcott, P.A.; Buchhalter, I.; Robinson, G.W.; Sutter, C.; Groebner, S.; Grund, K.B.; Brugieres, L.; Jones, D.T.W.;
Pajtler, K.W.; et al. Spectrum and prevalence of genetic predisposition in medulloblastoma: A retrospective genetic study and
prospective validation in a clinical trial cohort. Lancet Oncol. 2018, 19, 785–798. [CrossRef]

40. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K. (Eds.) WHO Classification of Tumours of the Central Nervous System, 4th ed.;
IARC: Lyon, France, 2016; Volume 1.

41. Mynarek, M.; Hoff, K.v.; Pietsch, T.; Ottensmeier, H.; Warmuth-Metz, M.; Bison, B.; Pfister, S.; Korshunov, A.; Sharma, T.; Jaeger,
N.; et al. Nonmetastatic Medulloblastoma of Early Childhood: Results from the Prospective Clinical Trial HIT-2000 and An
Extended Validation Cohort. J. Clin. Oncol. 2020, 38, 2028–2040. [CrossRef] [PubMed]

42. Packer, R.J.; Goldwein, J.; Nicholson, H.S.; Vezina, L.G.; Allen, J.C.; Ris, M.D.; Muraszko, K.; Rorke, L.B.; Wara, W.M.; Cohen,
B.H.; et al. Treatment of children with medulloblastomas with Reduced-Dose craniospinal radiation therapy and adjuvant
chemotherapy: A Children’s Cancer Group Study. J. Clin. Oncol. 1999, 17, 2127–2136. [CrossRef]

43. Kuhl, J.; Muller, H.L.; Berthold, F.; Kortmann, R.D.; Deinlein, F.; Maass, E.; Graf, N.; Gnekow, A.; Scheurlen, W.; Gobel, U.;
et al. Preradiation chemotherapy of children and young adults with malignant brain tumors: Results of the German pilot trial
HIT′88/′89. Klin. Padiatr. 1998, 210, 227–233. [CrossRef]

44. Merchant, T.E.; Kun, L.E.; Krasin, M.J.; Wallace, D.; Chintagumpala, M.M.; Woo, S.Y.; Ashley, D.M.; Sexton, M.; Kellie, S.J.; Ahern,
V.; et al. Multi-institution prospective trial of reduced-dose craniospinal irradiation (23.4 Gy) followed by conformal posterior
fossa (36 Gy) and primary site irradiation (55.8 Gy) and dose-intensive chemotherapy for average-risk medulloblastoma. Int. J.
Radiat. Oncol. 2008, 70, 782–787. [CrossRef]

45. Carrie, C.; Muracciole, X.; Gomez, F.; Habrand, J.L.; Benhassel, M.; Mege, M.; Mahe, M.; Quetin, P.; Maire, J.P.; Soum, F.; et al.
Conformal radiotherapy, reduced boost volume, hyperfractionated radiotherapy, and online quality control in standard-risk
medulloblastoma without chemotherapy: Results of the French M-SFOP 98 protocol. Int. J. Radiat. Oncol. 2005, 63, 711–716.
[CrossRef]

46. Carrie, C.; Grill, J.; Figarella-Branger, D.; Bernier, V.; Padovani, L.; Habrand, J.L.; Benhassel, M.; Mege, M.; Mahe, M.; Quetin, P.;
et al. Online quality control, hyperfractionated radiotherapy alone and reduced boost volume for standard risk medulloblastoma:
Long-term results of MSFOP 98. J. Clin. Oncol. 2009, 27, 1879–1883. [CrossRef]

47. Michalski, J.M.; Janss, A.J.; Vezina, L.G.; Smith, K.S.; Billups, C.A.; Burger, P.C.; Embry, L.M.; Cullen, P.L.; Hardy, K.K.; Pomeroy,
S.L.; et al. Children’s Oncology Group Phase III Trial of Reduced-Dose and Reduced-Volume Radiotherapy with Chemotherapy
for Newly Diagnosed Average-Risk Medulloblastoma. J. Clin. Oncol. 2021, 39, 2685–2697. [CrossRef] [PubMed]

48. Dietzsch, S.; Braesigk, A.; Seidel, C.; Remmele, J.; Kitzing, R.; Schlender, T.; Mynarek, M.; Geismar, D.; Jablonska, K.; Schwarz, R.;
et al. Pretreatment central quality control for craniospinal irradiation in non-metastatic medulloblastoma: First experiences of
the German radiotherapy quality control panel in the SIOP PNET5 MB trial. Strahlenther. Onkol. 2021, 197, 674–682. [CrossRef]
[PubMed]

49. Carrie, C.; Hoffstetter, S.; Gomez, F.; Moncho, V.; Doz, F.; Alapetite, C.; Murraciole, X.; Maire, J.P.; Benhassel, M.; Chapet, S.; et al.
Impact of targeting deviations on outcome in medulloblastoma: Study of the French Society of Pediatric Oncology (SFOP). Int. J.
Radiat. Oncol. Biol. Phys. 1999, 45, 435–439. [CrossRef]

50. Dietzsch, S.; Braesigk, A.; Seidel, C.; Remmele, J.; Kitzing, R.; Schlender, T.; Mynarek, M.; Geismar, D.; Jablonska, K.; Schwarz, R.;
et al. Types of deviation and review criteria in pretreatment central quality control of tumor bed boost in medulloblastoma-an
analysis of the German Radiotherapy Quality Control Panel in the SIOP PNET5 MB trial. Strahlenther. Onkol. 2021. online ahead
of print. [CrossRef]

51. Meroni, S.; Cavatorta, C.; Barra, S.; Cavagnetto, F.; Scarzello, G.; Scaggion, A.; Pecori, E.; Diletto, B.; Alessandro, O.; Massimino,
M.; et al. A dedicated cloud system for real-time upfront quality assurance in pediatric radiation therapy. Strahlenther. Onkol.
2019, 195, 843–850. [CrossRef] [PubMed]

52. Packer, R.J.; Sutton, L.N.; Elterman, R.; Lange, B.; Goldwein, J.; Nicholson, H.S.; Mulne, L.; Boyett, J.; D’Angio, G.; Wechsler-
Jentzsch, K.; et al. Outcome for children with medulloblastoma treated with radiation and cisplatin, CCNU, and vincristine
chemotherapy. J. Neurosurg. 1994, 81, 690–698. [CrossRef] [PubMed]

53. Jakacki, R.I.; Burger, P.C.; Zhou, T.; Holmes, E.J.; Kocak, M.; Onar, A.; Goldwein, J.; Mehta, M.; Packer, R.J.; Tarbell, N.; et al.
Outcome of children with metastatic medulloblastoma treated with carboplatin during craniospinal radiotherapy: A Children’s
Oncology Group Phase I/II study. J. Clin. Oncol. 2012, 30, 2648–2653. [CrossRef] [PubMed]

54. Teepen, J.C.; van Leeuwen, F.E.; Tissing, W.J.; van Dulmen-den Broeder, E.; van den Heuvel-Eibrink, M.M.; van der Pal, H.J.;
Loonen, J.J.; Bresters, D.; Versluys, B.; Neggers, S.; et al. Long-Term Risk of Subsequent Malignant Neoplasms After Treatment of
Childhood Cancer in the DCOG LATER Study Cohort: Role of Chemotherapy. J. Clin. Oncol. 2017, 35, 2288–2298. [CrossRef]
[PubMed]

55. Zerdoumi, Y.; Kasper, E.; Soubigou, F.; Adriouch, S.; Bougeard, G.; Frebourg, T.; Flaman, J.M. A new genotoxicity assay based on
p53 target gene induction. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2015, 789–790, 28–35. [CrossRef]

56. von Bueren, A.O.; Kortmann, R.D.; von Hoff, K.; Friedrich, C.; Mynarek, M.; Muller, K.; Goschzik, T.; Zur Muhlen, A.; Gerber, N.;
Warmuth-Metz, M.; et al. Treatment of Children and Adolescents with Metastatic Medulloblastoma and Prognostic Relevance of
Clinical and Biologic Parameters. J. Clin. Oncol. 2016, 34, 4151–4160. [CrossRef] [PubMed]

http://doi.org/10.1016/S1470-2045(18)30242-0
http://doi.org/10.1200/JCO.19.03057
http://www.ncbi.nlm.nih.gov/pubmed/32330099
http://doi.org/10.1200/JCO.1999.17.7.2127
http://doi.org/10.1055/s-2008-1043883
http://doi.org/10.1016/j.ijrobp.2007.07.2342
http://doi.org/10.1016/j.ijrobp.2005.03.031
http://doi.org/10.1200/JCO.2008.18.6437
http://doi.org/10.1200/JCO.20.02730
http://www.ncbi.nlm.nih.gov/pubmed/34110925
http://doi.org/10.1007/s00066-020-01707-8
http://www.ncbi.nlm.nih.gov/pubmed/33226469
http://doi.org/10.1016/S0360-3016(99)00200-X
http://doi.org/10.1007/s00066-021-01822-0
http://doi.org/10.1007/s00066-019-01469-y
http://www.ncbi.nlm.nih.gov/pubmed/31025053
http://doi.org/10.3171/jns.1994.81.5.0690
http://www.ncbi.nlm.nih.gov/pubmed/7931615
http://doi.org/10.1200/JCO.2011.40.2792
http://www.ncbi.nlm.nih.gov/pubmed/22665539
http://doi.org/10.1200/JCO.2016.71.6902
http://www.ncbi.nlm.nih.gov/pubmed/28530852
http://doi.org/10.1016/j.mrgentox.2015.05.010
http://doi.org/10.1200/JCO.2016.67.2428
http://www.ncbi.nlm.nih.gov/pubmed/27863192


Cancers 2021, 13, 6077 16 of 16

57. Cho, Y.J.; Tsherniak, A.; Tamayo, P.; Santagata, S.; Ligon, A.; Greulich, H.; Berhoukim, R.; Amani, V.; Goumnerova, L.; Eberhart,
C.G.; et al. Integrative genomic analysis of medulloblastoma identifies a molecular subgroup that drives poor clinical outcome.
J. Clin. Oncol. 2011, 29, 1424–1430. [CrossRef]

58. Fattet, S.; Haberler, C.; Legoix, P.; Varlet, P.; Lellouch-Tubiana, A.; Lair, S.; Manie, E.; Raquin, M.A.; Bours, D.; Carpentier, S.; et al.
Beta-catenin status in paediatric medulloblastomas: Correlation of immunohistochemical expression with mutational status,
genetic profiles, and clinical characteristics. J. Pathol. 2009, 218, 86–94. [CrossRef] [PubMed]

59. Hovestadt, V.; Remke, M.; Kool, M.; Pietsch, T.; Northcott, P.A.; Fischer, R.; Cavalli, F.M.; Ramaswamy, V.; Zapatka, M.;
Reifenberger, G.; et al. Robust molecular subgrouping and copy-number profiling of medulloblastoma from small amounts of
archival tumour material using high-density DNA methylation arrays. Acta Neuropathol. 2013, 125, 913–916. [CrossRef] [PubMed]

60. Kool, M.; Korshunov, A.; Remke, M.; Jones, D.T.; Schlanstein, M.; Northcott, P.A.; Cho, Y.J.; Koster, J.; Schouten-van Meeteren,
A.; van Vuurden, D.; et al. Molecular subgroups of medulloblastoma: An international meta-analysis of transcriptome, genetic
aberrations, and clinical data of WNT, SHH, Group 3, and Group 4 medulloblastomas. Acta Neuropathol. 2012, 123, 473–484.
[CrossRef]

61. Northcott, P.A.; Korshunov, A.; Witt, H.; Hielscher, T.; Eberhart, C.G.; Mack, S.; Bouffet, E.; Clifford, S.C.; Hawkins, C.E.; French,
P.; et al. Medulloblastoma comprises four distinct molecular variants. J. Clin. Oncol. 2011, 29, 1408–1414. [CrossRef]

62. Pietsch, T.; Schmidt, R.; Remke, M.; Korshunov, A.; Hovestadt, V.; Jones, D.T.; Felsberg, J.; Kaulich, K.; Goschzik, T.; Kool, M.;
et al. Prognostic significance of clinical, histopathological, and molecular characteristics of medulloblastomas in the prospective
HIT2000 multicenter clinical trial cohort. Acta Neuropathol. 2014, 128, 137–149. [CrossRef]

63. Thompson, M.C.; Fuller, C.; Hogg, T.L.; Dalton, J.; Finkelstein, D.; Lau, C.C.; Chintagumpala, M.; Adesina, A.; Ashley, D.M.;
Kellie, S.J.; et al. Genomics identifies medulloblastoma subgroups that are enriched for specific genetic alterations. J. Clin. Oncol.
2006, 24, 1924–1931. [CrossRef]

64. Northcott, P.A.; Pfister, S.M.; Jones, D.T. Next-generation (epi)genetic drivers of childhood brain tumours and the outlook for
targeted therapies. Lancet Oncol. 2015, 16, e293–e302. [CrossRef]

65. Gottardo, N.G.; Hansford, J.R.; McGlade, J.P.; Alvaro, F.; Ashley, D.M.; Bailey, S.; Baker, D.L.; Bourdeaut, F.; Cho, Y.J.; Clay, M.;
et al. Medulloblastoma Down Under 2013: A report from the third annual meeting of the International Medulloblastoma Working
Group. Acta Neuropathol. 2014, 127, 189–201. [CrossRef]

66. Phoenix, T.N.; Patmore, D.M.; Boop, S.; Boulos, N.; Jacus, M.O.; Patel, Y.T.; Roussel, M.F.; Finkelstein, D.; Goumnerova, L.;
Perreault, S.; et al. Medulloblastoma Genotype Dictates Blood Brain Barrier Phenotype. Cancer Cell 2016, 29, 508–522. [CrossRef]
[PubMed]

67. Grill, J.; Renaux, V.K.; Bulteau, C.; Viguier, D.; Levy-Piebois, C.; Sainte-Rose, C.; Dellatolas, G.; Raquin, M.A.; Jambaque, I.; Kalifa,
C. Long-term intellectual outcome in children with posterior fossa tumors according to radiation doses and volumes. Int. J.
Radiat. Oncol. 1999, 45, 137–145. [CrossRef]

68. Cohen, K.; Chi, S.; Hawkins, C.; Rodriguez, F.; London, W.; Castellino, R.C.; Aguilera, D.; Stapleton, S.; Ashley, D.; Landi, D.;
et al. Mbcl-25. Pilot Study of a Surgery and Chemotherapyonly Approach in the Upfront Therapy of Children with Wnt-Positive
Standard Risk Medulloblastoma: Updated Outcomes. Neuro-Oncology 2020, 22, iii393–iii394. [CrossRef]

69. Doz, F.; Pinkerton, R. What is the place of carboplatin in paediatric oncology? Eur. J. Cancer 1994, 30A, 194–201. [CrossRef]
70. Leary, S.E.S.; Packer, R.J.; Li, Y.; Billups, C.A.; Smith, K.S.; Jaju, A.; Heier, L.; Burger, P.; Walsh, K.; Han, Y.; et al. Efficacy of

Carboplatin and Isotretinoin in Children with High-risk Medulloblastoma: A Randomized Clinical Trial from the Children’s
Oncology Group. JAMA Oncol. 2021, 7, 1313–1321. [CrossRef]

71. Kratz, C.P.; Achatz, M.I.; Brugières, L.; Frebourg, T.; Garber, J.E.; Greer, M.-L.C.; Hansford, J.R.; Janeway, K.A.; Kohlmann, W.K.;
McGee, R.; et al. Cancer Screening Recommendations for Individuals with Li-Fraumeni Syndrome. Clin. Cancer Res. 2017,
23, e38–e45. [CrossRef]

72. Rutkowski, S.; Modena, P.; Williamson, D.; Kerl, K.; Nysom, K.; Pizer, B.; Bartels, U.; Puget, S.; Doz, F.; Michalski, A.; et al.
Biological material collection to advance translational research and treatment of children with CNS tumours: Position paper from
the SIOPE Brain Tumour Group. Lancet Oncol. 2018, 19, e419–e428. [CrossRef]

73. Crosier, S.; Hicks, D.; Schwalbe, E.C.; Williamson, D.; Leigh Nicholson, S.; Smith, A.; Lindsey, J.C.; Michalski, A.; Pizer, B.;
Bailey, S.; et al. Advanced molecular pathology for rare tumours: A national feasibility study and model for centralised
medulloblastoma diagnostics. Neuropathol. Appl. Neurobiol. 2021, 47, 736–747. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2010.28.5148
http://doi.org/10.1002/path.2514
http://www.ncbi.nlm.nih.gov/pubmed/19197950
http://doi.org/10.1007/s00401-013-1126-5
http://www.ncbi.nlm.nih.gov/pubmed/23670100
http://doi.org/10.1007/s00401-012-0958-8
http://doi.org/10.1200/JCO.2009.27.4324
http://doi.org/10.1007/s00401-014-1276-0
http://doi.org/10.1200/JCO.2005.04.4974
http://doi.org/10.1016/S1470-2045(14)71206-9
http://doi.org/10.1007/s00401-013-1213-7
http://doi.org/10.1016/j.ccell.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27050100
http://doi.org/10.1016/S0360-3016(99)00177-7
http://doi.org/10.1093/neuonc/noaa222.501
http://doi.org/10.1016/0959-8049(94)90086-8
http://doi.org/10.1001/jamaoncol.2021.2224
http://doi.org/10.1158/1078-0432.CCR-17-0408
http://doi.org/10.1016/S1470-2045(18)30364-4
http://doi.org/10.1111/nan.12716
http://www.ncbi.nlm.nih.gov/pubmed/33826763

	Introduction and Status of Knowledge When SIOP PNET5 MB Was Planned 
	Selection of the SIOP PNET5 MB Trial Population: Biomarker-Driven Disease Sub-Classification and Risk-Stratification 
	Treatment 
	Surgery 
	Radiotherapy 
	Chemotherapy during Radiotherapy 
	Maintenance Chemotherapy 
	Chemotherapy in the SHH-TP53 Stratum 

	Aims and Design of the Trial Strata 
	Low Risk Stratum of the SIOP PNET5 MB Study 
	Rationale for Lowering the Craniospinal Dose in the LR Stratum of the PNET 5 MB Study 
	Standard-Risk Stratum 
	WNT-HR Stratum 
	SHH-TP53 Stratum 

	Biological Investigations: Reference Assessments and Biological Studies 
	Strategy 
	Establishing Practice and Standards 
	Diagnostic Criteria 
	Biological Research Questions 

	Conclusions and Outlook 
	References

