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Abstract

Purpose/Objective(s)—To compare long-term disease control and overall survival between 

children treated with proton and photon radiotherapy (RT) for standard risk medulloblastoma.

Methods and Materials—This multi-institution cohort study includes 88 children treated with 

chemotherapy and proton (n=45) or photon (n=43) RT between 2000 and 2009. Overall survival 

(OS), recurrence-free survival (RFS) and patterns of failure were compared among the two 

cohorts.

Results—Median (range) age at diagnosis was 6 yrs (3 - 21) for proton pts vs. 8 yrs (3 -19) for 

photon pts (p=0.011). Cohorts were similar with respect to gender, histology, extent of surgical 

resection, craniospinal (CSI) RT dose, total RT dose, whether the RT boost was delivered to the 

posterior fossa (PF) or tumor bed (TB), time from surgery to RT start, or total duration of RT. RT 

consisted of a median (range) CSI dose of 23.4 Gy (18 - 27) and a boost of 30.6 Gy (27 - 37.8). 

Median (95% CI) f/up time is 6.2 yrs (5.1 – 6.6) for proton pts vs. 7.0 yrs (5.8 – 8.9) for photon 

pts. There was no significant difference in RFS or OS between pts treated with proton vs. photon 

RT: 6 yr RFS 78.8% vs. 76.5% (p=0.948) and 6 yr OS 82.0 vs. 87.6% (p=0.285). On multivariable 

analysis, there was a trend for longer RFS with female gender (p=0.058) and higher CSI dose 
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(p=0.096), and for longer OS with female gender (p=0.093). Patterns of failure were similar 

among the two cohorts (p=0.908).

Conclusions—Disease control with proton and photon radiotherapy appears equivalent for 

standard risk medulloblastoma.

Introduction

Medulloblastoma is the second most common pediatric brain tumor, with an estimated 500 

new cases diagnosed annually in the United States.[1,2] Given the propensity of 

medulloblastoma to disseminate throughout the neuroaxis, craniospinal irradiation (CSI) 

plays a critical role in providing long-term disease control. With standard multi-modality 

management including maximal safe resection followed by CSI, involved field or posterior 

fossa radiation boost, and chemotherapy, survival rates for standard risk patients 

approximate 85%[3,4]. Though survival rates are good, multi-modality treatment does not 

come without significant risk of long-term treatment related morbidity.

Proton radiation therapy (PRT) is becoming increasingly utilized for patients with 

medulloblastoma in an effort to reduce treatment related sequelae[5]. Multiple dosimetric 

studies have demonstrated that PRT delivers equivalent target volume coverage while 

significantly sparing the normal tissues anterior to the vertebral bodies, such as the heart, 

lungs, thyroid gland, lives and kidneys, and reducing the dose received to critical 

intracranial structures, such as the cochlea, hypothalamic pituitary axis and temporal lobes, 

when compared with either conventional or intensity modulated photon radiation (XRT)

[6-8]. Based on this dosimetric advantage, proton radiation is generally expected to provide 

equivalent tumor control while reducing the late effects of radiation. However, any potential 

differences in treatment efficacy and/or toxicity that may result from small differences in 

RBE have not been well studied. This has led some to question whether PRT could 

potentially lead to an increased risk of tumor recurrence in medulloblastoma [9,10]. Both 

prospective and retrospective single institution proton therapy series report promising 

clinical outcomes with PRT [11,12], though data directly comparing long-term disease 

control among patients treated with proton and photon therapy are lacking.

The purpose of this analysis is to compare overall survival, progression free survival, and 

patterns of failure among two modern case-matched cohorts of children with standard risk 

medulloblastoma treated with proton and photon radiation therapy.

Methods

Patient Selection

This multi-institutional cohort study includes children with standard risk medulloblastoma 

treated with PRT at XXXXXXXXXXXXX XXXXXXX XXXXXXXX (XXX) or XRT at 

XXXXX XXXXXXXXXX between 2000 and 2009. Standard risk patients met the 

following criteria for inclusion: age >3 years old at diagnosis, <1.5 cm2 residual disease 

after surgery, and M0 disease based on MRI of the spine and cerebrospinal fluid cytology 

examination. Patients treated at XXX were prospectively in enrolled in the Phase II study 

XXXXXXXXXXX[11]. Concurrent enrollment in Children's Oncology Group (COG) or 
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other protocols was allowed. Institutional review board approval at both institutions was 

approved for this analysis.

Treatment

All patients underwent maximal safe resection of the primary tumor followed by CSI and 

involved field (IF) or posterior fossa (PF) RT boost and chemotherapy. Chemotherapy was 

most often administered adjuvantly and consisted of vincristine, cisplatin, 

cyclophosphamide and/or lomustine delivered on or per current COG protocols, though 

some patients received pre-irradiation chemotherapy. Patients underwent either prone and/or 

supine CT simulation for RT planning. The CSI target volume included the entire 

subarachnoid volume, nerve roots, and the whole vertebral body in skeletally immature 

patients (as assessed by age, height, and bone age). PRT was delivered with three-

dimensional conformal (3DC) PRT and dose was prescribed in gray relative biological 

equivalents (Gy(RBE)) using the RBE value of 1.1. XRT was delivered with either 3DC 

XRT or intensity modulated radiation therapy (IMRT)[13]. The most common CSI dose was 

23.4 Gy (range18 – 27 Gy). A CSI dose of 18 Gy was used exclusively in patients 

concurrently enrolled on COG protocol with the exception of one 3 year old patient treated 

with protons whose parents insisted the lower CSI dose be used and were fully informed of 

the risks. At the discretion of the treating radiation oncologist, 27 Gy CSI was used in one 

patient with anaplastic histology, and 26.4 Gy CSI was used in one patient treated at 1.2 Gy 

per fraction twice daily, All other patients received 23.4 Gy CSI at 1.8 Gy per fraction 

followed by an IF or PF boost to a cumulative dose of 54-55.8 Gy. IF or PF boost was used 

at the discretion of the treating radiation oncologist for those patients not concurrently 

enrolled on COG protocol. Following completion of radiation, patients were followed with 

serial MRIs of the brain and spine and physical exams, typically every 3-4 months for the 

first 2 years, every 6 months for years 3-4 and annually thereafter.

Outcome Variables

The primary endpoints for this study were overall survival (OS), recurrence free survival 

(RFS) and patterns of failure. OS and RFS were defined from time of diagnosis until time of 

death from any cause or time of first medulloblastoma tumor recurrence, respectively, or 

were censored at last patient follow-up. Medulloblastoma tumor recurrence was defined by 

MRI of the brain or spine with or without pathologic confirmation and was categorized by 

location as focal failure in the posterior fossa, supratentorial brain, or spine, or diffuse/

leptomeningeal dissemination.

Statistical Analysis

Patient's characteristics were summarized and compared between those treated with PRT or 

XRT by Wilcoxon rank-sum test for numerical covariates and chi-square test or Fisher's 

exact test for categorical covariates, where appropriate. Covariates included patient age, 

gender, histology, whether surgery was gross total resection (GTR) or <1.5 cm2 residual 

remained, year of diagnosis, CSI dose, total RT dose, location of RT boost, time interval 

from surgery to RT, and duration of RT. Survival functions were estimated by the Kaplan-

Meier method, and the log-rank test was used to assess the difference in OS and RFS 

between patients stratified by RT type[14]. Univariate and multivariable survival analyses 
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were carried out using the Cox proportional hazards model[15]. The proportional hazards 

assumption was also checked with a Kolmogorov-type supremum test. The best predictive 

models of OS and RFS were identified using a backward variable selection method with an 

alpha level of removal of 0.1. RT type was forced in the model, and the models were 

stratified by diagnosis year.

To further adjust for any patient differences between the two RT types, propensity score 

matching was performed, in which patients treated with proton RT were matched in a 1:1 

ratio to those treated with photon RT according to gender, age, date of diagnosis, histology, 

location of RT boost, and RT CSI dose, using a greedy algorithm with the nearest available 

pair matching method on estimated propensity score. Survival outcomes were again assessed 

by Cox proportional hazards models among this matched subset. All analyses are done using 

SAS 9.3 (SAS Institute, Inc., Cary, North Carolina) and R package version 3.1.2 (The R 

Foundation for Statistical Computing) with a significant level of 0.05.

Results

Patient Population

Patient demographics and clinical characteristics are listed in Table 1. Photon patients were 

slightly older at diagnosis (median age 8.2 years (range 3.4 – 19.5) vs. 6.2 years (range 3.3 – 

21.9) (p=0.011) and were more often diagnosed prior to 2005 (46.5% vs. 20%, p=0.008) 

than proton patients. All other patient characteristics, including gender, histology, extent of 

surgical resection, CSI RT dose, total RT dose, whether the RT boost was delivered to PF or 

IF, time from surgery to RT start, or total duration of RT were similar among the two 

cohorts.

Overall Survival

The median (95% CI) follow-up time is 6.2 yrs (5.1 – 6.6) for the proton cohort and 7.0 yrs 

(5.8 – 8.9) for the photon cohort. There was no significant difference in OS between the two 

cohorts (p=0.285, Figure 1). The estimated 6-year OS rates were similar for proton and 

photon patients; 82.0% (95 % CI 65.4-91.1) and 87.6% (95% CI 72.7-94.7), respectively. 

On univariate analysis, there was a trend for longer OS with female gender (p=0.073) and 

age > 7 years at diagnosis (p=0.085). There was no significant difference in OS between the 

two cohorts on multivariable analysis (Table 2), though the trend for improved OS with 

female gender persisted (p=0.093). Further analysis among the 1:1 matched sample of 25 

proton patients and 25 photon patients, confirmed no significant difference in OS, with a HR 

for proton vs. photon patients of 1.0 (95% CI: 0.14-7.10; p=1.00).

Recurrence Free Survival and Patterns of Failure

There was no significant difference in RFS between proton and photon patients (p=0.948, 

Figure 2). The estimated 6-year RFS rates were similar for proton and photon patients; 

78.8% (95% CI 63.0-89.0) and 76.5% (95% CI 60.6-86.6), respectively. On univariate 

analysis, there was a trend for longer RFS among female patients (p=0.059). This trend 

remained marginally significant on multivariable analysis (Table 2). Additionally on 

multivariable analysis, there was a trend for reduced risk of recurrence with greater CSI dose 
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(p=0.096, Table 2). Out of 77 patients treated to ≥ 23.4 Gy CSI, 16 patients (20.8%) 

experienced tumor recurrence, while 4 of 11 patients (36.4%) treated to 18 Gy CSI 

experienced tumor recurrence, and all 4 recurred in the spine or as leptomeningeal disease. 

Further analysis of RFS using the 1:1 matched sample, again confirmed no significant 

difference in RFS among the proton vs. photon treated cohorts, with a HR of 1.0 (95% CI: 

0.20-4.95; p=1.00).

In total 10 patients in each cohort experienced a medulloblastoma recurrence. Patterns of 

failure were similar among the patients treated with proton and photon RT (p=0.908), with 

the most common site of first failure being diffuse or leptomeningeal disease (Table 3). An 

additional 3 patients treated with photons developed a second malignancy, including an 

anaplastic astrocytoma, intracranial desmoid tumor, and thyroid cancer occurring 12.9, 3.7, 

and 12.7 years after treatment, respectively. No patients treated with protons developed a 

second malignancy.

Discussion

In this direct comparison of clinical outcomes among matched cohorts of children with 

standard risk medulloblastoma treated in the modern era with chemotherapy and proton or 

photon radiotherapy, no difference in patterns of failure, recurrence free survival, or overall 

survival were found according to radiotherapy modality. Among both cohorts, OS and RFS 

are similar to national cooperative group study results[3,16]. The predominant site of failure 

was diffuse or leptomeningeal disease (50%), and isolated posterior fossa failure was rare 

(10-20%). This pattern of failure is similar to previously published reports from both 

prospective cooperative group studies and retrospective series, which have reported a 

disseminated failure rate 64-68%[3,16-18], and an isolated posterior fossa failure rate of 

9-15%[19-21].

Despite concerns of some that proton therapy could negatively impact disease control as a 

result of relative under dosing from a more homogeneous dose distribution or improper RBE 

weighting[9], the results presented here indicate there is no compromise to tumor control 

with the use of proton therapy. The association between patterns of failure and linear energy 

transfer (LET) and RBE distribution with the use of proton therapy for medulloblastoma has 

previously been evaluated, and no correlation between LET or RBE and recurrence location 

was found[12]. The similar pattern of failure among the two cohorts in this analysis further 

indicates that potential dosimetric differences with the use of proton therapy do not impact 

tumor control. Additional concerns have been raised over the negative impact that referral to 

an outside center, potentially causing a delay in RT start time, could have on disease 

control[4]. Though the impact of outside referral was not specifically evaluated in this 

analysis, no difference in the time interval from surgery to RT or duration of RT was found 

among the proton and photon treated cohorts.

No significant associations between clinical variables and RFS or OS were found in this 

analysis, likely resulting from the relative uniformity of the population included and small 

total patient numbers. While a trend for poor RFS with reduced CSI dose was identified, this 

association was not statistically significant and should be interpreted with caution as other 
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prognostic variables among patients treated with reduced and higher dose CSI were not 

specifically evaluated in this analysis. Patients at each institution were allowed enrollment 

onto the COG clinical trial ACNS 0331 evaluating the use of reduced dose CSI (18 Gy) in 

standard risk children age 3-7, and results of this trial are awaited to definitively address the 

impact of reduced dose CSI on tumor control. A trend was also identified between male 

gender and shorter RFS and OS in this analysis, a finding which has previously been 

demonstrated in other literature[22-24].

The ability to compare clinical outcomes according to radiotherapy modality is made 

possible in this analysis by the use of relatively homogeneous patient sample, similar with 

respect to disease stage and other prognostic variables, and treated in a uniform fashion with 

chemotherapy, CSI and posterior fossa or involved field boost radiotherapy. Additionally, a 

great strength of this analysis is the use of two modern cohorts treated in parallel over the 

same time period from 2000-2009, which allows for a comparison of PRT with modern 

XRT techniques and further allows for consistent practices in diagnosis, staging and 

treatment between the two cohorts. While a greater proportion of patients in the proton 

group were treated after 2004 (80% vs. 54%), treatment approaches remained uniform over 

this time period and this difference is unlikely to impact the RT modality comparison. 

Though patients in the proton cohort were slightly younger, the small difference in age 

(median 6.2 vs. 8.2 years) would not be expected to influence outcomes. Furthermore, when 

using a more select sample of patients matched one to one according to year of diagnosis, 

gender, age, CSI dose and RT boost type, the initial results were confirmed, and RFS and 

OS were found to be equivalent among proton and photon treated patients.

While a greater number of second malignancies were demonstrated in the photon treated 

cohort (3 vs. none), there is a lack of sufficient follow to adequately compare second 

malignancy incidence according to RT type in this analysis. Treatment associated sequelae 

are of great interest when comparing outcomes among patients treated with proton and 

photon therapy, though this was not the focus of the current analysis. Additional clinical 

data comparing late effects according to each modality is needed.

In conclusion, the results of this case matched analysis of patients with standard risk 

medulloblastoma treated with proton and photon radiotherapy demonstrates no difference in 

patterns of failure, recurrence free survival or overall survival according to RT modality. 

Disease control with protons and photons appears equivalent.
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Summary

This case-matched, multi-institutional cohort study, compares clinical outcomes of 

patients with standard risk medulloblastoma treated with modern proton (n=45) and 

photon (n=43) radiotherapy. Results demonstrate no difference in patterns of failure, 

recurrence free survival or overall survival according to RT modality.
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Figure 1. 
Kaplan-Meier curves of overall survival for medulloblastoma patients treated with photon 

and proton radiotherapy.
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Figure 2. 
Kaplan-Meier curves of relapse free survival for medulloblastoma patients treated with 

photon and proton radiotherapy.
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Table 1
Patient Characteristics

RT type

Covariate Proton Therapy (N=45) Photon Therapy (N=43) P-value*

Age at Diagnosis, Median (Range) 6.2 (3.3 - 21.9) 8.2 (3.4 - 19.5) 0.011

Gender

 Female 20 (44.4) 14 (32.6) 0.252

 Male 25 (55.6) 29 (67.4)

Date of Diagnosis

 2000-2004 9 (20) 20 (46.5) 0.008

 2005-2009 36 (80) 23 (53.5)

Histology

 Classic 34 (75.6) 37 (86) 0.326

 Anaplastic 6 (13.3) 3 (7)

 Other 5 (11.1) 3 (7)

Residual disease after surgery

 <1.5 cm2 5 (11.1) 1 (2.3) 0.203

 None/GTR 40 (88.9) 42 (97.7)

Location of RT boost

 Tumor Bed (TB) 28 (62.2) 22 (53.7) 0.361

 Posterior Fossa (PF) 13 (28.9) 11 (26.8)

 PF > TB 4 (8.9) 8 (19.5)

RT CSI dose, Median (Range) 23.4 (18 - 27) 23.4 (18 - 26.4)

 18 Gy 3 (6.7) 8 (18.6) 0.129

 23.4 Gy 41 (91.1) 34 (79.1)

 26.4-27 Gy 1 (2.2) 1 (2.3)

Total Dose to Primary

 54-55.8 Gy 45 (100) 42 (97.7) 0.489

 >55.8 Gy 0 1 (2.3)

Surgery to RT interval (days), Median (Range) 31 (22 - 219) 29 (11 - 60) 0.645

Treatment length (Months), Median (Range) 1.42 (1.29 - 1.55) 1.39 (0.89 - 20.6) 0.623

Data are presented as number of patients (%) or median (range).

*
P-value is calculated by Wilcoxon rank-sum test for numerical covariates; and chi-square test or Fisher's exact test for categorical covariates, 

where appropriate.
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Table 2
Multivariable Analysis of Overall Survival and Recurrence Free Survival

Covariate Hazard Ratio(95% CI) P-value

Overall Survival

 Proton vs. Photon RT 2.17 (0.66-7.16) 0.201

 Male vs. Female 3.66 (0.80-16.67) 0.093

Recurrence Free Survival

 Proton vs. Photon RT 1.31 (0.50-3.41) 0.584

 Male vs. Female 2.92 (0.96-8.83) 0.058

 RT CSI dose 0.83 (0.66-1.03) 0.096

Of 88, 88 observations are used in the multivariable COX proportional hazards model. Backward variable selection method with an alpha level of 
removal of .1 was used. The model was stratified by Date of Diagnosis; RT type was forced in the model.

The following variables were removed from the model: Age at Diagnosis, Location of RT boost, Histology, Residual disease after surgery, days 
from surgery to RT, RT treatment length, Date of Diagnosis, RT CSI dose (for RFS).
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Table 3
Patterns of Failure among Proton and Photon Treated Cohorts

Characteristic Proton Therapy (n=45) Photon Therapy (n=43) P value*

Total Relapses 10 (22.2%) 10 (23.3%) 0.908

Patterns of Failure 1.000

 Diffuse or Leptomeningeal Disease 5 (50%) 5 (50%)

 Isolated Focal Spine 2 (20%) 3 (30%)

 Isolated Posterior Fossa 1 (10%) 2 (20%)

 Isolated Brain, other 1 (10%) 0

 Posterior Fossa + Focal Spine 1 (10%) 0

*
P-value is calculated by chi-square test or Fisher's exact test, where appropriate.
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