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ABSTRACT 1 

Background: The identification of clinical and molecular heterogeneity in medulloblastoma has produced 2 

risk-stratified therapy, but establishing the most effective yet least toxic regimens has remained elusive 3 

owing to numerous treatment options.  To improve risk-stratification, we performed an integrated 4 

analysis from three clinical trials.   5 

Methods: Medulloblastoma patients from ACNS0331/NCT00085735, ACNS0332/NCT00392327, and 6 

SJMB03/NCT00085202 were included if they had methylation profiling.  Molecular groups [WNT, SHH, 7 

Group 3 (G3) and Group 4 (G4)], subgroups, and copy number variations were procured from methylation 8 

profiles and mutations from next-generation sequencing. Data was assembled into an interactive portal 9 

to capture patient characteristics.  Cross-trial comparisons, univariable, and multivariable analyses were 10 

conducted and used to derive a risk-stratification schema.   11 
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Results: 898 patients (WNT=131, SHH=151, G3=220, G4=396) were included.  Progression-free-survival 12 

(PFS) distributions among analogous cross-trial cohorts were not different, demonstrating no survival 13 

advantage of any one therapy over another.  The addition of carboplatin to high-dose craniospinal 14 

irradiation (HDCSI) containing regimen was selectively superior in PFS in G3/G4 subgroup 3 (p=0.048) and 15 

G3/G4 subgroup 2 (p=0.035) to HDCSI regimens without carboplatin.  Nine actionable risk-stratified 16 

groups were identified consisting of 2 WNT groups (low, high-risk), 3 SHH groups (low-, average-, very-17 

high-risk) and 4 G3/G4 groups (low-, average-, high-, and very-high-risk).     18 

Conclusions: Our integrated cross-trial analysis suggests toxicity can be reduced by eliminating 19 

disproportionate differences in therapy in favor of a more uniform treatment backbone.  Moreover, we 20 

propose and model a risk-classification system that identifies the most appropriate cohorts on which to 21 

trial significant dose reductions in craniospinal irradiation or select treatment intensifications.      22 

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noaf250/8305586 by guest on 05 N

ovem
ber 2025



 N-O-D-25-00719R2 
 

4 
 

Short Title 23 

 Therapeutic insights from integrated analysis of MB trials 24 

Key Words 25 

 Medulloblastoma, risk stratified therapy, craniospinal irradiation, methylation, molecular 26 

categorization 27 

Key Points  28 

 The outcomes of children with medulloblastoma are strongly influenced by the heterogeneity of 29 

the disease and the treatment received.  30 

 Improvements in survival and morbidity will result once risk factors are properly aligned to the 31 

least toxic but most effective regimens.     32 

Importance of the Study 33 

The biggest conundrum surrounding medulloblastoma therapy is that survival is, predominantly, 34 

predicated on higher craniospinal irradiation doses and augmented chemotherapy while reductions in 35 

therapy engenders a better quality of life.  In this study, we integrated clinical and molecular data from 36 

three of the largest North American medulloblastoma clinical trials.  This allowed us to compare 37 

outcomes by treatment differences across many variables on a much larger scale than ever before.  38 

Consequently, we were able to devise and model a novel risk-stratification algorithm that proposes 39 

therapeutic de-escalation to 40% of the population, reduced toxicity to 45% through a more moderate 40 

backbone of standard therapy, and augmented therapy to only 15% without compromising survival.  In 41 

addition to providing a structure for next-generational clinical trial practice, this study deposits its data 42 

into an easily accessible interactive web-based portal for all to explore.         43 
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INTRODUCTION 44 

Medulloblastoma (MB) is among the most common pediatric CNS malignancies affecting 6 in 45 

1,000,000 children worldwide.1 Multimodal therapy, which combines surgery, craniospinal irradiation 46 

(CSI), and chemotherapy, has brought the cure rate to approximately 75%.2–6 However, survivors 47 

experience detrimental consequences from the therapy received.  Cognitive deficits, hearing loss, 48 

infertility, neuropathy, frailty, endocrinopathies, and heightened risk for premature death are just some 49 

of the late effects that afflict this population.7–10  Still, not all regimens used to treat MB are the same, and 50 

substantial differences are present in the dose and modality of CSI, the size of the radiation boost area, 51 

the doses of chemotherapy used, the number of cycles given, and the definition of what constitutes high-52 

risk or average-risk disease.  53 

Adding to this complexity is the molecular heterogeneity.  MB divides into 4 molecular groups: 54 

wingless/INT1-activated (WNT); sonic hedgehog-activated (SHH); and two non-WNT/non-SHH (NWNS) 55 

groups called group 3 (G3) and group 4 (G4).4,11,12 Additionally, characteristic molecular features, such as 56 

chromosomal copy-number variations (CNVs), gene amplifications, and mutations have been implicated 57 

as being prognostic even within the groups.2,13–16 For example, the presence of MYC amplification in NWNS 58 

MB, MYCN amplification, GLI2 amplification, or TP53 mutation in SHH MB all portend a very poor 59 

prognosis.2,13,16–21  In contrast, WNT MB and NWNS MB with specific whole chromosome aberrations 60 

exhibit excellent prognoses.16,22,23 More recently, the molecular groups have undergone additional 61 

subcategorization into four subgroups of SHH (SHH-1, SHH-2, SHH-3, SHH-4) and eight subgroups of NWNS 62 

tumors (G3/G4 subgroup 1-8), among which, some are also prognostic.1,2,4,15,24–26 Risk-stratification 63 

schemes,  which integrate whole chromosome aberrations and subgroups, have been developed and 64 

validated for NWNS MB.25,26 65 

 While treatment modifications are appealing, providers hesitate to change because dose-66 

reductions can fail, leading to increased relapse rates, meaning more intensive treatment, or worse, loss 67 
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of lives that would otherwise have been saved.  This hard lesson was learned in three recent trials and has 68 

justifiably placed any proposed dose reduction under scrutiny.  The ACNS0331 study (NCT00085735), 69 

which randomized children 3-7 years-old with average-risk MB to low-dose CSI (LDCSI) versus standard-70 

dose CSI (SDCSI) with identical chemotherapy regimens, reported inferior outcomes in the LDCSI group.5   71 

A pilot study that omitted radiation therapy in children with average-risk WNT-MB found an unexpectedly 72 

high relapse rate.27  Likewise, a study that treated children with average-risk WNT MB with focal conformal 73 

radiation, omitting the cranio-spinal portion, and adjuvant chemotherapy terminated prematurely due to 74 

relapses.28  75 

 Nevertheless, progress has come in the form of combining molecular characteristics and clinical 76 

characteristics to risk stratify therapy in a more measured way.  Three recent trials SJMB12 77 

(NCT01878617), ACNS1422 (NCT02724579), and PNET5 (NCT02066220) explored a moderate reduction 78 

of CSI from 23.4 Gy SDCSI to 15-18 Gy LDCSI for average-risk WNT MB patients.   While results are not yet 79 

published, conference abstract presentations and the continuation of these closely monitored studies 80 

over many years without early termination suggest that this strategy has not been appreciably inferior.  81 

Hence, these studies have set a precedent that an effective way to risk-stratify MB patients is by stratifying 82 

therapy using molecular and clinical risk.   83 

However, because the WNT population accounts for only 10-15% of the MB population, this 84 

progress feels modest.  Even now, throughout North America and Australia, the treatment regimens from 85 

three older MB trials form the basis of therapy for most patients.  These three prospective trials include 86 

ACNS0331 for average-risk MB, ACNS0332 (NCT00392327) for high-risk MB, and SJMB03 (NCT00085202) 87 

for both average and high-risk MB. ACNS0331 demonstrated the non-inferiority of reduced field radiation 88 

boost to tumor bed compared to whole posterior fossa, but demonstrated inferiority of LDCSI in young 89 

children with average-risk MB.5 ACNS0332 demonstrated the superiority of chemoradiotherapy 90 

augmented with carboplatin for high-risk Group 3 MB, but no benefit of carboplatin in other high-risk MB 91 
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groups, and no benefit of augmented maintenance therapy with isotretinoin.6 SJMB03 found ERBB2 status 92 

did not predict survival, but suggested improved risk-stratification through the integration of clinical and 93 

molecular risk factors.2  94 

The outcomes of these MB trials were published with extensive array of clinical and molecular 95 

data.2,5,6  However, due to disease heterogeneity and subtle differences in trial eligibility, a thorough 96 

comparison of results has remained challenging,.   We saw this as an opportunity, and pooled and 97 

assembled the data into analogous categories that facilitate contrast and comparison.  We sought to 98 

understand what components within the regimens are indispensable for survival and what are omittable 99 

or reducible such that toxicities can be minimized.   In addition, we sought to use the resultantly large 100 

and meticulously annotated cohort to test the relevance of putative risk factors and model the results 101 

on outcome. 102 

Additionally, we built the information into an interactive data portal 103 

[https://proteinpaint.stjude.org/mbportal/ (password: stjudembportal)] that allows the research 104 

community to query complex multi-dimensional data to investigate outcomes by therapy received.  This 105 

pooled data and accompanying portal represent a resource to assist in generating hypotheses for 106 

subsequent trial design and, in our estimation, will ultimately result in improved therapy and outcomes 107 

for children with MB. 108 

 109 

METHODS 110 

Study Cohort  111 

The study cohort comprised patients enrolled in ACNS0331, ACNS0332, and SJMB03. Institutional 112 

review board approval was obtained at each institution that participated in the trials and written informed 113 

consent was obtained for all participants. 114 
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ACNS0331, run by the Children’s Oncology Group (COG), was a multi-institutional phase III 115 

clinical trial for patients 3-21 years-old newly diagnosed with average-risk MB that enrolled from April 116 

2004 to January 2014.  Patients were post-operatively reviewed for eligibility.  Average-risk was defined 117 

by not having large-cell/anaplastic histology (LC/A), no evidence of metastatic disease (M0), and no 118 

evidence of residual tumor of > 1.5 cm2 (R0).  Patients aged 3-7 years were randomized to two 119 

treatment modifications: (1) to SDCSI of 23.4 Gy or LDCSI of 18 Gy; and (2) to receive whole posterior 120 

fossa radiation therapy (PFRT) or involved field radiation therapy (IFRT) to total dose of 54 Gy.   Patients 121 

aged 8-21 years received SDCSI and were randomized to PFRT vs IFRT.  The clinical target volume (CTV) 122 

margin for PFRT was the whole posterior fossa and for IFRT was 1.5 cm around the post-operative bed.  123 

Planned treatment included vincristine 1.5 mg/m2 IV once weekly on weeks 2-7 during radiotherapy.   124 

After chemoradiotherapy and a 4-week rest, patients received 9 cycles of alternating maintenance 125 

chemotherapies (cycle A and cycle B) delivered in an AABAABAAB pattern.  Cycle A was 6 weeks and 126 

consisted of lomustine 75mg/m2 PO once on day 1; vincristine 1.5 mg/m2 IV once daily (max dose 2.0 127 

mg) on days 1, 8, and 15; and cisplatin 75 mg/m2 IV once on day 1.  Cycle B was 4 weeks and consisted of 128 

cyclophosphamide 1000mg/m2 IV once daily on day 1 and 2; and vincristine 1.5 mg/m2 IV once daily 129 

(max dose 2.0 mg) on days 1 and 8.  130 

SJMB03 was a multi-institutional phase III non-randomized clinical trial for patients 3-21 years-old 131 

with newly diagnosed MB, supratentorial primitive neuroectodermal tumor (PNET), or atypical teratoid 132 

rhabdoid tumor that enrolled from September 2003 to June 2013. Patients with MB were post-operatively 133 

stratified into two risk groups.  Average-risk was defined by M0 and R0 status.  High-risk was defined by 134 

either evidence of metastatic disease (M+) as indicated by MRI of the brain or spine and/or cytological 135 

examination of the CSF, and/or residual tumor of > 1.5 cm2 (R+).   Patients with average-risk disease were 136 

treated with SDCSI (23.4 Gy) followed by IFRT (total dose 55.8 Gy).  Patients with high-risk disease received 137 

high dose CSI (HDCSI - 36-39.6 Gy) followed by IFRT (total dose 55.8-59.4 Gy) to the primary tumor and 138 
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additional RT (total dose 50.4-59.4 Gy) to areas of macroscopic metastatic disease (> 0.5 cm).   The CTV 139 

margin was 1.0 cm for both risk groups.  After radiation and a 6-week rest, patients received four 4-week 140 

cycles of vincristine 1.0 mg/m2 IV once daily (max dose 2.0 mg) on day -4 and +6, cisplatin 75mg/m2 IV 141 

once daily on day -4, and cyclophosphamide 2000mg/m2 IV once daily on day -3 and -2 with autologous 142 

stem cell rescue on day 0.       143 

ACNS0332, run by COG, was a multi-institutional phase III clinical trial for patients 3-21 years-old 144 

newly diagnosed with high-risk MB and PNET that enrolled from March 2007 to September 2018.  Patients 145 

were post-operatively reviewed for eligibility.  High-risk was defined by LC/A histology, M+, or R+.  Patients 146 

underwent 2 treatment randomizations: (1) HDCSI with weekly vincristine with or without daily 147 

carboplatin and (2) 6 cycles of maintenance chemotherapy with or without 12 cycles of isotretinoin during 148 

and following maintenance.  Patients received 36-39.6 Gy HDCSI followed by PFRT (total dose 55.8 Gy) 149 

and additional RT (total dose 50.4-55.8 Gy) to areas of macroscopic metastatic disease (> 0.5 cm).   All 150 

patients received vincristine 1.5 mg/m2 IV once weekly on weeks 1-6 during radiotherapy.   Those 151 

randomized to carboplatin, received 35mg/m2 IV once daily for a total of 30 doses during radiotherapy.  152 

After chemoradiotherapy and a 6-week rest, patients received six 4-week cycles of maintenance 153 

chemotherapy with or without isotretinoin.  A maintenance cycle consisted of cisplatin 75 mg/m2 IV once 154 

daily on day 1, vincristine 1.5 mg/m2 IV once daily (max dose 2.0 mg) on days 1 and 8, and 155 

cyclophosphamide 1000mg/m2 IV once daily on day 1 and 2.  Those randomized to receive isotretinoin, 156 

received 80 mg/m2 PO once daily on days 1, 16-28 during each maintenance cycle and 80 mg/m2 PO once 157 

daily on days 15-28 for cycles 7-12.   158 

The primary endpoints assessed in these studies were Progression-Free Survival (PFS), Event-Free 159 

Survival (EFS), and Overall Survival (OS).  160 

Data Portal  161 
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The purpose of the data portal was to provide a comprehensive, user-friendly point-and-click 162 

interface for exploring integrated datasets. Demographic, clinical, and genomic data were organized as 163 

variables into a data dictionary and placed on an interactive web-based portal. Within, variables can be 164 

selected, combined, analyzed and visualized by multiple plots consisting of: (1) summary plots that 165 

visualize the distribution of a given variable; (2) survival plots to visualize outcome by select variables; (3) 166 

sample matrix plots that provide graphical representation of the overall annotations and genomic 167 

alterations of the samples; (4) scatter plots that visualize the tumor clustering patterns based on 168 

methylomic state; (5) genome browser plots that display a lollipop map on the gene of all the mutations 169 

found across a user-adjustable cohort.    170 

Molecular data  171 

Molecular data includes mutation data, cytogenetics profiles, and molecular groups as reported 172 

in the trial publications.2,5,6 Significant focal events (amplifications and deletions) were identified from 173 

450K/EPIC methylation arrays using conumee v1.2.0 and were defined as focal (<10 Mb) with deviations 174 

of more than four times the Median Absolute Deviation (MAD) from their reference baseline.   Molecular 175 

subgroups were determined by previously described methods.15   176 

Statistical Analyses  177 

PFS was defined as the time interval from date on study to date of relapsed, or progressive 178 

disease, or death from any cause, or to the date of last follow-up. Outcome distributions were estimated 179 

using the method of Kaplan-Meier (KM). The log-rank test was used to compare outcome distributions 180 

among groups. Cox regression models were used to examine risk factors in SHH and G3/G4 subjects.  The 181 

association between categorical variables was assessed using Fisher’s Exact test, while the impact of 182 

multiple independent variables on survival outcomes was analyzed via the Cox Proportional Hazard 183 

model.  Model comparison and performance were evaluated using bootstrap-based approaches, by PFS, 184 
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by concordance statistics, and by AUCs/ROC curves (Supplementary Results). Molecular graphics and 185 

analyses were performed with UCSF Chimera. 186 

 187 

RESULTS 188 

Cross-trial comparison discriminates essential from excessive therapy. 189 

The distribution of MB patients, risk stratification, and the therapy administered on the three 190 

trials is summarized in Figure 1A.  Of 1,055 patients enrolled in the trials, 898 had tumor samples which 191 

were methylation profiled, formulating the study cohort.  Among these, 754 had next-generation DNA 192 

sequencing (609 WES - tumor only, 129 paired tumor/germline WES, 16 paired WGS).  A matrix display of 193 

the entire cohort by consensus molecular group summarizes the characteristic clinical and molecular 194 

features (Supplementary Figure S1A).  Dimensionality reduction and visualization of DNA methylation 195 

array data illustrates the distribution of molecular groups (Supplementary Figure S1B) and subgroups 196 

(Supplementary Figure S1C, S1D) respectively. 197 

 To facilitate a cross-trial comparison, 803 (89%) of the 898 were placed into six categories (Figure 198 

1B):  (1) ACNS0331_LDCSI - patients with M0R0, non-LC/A MB treated with LDCSI on ACNS0331 (n=86); 199 

(2) ACNS0331_SDCSI - patients with M0R0 non-LC/A MB treated with SDCSI on ACNS0331 (n=276); (3) 200 

SJMB03_SDCSI - patients with M0R0 non-LC/A MB treated with SDCSI on SJMB03 (n=177); (4) 201 

SJMB03_HDCSI - patients with M+ MB treated with HDCSI on SJMB03 (n=97); (5) ACNS0332_HDCSI - 202 

patients with M+ MB treated with HDCSI on ACNS0332 (n=80); (6) ACNS0332_HDCSI_Carbo - patients with 203 

M+ MB treated with HDCSI and concurrent carboplatin with radiation on ACNS0332 (n= 87).  The 204 

remaining 95 patients were comprised of SJMB03 MB patients with M0 LC/A histology treated with SDCSI, 205 

ACNS0332 MB patients with M0 LC/A histology treated with HDCSI, and SJMB03 M0R+ and ACNS0332 206 

M0R+ MB patients treated with HDCSI.  These patients were excluded from the cross-trial analysis; 207 

however, their data were used in subsequent analyses and remain available within the portal.  208 
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Proportionally, ACNS0332 enrolled fewer WNT patients and more G3 patients than ACNS0331 and 209 

SJMB03 (Figure 1B; Supplementary Figure S2). However, when divided into the 6 analogous groups there 210 

were no significant differences in molecular group distributions between patients who received SDCSI and 211 

patients who received HDCSI on the different trials (Supplementary Figure S2B).  Similarly, when 212 

restricted to ages between 3-7 years, there was no difference between the proportions of the molecular 213 

groups who received LDCSI or SDCSI (Supplementary Figure S2C).  214 

To evaluate the outcomes of similar populations treated on different trials, the PFS of 215 

ACNS0331_SDCSI and SJMB03_SDCSI were compared, as was the PFS of SJMB03_HDCSI and 216 

ACNS0332_HDCSI.  Comparison was performed first without incorporating any molecular features and 217 

then by each of the four molecular groups. No significant survival differences were observed in the SDCSI 218 

regimens or in the HDCSI regimens (Figure 2A-E).   219 

In Figure 2F, the cumulative dose per body surface area (mg/m2) of the chemotherapy agents 220 

used in the three trials are summarized.  Despite equivalent outcomes, ACNS0331 prescribed 6 times the 221 

amount of vincristine and ACNS0332 prescribed 3 times more vincristine than SJMB03 therapy.  SJMB03 222 

prescribed 2.5 times the amount of cyclophosphamide and ACNS0332 prescribed 2 times more 223 

cyclophosphamide than ACNS0331 therapy.  ACNS0331 and ACNS0332 prescribed 1.5 times more 224 

cisplatin than SJMB03.   Furthermore, the CTV of radiation varied from 1 cm to whole posterior fossa boost 225 

across the three trials with no impact on survival (Figure 2G).   226 

 227 

Cross-trial treatment category analysis identifies the impact of treatments according to molecular 228 

identity. 229 

Due to similar PFS outcomes, the SDCSI cases (ACNS0331_SDCSI + SJMB03_SDCSI) and the HDCSI 230 

cases (ACNS0332_HDCSI + SJMB03_HDCSI) were combined into 2 large cohorts [SDCSI, n=453; HDCSI (No 231 
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Carbo) n=177 Figure 1B] for a more robust analysis to estimate the difference in outcome between LDCSI 232 

vs SDCSI, and HDCSI with carboplatin vs. HDCSI without carboplatin. 233 

To investigate the outcome of LDCSI relative to SDCSI as an aggregate and by molecular group, 234 

the PFS of ACNS0331_LDCSI (hereon LDCSI, n=86) was compared to all patients who received SDCSI.   235 

Inferior PFS was observed in the LDCSI group when compared to the SDCSI group in the entire cohort 236 

without incorporating molecular features (p=0.003), in G4 (p=0.05), in G3 (p=0.04), and no difference in 237 

PFS was observed between the LDCSI and SDCSI in the WNT or SHH molecular groupings (Supplementary 238 

Figure S3A-E).  However, when the comparison was restricted by age 3-7 years, the difference in PFS by 239 

molecular group was no longer significant (Supplementary Figure S4B-E), even in G4 which differed from 240 

the ACNS0331 study finding.5 These findings emphasize that stratification by molecular group to LDCSI is 241 

inadequate as a strategy for risk determination, and continue to caution that, when broadly applied, LDCSI 242 

therapy remains inferior to SDCSI. 243 

To evaluate the effect of adding carboplatin during radiation to M+ patients, the PFS of 244 

ACNS0332_HDCSI_Carbo (hereon HDCSI_Carbo, n=87) was compared to all M+ MB patients who received 245 

HDCSI without carboplatin (ACNS0332_HDCSI + SJMB03_HDCSI).   No difference in PFS was observed in 246 

the aggregate cohort, or in WNT, and SHH (Supplementary Figure S5A-C).  Consistent with the ACNS0332 247 

study findings,6 an improvement in PFS was observed in G3 patients who received carboplatin during 248 

radiation over those M+ patients who did not (p=0.041, Figure 3A) but not in G4 patients (p=0.46, Figure 249 

3B).  However, given a larger dataset, G3/G4 molecular subgroups were evaluated identifying an 250 

improvement in PFS in G3/G4-2 (p=0.035; Figure 3C) and 3 (p=0.048; Figure 3D) treated with carboplatin, 251 

but not in subgroups 1, 4, 6, 7 or 8 (Supplementary Figure S6A-E). Curiously, the PFS in G3/G4-5 treated 252 

with carboplatin was worse than without (p=0.015; Figure 3E).  The relevance of improved PFS in G3/G4-253 

2 and G3/G4-3 should not be underestimated since these have been reported to be the most aggressive 254 

subgroups within G3, often enriched for MYC amplifications.2,15,24  This finding, suggesting a selective 255 
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benefit to patients diagnosed with particularly aggressive tumors, represents a notable refinement to 256 

what was previously reported on ACNS0332 that warrants evaluation in future clinical trials. 257 

 258 

Harmonization across trial datasets implicates risk-factors and stimulates a novel risk-stratification 259 

approach. 260 

Recent studies have suggested multiple risk classification algorithms using a variety of combined 261 

clinical-and-molecular approaches.2,20,22,25,26,29  We sought to examine these in this harmonized dataset to 262 

see if we could delineate a more precise model focused on clinically actionable risk-stratification.  Here, 263 

we excluded the WNT cases for their known favorable prognosis and separated the cohorts into SHH and 264 

G3/G4. To limit the effect of treatment-related bias, we restricted the initial analysis to patients who did 265 

not receive LDCSI (SHH and G3/G4) or HDCSI_Carbo (G3/G4) and performed both univariable and 266 

multivariable analyses of putative risk factors across the remaining cohorts. 267 

Univariable analyses of the SHH cohort showed TP53 mutation, MYCN amplification, GLI2 268 

amplification, 17p loss, LC/A histology, and M+ were each associated with poor prognosis.    Multivariable 269 

analysis demonstrated TP53 mutation, GLI2 amplification, and M+ status were statistically significant 270 

predictors of poor prognosis (Figure 4A).  Considering these risk factors with the intent to stratify clinical 271 

outcome resulted in 3 risk groups: a SHH low-risk group (SHH-LR; no high-risk features), a SHH average-272 

risk group (SHH-AR; LC/A, MYCN amplification, and/or 17p loss), and a SHH very-high-risk group (SHH-273 

VHR; TP53 mutation or GLI2 amplification or metastatic disease) (Figure 4B-D).  Subsequently, we 274 

identified the SHH-LR patients from the LDCSI cohort and compared the PFS of this group to the SHH-LR 275 

group who received SDCSI.  No difference in PFS was observed, suggesting that LDCSI is a viable strategy 276 

to pursue for these patients (Figure 4C).  No improvement in survival for SHH-VHR was seen across trial, 277 

by CSI dose, by different CTVs, or with carboplatin but small sample sizes limit more definitive conclusions.  278 
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Univariable analyses of the combined G3 and G4 cohort showed MYC amplification, M+, Group 3, 279 

and G3/G4-3 each associated with a poor prognosis while G3/G4-6, -7, -8, and whole chromosome 280 

aberration favorable risk (WCA FR) phenotype (consisting of at least two of chromosome 7 gain, 281 

chromosome 8 loss, and 11 loss)22 each associated with a favorable prognosis.  Notably, MYCN 282 

amplification was not associated with poor prognosis, validating prior studies.20,22  LC/A was not evaluated 283 

as a risk factor due to many absent histology calls limiting sample size.  Multivariable analysis 284 

demonstrated that G3/G4-3, M+ status, and MYC amplification were significantly associated with poor 285 

prognosis and G3/G4-7 and WCA FR phenotype were associated with favorable PFS (Figure 5A).  Modeling 286 

of these risk factors to stratify clinical outcome and accommodating for the previously observed poor 287 

outcome of G3/G4-2 when metastatic, resulted in 4 risk groups: a G3/G4-LR group (M0 and G3/G4-7 or 288 

WCA FR phenotype), a G3/G4 average-risk (AR) group (M0 without LR or VHR criteria), a G3/G4-HR group 289 

(M+ without VHR criteria) and a G3/G4-VHR group [all G3/G4-3 (M0 or M+), all MYC amplified (M0 or M+), 290 

M+ G3/G4-2] (Figure 5B-C).  Subsequently, we compared the PFS between G3/G4-LR patients who 291 

received SDCSI to those who received LDCSI.  No difference in PFS was observed, which although limited 292 

in power, suggests that LDCSI represents a viable option for these patients.  Also, we compared the PFS 293 

outcomes between G3/G4-VHR patients who received HDCSI_Carbo to those who received HDCSI-294 

No_Carbo and observed a significant improvement in 5-year PFS from <35% to >65% (p=0.005) (Figure 295 

5C).  Pertinently, no difference in PFS was observed between G3/G4-HR patients who did and did not 296 

receive carboplatin (Supplementary Figure S7).            297 

 Lastly, we compared our proposed model, named the revised-clinico-molecular (rCM) model, to 298 

previously considered risk-stratification models using bootstrap-based approaches to evaluate 299 

reproducibility, by PFS to compare outcome prediction, and by examining Harrell’s concordance statistics 300 

and AUCs/ROC curves to estimate model performance.  Comparator models included the clinical-301 

molecular approach from Mynarek et. al.25, the continuum approach from Williamson et. al.29 , the PNET5 302 
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approach,30 and a previous approach proposed in Gajjar et al.2  By comparison, the performance of our 303 

rCM model was similar to other models (Supplementary Figures S8-S9 and Supplementary Results).        304 

 305 

DISCUSSION       306 

In this study we observed that the harmonization of the clinical and molecular data from 3 of the 307 

largest, simultaneously conducted and recently-published MB clinical trials identified: (1) the components 308 

of therapy that appeared to be the most necessary and those which could be substantially reduced or 309 

even omitted; (2) the risk factors that were the most prognostic and thus the highest priority for future 310 

clinical action; and (3) groups that could benefit from major treatment modifications (i.e. radiation 311 

reduction or addition of carboplatin as a radiation sensitizer) and groups that would not.   312 

Important caveats are that, while the comparisons of the trials are very helpful in postulating that 313 

patients receive excessive treatment, this exercise does not reveal the optimal regimen or dose; instead, 314 

it simply provides contrast.   This is especially important to consider before adjusting various components 315 

within regimens, given that that the higher dosing of one component in one regimen may be 316 

compensating for lower dosing of another component in the same regimen.  Therefore, implementation 317 

of treatment changes based on these results are warranted only if used to support a hypothesis in a well-318 

designed, carefully monitored clinical trial, because, if implemented without proper oversight, recipients 319 

will be at risk of serious harm. 320 

Nevertheless, when the relevant trial cohorts were standardized to include only clinically and 321 

molecularly matched patients who received SDCSI with adjuvant chemotherapy and patients who 322 

received just HDCSI with adjuvant chemotherapy (i.e., without carboplatin chemoradiation), there was no 323 

difference in survival.   The absence of any survival difference was maintained across the molecular groups 324 

and was observed despite the treatment differences between the trials.  Patients who were prescribed 6-325 

fold the dose of vincristine had similar survival to patients who did not; patients who received a 1 cm CTV 326 
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boost had similar survival to those who received a 1.5 cm CTV boost or a whole posterior fossa boost; 327 

survival of patients who received high doses of cyclophosphamide (16g/m2) and autologous stem cell 328 

rescue was not different to survival of patients who received between 6-12g/m2 of cyclophosphamide and 329 

no autologous stem cell rescue; and patients who were cumulatively prescribed greater than 300mg/m2 330 

cisplatin did not have improved survival over patients who were prescribed 300mg/m2.  Consequently, 331 

this represents an opportunity to broadly reduce therapy to a “new standard” regimen, whereby, 1cm 332 

CTV or less is used for boost dosing, vincristine therapy is limited to reduce neuropathy, cisplatin usage is 333 

capped to reduce hearing loss, and cyclophosphamide dose is limited to reduce the risk of infertility.  The 334 

SJMB12 trial (NCT01878617) has taken this approach and limited the CTV to 0.5 cm, the cumulative dose 335 

of vincristine to 8 mg/m2, cisplatin to 300mg/m2, and cyclophosphamide to 12g/m2.  The results of this 336 

study will determine if this approach produces similar outcomes while reducing side effects. Furthermore, 337 

it could advance a more tolerable backbone of therapy that would better allow the incorporation of novel 338 

therapies.          339 

While risk factors have been explored across many MB studies, the accuracy and precision of the 340 

results have been limited by small cohort size and incomplete data.  In contrast, this large dataset, with 341 

its comprehensive clinical and molecular collections, offers an unprecedented opportunity to explore the 342 

many putative risk factors while controlling for differences in treatment and molecular features.        343 

For WNT patients, as expected, we observed favorable responses across all treatment regimens, 344 

including those with LDCSI, SDCSI, HDCSI, and HDCSI with Carboplatin.  In contrast to a recent report,31 345 

we found no significant difference in PFS between patients receiving the higher cumulative dose 346 

cyclophosphamide regimen (SJMB03) vs. the lower (ACNS0331), however, none were prescribed less than 347 

6 g/m2.   Moreover, we did not find any new prognostic features that would support intensification to any 348 

subset of this population. This substantiates the current approaches evaluating LDCSI in the non-349 

metastatic population (SJMB12, NCT01878617; PNET5, NCT02066220; ACNS1422, NCT02724579; FOR-350 
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WNT2, NCT04474964) and  encourages the moderate de-intensification approach being evaluated in the 351 

metastatic population in PNET5.30   352 

In agreement with other published works, we found SHH disease to be heterogenous, and its 353 

prognosis to be strongly influenced by several risk factors.2,13,20   Robust analysis showed that these risk 354 

factors are not independent and, often, co-occur.  Multivariable analysis showed that very poor prognosis 355 

is principally driven by three main features: TP53 mutations, GLI2 amplifications, and M+ disease.  In fact, 356 

when any are present then the outcome is abysmal and only a quarter survive.  Uniquely, we found that 357 

MYCN amplification, which has been widely cited to harbor a poor prognosis,4,13,17,18,20,32,33 was not 358 

associated with poor prognosis on a multivariable analysis, but rather, only when seen in conjunction with 359 

any of the other 3 features.  While intriguing, this finding should be cautiously interpreted and requires 360 

validation, given that MYCN amplifications were called from methylation array data and not FISH, most 361 

often overlap with high-risk features and rarely occur in isolation.  Moreover, we observed a highly 362 

favorable SHH group, lacking unfavorable features, that has excellent survival even when treated with 363 

LDCSI.  Taken together, this information allows for the risk-stratification of SHH patients into 3 clinically-364 

actionable groups that should be examined on a future clinical trial: the SHH-LR group for which LDCSI 365 

should be explored; the SHH-AR group for which SDCSI should still be given to patients with isolated MYCN 366 

amplifications or LC/A histology; and the SHH-VHR group for which novel regimens are desperately 367 

needed.        368 

Similarly, we found G3/G4 disease to be heterogeneous, and prognosis to be strongly influenced 369 

by several risk factors.  Favorable prognosis was associated with molecular subgroup G3/G4-7 or WCA FR 370 

phenotype and very poor prognosis was associated with molecular subgroup G3/G4-3, MYC 371 

amplifications, or molecular subgroup G3/G4-2 with M+ disease.  This allowed us to develop a risk-372 

stratification method akin to recently published clinico-molecular approaches,25,26 with some nuanced 373 

modifications.  This method, separates G3/G4 into 4 clinically-actionable groups:  the G3/G4-LR group for 374 
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which LDCSI should be explored; the G3/G4-AR group for which SDCSI should still be given to non-375 

metastatic patients even with isolated MYCN amplifications or LC/A histology; the G3/G4-HR group for 376 

which HDCSI and adjuvant chemotherapy should still form the backbone of therapy; and G3/G4-VHR 377 

group for which a significant survival advantage is predicted if these patients are treated with 378 

HDCSI_Carbo regimens.     379 

Figure 6 depicts a treatment algorithm based on this rCM approach and shows the clinical impact 380 

of such a design.   By this approach, (i) 40% of the population will be treated with a LDCSI regimen and are 381 

expected to retain or exceed 90% survival; (ii) 25% will be treated with SDCSI and are expected to retain 382 

>80% survival; (iii) 20% will receive HDCSI and are expected to retain >60% survival; and (iv) 10%  will 383 

receive HDCSI_Carbo with a resultant >60% survival.  Together, this leaves only 5% of patients in dire need 384 

of novel therapy with new agents to improve on an estimated 40% survival.  Altogether, survival is 385 

estimated be maintained at the current level of 75%, or better, and given that this approach would deploy 386 

adjuvant chemotherapy that conforms to our “new standard”, the quality of life would be significantly 387 

improved for all patients.  388 

Although this study comprises one of the largest collections of molecularly defined MB enrolled 389 

in clinical trials, it has limitations related, mostly, to clinical trial design and the inherent heterogeneity of 390 

MB.  Regarding clinical trial design, none of the trials mandated a central review of imaging or histology 391 

to determine each trial’s risk-stratification.  Up to 8% inaccurate staging by imaging has been reported in 392 

medulloblastoma trials,5,34,35 and a lack of uniform reporting of histology prevented us from broadly 393 

assessing the effect of histologic variants across this integrated cohort.  The trials did not comprehensively 394 

collect toxicity data.  This is unfortunate as it prevents direct toxicity comparison across regimens.  395 

However, since the toxicities of therapy (CSI, vincristine, cisplatin, cyclophosphamide) are widely 396 

documented and increase with cumulative dose,7,36–38 it is reasonable to suggest that lowering the 397 

cumulative dose will decrease toxicity.  LDCSI was only given to 3–7-year-old patients, thus preventing 398 
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evaluation of LDCSI in older patients.  While there is no known difference in survival between an older or 399 

a younger child within the same molecular subgroup, this distinction could not be evaluated in this study 400 

and age merits an evaluation in future studies.   Also, carboplatin was only given as a radiosensitizer in 401 

the ACNS0332 trial, and validation in more MB patients, particularly within G3, is needed.  402 

Concerning heterogeneity, most participants lacked germline DNA sequencing, preventing us 403 

from effectively investigating the association of pathogenic cancer predisposition with outcome. Future 404 

studies must address this knowledge gap in sufficiently sized, clinically annotated cohorts, especially for 405 

hallmark predisposition genes such as TP53, and novel risk genes like ELP1.21,39,40  Finally, and importantly, 406 

the analysis resulted in small sample sizes for many variables and our results must be interpreted with 407 

caution.  Specifically, the lack of a statistically significant difference often occurs because of inadequate 408 

sample size and should not be interpreted as definitive evidence of absence of effect.   409 

Ways to improve sample size include adding more cohorts such as those from European and Asian 410 

studies.  Additionally, inclusion of currently maturing studies will be highly informative, to compare the 411 

effects of these newer approaches to those presented here. These include PNET5, that is prescribing LDCSI 412 

to WNT and using carboplatin with CSI;30 SJMB12, which is exploring LDCSI in WNT, a lower-dose 413 

cyclophosphamide than SJMB03, and pemetrexed and gemcitabine in NWNS patients; and ACNS1422, 414 

which is exploring LDCSI in WNT.   415 

In anticipation and to facilitate exploration of these data alongside other cohorts, we have 416 

deposited all of the data within this manuscript into an interactive publicly available data portal for all to 417 

investigate.   418 

In conclusion, this study shows the practice-changing potential that comes from aggregating and 419 

analyzing meticulously curated datasets from clinical trials.  Through this exercise we unearthed 420 

opportunities to minimize unnecessary toxicities, reduce neurocognitive-damaging therapy, and hone 421 

specific therapy to refractory disease; all the while preserving and bettering survival.  Likewise, we believe 422 
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that more findings will emerge if molecular and clinical data from other clinical trials are similarly 423 

evaluated, and we hope that this study will serve as a valuable resource that assists the entire community 424 

in accessing the necessary information needed to advance more effective therapy for children with 425 

medulloblastoma.     426 
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Figure Legends 450 

Figure 1: Overview of the 3 trials and categorization of patients into groups for comparative analysis. (A) 451 

Compares the distribution of newly diagnosed medulloblastoma (MB) patients, the risk stratification, and 452 

the therapy by trial. ACNS0331 enrolled patients 3-21 years old with non-metastatic (M0) non-residual 453 

(R0) and non LC/A pathology; SJMB03 enrolled patients 3-21 years with M0, metastatic (M+) disease, R0, 454 

and residual (R+) disease regardless of pathology; ACNS0332 enrolled patients 3-21 years old with LC/A 455 

pathology, R+ disease, or M+ disease.   While these regimens appear similar, there are differences.  M0 456 

LC/A patients all received HDCSI on ACNS0332 whereas they received SDCSI on SJMB03.  ACNS0331 and 457 

ACNS0332 prescribed chemo-radiation therapy (blue bars), with weekly vincristine during radiation 458 

therapy and with randomization to daily carboplatin to high-risk patients, whereas SJMB03 therapy did 459 

not.   SJMB03 treated all patients (average and high-risk) with an IFRT Boost of radiation with a CTV of 1 460 

cm , whereas ACNS0331 randomized to IFRT Boost CTV of 1.5 cm versus whole posterior fossa Boost 461 

(PFRT) , and ACNS0332 used a PFRT. The Boost RT dose on SJMB03 and ACNS0332 was 55.8 Gy and greater 462 

than the 54 Gy given on ACNS0331. SJMB03 treated patients with high-dose cyclophosphamide-463 

containing regimens that used autologous stem cell harvest and rescue (C1).  ACNS0331 and ACNS0332 464 

prescribed 6 doses of cisplatin (A1 and A2), whereas SJMB03 prescribed 4 (C1). (B) Distributes molecularly 465 

characterized patients into 6 “Cross-trial Analysis Categories” and removes patients whose data is 466 

inconsistent with the groupings (i.e. M0 LC/A and M0 R+ patients).  The second to last row labelled 467 

“Molecular Groups” shows the distribution of molecular groups within each categories.  The final row 468 

merges categories into 4 “Cross-trial Treatment Categories” and shows the distribution of the molecular 469 

groups in order to explore outcomes across the 4 major therapeutic differences.  AR, Average Risk; CTV, 470 

clinical target volume; EOR, extent of resection; HDCSI, high-dose craniospinal irradiation; IFRT, involved 471 

field radiation therapy;  LC/A, large cell/anaplastic histology; LDCSI, low-dose craniospinal irradiation; HR, 472 
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high risk,; M0, nonmetastatic; M+, metastatic; R0, no residual tumor; R+ residual tumor; PFRT, posterior 473 

fossa radiation therapy; VCR, vincristine. 474 

 475 

Figure 2: Comparison of the 4 Cross-trial Analysis Categories containing SDCSI regimens (ACNS0331_SDCSI 476 

and SJMB03_SDCSI) and HDCSI regimens without carboplatin (ACNS0332_HDSCI and SJMB03_HDCSI).   No 477 

significant PFS differences between the SDCSI patients from ACNS0331 and SJMB03 or the HDCSI patients 478 

from SJMB03 and ACNS0332 were observed when viewed as: (A) the entire cohort without incorporating 479 

any molecular features, (B) WNT, (C) SHH, (D) Group 3, and (E) Group 4. (F) Compares the cumulative 480 

doses of chemotherapy drugs utilized across all three trials. (G) Compares the clinical target volume (CTV) 481 

utilized across all three trials 482 

 483 

Figure 3: Comparison of cross-trial treatment categories containing HDCSI (light line) to HDCSI_Carbo 484 

(dark line).  Superior survival was observed for HDCSI_Carbo patients relative to HDCSI patients in (A) G3 485 

patients, p<0.05, (C) G3/G4-2 patients p<0.05, and (D) G3/G4-3 patients p<0.05.  No significant PFS 486 

differences were observed in (B) G4.  Inferior survival was observed in HDCSI_Carbo patients relative to 487 

HDCSI patients in (E) G3/G4-5 patients.   488 

 489 

Figure 4: Exploring molecular and clinical risk in the SHH cohort. (A) Univariable and Multivariable analysis 490 

of prognostic features (B) Clinical-molecular risk category assignment (C) Kaplan Meier PFS plot by revised 491 

clinical-molecular risk categories showing significant differences in PFS among the 3 groups.  Pop-out plot 492 

shows no PFS difference between the rCM-SHH-LR patients who received LDCSI and SDCSI (D) Oncoprint 493 

showing clinical and molecular information from 151 patients in the SHH cohort.  Cases are organized by 494 

the revised clinical molecular risk categories in the following order: rCM-SHH-LR, rCM-SHH-AR, rCM-SHH-495 

VHR, Not available.  496 
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 497 

Figure 5: Exploring molecular and clinical risk in the G3/G4 cohort. (A) Univariate and Multivariate analysis 498 

of prognostic features (B) Clinical-molecular risk category assignment (C) Kaplan Meier PFS plot by revised 499 

clinical-molecular risk categories showing significant differences in PFS among the 4 groups.  Upper pop-500 

out plot shows no PFS difference between the rCM-G3/G4-LR patients who received LDCSI and SDCSI.  501 

Lower pop-out plot shows a significantly superior PFS for r-CMG3/G4-VHR patients that received 502 

HDSCI_Carbo over those who did not.  (D) Oncoprint showing clinical and molecular information from 616 503 

patients in the G3/G4 cohorts.  Cases are organized by the revised clinical molecular risk categories in the 504 

following order: rCM-G3/G4-LR, rCM-G3/G4-AR, rCM-G3/G4-HR rCM-G3/G4-VHR, Not available. 505 

 506 

Figure 6: A Sankey diagram illustrating how to deploy the new risk-stratification algorithm.   By starting 507 

with molecular group, progressing through molecular subgrouping, incorporating major stratifying 508 

features (i.e. metastatic status, MYC amplifications) medulloblastoma patients can be stratified into the 9 509 

revised clinical-molecular groupings (WNT-LR, SHH-LR…) and then sorted into 5 treatment categories. In 510 

this way a much greater proportion of the population than ever before would be treated with LDCSI, HDCSI 511 

with carboplatin would reach the subset of the population that stands to benefit most, and the remaining 512 

patients would benefit from a more rigorous stratification system justifying the choice of therapy and 513 

receive chemotherapy that is modified to eliminate unnecessary dosing.    514 
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