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A B S T R A C T

Background: Despite intensified frontline therapy for medulloblastoma, 20–30% of patients still experience dis
ease failure. Outcomes for recurrent disease remain poor, largely due to the lack of standardized salvage stra
tegies. This study evaluated treatment patterns and outcomes of salvage therapy in recurrent or progressive 
medulloblastoma.
Methods: Patients aged ≤ 21 years with histologically confirmed medulloblastoma diagnosed between 2000 and 
2020 were analyzed. Inclusion criteria required prior surgery or biopsy followed by postoperative radiotherapy 
and completion of initial therapy. Disease recurrence or progression was confirmed by MRI and clinical 
assessment. Local control treatment (LCT) was defined as salvage radiotherapy or surgery. Primary endpoints 
were progression-free survival (PFS) and overall survival (OS) from initial recurrence.
Results: Seventy-six patients from five centers were included. The median time to first failure was 23.9 months 
(IQR, 14.9–36.2). Salvage treatments included chemotherapy alone (n = 26), LCT alone (n = 11), and combined 
LCT and chemotherapy (n = 30); 9 patients received best supportive care. The 1- and 3-year PFS rates were 
47.4% and 7.2%, while OS rates were 81.1% and 42.8%, respectively. In univariate analysis, MYCN non- 
amplification, chemotherapy, and LCT were associated with improved PFS. In multivariate analysis, both 
chemotherapy (HR, 0.39; p = 0.003) and LCT (HR, 0.51; p = 0.013) remained significant prognostic factors for 
PFS. For OS, focal relapse and chemotherapy were associated with improved survival.
Conclusions: Outcomes for recurrent medulloblastoma remain unfavorable. However, LCT was associated with 
improved PFS, while chemotherapy was associated with both improved PFS and OS.

Introduction

Medulloblastoma is the most common malignant brain tumor in 
children, accounting for approximately 20% of all pediatric central 
nervous system (CNS) neoplasms [1,2]. Over the past several decades, 
advances in multimodal frontline treatment—including maximal safe 
resection, craniospinal irradiation (CSI), and risk-adapted 

chemotherapy—have markedly improved survival outcomes, with 5- 
year survival now approaching 70–85% depending on risk group 
[3–5]. The integration of molecular subgrouping has further refined 
prognostication and has begun to influence treatment decisions in 
contemporary clinical practice [5].

Despite these advances, 20–30% of patients ultimately experience 
disease recurrence, and management in the recurrent setting remains 
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one of the greatest unmet needs in pediatric neuro-oncology [6–8]. 
Recurrent medulloblastoma exhibits aggressive biological behavior, 
often with early dissemination through cerebrospinal fluid pathways 
[9]. Furthermore, treatment options are often constrained by the cu
mulative toxicity from prior therapies. Consequently, the prognosis after 
relapse is dismal, with historical series reporting a median overall sur
vival of only 10–18 months and long-term survival being exceptionally 
rare [7,8,10,11].

A major hurdle in improving outcomes is the absence of a globally 
accepted standard salvage strategy. Current practices are highly het
erogeneous, ranging from high-dose chemotherapy with autologous 
stem cell rescue to metronomic regimens, targeted agents, or palliative 
care [12–14]. Historically, the role of local control treatment (LCT), 
particularly re-irradiation (re-RT), has been controversial due to fears of 
severe neurotoxicity, including radionecrosis and neurocognitive 
decline [15–17]. However, the evolution of modern conformal 
techniques—such as intensity-modulated radiotherapy (IMRT), proton 
beam therapy, and stereotactic radiosurgery (SRS)—has prompted a re- 
evaluation of this paradigm, suggesting that re-irradiation may offer 
clinically meaningful tumor control with an acceptable safety profile in 
selected patients [17–20].

Given the diversity of salvage approaches and the scarcity of large- 
scale data guiding therapeutic decisions, there is a pressing need to 
define the optimal role of aggressive local therapy in the real-world 
setting. In this multicenter retrospective study, we aimed to charac
terize the salvage strategies employed across major institutions and 
evaluate their impact on survival outcomes. Our primary objective was 
to assess the efficacy and safety of salvage LCT—including surgery and 
re-irradiation—and to determine its contribution to survival when 
combined with systemic therapy. Additionally, we explored clinical 
prognostic factors and, where data were available, molecular features, 
to identify subgroups that may derive the greatest benefit from these 
salvage modalities.

Materials and methods

Study design

This multicenter retrospective study included patients initially 
diagnosed with medulloblastoma at five centers between January 2000 
and December 2020. The inclusion criteria were as follows: (1) age ≤ 21 
years at the time of initial diagnosis; (2) completion of frontline multi
modal treatment, comprising maximal safe resection (or biopsy) fol
lowed by standard curative-intent radiotherapy (craniospinal 
irradiation [CSI] with a focal boost); and (3) documented disease 
recurrence based on follow-up magnetic resonance imaging (MRI) or 
clinical assessment. Patients were excluded based on the following 
criteria: (1) history of prior intracranial radiotherapy before the diag
nosis of medulloblastoma; (2) history of other primary brain tumors; (3) 
receipt of radiotherapy for a secondary intracranial malignancy subse
quent to the medulloblastoma diagnosis; or (4) insufficient medical re
cords regarding recurrence or follow-up outcomes.

Treatment outcome

Disease recurrence was determined by the treating oncologist based 
on radiological evidence (MRI) or clinical findings, such as the presence 
of malignant cells in cerebrospinal fluid cytology. Local recurrence was 
defined as tumor recurrence within the primary tumor bed (posterior 
fossa). Recurrence patterns relative to the initial radiation field were 
classified as 'in-field' if the recurrent tumor was located within the high- 
dose volume (boost field) of the initial radiotherapy, and 'out-field' if it 
occurred outside this volume. A second recurrence was defined as dis
ease progression occurring during or after the completion of salvage 
treatment. The primary endpoints of this study were progression-free 
survival (PFS) and overall survival (OS) after the initial recurrence. 

PFS was calculated from the date of the initial recurrence diagnosis to 
the date of a second recurrence (progression) or death from any cause, 
whichever occurred first. OS was defined as the time from the date of 
initial recurrence to the date of death from any cause.

Clinical and pathological factors

We retrospectively extracted clinical data including age at initial 
diagnosis, sex, and details of frontline treatment (extent of surgical 
resection, radiotherapy specifications, and chemotherapy regimens). 
For pathological assessment, metastatic status was defined according to 
the Chang staging system. Histological subtypes were classified ac
cording to the WHO classification as classic, desmoplastic/nodular, 
medulloblastoma with extensive nodularity (MBEN), or large cell/ 
anaplastic (LCA). Molecular and genetic profiles were reviewed where 
medical records were available. These included TP53 mutation status, 
MYCN amplification, and Ki-67 labeling index. Molecular subgroups 
were categorized as WNT, SHH, or non-WNT/non-SHH (Group 3 or 
Group 4) based on the available diagnostic reports. Molecular sub
grouping was routinely incorporated into clinical practice at the 
participating institutions starting around 2013. In this cohort, molecular 
data were predominantly obtained retrospectively using archived 
diagnostic tissues from the primary tumor specimens.

Risk stratification at initial diagnosis was determined based on age, 
extent of resection, and metastatic status. Patients were classified as 
standard-risk if they were aged > 3 years, underwent gross total resec
tion, and had no evidence of metastasis (M0). Conversely, patients were 
classified as high-risk if they met any of the following criteria: age ≤ 3 
years, incomplete resection (subtotal resection or biopsy), or presence of 
metastatic disease (M + ).

To account for the heterogeneity in fractionation schedules among 
salvage modalities, ranging from standard fractionation to single- 
fraction SRS, radiation doses were converted to the equivalent dose in 
2-Gy fractions (EQD2). Calculations were based on the linear-quadratic 
model, assuming an alpha/beta ratio of 10 Gy for tumor control and 3 Gy 
for late normal tissue toxicities.

Salvage treatment

Following the diagnosis of recurrence, treatment patterns were 
categorized into systemic chemotherapy alone, LCT alone, or a combi
nation of both. LCT was defined as any salvage intervention directed at 
the tumor site, comprising salvage surgery, re-RT, or combined modality 
local therapy. In cases of re-RT, detailed planning data were retrieved to 
evaluate safety and efficacy. To assess the safety of re-RT, treatment- 
related toxicities were retrospectively reviewed and graded according to 
the Common Terminology Criteria for Adverse Events (CTCAE) version 
5.0.

Statistical analysis

All analyses were conducted using R software (version 4.2.3; R 
Foundation for Statistical Computing, Vienna, Austria). To compare 
characteristics between subgroups, categorical variables were analyzed 
using Pearson’s chi-square test or Fisher’s exact test, as appropriate. 
Continuous variables were evaluated using Student’s t-test. Survival 
outcomes were estimated using the Kaplan-Meier method, and differ
ences between groups were assessed using the log-rank test. To identify 
independent prognostic factors associated with treatment outcomes or 
survival, Cox proportional hazards regression models were employed. 
Variables with a p-value < 0.05 in the univariate analysis were included 
in the multivariate model; however, variables with insufficient event 
counts were excluded to ensure model stability.
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Ethics statement

This study was approved by the Institutional Review Board (IRB) of 
each participating institution. The requirement for informed consent 
was waived due to the retrospective nature of the study.

Results

A total of 76 patients from five medical centers were included in the 
analysis. Baseline characteristics are summarized in Table 1. The cohort 
showed a male predominance (67.1%), and 48.7% of patients were 
younger than 8 years at initial diagnosis (range, 3.6–20.8 years). 
Notably, subtotal resection or biopsy was performed in 63.2% of cases 
during the initial management, and metastatic disease (M stage > 0) was 
observed in 44.7% of patients. According to the risk stratification at 
initial diagnosis, 20 patients (26.3%) were classified as standard-risk, 
while 56 patients (73.7%) were identified as high-risk. Among those 
with available histopathology (n = 54), the classic subtype was most 
common (48.1%), followed by large cell/anaplastic (LCA) variants 
(27.8%). Molecular subgroup information was limited (n = 21), with the 
majority classified as non-WNT/non-SHH (66.7%).

Details of recurrence patterns and salvage treatments are shown in 
Table 2. The median time from initial diagnosis to recurrence was 23.9 
months (IQR, 14.9–36.2). Recurrent disease more frequently involved 
diffuse dissemination (56.9%), and combined local and distant failure 
represented the most common recurrence pattern (41.7%). Salvage 
strategies varied considerably; 26 patients (34.2%) received chemo
therapy alone, while 41 patients (53.9%) underwent at least one form of 
local control treatment (surgery, re-RT, or both). Best supportive care 
was provided in 9 patients (11.8%).

Median follow-up from the time of initial recurrence was 14.3 
months (IQR, 5.7–25.5). A total of 65 PFS events were observed, 
including 54 documented progressions. The estimated 1-, 3-, and 5-year 
PFS rates were 47.4%, 7.2%, and 7.2%, respectively. For OS, 36 deaths 
were recorded, of which 25 occurred after documented progression. The 
estimated 1-, 3-, and 5-year OS rates were 81.1%, 42.8%, and 28.0%, 
respectively. Kaplan–Meier curves for PFS and OS for the entire cohort 
are presented in Supplementary Fig. 1.

In the univariate analysis for PFS, MYCN amplification, absence of 
chemotherapy, and omission of LCT were associated with inferior 

outcomes. Because MYCN status was available for a limited number of 
patients, the multivariate model included only chemotherapy and LCT. 
Both variables remained significant predictors of improved PFS after 
multivariate analysis: chemotherapy (HR, 0.39; 95% CI, 0.21–0.72; p =
0.003) and LCT (HR, 0.51; 95% CI, 0.30–0.87; p = 0.013). For OS, age at 
recurrence, relapse extent, MYCN amplification and chemotherapy 
showed significance in the univariate analysis. In the multivariate 
model, diffuse relapse was associated with a significantly higher mor
tality risk compared with focal relapse (HR, 3.18; 95% CI, 1.34–7.59; p 
= 0.009), while chemotherapy remained a strong independent predictor 
of improved OS (HR, 0.19; 95% CI, 0.07–0.47; p < 0.001). Table 3
summarizes the univariate and multivariate analyses of prognostic fac
tors in recurrent medulloblastoma.

Survival outcomes differed markedly according to the salvage 
treatment modality (Fig. 1 and Supplementary Fig. 2). Chemotherapy 
was associated with significantly prolonged PFS (p = 0.006) and OS (p 
= 0.003), with a 3-year OS of 49.3% compared with 14.0% among pa
tients who did not receive chemotherapy. LCT was similarly associated 
with improved PFS (1-year rate: 63.4% vs. 25.2%; p = 0.033), although 
its impact on OS did not reach statistical significance (p = 0.27).

Subgroup analyses were performed to identify patients who derived 
the greatest benefit from salvage LCT and chemotherapy (Fig. 3). The 
survival benefit of LCT was particularly pronounced in patients aged ≥
12 years (HR, 0.32; 95% CI, 0.12–0.83; p = 0.019), males, those with M0 
disease at diagnosis, and patients with late recurrence (≥24 months). In 
contrast, chemotherapy demonstrated significant efficacy in patients 
aged < 12 years (HR, 0.28; 95% CI, 0.12–0.66; p = 0.004), those with 
metastatic disease, and patients presenting with a diffuse relapse 
pattern. Notably, patients with a longer time to recurrence (≥24 
months) exhibited improved PFS with both LCT and chemotherapy. To 
evaluate the optimal radiotherapy strategy for disseminated recurrence, 
a subgroup analysis was conducted among patients with diffuse relapse 
(n = 41). As illustrated in Fig. 2, patients who received CSI as salvage re- 
irradiation demonstrated more favorable outcomes compared to those 
who did not. The addition of CSI was significantly associated with 
improved PFS (p = 0.0018), though no statistically significant 
improvement was observed for OS (p = 0.12).

Among the study cohort, 49 patients experienced a second disease 
recurrence. The median interval between the first and second recurrence 
was 9.5 months (IQR, 5.5–16.8). Treatment strategies diverged sub
stantially after the second failure. As illustrated in Supplementary Fig. 3, 
27 patients transitioned to best supportive care without further tumor- 
directed therapy, whereas 21 patients underwent a second salvage 

Table 1 
Initial Patient Characteristics for Recurrent Medulloblastoma Patients.

Factors Patient Number (%)

Age at diagnosis 
(years)

<8 37 (48.7%)
≥8 39 (51.3%)

Sex Male 51 (67.1%)
Female 25 (32.9%)

M stage M0 42 (55.3%)
M+ 34 (44.7%)

Histology 
(n = 54)

Classic 26 (48.1%)
ND/EN 13 (24.1%)
LCA 15 (27.8%)

Extent of Resection GTR 28 (36.8%)
STR/Bx 48 (63.2%)

Risk Stratification Standard 20 (26.3%)
High 56 (73.7%)

Molecular Classification 
(n = 21)

WNT 2 (9.5%)
SHH 5 (23.8%)
Non-WNT/SHH 14 (66.7%)

TP53 Mutation 
(n = 20)

Wildtype 16 (80.0%)
Mutant 4 (20.0%)

MYCN Amplification 
(n = 23)

Yes 4 (17.4%)
No 19 (82.6%)

Ki-67 level 
(n = 53)

Low (<30%) 18 (34.0%)
High (≥30%) 35 (66.0%)

Abbreviations: Bx, biopsy; EN, extensive nodularity; GTR, gross total resection; 
LCA, large cell anaplastic; M, metastasis; ND, nodular/desmoplastic; SHH, sonic 
hedgehog; STR, subtotal resection; WNT, wingless.

Table 2 
Patient Characteristics at the first recurrence.

Factors Patient Number (%)

Initial Treatment Response 
(n = 69)

CR 53 (76.8%)
PR 13 (18.8%)
SD/PD 3 (4.3%)

Recurrence time (month) Median (IQR) 23.9 (14.9–36.2)
Relapse extent 

(n = 72)
Focal 31 (43.1%)
Diffuse 41 (56.9%)

Relapse pattern 
(n = 72)

Local (in-field) 17 (23.6%)
Local (out-field) 14 (19.4%)
Distant 11 (15.3%)
Combined 30 (41.7%)

Salvage modality Yes CTx alone 26 (34.2%)
Surg alone 2 (2.6%)
Surg + CTx 10 (13.2%)
Surg + RT 2 (2.6%)
Surg + RT + CTx 5 (6.6%)
RT alone 7 (9.2%)
RT + CTx 15 (19.7%)

No ​ 9 (11.8%)

Abbreviations: CR, complete remission; CTx, chemotherapy; PD, progressive 
disease; PR, partial remission; RT, radiotherapy; SD, stable disease; Surg, 
surgery.
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treatment. Treatment information after the second recurrence was un
available for 1 patient. Among the 21 patients who underwent a second 
salvage treatment, chemotherapy alone was the most frequently 
employed modality (42.8%), followed by various re-irradiation–based 
regimens and limited use of surgery-based approaches. Detailed char
acteristics of second-recurrence patterns and treatment modalities are 
summarized in Supplementary Table 1.

Details regarding re-RT parameters and toxicity outcomes are sum
marized in Supplementary Tables 2 and 3. Among the 36 patients who 
underwent salvage re-RT, the mean prescribed dose was 23.4 Gy (range, 
6.0–54.0). In contrast to the initial setting—which predominantly uti
lized CSI with a focal boost—the salvage setting most frequently 
employed focal re-RT (50.0%), followed by CSI alone (33.3%). Toxicity 
data were evaluable for 23 patients. Overall, re-RT demonstrated a 
favorable safety profile: 12 patients (52.1%) experienced no treatment- 
related adverse events. Severe toxicities (CTCAE Grade ≥ 3) were 
observed in only 4 patients (17.4%), comprising two cases of hemato
logic toxicity and two cases of Grade 3 or more radiation necrosis. When 
stratified by re-irradiation parameters, focal re-RT was highly tolerable, 
with 69.2% of patients experiencing no toxicities, whereas re-CSI yiel
ded a lower toxicity-free rate of 30.0% and accounted for the severe 
hematologic adverse events. Furthermore, an exploratory analysis 
evaluating late normal-tissue risk using an EQD2 with an alpha/beta 
ratio of 3 Gy did not demonstrate a linear dose-toxicity relationship; 
paradoxically, a higher proportion of patients in the higher dose group 
(EQD2 ≥ 30 Gy) experienced no toxicities (61.5%) compared to those in 
the lower dose group (EQD2 < 30 Gy; 40.0%).

To evaluate the impact of evolving clinical practices over the 20-year 
study period, we conducted an exploratory survival analysis stratified by 
treatment era, based on the year of relapse (2000–2012 vs. 2013–2023). 
Kaplan-Meier analysis revealed that patients treated in the more recent 
era (2013–2023) demonstrated a significantly improved PFS compared 
to those treated in the earlier era (p < 0.0001; Supplementary Fig. 4A). 
However, this temporal advantage in disease control did not translate 

into a statistically significant OS benefit (p = 0.12; Supplementary 
Fig. 4B).

Discussion

In this multi-institutional retrospective study, we confirmed that the 
prognosis for recurrent medulloblastoma remains unfavorable. Howev
er, our findings demonstrate that intensified multimodal salvage ther
apy, incorporating both chemotherapy and LCT, was significantly 
associated with improved survival outcomes compared to supportive 
care or monotherapy. Additionally, subgroup analysis demonstrated the 
potential therapeutic role of CSI in patients with diffuse recurrent me
dulloblastoma. Lastly, re-RT demonstrated an acceptable safety profile 
with a Grade ≥ 3 toxicity rate of 17.4%, suggesting that an aggressive 
combined approach is a feasible and effective therapeutic strategy.

Currently, the reported median survival for recurrent medulloblas
toma ranges from 10 to 18 months, highlighting the dismal prognosis 
associated with this disease [7,8,10,11]. Despite these historically poor 
outcomes, several large-scale studies have demonstrated the critical 
value of aggressive local control treatment. Hill et al., in an analysis of 
230 recurrent cases, found that the addition of neurosurgical resection 
or any form of re-irradiation significantly improved survival outcomes 
[7]. Similarly, Gaab et al. reported a median overall survival of 18.5 
months, demonstrating a distinct survival benefit for patients undergo
ing debulking surgery or radiotherapy compared to those who received 
only supportive care [8]. While other reports, such as those by Kosch
mann et al. and Johnston et al., have noted variable statistical signifi
cance or persistently low long-term survival rates (5-year OS of 12.4%) 
[10,11], the collective evidence suggests a potential benefit from active 
intervention. Consistent with these findings, our study reinforces that 
intensified multimodal salvage therapy—incorporating both LCT and 
chemotherapy—could potentially improve survival, offering a viable 
therapeutic strategy even for previously irradiated patients.

Beyond treatment modalities, clinical characteristics—specifically 

Table 3 
Univariate and multivariate analysis for factors associated with PFS and OS in recurrent medulloblastoma.

PFS OS

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

HR (95% CI) p value HR (95% CI) p 
value

HR (95% CI) p 
value

HR (95% CI) p value

Age at recurrence 
(year)

(≥12 vs < 12) 0.72 (0.44–1.18) 0.196 ​ ​ 0.46 (0.22–0.93) 0.031 0.54 
(0.25–1.14)

0.106

Sex (Male vs Female) 1.26 (0.74–2.15) 0.388 ​ ​ 1.06 (0.52–2.17) 0.871 ​ ​
M stage (M + vs M0) 1.34 (0.82–2.20) 0.243 ​ ​ 1.08 (0.55–2.14) 0.818 ​ ​
Histology (Classic vs ND/EN) 

(LCA vs ND/EN)
1.00 (0.46–2.19) 
2.13 (0.92–4.96)

0.999 
0.079

​ ​ 1.12 (0.36–3.47) 
1.78 (0.52–6.10)

0.839 
0.360

​ ​

Molecular 
Classification

(SHH vs WNT) 
(non-WNT/SHH vs 
WNT)

0.78 (0.14–4.33) 
0.75 (0.16–3.50)

0.776 
0.718

​ ​ 2.18 
(0.22–21.44) 
1.53 
(0.19–12.50)

0.506 
0.691

​ ​

Extent of Resection (STR/Bx vs GTR) 1.47 (0.89–2.45) 0.134 ​ ​ 1.24 (0.62–2.47) 0.542 ​ ​
TP53 (Mutant vs Wildtype) 1.81 (0.57–5.71) 0.314 ​ ​ 2.50 (0.64–9.85) 0.189 ​ ​
MYCN amplification (Yes vs No) 90.6 (8.87–12267) 

*
<0.001 ​ ​ 7.09 

(1.10–45.64)
0.039 ​ ​

Ki-67 level (High vs Low) 0.65 (0.35–1.20) 0.168 ​ ​ 0.85 (0.34–2.09) 0.718 ​ ​
Recurrent Time 

(month)
(≥24 vs < 24) 0.79 (0.48–1.30) 0.353 ​ ​ 0.74 (0.38–1.44) 0.374 ​ ​

Relapse Extent (Diffuse vs Focal) 1.30 (0.79–2.15) 0.304 ​ ​ 2.30 (1.13–4.69) 0.022 3.18 
(1.34–7.59)

0.009

Use of CTx (Yes vs No) 0.45 (0.25–0.81) 0.008 0.39 
(0.21–0.72)

0.003 0.33 (0.15–0.71) 0.005 0.19 
(0.07–0.47)

<0.001

Use of LCT (Yes vs No) 0.57 (0.34–0.96) 0.034 0.51 
(0.30–0.87)

0.013 0.68 (0.33–1.37) 0.276 ​ ​

Abbreviations: Bx, biopsy; CI, confidence interval; CTx, chemotherapy; EN, extensive nodularity; GTR, gross total resection; HR, hazard ratio; LCA, large cell 
anaplastic; LCT, local control treatment; ND, nodular/desmoplastic; OS, overall survival; PFS, progression-free survival; SHH, sonic hedgehog; STR, subtotal resection; 
WNT, wingless.
For variables expressed as (A vs B), the latter category (B) serves as the reference group.
* The hazard ratio for MYCN amplification of PFS was estimated using Firth’s penalized Cox regression due to the small sample size.
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disease extent and time to recurrence—were critical determinants of 
survival [6–8]. While our multivariate analysis identified diffuse spread 
as a potent adverse prognostic factor, subgroup analyses revealed that 
the addition of LCT or chemotherapy was associated with a significant 
survival benefit even in this high-risk group. This suggests that inten
sified multimodal treatment remains a viable strategy to effectively 
reduce tumor burden [8,17]. Additionally, consistent with previous 
studies, patients with late recurrence (≥24 months) demonstrated su
perior outcomes, likely reflecting a more indolent tumor biology 
compared to the aggressive course observed in early relapses[6–8].

A notable feature of our study cohort was the high prevalence of 
unfavorable prognostic factors at initial diagnosis, particularly the 

substantial proportion of patients who underwent incomplete resection. 
This rate exceeds that observed in general medulloblastoma cohorts 
[21]. This high rate of incomplete resection likely reflects an inherent 
referral bias, as complex, high-risk cases—or tumors located in areas 
precluding safe gross total resection—are frequently referred to our 
tertiary care centers. The presence of gross residual disease is a well- 
established predictor of early progression and local failure [21–23]. 
Nevertheless, most patients in this cohort received standard-dose 
radiotherapy (mean dose of 54.0 Gy) during initial treatment, which 
may be suboptimal for achieving durable disease control in the setting of 
macroscopic residual tumor. To mitigate the risk of early recurrence, 
more aggressive upfront interventions—such as second-look surgery to 

(A) (B)

(D)(C)

Fig. 1. Kaplan–Meier estimates of progression-free survival (A, C) and overall survival (B, D) among patients with recurrent medulloblastoma. Survival outcomes are 
shown according to the use of systemic chemotherapy (A, B) and local control treatment (C, D). Abbreviations: CTx, chemotherapy; LCT, local control treatment; OS, 
overall survival; PFS, progression-free survival.
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maximize cytoreduction or radiotherapy dose escalation to the residual 
tumor bed—should be considered.

Molecular prognostication remains crucial in the salvage setting. In 
our univariate analysis, MYCN amplification was associated with a trend 
toward inferior progression-free survival. This finding aligns with 
established evidence identifying MYCN amplification as an aggressive 
disease biology, particularly within Group 3 and SHH medulloblastoma 
subtypes [24–26]. Tumors harboring this alteration typically exhibit 
rapid progression and resistance to conventional chemotherapy or 
radiotherapy. Although MYCN amplification was associated with infe
rior outcomes in univariate analysis, this finding should be regarded as 

hypothesis-generating because MYCN status was available in only a 
small subset of patients and may have been influenced by selection bias 
in molecular testing and salvage treatment intensity.

Concerns regarding cumulative neurotoxicity and radionecrosis have 
historically limited the application of re-irradiation in the salvage 
setting. However, our study suggests that re-irradiation can be delivered 
with an acceptable safety profile when modern radiotherapy techniques 
are employed. We observed severe (Grade ≥ 3) toxicities in only 17.4% 
of re-irradiated patients, with no instances of severe gastrointestinal 
toxicity. This aligns with previous reports, such as those by Celik et al. 
and Adolph et al., which confirmed minimal severe toxicity following re- 

(A) (B)

Fig. 2. Kaplan–Meier estimates of progression-free survival (A) and overall survival (B) among patients with diffuse recurrent medulloblastoma. Survival outcomes 
are stratified by the use of craniospinal irradiation (CSI). Abbreviations: CSI, craniospinal irradiation; OS, overall survival; PFS, progression-free survival; RT, 
radiotherapy.

(A) (B)

Fig. 3. Forest plot of subgroup analyses evaluating the effect of local control treatment (A) and chemotherapy (B) on progression-free survival. Abbreviations: Bx, 
biopsy; CI, confidence interval; CTx, chemotherapy; EN, extensive nodularity; GTR, gross total resection; HR, hazard ratio; LCT, local control treatment; ND, nodular/ 
desmoplastic; SHH, sonic hedgehog; STR, subtotal resection; Tx, treatment; WNT, wingless.
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irradiation [17,27]. However, it is important to note that these rates may 
be underestimated due to missing toxicity data in a subset of patients 
and the relatively short median follow-up after recurrence. Despite this 
general tolerability, a detailed analysis reveals a critical trade-off: severe 
adverse events, including radiation necrosis, were mainly confined to 
the re-CSI subgroup (30% grade 3 toxicity). Our subgroup analysis 
confirmed that re-CSI was significantly associated with improved PFS 
compared to focal modalities, suggesting that CSI provides a potential 
survival advantage for disseminated disease. Nevertheless, this potential 
benefit and the elevated toxicity risk must be interpreted cautiously. 
Given the lack of a significant OS benefit and the higher risk of late 
toxicities, the decision to proceed with re-CSI requires a careful 
risk–benefit assessment, leveraged by advanced conformal techniques to 
maximize normal tissue sparing. Further studies are warranted to vali
date these findings due to the small sample size.

The significant improvement in PFS observed in the recent treatment 
era (2013–2023) likely reflects the cumulative impact of evolving 
multidisciplinary management in neuro-oncology. First, advancements 
in neurosurgical techniques, including enhanced microsurgical ap
proaches and sophisticated neuroimaging navigation, have facilitated 
safer and more effective local salvage resections. Second, the sophisti
cation of modern radiotherapy—characterized by the transition to 
highly conformal techniques such as IMRT and SRS—has enabled the 
delivery of robust ablative doses to the recurrent tumor while strictly 
sparing adjacent critical structures. Finally, the integration of contem
porary systemic therapies, including refined chemotherapeutic regimens 
and the cautious introduction of targeted agents guided by molecular 
profiling, has further contributed to prolonged disease control. Collec
tively, these multidisciplinary advancements effectively delay disease 
progression; however, as demonstrated by the lack of an overall survival 
benefit, they remain insufficient to completely overcome the ultimately 
lethal nature of recurrent medulloblastoma, highlighting the urgent 
need for novel therapeutic breakthroughs.

This study has several limitations inherent to its retrospective, multi- 
institutional design. Foremost is the potential for treatment selection 
bias; because the long study period (2000–2020) precluded the uniform 
collection of standardized clinical fitness indicators at relapse, the 
observed benefits of intensified salvage modalities may be confounded 
by unmeasured variables such as patient performance status or neuro
logic symptoms. Moreover, multiple modalities such as radiotherapy 
and surgery are combined as LCT, which represent clinically distinct 
interventions. Additionally, the relatively small sample size limits the 
statistical power of our subgroup analyses. Other limitations include the 
reliance on surgical records rather than centralized magnetic resonance 
imaging review for residual disease assessment, and the lack of complete 
molecular profiling, which prevented a contemporary WHO subgroup- 
based outcome analysis. Finally, the high proportion of high-risk pa
tients and those with subtotal resections in our cohort may limit the 
generalizability of these findings to the broader, lower-risk recurrent 
medulloblastoma population.

In conclusion, recurrent medulloblastoma remains challenging, yet 
multimodal salvage therapy combining chemotherapy and local control 
treatment significantly improves survival. Given the acceptable toxicity 
of modern re-irradiation, active local control is a feasible strategy. 
Future efforts should prioritize molecular profiling to identify high-risk 
subgroups, such as MYCN-amplified patients, requiring novel targeted 
interventions.
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