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Abstract: Medulloblastoma is an embryonal tumor that shows a predilection for distant
metastatic spread and leptomeningeal seeding. For most patients, optimal management of
medulloblastoma includes maximum safe resection followed by adjuvant craniospinal irradiation
(CSI) and chemotherapy. Although CSI is crucial in treating medulloblastoma, the realization
that medulloblastoma is a heterogeneous disease comprising four distinct molecular subgroups
(wingless [WNT], sonic hedgehog [SHH], Group 3 [G3], and Group 4 [G4]) with distinct clinical
characteristics and prognoses has refocused efforts to better define the optimal role of CSI within
and across disease subgroups. The ability to deliver clinically relevant CSI to preclinical models of
medulloblastoma offers the potential to study radiation dose and volume effects on tumor control
and toxicity in these subgroups and to identify subgroup-specific combination adjuvant therapies.
Recent efforts have employed commercial image-guided small animal irradiation systems as well
as custom approaches to deliver accurate and reproducible fractionated CSI in various preclinical
models of medulloblastoma. Here, we provide an overview of the current clinical indications for, and
technical aspects of, irradiation of pediatric medulloblastoma. We then review the current literature
on preclinical modeling of and treatment interventions for medulloblastoma and conclude with a
summary of challenges in the field of preclinical modeling of CSI for the treatment of leptomeningeal
seeding tumors.

Keywords: craniospinal irradiation; radiation therapy; medulloblastoma; animal models; preclinical;
translational; patient-derived orthotopic xenografts

1. Introduction

Medulloblastoma is a posterior fossa embryonal tumor of neuroectodermal origin that is thought
to arise from progenitor cells present during early brain development [1–3]. It is the most common
malignant brain tumor in children and adolescents in the United States [4]. For most patients, optimal
management of medulloblastoma includes maximum safe resection followed by adjuvant craniospinal
irradiation (CSI) and chemotherapy. For very young children, defined as those younger than 3 years
at diagnosis, chemotherapy with or without focal tumor-bed irradiation is often used to delay or
avoid CSI [5]. Advances in molecular pathology have revealed significant heterogeneity within this
cerebellar tumor and have identified four distinct subgroups (wingless [WNT], sonic hedgehog [SHH],
Group 3 [G3], and Group 4 [G4]). This has significant implications for future applications of surgery,
chemotherapy, and radiation therapy (RT) [6]. In this review, we first outline the current clinical
indications for irradiation of pediatric medulloblastoma and the technical aspects of this treatment
approach. We then review the current literature on preclinical modeling of, and treatment interventions
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for, medulloblastoma. The review concludes with a summary of outstanding questions in the field
of preclinical modeling of RT for pediatric brain tumors and a consideration of future directions for
treating leptomeningeal seeding tumors with these approaches.

2. Clinical Management of Medulloblastoma: The Evolving Role of Radiation Therapy

2.1. Background

Like many embryonal tumors, medulloblastoma shows a predilection for distant metastatic spread
and leptomeningeal seeding, with subarachnoid dissemination present in approximately 20% to 35%
of cases at diagnosis and in most cases at relapse [7,8]. CSI targeting the entire neuraxis has been a
standard-of-care therapy for most patients. As cure became a reality, however, long-term survivors
were noted to suffer from significant radiation-associated late effects, including neurocognitive and
neuroendocrine deficits, bone and soft tissue hypoplasia, vascular insults, and subsequent malignant
neoplasms. Thus, efforts have been directed toward maintaining or improving overall survival rates
while minimizing treatment-related toxicity. These efforts have primarily focused on modifications
to RT approaches that can be broadly grouped as follows: investigations of the effects of adding
concurrent and/or adjuvant chemotherapy regimens [9,10]; investigations of the effects of delaying or
omitting RT for very young children [11–14]; investigations of the effects of reductions in the RT dose
and field size [15,16]; and, over the past decade, the identification of distinct molecular subgroups of
medulloblastoma with specific alterations that drive tumorigenesis, facilitating the identification of
new therapeutic targets and enhanced risk stratification [17–19].

2.2. Defining the Role of Radiotherapy across Clinical Risk Groups of Medulloblastoma

The evolution of RT for medulloblastoma has principally involved delaying or omitting RT in
very young patients and reducing RT dose and target volumes in older patients. In the past, patients
with medulloblastoma, irrespective of age or tumor characteristics, were treated to high doses to
the craniospinal axis, with doses ranging from 36 to 40 Gy, followed by focal boost to the posterior
fossa for a cumulative dose of 54 to 60 Gy [20,21]. Devastating neurocognitive sequelae after RT,
particularly in very young children [22–24], spurred the use of surgery and chemotherapy alone or with
delayed CSI approaches in very young patients (i.e., those younger than 3 or 5 years, depending on the
study), and these approaches have subsequently evolved into the standard of care treatment [25–30].
The role of primary tumor site-only irradiation in very young patients continues to be evaluated,
and reports have been mixed as to the potential impact of this approach with respect to improving
survival outcomes [31–33]. Subsequent attempts have focused on CSI dose reductions in patients
older than 3 to 5 years with “standard-risk” medulloblastoma, generally defined as nonmetastatic
disease without significant residual primary tumor after surgery [21,34,35]. However, an initial attempt
through the Pediatric Oncology Group (POG), in which CSI doses were lowered from 36 to 23.4 Gy
for such standard-risk patients, resulted in an increased risk of early relapse, early isolated neuraxis
relapse, and lower 5-year event-free survival and overall survival [36]. The Children’s Cancer Group
(CCG) conducted a series of studies exploring the role of chemotherapy in combination with CSI as
an alternative approach to CSI dose de-escalation. These studies demonstrated that in standard-risk
patients treated with reduced-dose CSI to 23.4 Gy and posterior fossa boost to 55.8 Gy concurrent with
vincristine followed by adjuvant lomustine, vincristine, and cisplatin, survival rates were comparable
to those observed in historical studies of standard-risk patients treated with high-dose CSI and
boost RT alone [9,10,21]. Importantly, neurocognitive function appeared to be better preserved with
reduced-dose CSI and chemotherapy relative to that seen in patients treated with high-dose CSI
alone [37].
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Notably, these studies did not directly compare reduced-dose CSI in combination with
chemotherapy to high-dose CSI and boost RT alone in standard-risk patients specifically. The
only randomized trial in which this was done, in fact, showed that adding chemotherapy to RT had a
negative impact on survival in standard-risk patients [38]. That said, subset analyses of data from these
randomized trials have consistently suggested that chemotherapy in combination with RT improves
survival in high-risk patients [21,39]. Given the ability to administer lower doses of radiation to
standard-risk patients and the results observed in high-risk patients, chemotherapy has been widely
adopted in the management of patients with medulloblastoma at standard or high risk of relapse. Of
note, approaches in which chemotherapy was delivered after surgery and before RT, and in which
supratentorial radiation was omitted, resulted in inferior outcomes [38,40].

Reductions in the primary-site boost volume have also been evaluated. Initial retrospective
pattern-of-failure studies suggested a low incidence of isolated posterior fossa recurrence outside the
primary tumor bed. Subsequent pilot studies demonstrated the feasibility of reducing boost fields
from the entire posterior fossa to the more limited postoperative surgical bed [41–43]. Merchant and
collaborators prospectively studied the use of a 2 cm clinical target volume (CTV) margin targeting the
post-operative tumor bed during boost treatment (after an initial 36 Gy to the entire posterior fossa) and
demonstrated a cumulative posterior fossa failure rate of 4.9% in standard-risk patients [16]. Building
on these findings, the Children’s Oncology Group (COG) launched the randomized phase 3 clinical trial
ACNS0331 in 2004, in which standard-risk patients aged 3 to 7 years were randomized to 23.4 vs. 18 Gy
of CSI and all patients were randomized to boost RT to the entire posterior fossa vs. a primary tumor
bed boost with a 1.5 cm CTV margin. Preliminary results, presentation at the American Society of
Radiation Oncology (ASTRO) meeting in 2016, showed no significant differences in event-free survival
or overall survival with different boost volumes [44]. Disappointingly, reduced-dose CSI to 18 Gy was
associated with an increased distant failure rate and significantly inferior survival outcomes, with a 5
year distant failure rate of 12.8% vs. 8.2%, event-free survival of 72.1% vs. 82.6%, and overall survival
of 78.1% vs. 85.9%, for 18 and 23.4 Gy of CSI, respectively. Thus, the standard-risk CSI dose in the
United States continues to be 23.4 Gy. For patients with high-risk disease, the CSI dose remains 36 Gy
with a posterior fossa boost to 54–55.8 Gy. In an effort to improve outcomes for high-risk patients, the
ACNS0332 randomized trial [45] addressed the potential radiosensitizing effect of adding carboplatin to
vincristine concurrently with CSI to 36 Gy followed by posterior fossa boost to 55.8 Gy and maintenance
chemotherapy; the study recently closed, and results are pending. Ultimately, defining outcomes across
the distinct molecular subgroups of medulloblastoma will be critically important to fully evaluate the
utility of these and future reduced dose–volume and radiosensitizing approaches.

2.3. Towards Subgroup-Specific Radiotherapy Guidelines

Based primarily on DNA methylation analysis, medulloblastoma is known to be a heterogeneous
disease comprising four distinct molecular subgroups (WNT, SHH, G3, and G4) with significant
differences in their clinical and pathologic characteristics, genetic drivers of disease development and
progression patterns, and clinical prognosis [18,46–48]. More recent studies employing additional
genomic analyses and patient samples have identified distinct subtypes within each of these molecular
subgroups [19,49–51]. These data have already informed clinical trial design, with the incorporation of
molecular profiling to help guide dose de-escalation in WNT medulloblastoma and intensify therapy
in G3 medulloblastoma. For example, following preclinical work demonstrating improved survival
in models of high-risk G3 medulloblastoma with the addition of gemcitabine and pemetrexed [52],
a St. Jude Children’s Research Hospital trial, SJMB12 [53], is evaluating whether adding this regimen
to the standard therapy for patients with high-risk G3/G4 medulloblastoma will improve outcomes.
Additionally, the reduction of the CSI dose from 23.4 to 15 Gy and the tumor bed boost dose from
55.8 to 51 Gy is being evaluated in patients on this study with standard-risk WNT medulloblastoma,
based on the consistently observed excellent outcomes of WNT medulloblastoma and a review of the
patterns-of-failure dosimetry following conventional CSI doses in these patients. Cohen and colleagues
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evaluated a more aggressive approach to therapy de-escalation in these patients, in which RT was
omitted altogether for patients with nonmetastatic, completely resected WNT medulloblastoma [54].
Unfortunately, this study was closed early because of progressive disease in the cranium and spine
in the first two patients enrolled. The concomitant failure in the spine highlights the necessity of
continued spinal irradiation in the setting of current cytotoxic chemotherapy. However, the optimal
prophylactic CSI dose remains to be determined. To this end, the recently activated COG ACNS1422
trial is evaluating a CSI dose of 18 Gy followed by a primary-site boost to 54 Gy as well as a de-escalated
chemotherapy approach with omission of vincristine during CSI and reduced-dose maintenance
chemotherapy for standard-risk WNT medulloblastoma [55]. The impact of the molecular subgroups
within medulloblastoma may also apply to outcomes after surgical resection, with a recent study
demonstrating more aggressive surgery beyond subtotal resection does not affect progression-free
survival for patients with WNT, SHH, or G3 tumors [56]. Finally, recent data suggest that neurocognitive
outcomes may also vary by medulloblastoma subgroup, hinting that treatment de-escalation may not
have a uniform impact on the risk of late effects for all patients with medulloblastoma [57].

2.4. Advances in Radiotherapy Techniques

Irradiation techniques and delivery modalities for CSI have also evolved. Multiple studies have
demonstrated the critical importance of ensuring adequate coverage of the entire target volume,
encompassing the meninges covering the brain and spinal cord, including extensions along the nerve
roots, with more frequent relapses and inferior survival being observed in patients treated with CSI
with targeting deviations [58–60]. Thus, current standard techniques employ computed tomography
(CT)-based target delineation, often with the supplemental use of magnetic resonance imaging (MRI)
through image registration techniques, and image-guided RT, usually in the form of planar X-rays
or cone-beam CT, to ensure interfraction reproducibility. CSI has historically employed megavoltage
photons delivered through a simple geometric beam arrangement of parallel-opposed lateral fields
to treat the cranium and a single posterior-to-anterior (PA) beam to treat the spine, with collimation
of the beams to the contours of the brain and spine (Figure 1). For the boost phase of treatment,
conformal approaches are now generally used, most commonly employing intensity-modulated
radiotherapy (IMRT) in which multiple beams are used, each with its dose distribution modulated
through multileaf collimation. Long-term studies have demonstrated significant reductions in grade
3/4 ototoxicity when an IMRT boost is used, as compared to the historical treatment approach with
two lateral fields [61,62]. Variations on IMRT, in which irradiation is delivered as the gantry moves,
including volumetric modulated arc therapy (VMAT) and helical tomotherapy, have also been used to
enhance the conformality of CSI, as well as the primary-site boost irradiation [63,64]. More recently,
proton therapy has emerged as a major RT modality for the treatment of medulloblastoma. Multiple
dosimetric studies of RT for medulloblastoma have demonstrated the superior dose distribution of
protons as compared to photons [65], and emerging clinical evidence suggests that proton-based
CSI/boost therapy for pediatric patients with medulloblastoma reduces acute and late effects without
reducing tumor control [66–70].
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Figure 1. Clinical radiation therapy for medulloblastoma. (A) Three-dimensional rendering of
craniospinal irradiation (CSI) (left) in a pediatric patient with medulloblastoma treated in the supine
position with parallel-opposed lateral beams (red, purple) and a single posterior-to-anterior (PA)
beam (green) and with intensity-modulated radiation therapy (IMRT)-based primary tumor site boost
irradiation with multiple beams (right). Typical CSI and boost doses and fractionation patterns are
noted. M–F, Monday through Friday. (B) Beam’s eye view of the cranium (left) and spine (right) CSI
fields on digitally reconstructed radiographs (DRRs), with multileaf collimators depicted in white. (C)
CSI isodose distributions overlaid on the sagittal planning computed tomography (CT) scan.

3. Preclinical Modeling of CSI in Medulloblastoma

3.1. Current Models of Medulloblastoma

Developing new and more effective therapeutic approaches to treating pediatric medulloblastoma
requires the use of accurate preclinical models to inform clinical trial design. Several groups have
developed murine models of medulloblastoma, primarily in an effort to create preclinical testing
tools. These models range from genetically engineered murine models (GEMMs) to patient-derived
orthotopic xenografts (PDOXs) [71]. Next-generation sequencing technologies have provided insights
into the molecular underpinnings of medulloblastoma subgroups, and all four subgroups have been
modeled in murine systems and with patient-derived material [71–73]. Most preclinical testing has
focused on high-risk SHH and G3 tumors, for which the need for improved therapies is greatest [18].

3.2. Preclinical Pipeline Limitations and Considerations

Medulloblastoma presents unique challenges with regard to preclinical modeling and therapeutic
evaluation. The genetic and molecular heterogeneity of the disease dictates the use of multiple in vitro
and in vivo models to evaluate response variability. Interrogation of novel and optimized therapies
has been conducted in cell lines or xenograft models derived from naïve patient biopsies or in mouse
models of primary disease. These experimental therapies are, thus, delivered “at diagnosis” and not in
a recurrent setting after standard therapy. Although upfront treatment approaches are certainly under
evaluation, most clinical trials enroll patients who have already undergone surgery, chemotherapy,
and/or RT. Another assumption often made in preclinical testing is that the biology of recurrent disease
is largely similar to that of the tumor at primary diagnosis. Work by Taylor and colleagues revealed that
medulloblastoma recurrence is driven largely by clonal selection and that dominant clones present at
recurrence may contain molecular targets that differ considerably from those in clones that predominate
at diagnosis [74]. Medulloblastoma subgroups also vary dramatically in their timing and pattern of
recurrence. To better inform molecularly stratified trials, a more complete understanding of therapeutic
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response trends in these subgroups will be critical. Most experimental preclinical models have failed to
model recurrent disease, which may account for the lack of efficacy of treatment in many clinical trials.

Analysis of in vitro and in vivo preclinical studies of radiation-related interventions suggests that
improving their efficacy will require the incorporation of standard-of-care modalities that use clinically
relevant and carefully delivered RT regimens [75]. Optimizing radiation delivery in a preclinical setting
has been challenging, but several investigators have developed approaches to evaluate the therapeutic
response by using available technologies, including the small animal radiation research platform
(SARRP®) micro-irradiator (XStrahl, Inc.) and the X-Rad 225Cx image-guided small animal irradiator
(Precision X-Ray, Inc.) [76,77]. Both systems use volumetric cone-beam CT images to visualize bone
or soft tissues, to place treatment isocenters, and to enable RT dose calculation and assessment of
the 3D dose distribution. This image-guided approach facilitates treatment of the entire neuroaxis,
with treatment-field isocenters being positioned in both the brain and the spinal cord. The primary
endpoint of prior studies using these technologies has been overall survival in tumor-bearing animals,
but each of those investigations had some unique features in terms of the study design, radiation
administration, and response evaluation.

3.3. Existing Models of Craniospinal Irradiation

The first study to evaluate image-guided delivery of radiation in a preclinical setting for
medulloblastoma was conducted by Taylor and colleagues [74]. Using the X-Rad 225CX system
equipped with a fixed collimator, they employed CSI after surgical resection of the primary tumor
to mimic upfront therapy in patients and model recurrent disease. They used a GEMM of SHH
medulloblastoma and enrolled animals on the study once clinical signs of neurologic impairment were
observed. Mice were subjected to partial tumor resection and allowed to recover before undergoing
irradiation. CSI was administered in fractionated doses over the course of 4 weeks (with spinal
irradiation being introduced in week 2) to achieve an exposure of 36 Gy, which is comparable to the
clinical dose used for high-risk patients. The blinded study revealed significant improvement in overall
survival in mice that underwent resection and irradiation, with 40% of the mice being free of disease
on long-term follow-up. The remainder of the mice in the study cohort developed either local or
metastatic relapse, and subsequent analysis found that genetic events common to both therapy-naïve
and recurrent tumors were rare. Ultimately, this work revealed that there was clonal selection of
molecular and genetic events in tumors after surgery and irradiation and recurrent convergence on
individual signaling pathways. These findings raise the possibility of anticipatory therapy, whereby
drivers of therapeutic resistance would be targeted during the initial treatment.

Subsequent work from our group focused on the preclinical incorporation of CSI in the context
of PDOX models of medulloblastoma, with the ultimate goal of evaluating adjuvant therapies [78].
PDOX models of very-high-risk SHH medulloblastoma (MYCN amplified, TP53 mutation) and G3
medulloblastoma (MYC amplified) [18] labeled with firefly luciferase were generated in mice, which
were monitored for tumor burden by bioluminescence imaging (BLI). The study enrollment threshold
was set at 106 photons/s, which corresponds with histologically identifiable tumor burden but no overt
clinical symptoms or detection by MRI in vivo. The intent was to model minimal disease burden, as in
a patient who had undergone tumor resection. CSI proved superior to whole-brain irradiation with
regard to tumor coverage and recurrence patterns, highlighting the necessity of encompassing the entire
neuraxis and the importance of image guidance in facilitating this (Figure 2). Iterative fractionated CSI
treatment plans and delivery in non-tumor-bearing mice revealed CSI delivery to be optimal when
using a single arc-based cranial field and two spinal fields, together with a PA beam arrangement with
three isocenters (one brain and two spinal), to deliver radiation over 3.5 weeks in 2 Gy fractions to
achieve a cumulative CSI dose of 36 Gy. A −90◦ to +90◦ arc was used for the cranial field to maximize
sparing of the upper aerodigestive tract, whereas the two spinal fields were needed to account for
the significant extension over the cervical spine in the mouse, which presented challenges regarding
isocenter placement and the resulting dose distributions. Within this paradigm, we evaluated toxicity
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by monitoring body weight and blood counts and chemistries. We found that, except for the expected
transient acute leukopenia and neutropenia, body weight and other lab values were not significantly
affected by the treatment and no clinically detectable lasting effects on other systemic organs were
identified. To determine the optimal CSI dose with which to evaluate combination therapy with
systemic agents, mice were subjected to 10, 20, or 36 Gy of CSI delivered in 2 Gy daily fractions from
Monday to Friday and were monitored for tumor progression (by BLI) and overall survival. The intent
was to establish a non-curative CSI dose that would significantly increase overall survival, as observed
clinically, while facilitating the evaluation of the potentiation of radiation by one or more systemic
agents. In every medulloblastoma model studied, 36 and 20 Gy of CSI resulted in a significant survival
advantage and minimal tumor recurrence, thus establishing an effective “curative” dosing regimen. In
contrast, a cumulative CSI dose of 10 Gy delivered over 1 week extended the lifespan of mice harboring
an SHH PDOX (by approximately 40 days) and of those harboring a G3 PDOX (by approximately 90
days), but all of these mice subsequently experienced tumor recurrence and ultimately succumbed to
progressive disease.Cancers 2020, 12, x 7 of 16 
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Figure 2. Preclinical modeling of craniospinal irradiation (CSI) of patient-derived orthotopic xenograft
(PDOX) models of medulloblastoma. (A) Evidence of olfactory bulb metastasis in orthotopic xenograft
mouse models of very-high-risk medulloblastoma when treated with non-image-guided fractionated
cranial radiation therapy. Metastasis is indicated by dashed lines on sections stained with hematoxylin
and eosin. (B) Schematic of three CSI treatment plans using the small animal radiation research
platform (SARRP®) (left) and the associated dose (Gy; x-axis)–volume (percent; y-axis) histograms
of indicated regions of interest (right). All mice received brain arc treatment (−90◦, 90◦), but the
spinal fields were varied by number of fields and isocenter placement to determine the optimal
treatment plan. (C) Upper panels: Pattern-of-failure analysis using custom head shielding to increase
spinal bioluminescence sensitivity, with spinal metastasis indicated in two mice in the far-right panel.
Lower panels: Arrows indicate spinal metastasis on sections stained with hematoxylin and eosin. (D)
Body weight and hematologic toxicity of murine PDOX CSI demonstrating tolerability with expected
transient depressions in white blood cells. (Reprinted with permission from “Preclinical Modeling of
Image-Guided Craniospinal Irradiation for Very-High-Risk Medulloblastoma”, Smith, et al. 2011 [78];
Elsevier publisher. All rights reserved.).
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More recent work by Huang et al. incorporated CSI and boost irradiation in a preclinical setting
to explore potential combination therapy in G3 and G4 medulloblastoma PDOX models [79]. Using
the RS-2000 Biological Irradiator (Rad Source Technologies) and custom-made lead shielding, they
administered CSI in 2 Gy fractions over 5 days, followed by an additional 10 Gy delivered over 5 days
specifically to the tumor injection site within the cerebellum. For boost-site delivery, the diameter
of the lead aperture was made approximately 2 mm larger than the anticipated tumor size based on
prior whole-brain histologic analysis after tumor implantation. The authors observed a significant
survival advantage of 65 days with radiation alone in mice with a G3 PDOX, as compared to untreated
controls. Interestingly, after identifying cardiac glycosides as potent inhibitors of medulloblastoma
growth by using an in silico systems biology approach with in vitro confirmation, the authors found
that treatment with single-agent digoxin resulted in an extension of survival similar to that observed
with 20 Gy of irradiation; however, clear potentiation of this repurposed small molecule with RT
was not observed. Table 1 summarizes select therapy and medulloblastoma model characteristics of
these studies.

Table 1. Comparison of therapy and model characteristics of select commercial preclinical
irradiation systems and custom approaches used to deliver craniospinal irradiation to murine models
of medulloblastoma.

Characteristic SARRP-Based Irradiation
(Xstrahl Ltd., UK) [74,75]

X-RAD 225Cx Irradiation
(Precision X-ray Inc., USA) [71,73] Custom Irradiation [76]

Photon energy range 5–225 keV 5–225 keV 5–225 keV

Image guidance Volumetric cone-beam CT 2D fluoroscopic images
Volumetric cone-beam CT Clinical set-up

Beam collimation Motorized variable collimator Fixed collimators Custom CSI lead
aperture

Phase of radiotherapy Primary Post-operative Primary

CSI beam arrangement Brain: arc (−90–+90◦)
Spine: 2 field PA

Brain: opposed laterals
Spine: single or multiple PA Planar

Boost treatment No No Yes

Dose per fraction 2 Gy Brain: 2 Gy
Spine: 4.76 Gy 2 Gy

Cumulative dose 10–36 Gy Brain: 36 Gy
Spine: 28.56 Gy 20 Gy

Medulloblastoma
model system PDOX (Group 3, SHH) GEMM (SHH) PDOX (Group 3)

Tumor burden
assessment

Bioluminescence
Histologic examination

Clinical symptoms
Histologic examination

Clinical symptoms
Histologic examination

Abbreviations: SARRP, small animal radiation research platform; CT, computed tomography; CSI, craniospinal; PA,
posterior-to-anterior beam; PDOX, patient-derived orthotopic xenograft; GEMM, genetically engineered mouse
model; SHH, sonic hedgehog.

4. Outstanding Questions and Future Directions

Incorporating RT into the preclinical pipeline of medulloblastoma models will be critical to
translational efforts to define novel therapeutic approaches for this disease, particularly for the
highest-risk subsets, for which overall survival rates remain disappointingly low. Although limited in
their scope, the studies performed to date have provided valuable insights into study design for these
therapies and have raised important questions (Table 2).
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Table 2. Outstanding questions and considerations of preclinical modeling of medulloblastoma and
its treatment.

Oustanding Questions Considerations and Current Approaches

Clinically relevant CSI dosing regimens Fully fractionated “human” dosing regimens vs. non-curative empiric
murine regimens vs. feasible dosing regimens

Optimal enrollment threshold Minimal tumor burden to mimic post-surgical conditions vs. moribund
conditions to mimic recurrent setting; impact on RT efficacy

Tumor burden assessment Bioluminescence imaging vs. MRI/CT vs. histopathology

Primary site tumor boost Targeting of primary site: IGRT vs. biologic RT targeting vs. historic
histopathology; integration into non-curative CSI regimens

Integration of other treatment modalities Value of surgical resection; integration of adjuvant systemic therapy and
preclinical modeling of clinically relevant systemic therapy exposure

Optimal endpoints Overall survival vs. tumor-specific survival; tumor growth delay assays
vs. tumor control dose 50% (TCD50)

Optimal MB models GEMM vs. PDOX vs. organoids

Abbreviations: CSI, craniospinal irradiation; RT, radiation therapy; MRI, magnetic resonance imaging; CT, computed
tomography; IGRT, image-guided RT; MB, medulloblastoma; GEMM, genetically engineered mouse model; PDOX,
patient-derived orthotopic xenograft.

The strong response to CSI in murine PDOX models is consistent with the positive responses in
patients after upfront therapy. However, in several preclinical medulloblastoma models, clinically
comparable CSI doses appear to be curative, with no tumor burden or disease progression being
detected for hundreds of days after the completion of treatment. One important consideration is
that the low-energy photons characteristic of small animal irradiators may exert a more substantial
biological effect than the particles from clinic-based high-energy sources. In addition, there may be
significantly fewer tumor clonogens, or tumor stem cells, within any orthotopic xenograft than in
human patients; if this is the case, a “murine-equivalent” CSI dosing regimen will be much different
from that currently employed clinically. This also raises critical questions for translational brain tumor
research in general: What is the optimal tumor burden at the start of preclinical survival or tumor
growth-delay studies, and what is the best modality for determining enrollment threshold (BLI, MRI,
histopathology, etc.) (discussed below) [75,80,81]? Additionally, evidence of the importance of the
tumor microenvironment in governing the response to radiation continues to emerge [82]), highlighting
an obvious shortcoming of PDOX models.

Outstanding questions also remain regarding boost treatment. Preclinical studies employing CSI
in medulloblastoma models have not routinely incorporated a boost phase of radiation after the CSI.
However, patients aged 3 years or older most commonly receive wide-field radiation encompassing the
brain and spine followed by a local boost to the tumor bed, whereas tumor-bed irradiation alone has
been evaluated in younger children. Therefore, it is important to evaluate preclinically the role played
by the additional boost RT or focal boost therapy alone. Our group has initiated studies to determine
the value of an acute boost of irradiation after chronic treatment, but the spatial and temporal control of
the delivery is not yet optimized, in part because of the enhanced RT response observed in our PDOX
models. With regard to the RT modality, a recent advance in preclinical RT studies that may hold
particular promise for medulloblastoma translational research is the development of image-guided
proton therapy for use in small animals [83,84].

Another important consideration illustrated by the studies discussed above that employed image
guided CSI is the optimal enrollment threshold. Whether imaging modalities or clinical symptoms are
assessed, a consensus must be reached on the most appropriate time for study initiation. It has been
challenging to determine the murine parallel to intracranial tumor burden while ensuring reasonable
disease progression and study timelines. Similarly, the incorporation and timing of surgical resection
in the preclinical pipeline has yet to be optimized. Whereas Taylor and colleagues were able to model
resection and CSI in vivo to molecularly characterize disease recurrence [74], Smith and collaborators
focused on developing a protocol that would enable the incorporation of combination therapies [78].
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The preclinical study design will ultimately be driven by the long-term clinical strategy and whether
a given treatment is intended to be delivered up front to naïve patients or in cases of recurrence
or metastasis.

Findings from our laboratories suggest that additional dose titration is needed to accomplish
clinically relevant exposure while facilitating a therapeutic window for adjuvant therapy. A short-term
survival advantage with subsequent recurrence of disease was achieved using 10 Gy of CSI, but the
administration time (5 days) was limited when compared to the RT treatment window of approximately
6 weeks. Unpublished work by our group has evaluated the feasibility of protracted CSI dosing in
several murine and PDOX models of medulloblastoma, in which the daily dose of RT is reduced to
between 1 and 0.5 Gy per fraction but the cumulative CSI dosing is similar to that delivered with 2 Gy
fractions. By using these lower daily doses of radiation (0.5 to 1 Gy fractions) over 2 to 4 weeks for
a cumulative dose of 10 to 20 Gy, we were able to establish a therapeutic window through lifespan
extension, albeit with eventual disease progression (Personal Communication, Martine F. Roussel
and Christopher L. Tinkle). This protracted study design will facilitate the evaluation of concurrent
systemic therapy (with DNA-damaging agents, small molecule signaling-pathway inhibitors, etc.)
with CSI in the preclinical setting.

Finally, although the use of adjuvant chemotherapy has confounded the issue, it is tempting to
speculate that there is a subgroup- and/or subtype-specific response to irradiation, particularly given
the data from several laboratories demonstrating enhanced radiation sensitivity in medulloblastoma
cells [85,86]. An early investigation of potential mechanisms governing differential RT responses in
medulloblastoma subgroups suggested that TP53 status has a significant impact on radiation response,
whereas WNT activation may overcome this effect [87]. With the development of subgroup-specific
medulloblastoma models in both GEMM and PDOX systems, preclinical testing of radiotherapy
promises to inform optimal RT dosing and volume approaches that may be explored in future
clinical trials, and to further delineate molecular mechanisms governing RT response and resistance
in medulloblastoma.

5. Conclusions

MB encompasses a heterogenous group of embryonal tumors, consisting of four genetically
defined subgroups with distinct molecular and clinical features and varied prognoses with current
therapies. RT, targeting the entire neuraxis, represents a critically effective adjuvant therapy, yet carries
the risk of significant long-term toxicities. Through the development of accurate and reproducible
preclinical radiotherapy platforms modeling the clinical delivery of CSI, researchers are now poised to
experimentally define optimal radiation dose-volume parameters, delineate molecular determinants of
radiation response, identify radiotherapy adjuncts, and investigate normal tissue toxicity in emerging
animal models systems that represent the distinct subgroups of MB. While important questions remain
as to the optimal approaches of preclinical CSI, integration of this modality into translational studies
offers the potential to better inform modifications to what has been the most studied treatment modality
of clinical trials of MB.

Author Contributions: Conceptualization, J.L.S. and C.L.T.; methodology, J.L.S. and C.L.T.; resources, J.L.S.,
T.E.M., M.F.R., and C.L.T.; writing-original draft preparation, J.L.S. and C.L.T.; writing-review and editing, J.L.S.,
T.E.M., M.F.R., and C.L.T.; visualization, J.L.S. and C.L.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded in part by American Lebanese Syrian Associated Charities (N/A) and National
Cancer Institute (P30 CA021765).

Acknowledgments: The authors would like to thank Keith A. Laycock, Editor in the Life Sciences (ELS), for
scientific editing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2020, 12, 133 11 of 16

References

1. Vladoiu, M.C.; El-Hamamy, I.; Donovan, L.K.; Farooq, H.; Holgado, B.L.; Sundaravadanam, Y.;
Ramaswamy, V.; Hendrikse, L.D.; Kumar, S.; Mack, S.C.; et al. Childhood cerebellar tumours mirror
conserved fetal transcriptional programs. Nature 2019, 572, 67–73. [CrossRef] [PubMed]

2. Hovestadt, V.; Smith, K.S.; Bihannic, L.; Filbin, M.G.; Shaw, M.L.; Baumgartner, A.; DeWitt, J.C.; Groves, A.;
Mayr, L.; Weisman, H.R.; et al. Resolving medulloblastoma cellular architecture by single-cell genomics.
Nature 2019, 572, 74–79. [CrossRef] [PubMed]

3. Gibson, P.; Tong, Y.; Robinson, G.; Thompson, M.C.; Currle, D.S.; Eden, C.; Kranenburg, T.A.; Hogg, T.;
Poppleton, H.; Martin, J.; et al. Subtypes of medulloblastoma have distinct developmental origins. Nature
2010, 468, 1095–1099. [CrossRef]

4. McNeill, K.A. Epidemiology of Brain Tumors. Neurol. Clin. 2016, 34, 981–998. [CrossRef]
5. 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. Primers 2019, 5, e11. [CrossRef]
6. Juraschka, K.; Taylor, M.D. Medulloblastoma in the age of molecular subgroups: A review. J. Neurosurg.

Pediatr. 2019, 24, 353–363. [CrossRef]
7. 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]

8. Kortmann, R.D.; Kuhl, J.; Timmermann, B.; Mittler, U.; Urban, C.; Budach, V.; Richter, E.; Willich, N.;
Flentje, M.; Berthold, F.; et al. Postoperative neoadjuvant chemotherapy before radiotherapy as compared to
immediate radiotherapy followed by maintenance chemotherapy in the treatment of medulloblastoma in
childhood: Results of the German prospective randomized trial HIT ‘91. Int. J. Radiat. Oncol. Biol. Phys.
2000, 46, 269–279. [CrossRef]

9. 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]

10. 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]

11. Duffner, P.K.; Horowitz, M.E.; Krischer, J.P.; Burger, P.C.; Cohen, M.E.; Sanford, R.A.; Friedman, H.S.; Kun, L.E.
The treatment of malignant brain tumors in infants and very young children: An update of the Pediatric
Oncology Group experience. Neuro Oncol. 1999, 1, 152–161. [CrossRef]

12. 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]

13. 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]

14. Dhall, G.; Grodman, H.; Ji, L.; Sands, S.; Gardner, S.; Dunkel, I.J.; McCowage, G.B.; Diez, B.; Allen, J.C.;
Gopalan, A.; et al. Outcome of children less than three years old at diagnosis with non-metastatic
medulloblastoma treated with chemotherapy on the “Head Start” I and II protocols. Pediatr. Blood Cancer
2008, 50, 1169–1175. [CrossRef]

15. 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]

http://dx.doi.org/10.1038/s41586-019-1158-7
http://www.ncbi.nlm.nih.gov/pubmed/31043743
http://dx.doi.org/10.1038/s41586-019-1434-6
http://www.ncbi.nlm.nih.gov/pubmed/31341285
http://dx.doi.org/10.1038/nature09587
http://dx.doi.org/10.1016/j.ncl.2016.06.014
http://dx.doi.org/10.1038/s41572-019-0063-6
http://dx.doi.org/10.3171/2019.5.PEDS18381
http://dx.doi.org/10.1200/JCO.1999.17.10.3234
http://dx.doi.org/10.1016/S0360-3016(99)00369-7
http://dx.doi.org/10.1200/JCO.1999.17.7.2127
http://dx.doi.org/10.1200/JCO.2006.06.4980
http://dx.doi.org/10.1093/neuonc/1.2.152
http://dx.doi.org/10.1016/S1470-2045(05)70252-7
http://dx.doi.org/10.1056/NEJMoa042176
http://dx.doi.org/10.1002/pbc.21525
http://dx.doi.org/10.1016/S1470-2045(06)70867-1


Cancers 2020, 12, 133 12 of 16

16. 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. Biol. Phys. 2008,
70, 782–787. [CrossRef]

17. 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]

18. Ramaswamy, V.; Remke, M.; Bouffet, E.; Bailey, S.; Clifford, S.C.; Doz, F.; Kool, M.; Dufour, C.; Vassal, G.;
Milde, T.; et al. Risk stratification of childhood medulloblastoma in the molecular era: The current consensus.
Acta Neuropathol. 2016, 131, 821–831. [CrossRef]

19. Sharma, T.; Schwalbe, E.C.; Williamson, D.; Sill, M.; Hovestadt, V.; Mynarek, M.; Rutkowski, S.; Robinson, G.W.;
Gajjar, A.; Cavalli, F.; et al. Second-generation molecular subgrouping of medulloblastoma: An international
meta-analysis of Group 3 and Group 4 subtypes. Acta Neuropathol. 2019, 138, 309–326. [CrossRef]

20. Jenkin, R.D. Medulloblastoma in childhood: Radiation therapy. Can. Med. Assoc. J. 1969, 100, 51–53.
21. Evans, A.E.; Jenkin, R.D.; Sposto, R.; Ortega, J.A.; Wilson, C.B.; Wara, W.; Ertel, I.J.; Kramer, S.; Chang, C.H.;

Leikin, S.L.; et al. The treatment of medulloblastoma. Results of a prospective randomized trial of radiation
therapy with and without CCNU, vincristine, and prednisone. J. Neurosurg. 1990, 72, 572–582. [CrossRef]

22. Chin, H.W.; Maruyama, Y. Age at treatment and long-term performance results in medulloblastoma. Cancer
1984, 53, 1952–1958. [CrossRef]

23. Silverman, C.L.; Palkes, H.; Talent, B.; Kovnar, E.; Clouse, J.W.; Thomas, P.R. Late effects of radiotherapy on
patients with cerebellar medulloblastoma. Cancer 1984, 54, 825–829. [CrossRef]

24. Packer, R.J.; Sposto, R.; Atkins, T.E.; Sutton, L.N.; Bruce, D.A.; Siegel, K.R.; Rorke, L.B.; Littman, P.A.; Schut, L.
Quality of life in children with primitive neuroectodermal tumors (medulloblastoma) of the posterior fossa.
Pediatr. Neurosci. 1987, 13, 169–175. [CrossRef]

25. 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]

26. Geyer, J.R.; Zeltzer, P.M.; Boyett, J.M.; Rorke, L.B.; Stanley, P.; Albright, A.L.; Wisoff, J.H.; Milstein, J.M.;
Allen, J.C.; Finlay, J.L.; et al. Survival of infants with primitive neuroectodermal tumors or malignant
ependymomas of the CNS treated with eight drugs in 1 day: A report from the Childrens Cancer Group.
J. Clin. Oncol. 1994, 12, 1607–1615. [CrossRef]

27. Chi, S.N.; Gardner, S.L.; Levy, A.S.; Knopp, E.A.; Miller, D.C.; Wisoff, J.H.; Weiner, H.L.; Finlay, J.L. Feasibility
and response to induction chemotherapy intensified with high-dose methotrexate for young children with
newly diagnosed high-risk disseminated medulloblastoma. J. Clin. Oncol. 2004, 22, 4881–4887. [CrossRef]

28. Geyer, J.R.; Sposto, R.; Jennings, M.; Boyett, J.M.; Axtell, R.A.; Breiger, D.; Broxson, E.; Donahue, B.; Finlay, J.L.;
Goldwein, J.W.; et al. Multiagent chemotherapy and deferred radiotherapy in infants with malignant brain
tumors: A report from the Children’s Cancer Group. J. Clin. Oncol. 2005, 23, 7621–7631. [CrossRef]

29. 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]

30. Lafay-Cousin, L.; Bouffet, E.; Strother, D.; Rudneva, V.; Hawkins, C.; Eberhart, C.; Horbinski, C.; Heier, L.;
Souweidane, M.; Williams-Hughes, C.; et al. Phase II Study of Nonmetastatic Desmoplastic Medulloblastoma
in Children Younger Than 4 Years of Age: A Report of the Children’s Oncology Group (ACNS1221). J. Clin.
Oncol. 2019. [CrossRef]

31. Ashley, D.M.; Merchant, T.E.; Strother, D.; Zhou, T.; Duffner, P.; Burger, P.C.; Miller, D.C.; Lyon, N.; Bonner, M.J.;
Msall, M.; et al. Induction chemotherapy and conformal radiation therapy for very young children with
nonmetastatic medulloblastoma: Children’s Oncology Group study P9934. J. Clin. Oncol. 2012, 30, 3181–3186.
[CrossRef]

http://dx.doi.org/10.1016/j.ijrobp.2007.07.2342
http://dx.doi.org/10.1007/s00401-011-0922-z
http://dx.doi.org/10.1007/s00401-016-1569-6
http://dx.doi.org/10.1007/s00401-019-02020-0
http://dx.doi.org/10.3171/jns.1990.72.4.0572
http://dx.doi.org/10.1002/1097-0142(19840501)53:9&lt;1952::AID-CNCR2820530925&gt;3.0.CO;2-X
http://dx.doi.org/10.1002/1097-0142(19840901)54:5&lt;825::AID-CNCR2820540511&gt;3.0.CO;2-L
http://dx.doi.org/10.1159/000120325
http://dx.doi.org/10.1056/NEJM199306173282401
http://dx.doi.org/10.1200/JCO.1994.12.8.1607
http://dx.doi.org/10.1200/JCO.2004.12.126
http://dx.doi.org/10.1200/JCO.2005.09.095
http://dx.doi.org/10.1200/JCO.2010.30.2299
http://dx.doi.org/10.1200/JCO.19.00845
http://dx.doi.org/10.1200/JCO.2010.34.4341


Cancers 2020, 12, 133 13 of 16

32. Blaney, S.M.; Kocak, M.; Gajjar, A.; Chintagumpala, M.; Merchant, T.; Kieran, M.; Pollack, I.F.; Gururangan, S.;
Geyer, R.; Phillips, P.; et al. Pilot study of systemic and intrathecal mafosfamide followed by conformal
radiation for infants with intracranial central nervous system tumors: A pediatric brain tumor consortium
study (PBTC-001). J. Neurooncol. 2012, 109, 565–571. [CrossRef]

33. Robinson, G.W.; Rudneva, V.A.; Buchhalter, I.; Billups, C.A.; Waszak, S.M.; Smith, K.S.; Bowers, D.C.;
Bendel, A.; Fisher, P.G.; Partap, S.; et al. Risk-adapted therapy for young children with medulloblastoma
(SJYC07): Therapeutic and molecular outcomes from a multicentre, phase 2 trial. Lancet Oncol. 2018, 19,
768–784. [CrossRef]

34. Biroc, S.L.; Etzler, M.E. The effect of periodate oxidation and alpha-mannosidase treatment on Dolichos
biflorus lectin. Biochim. Biophys. Acta 1978, 544, 85–92. [CrossRef]

35. 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]

36. Thomas, P.R.; Deutsch, M.; Kepner, J.L.; Boyett, J.M.; Krischer, J.; Aronin, P.; Albright, L.; Allen, J.C.;
Packer, R.J.; Linggood, R.; et al. Low-stage medulloblastoma: Final analysis of trial comparing standard-dose
with reduced-dose neuraxis irradiation. J. Clin. Oncol. 2000, 18, 3004–3011. [CrossRef]

37. 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]

38. Bailey, C.C.; Gnekow, A.; Wellek, S.; Jones, M.; Round, C.; Brown, J.; Phillips, A.; Neidhardt, M.K. Prospective
randomised trial of chemotherapy given before radiotherapy in childhood medulloblastoma. International
Society of Paediatric Oncology (SIOP) and the (German) Society of Paediatric Oncology (GPO): SIOP II.
Med. Pediatr. Oncol. 1995, 25, 166–178. [CrossRef]

39. Tait, D.M.; Thornton-Jones, H.; Bloom, H.J.; Lemerle, J.; Morris-Jones, P. Adjuvant chemotherapy for
medulloblastoma: The first multi-centre control trial of the International Society of Paediatric Oncology
(SIOP I). Eur. J. Cancer 1990, 26, 464–469. [CrossRef]

40. Bouffet, E.; Bernard, J.L.; Frappaz, D.; Gentet, J.C.; Roche, H.; Tron, P.; Carrie, C.; Raybaud, C.; Joannard, A.;
Lapras, C.; et al. M4 protocol for cerebellar medulloblastoma: Supratentorial radiotherapy may not be
avoided. Int. J. Radiat. Oncol. Biol. Phys. 1992, 24, 79–85. [CrossRef]

41. Fukunaga-Johnson, N.; Lee, J.H.; Sandler, H.M.; Robertson, P.; McNeil, E.; Goldwein, J.W. Patterns of failure
following treatment for medulloblastoma: Is it necessary to treat the entire posterior fossa? Int. J. Radiat.
Oncol. Biol. Phys. 1998, 42, 143–146. [CrossRef]

42. Merchant, T.E.; Happersett, L.; Finlay, J.L.; Leibel, S.A. Preliminary results of conformal radiation therapy for
medulloblastoma. Neuro Oncol. 1999, 1, 177–187. [CrossRef]

43. Wolden, S.L.; Dunkel, I.J.; Souweidane, M.M.; Happersett, L.; Khakoo, Y.; Schupak, K.; Lyden, D.; Leibel, S.A.
Patterns of failure using a conformal radiation therapy tumor bed boost for medulloblastoma. J. Clin. Oncol.
2003, 21, 3079–3083. [CrossRef]

44. Michalski, A.; Janss, A.; Vezina, G.; Gajjar, A.; Pollack, I.; Merchant, T.E.; FitzGerald, T.J.; Booth, T.; Tarbell, N.J.;
Billups, C.A.; et al. Results of COG ACNS0331: A Phase III Trial of Involved-Field Radiotherapy (IFRT)
and Low Dose Craniospinal Irradiation (LD-CSI) with Chemotherapy in Average-Risk Medulloblastoma: A
Report from the Children’s Oncology Group. Int. J. Radiat. Oncol. Biol. Phys. 2016, 96, 937–938. [CrossRef]

45. Olson, J.M. Chemotherapy and Radiation Therapy in Treating Young Patients with Newly Diagnosed,
Previously Untreated, High-Risk Medulloblastoma. ClinicalTrials.gov Identifier: NCT00392327; 2006.
Available online: https://clinicaltrials.gov/ct2/show/NCT00392327?term=NCT00392327&draw=2&rank=1
(accessed on 12 December 2019).

46. 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, 293–302. [CrossRef]

47. Wang, X.; Dubuc, A.M.; Ramaswamy, V.; Mack, S.; Gendoo, D.M.; Remke, M.; Wu, X.; Garzia, L.; Luu, B.;
Cavalli, F.; et al. Medulloblastoma subgroups remain stable across primary and metastatic compartments.
Acta Neuropathol. 2015, 129, 449–457. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11060-012-0929-x
http://dx.doi.org/10.1016/S1470-2045(18)30204-3
http://dx.doi.org/10.1016/0304-4165(78)90212-X
http://dx.doi.org/10.1200/JCO.1999.17.3.832
http://dx.doi.org/10.1200/JCO.2000.18.16.3004
http://dx.doi.org/10.1200/JCO.2001.19.15.3470
http://dx.doi.org/10.1002/mpo.2950250303
http://dx.doi.org/10.1016/0277-5379(90)90017-N
http://dx.doi.org/10.1016/0360-3016(92)91025-I
http://dx.doi.org/10.1016/S0360-3016(98)00178-3
http://dx.doi.org/10.1093/neuonc/1.3.177
http://dx.doi.org/10.1200/JCO.2003.11.140
http://dx.doi.org/10.1016/j.ijrobp.2016.09.046
https://clinicaltrials.gov/ct2/show/NCT00392327?term=NCT00392327&draw=2&rank=1
http://dx.doi.org/10.1016/S1470-2045(14)71206-9
http://dx.doi.org/10.1007/s00401-015-1389-0
http://www.ncbi.nlm.nih.gov/pubmed/25689980


Cancers 2020, 12, 133 14 of 16

48. Ramaswamy, V.; Remke, M.; Bouffet, E.; Faria, C.C.; Perreault, S.; Cho, Y.J.; Shih, D.J.; Luu, B.; Dubuc, A.M.;
Northcott, P.A.; et al. Recurrence patterns across medulloblastoma subgroups: An integrated clinical and
molecular analysis. Lancet Oncol. 2013, 14, 1200–1207. [CrossRef]

49. Northcott, P.A.; Buchhalter, I.; Morrissy, A.S.; Hovestadt, V.; Weischenfeldt, J.; Ehrenberger, T.; Grobner, S.;
Segura-Wang, M.; Zichner, T.; Rudneva, V.A.; et al. The whole-genome landscape of medulloblastoma
subtypes. Nature 2017, 547, 311–317. [CrossRef]

50. 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]

51. Cavalli, F.M.G.; Remke, M.; Rampasek, L.; Peacock, J.; Shih, D.J.H.; Luu, B.; Garzia, L.; Torchia, J.; Nor, C.;
Morrissy, A.S.; et al. Intertumoral Heterogeneity within Medulloblastoma Subgroups. Cancer Cell 2017, 31,
737–754. [CrossRef]

52. Morfouace, M.; Shelat, A.; Jacus, M.; Freeman, B.B., 3rd; Turner, D.; Robinson, S.; Zindy, F.; Wang, Y.D.;
Finkelstein, D.; Ayrault, O.; et al. Pemetrexed and gemcitabine as combination therapy for the treatment of
Group3 medulloblastoma. Cancer Cell 2014, 25, 516–529. [CrossRef] [PubMed]

53. Gajjar, A.; Robinson, G. A Clinical and Molecular Risk-Directed Therapy for Newly Diagnosed
Medulloblastoma. ClinicalTrials.gov Identifier: NCT01878617; 2013. Available online: https://clinicaltrials.
gov/ct2/show/NCT01878617?term=nct01878617&rank=1 (accessed on 27 November 2019).

54. Cohen, K.; Bandopadhayay, P.; Chi, S.; London, W.; Rodriguez, F.; Hawkins, C.; Yang, E.; Aguilera, D.;
Castellino, R.; MacDonald, T.; et al. MEDU-34. Pilot of Study of a Surgery and Chemotherapy-only approach
in the upfront therapy of children with WNT-Positive Standard Risk Medulloblastoma. Neuro Oncol. 2019,
21, ii110. [CrossRef]

55. Gottardo, N. Reduced Craniospinal Radiation Therapy and Chemotherapy in Treating Younger Patients
with Newly Diagnosed WNT-Driven Medulloblastoma. Clinical Trials.gov Identifier: NCT02724579; 2016.
Available online: https://clinicaltrials.gov/ct2/show/NCT02724579 (accessed on 28 November 2019).

56. Thompson, E.M.; Hielscher, T.; Bouffet, E.; Remke, M.; Luu, B.; Gururangan, S.; McLendon, R.E.; Bigner, D.D.;
Lipp, E.S.; Perreault, S.; et al. Prognostic value of medulloblastoma extent of resection after accounting for
molecular subgroup: A retrospective integrated clinical and molecular analysis. Lancet Oncol. 2016, 17,
484–495. [CrossRef]

57. Moxon-Emre, I.; Taylor, M.D.; Bouffet, E.; Hardy, K.; Campen, C.J.; Malkin, D.; Hawkins, C.; Laperriere, N.;
Ramaswamy, V.; Bartels, U.; et al. Intellectual Outcome in Molecular Subgroups of Medulloblastoma. J. Clin.
Oncol. 2016, 34, 4161–4170. [CrossRef]

58. Carrie, C.; Alapetite, C.; Mere, P.; Aimard, L.; Pons, A.; Kolodie, H.; Seng, S.; Lagrange, J.L.; Pontvert, D.;
Pignon, T.; et al. Quality control of radiotherapeutic treatment of medulloblastoma in a multicentric
study: The contribution of radiotherapy technique to tumour relapse. The French Medulloblastoma Group.
Radiother. Oncol. 1992, 24, 77–81. [CrossRef]

59. 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]

60. 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. Oncol.
2005, 23, 4726–4734. [CrossRef]

61. Paulino, A.C.; Lobo, M.; Teh, B.S.; Okcu, M.F.; South, M.; Butler, E.B.; Su, J.; Chintagumpala, M.
Ototoxicity after intensity-modulated radiation therapy and cisplatin-based chemotherapy in children
with medulloblastoma. Int. J. Radiat. Oncol. Biol. Phys. 2010, 78, 1445–1450. [CrossRef]

62. Huang, E.; Teh, B.S.; Strother, D.R.; Davis, Q.G.; Chiu, J.K.; Lu, H.H.; Carpenter, L.S.; Mai, W.Y.;
Chintagumpala, M.M.; South, M.; et al. Intensity-modulated radiation therapy for pediatric medulloblastoma:
Early report on the reduction of ototoxicity. Int. J. Radiat. Oncol. Biol. Phys. 2002, 52, 599–605. [CrossRef]

63. Wong, K.K.; Ragab, O.; Tran, H.N.; Pham, A.; All, S.; Waxer, J.; Olch, A.J. Acute toxicity of craniospinal
irradiation with volumetric-modulated arc therapy in children with solid tumors. Pediatr. Blood Cancer 2018,
65, e27050. [CrossRef]

http://dx.doi.org/10.1016/S1470-2045(13)70449-2
http://dx.doi.org/10.1038/nature22973
http://dx.doi.org/10.1016/S1470-2045(17)30243-7
http://dx.doi.org/10.1016/j.ccell.2017.05.005
http://dx.doi.org/10.1016/j.ccr.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24684846
https://clinicaltrials.gov/ct2/show/NCT01878617?term=nct01878617&rank=1
https://clinicaltrials.gov/ct2/show/NCT01878617?term=nct01878617&rank=1
http://dx.doi.org/10.1093/neuonc/noz036.192
https://clinicaltrials.gov/ct2/show/NCT02724579
http://dx.doi.org/10.1016/S1470-2045(15)00581-1
http://dx.doi.org/10.1200/JCO.2016.66.9077
http://dx.doi.org/10.1016/0167-8140(92)90282-Y
http://dx.doi.org/10.1016/S0360-3016(99)00200-X
http://dx.doi.org/10.1200/JCO.2005.00.760
http://dx.doi.org/10.1016/j.ijrobp.2009.09.031
http://dx.doi.org/10.1016/S0360-3016(01)02641-4
http://dx.doi.org/10.1002/pbc.27050


Cancers 2020, 12, 133 15 of 16

64. Barra, S.; Gusinu, M.; Timon, G.; Giannelli, F.; Vidano, G.; Garre, M.L.; Corvo, R. Pediatric craniospinal
irradiation with conventional technique or helical tomotherapy: Impact of age and body volume on integral
dose. Tumori 2016, 102, 387–392. [CrossRef] [PubMed]

65. Ho, E.S.Q.; Barrett, S.A.; Mullaney, L.M. A review of dosimetric and toxicity modeling of proton versus
photon craniospinal irradiation for pediatrics medulloblastoma. Acta Oncol. 2017, 56, 1031–1042. [CrossRef]
[PubMed]

66. Yuh, G.E.; Loredo, L.N.; Yonemoto, L.T.; Bush, D.A.; Shahnazi, K.; Preston, W.; Slater, J.M.; Slater, J.D.
Reducing toxicity from craniospinal irradiation: Using proton beams to treat medulloblastoma in young
children. Cancer J. 2004, 10, 386–390. [CrossRef]

67. Eaton, B.R.; Esiashvili, N.; Kim, S.; Patterson, B.; Weyman, E.A.; Thornton, L.T.; Mazewski, C.; MacDonald, T.J.;
Ebb, D.; MacDonald, S.M.; et al. Endocrine outcomes with proton and photon radiotherapy for standard risk
medulloblastoma. Neuro Oncol. 2016, 18, 881–887. [CrossRef] [PubMed]

68. Yock, T.I.; Yeap, B.Y.; Ebb, D.H.; Weyman, E.; Eaton, B.R.; Sherry, N.A.; Jones, R.M.; MacDonald, S.M.;
Pulsifer, M.B.; Lavally, B.; et al. Long-term toxic effects of proton radiotherapy for paediatric medulloblastoma:
A phase 2 single-arm study. Lancet Oncol. 2016, 17, 287–298. [CrossRef]

69. Eaton, B.R.; Esiashvili, N.; Kim, S.; Weyman, E.A.; Thornton, L.T.; Mazewski, C.; MacDonald, T.;
Ebb, D.; MacDonald, S.M.; Tarbell, N.J.; et al. Clinical Outcomes Among Children with Standard-Risk
Medulloblastoma Treated with Proton and Photon Radiation Therapy: A Comparison of Disease Control
and Overall Survival. Int. J. Radiat. Oncol. Biol. Phys. 2016, 94, 133–138. [CrossRef]

70. Kahalley, L.S.; Peterson, R.; Ris, M.D.; Janzen, L.; Okcu, M.F.; Grosshans, D.R.; Ramaswamy, V.; Paulino, A.C.;
Hodgson, D.; Mahajan, A.; et al. Superior Intellectual Outcomes After Proton Radiotherapy Compared with
Photon Radiotherapy for Pediatric Medulloblastoma. J. Clin. Oncol. 2019. [CrossRef]

71. Roussel, M.F.; Stripay, J.L. Modeling Pediatric Medulloblastoma. Brain Pathol. 2019. [CrossRef]
72. Brabetz, S.; Leary, S.E.S.; Grobner, S.N.; Nakamoto, M.W.; Seker-Cin, H.; Girard, E.J.; Cole, B.; Strand, A.D.;

Bloom, K.L.; Hovestadt, V.; et al. A biobank of patient-derived pediatric brain tumor models. Nat. Med.
2018, 24, 1752–1761. [CrossRef]

73. Sanden, E.; Dyberg, C.; Krona, C.; Gallo-Oller, G.; Olsen, T.K.; Enriquez Perez, J.; Wickstrom, M.;
Estekizadeh, A.; Kool, M.; Visse, E.; et al. Establishment and characterization of an orthotopic patient-derived
Group 3 medulloblastoma model for preclinical drug evaluation. Sci. Rep. 2017, 7. [CrossRef]

74. Morrissy, A.S.; Garzia, L.; Shih, D.J.; Zuyderduyn, S.; Huang, X.; Skowron, P.; Remke, M.; Cavalli, F.M.;
Ramaswamy, V.; Lindsay, P.E.; et al. Divergent clonal selection dominates medulloblastoma at recurrence.
Nature 2016, 529, 351–357. [CrossRef] [PubMed]

75. Coleman, C.N.; Higgins, G.S.; Brown, J.M.; Baumann, M.; Kirsch, D.G.; Willers, H.; Prasanna, P.G.;
Dewhirst, M.W.; Bernhard, E.J.; Ahmed, M.M. Improving the Predictive Value of Preclinical Studies in
Support of Radiotherapy Clinical Trials. Clin. Cancer Res. 2016, 22, 3138–3147. [CrossRef] [PubMed]

76. Clarkson, R.; Lindsay, P.E.; Ansell, S.; Wilson, G.; Jelveh, S.; Hill, R.P.; Jaffray, D.A. Characterization of image
quality and image-guidance performance of a preclinical microirradiator. Med. Phys. 2011, 38, 845–856.
[CrossRef] [PubMed]

77. Wong, J.; Armour, E.; Kazanzides, P.; Iordachita, I.; Tryggestad, E.; Deng, H.; Matinfar, M.; Kennedy, C.;
Liu, Z.; Chan, T.; et al. High-resolution, small animal radiation research platform with x-ray tomographic
guidance capabilities. Int. J. Radiat. Oncol. Biol. Phys. 2008, 71, 1591–1599. [CrossRef]

78. Smith, S.M.C.; Bianski, B.M.; Orr, B.A.; Harknett, G.; Onar-Thomas, A.; Gilbertson, R.J.; Merchant, T.E.;
Roussel, M.F.; Tinkle, C.L. Preclinical Modeling of Image-Guided Craniospinal Irradiation for Very-High-Risk
Medulloblastoma. Int. J. Radiat. Oncol. Biol. Phys. 2019, 103, 728–737. [CrossRef]

79. Huang, L.; Garrett Injac, S.; Cui, K.; Braun, F.; Lin, Q.; Du, Y.; Zhang, H.; Kogiso, M.; Lindsay, H.; Zhao, S.;
et al. Systems biology-based drug repositioning identifies digoxin as a potential therapy for groups 3 and 4
medulloblastoma. Sci. Transl. Med. 2018, 10. [CrossRef]

80. Stone, H.B.; Bernhard, E.J.; Coleman, C.N.; Deye, J.; Capala, J.; Mitchell, J.B.; Brown, J.M. Preclinical Data on
Efficacy of 10 Drug-Radiation Combinations: Evaluations, Concerns, and Recommendations. Transl. Oncol.
2016, 9, 46–56. [CrossRef]

http://dx.doi.org/10.5301/tj.5000512
http://www.ncbi.nlm.nih.gov/pubmed/27056336
http://dx.doi.org/10.1080/0284186X.2017.1324207
http://www.ncbi.nlm.nih.gov/pubmed/28509599
http://dx.doi.org/10.1097/00130404-200411000-00009
http://dx.doi.org/10.1093/neuonc/nov302
http://www.ncbi.nlm.nih.gov/pubmed/26688075
http://dx.doi.org/10.1016/S1470-2045(15)00167-9
http://dx.doi.org/10.1016/j.ijrobp.2015.09.014
http://dx.doi.org/10.1200/JCO.19.01706
http://dx.doi.org/10.1111/bpa.12803
http://dx.doi.org/10.1038/s41591-018-0207-3
http://dx.doi.org/10.1038/srep46366
http://dx.doi.org/10.1038/nature16478
http://www.ncbi.nlm.nih.gov/pubmed/26760213
http://dx.doi.org/10.1158/1078-0432.CCR-16-0069
http://www.ncbi.nlm.nih.gov/pubmed/27154913
http://dx.doi.org/10.1118/1.3533947
http://www.ncbi.nlm.nih.gov/pubmed/21452722
http://dx.doi.org/10.1016/j.ijrobp.2008.04.025
http://dx.doi.org/10.1016/j.ijrobp.2018.10.015
http://dx.doi.org/10.1126/scitranslmed.aat0150
http://dx.doi.org/10.1016/j.tranon.2016.01.002


Cancers 2020, 12, 133 16 of 16

81. Tuli, R.; Surmak, A.; Reyes, J.; Hacker-Prietz, A.; Armour, M.; Leubner, A.; Blackford, A.; Tryggestad, E.;
Jaffee, E.M.; Wong, J.; et al. Development of a novel preclinical pancreatic cancer research model:
Bioluminescence image-guided focal irradiation and tumor monitoring of orthotopic xenografts. Transl. Oncol.
2012, 5, 77–84. [CrossRef]

82. Hirata, E.; Sahai, E. Tumor Microenvironment and Differential Responses to Therapy. Cold Spring Harb.
Perspect. Med. 2017, 7. [CrossRef]

83. Ford, E.; Emery, R.; Huff, D.; Narayanan, M.; Schwartz, J.; Cao, N.; Meyer, J.; Rengan, R.; Zeng, J.;
Sandison, G.; et al. An image-guided precision proton radiation platform for preclinical in vivo research.
Phys. Med. Biol. 2017, 62, 43–58. [CrossRef]

84. Kim, M.M.; Irmen, P.; Shoniyozov, K.; Verginadis, I.I.; Cengel, K.A.; Koumenis, C.; Metz, J.M.; Dong, L.;
Diffenderfer, E.S. Design and commissioning of an image-guided small animal radiation platform and quality
assurance protocol for integrated proton and x-ray radiobiology research. Phys. Med. Biol. 2019, 64, e135013.
[CrossRef] [PubMed]

85. Fertil, B.; Malaise, E.P. Intrinsic radiosensitivity of human cell lines is correlated with radioresponsiveness
of human tumors: Analysis of 101 published survival curves. Int. J. Radiat. Oncol. Biol. Phys. 1985, 11,
1699–1707. [CrossRef]

86. Deacon, J.; Peckham, M.J.; Steel, G.G. The radioresponsiveness of human tumours and the initial slope of the
cell survival curve. Radiother. Oncol. 1984, 2, 317–323. [CrossRef]

87. Zhukova, N.; Ramaswamy, V.; Remke, M.; Martin, D.C.; Castelo-Branco, P.; Zhang, C.H.; Fraser, M.; Tse, K.;
Poon, R.; Shih, D.J.; et al. WNT activation by lithium abrogates TP53 mutation associated radiation resistance
in medulloblastoma. Acta Neuropathol. Commun. 2014, 2, e174. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1593/tlo.11316
http://dx.doi.org/10.1101/cshperspect.a026781
http://dx.doi.org/10.1088/1361-6560/62/1/43
http://dx.doi.org/10.1088/1361-6560/ab20d9
http://www.ncbi.nlm.nih.gov/pubmed/31075786
http://dx.doi.org/10.1016/0360-3016(85)90223-8
http://dx.doi.org/10.1016/S0167-8140(84)80074-2
http://dx.doi.org/10.1186/s40478-014-0174-y
http://www.ncbi.nlm.nih.gov/pubmed/25539912
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Clinical Management of Medulloblastoma: The Evolving Role of Radiation Therapy 
	Background 
	Defining the Role of Radiotherapy across Clinical Risk Groups of Medulloblastoma 
	Towards Subgroup-Specific Radiotherapy Guidelines 
	Advances in Radiotherapy Techniques 

	Preclinical Modeling of CSI in Medulloblastoma 
	Current Models of Medulloblastoma 
	Preclinical Pipeline Limitations and Considerations 
	Existing Models of Craniospinal Irradiation 

	Outstanding Questions and Future Directions 
	Conclusions 
	References

