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Abstract
Medulloblastoma, the most common malignant brain tumor in children, presents unique challenges due to its molecular and 
histological heterogeneity. Advances in molecular profiling have refined risk stratification, enabling personalized treatment 
strategies and improved survival outcomes. This review synthesizes recent developments in the multimodal management 
of medulloblastoma, encompassing surgery, craniospinal radiation therapy, and chemotherapy, tailored to patient age and 
risk classification. Key highlights include subgroup-specific therapies, the role of molecular-targeted treatments, and the 
integration of genetic testing for germline mutations to guide clinical decision-making. Special emphasis is placed on 
minimizing treatment-related toxicity while preserving long-term quality of life. Additionally, this manuscript discusses 
the implications of novel therapeutic approaches for high-risk subgroups, including intensified regimens and systemic 
therapies for young children. Despite significant progress, challenges remain in addressing long-term complications such as 
neurocognitive impairments, endocrine dysfunction, and secondary malignancies. Future directions prioritize optimizing 
therapeutic efficacy while reducing morbidity, underscoring the importance of translating molecular discoveries into clinical 
practice.
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Introduction

Medulloblastomas, the most common malignant brain 
tumors in children, originate exclusively in the cerebellum 
and exhibit significant molecular and histologic heterogene-
ity. These tumors are characterized histologically by high 
cellular density, densely packed, dark-staining round or oval 
nuclei with minimal cytoplasm, and abundant mitotic fig-
ures, with Homer Wright rosettes observed in up to 40% of 
cases [1–3]. Advances in molecular profiling have identified 
four distinct subgroups of medulloblastoma, each associated 
with unique histologic, genetic, and clinical characteristics. 
Histologic variants include classic, desmoplastic/nodular, 
large cell, and anaplastic subtypes [4]. The desmoplastic 
variant, frequently linked to PTCH1 mutations on chromo-
some 9, is defined by collagen-rich interstitial spaces and 
reticulin-free “pale islands,” and is often associated with a 

favorable prognosis [3, 5]. In contrast, the large cell/anaplas-
tic (LCA) subtype demonstrates aggressive clinical behavior, 
cerebrospinal fluid dissemination, and is commonly associ-
ated with group 3 tumors in children and group 4 tumors 
in adults, while SHH TP53-mutated medulloblastomas in 
children (SHH alpha subtype) also exhibit similar aggressive 
features with poor prognosis [6].

Immunohistochemically, medulloblastomas express 
neuronal markers such as synaptophysin, neuron-specific 
enolase, and nestin, reflecting their origin from cerebellar 
granule cells or multipotent progenitor cells [7–9]. Nuclear 
beta-catenin staining is characteristic of Wnt pathway-driven 
tumors, while p53 immunostaining identifies TP53 muta-
tions. Approximately 5–6% of pediatric medulloblastomas 
involve germline mutations, with the highest prevalence 
among Sonic Hedgehog (SHH) pathway-driven tumors 
[10–12]. These genetic discoveries have deepened our 
understanding of medulloblastoma pathogenesis, encom-
passing both hereditary and sporadic cases.

Treatment for medulloblastoma typically involves a mul-
timodal approach, including surgical resection, radiation 
therapy, and chemotherapy. This strategy achieves long-term 
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survival in approximately 75% of patients. However, sur-
vival outcomes are highly variable across risk groups, and 
the intensive nature of treatment often results in delayed 
complications that profoundly affect survivors' quality of 
life. Current clinical trials are focused on refining thera-
peutic strategies to reduce treatment-related toxicity while 
maintaining high cure rates. These efforts aim to improve not 
only survival but also the long-term quality of life for both 
pediatric and adult patients.

This  review discusses  the management  of 
medulloblastoma across age groups, emphasizing treatment-
related challenges, long-term outcomes, and the importance 
of balancing efficacy with quality of life.

General principles

The initial management of medulloblastoma requires a 
comprehensive strategy addressing both symptomatic 
relief and tumor-specific treatment, beginning with critical 
diagnostic evaluations. Preoperative MRI scans of the brain 
and spine are essential, particularly for posterior fossa (PF) 
tumors showing diffusion restriction, to assess metastatic 
spread, as recommended by RAPNO guidelines [1, 13]. 
Postoperative spine MRI may be confounded by artefacts 
mimicking metastases, potentially leading to treatment 
escalation. Lumbar cerebrospinal fluid (CSF) cytology, 
collected 14 days or more after surgery, is the standard for 
accurate staging, as earlier or alternative collections (e.g., 
ventricular CSF) are unreliable [2]. Radiomic studies further 
enhance management by aiding molecular subgrouping, 
offering prognostic and therapeutic insights [3, 4, 14, 15].

This dual approach mitigates elevated intracranial 
pressure through supportive interventions while initiating 
targeted oncologic therapies. Drawing on evidence from 
cooperative group studies, the standard of care emphasizes a 
multidisciplinary approach, typically involving maximal safe 
surgical resection, craniospinal axis radiation therapy (RT), 
and systemic chemotherapy. Treatment plans are tailored to 
specific risk stratifications, as detailed below, to optimize 
outcomes while minimizing treatment-related morbidity.

Management of intracranial pressure and edema

Patients with medulloblastoma often present with elevated 
intracranial pressure due to hydrocephalus, typically 
resulting from fourth ventricular obstruction caused by 
tumor growth. Surgical resection is the primary and urgent 
intervention to alleviate hydrocephalus and should proceed 
as soon as possible, rather than awaiting symptom resolution 
with steroids. For cases where hydrocephalus persists 
postoperatively, cerebrospinal fluid (CSF) shunting or 
endoscopic third ventriculostomy (ETV) are viable options, 

with ETV applicable either before or after tumor resection 
to restore CSF flow [16, 17]. Additionally, localized 
vasogenic edema from tumor-induced inflammation can 
exacerbate intracranial pressure. This edema is effectively 
managed with glucocorticoids, particularly dexamethasone, 
which offers potent anti-inflammatory effects and minimal 
mineralocorticoid activity, providing symptomatic relief 
(e.g., headaches, nausea, focal deficits like hemiparesis or 
aphasia) [18, 19]. Its high potency and equivalent efficacy 
via oral or intravenous routes make it versatile for acute and 
outpatient care.

In severe cases, dexamethasone treatment begins with a 
10 mg intravenous loading dose, followed by a maintenance 
dose of 8–16 mg daily in divided doses. For mild symptoms, 
2–4 mg daily suffices without a loading dose. Asymptomatic 
patients typically do not require treatment unless rapid 
deterioration is anticipated, especially in posterior fossa 
tumors [17, 19, 20]. Symptom improvement often occurs 
within 24–72 h, with headaches resolving quickly, though 
focal deficits may persist longer due to multifactorial causes. 
If standard dosing fails, a temporary escalation (doubling 
the dose for up to three days) can assess responsiveness; 
lack of improvement suggests alternative causes, prompting 
dose reduction to limit steroid exposure. Doses exceeding 
16 mg daily are generally avoided due to limited efficacy 
and heightened side effects [21, 22].

Dexamethasone’s rapid oral absorption (bioavailability 
within 30 min) supports its use in varied settings [23]. Once 
stable, tapering begins to minimize side effects like weight 
gain and muscle weakness—stable patients can reduce doses 
by 50% every four days, while progressive cases may need 
slower tapering or chronic use, potentially transitioning to 
less potent steroids like prednisone. Patients should monitor 
for recurring edema symptoms (e.g., headaches, focal 
deficits) during tapering and seek prompt intervention if 
needed [17, 24].

Maximal safe resection in medulloblastoma 
treatment

Maximal safe resection is a cornerstone in medulloblastoma 
management, playing critical roles in diagnosis, relieving 
intracranial pressure, and improving local tumor control. 
The primary surgical goal is to maximize tumor removal 
while preserving neurologic function and minimizing 
complications, such as persistent ataxia or cranial nerve 
deficits.

Advances in surgical techniques, including intraoperative 
imaging, have greatly increased the likelihood of achieving 
gross total resection (GTR) or near-total resection (NTR). 
However, complete resection is not always feasible due to the 
risk of severe neurologic impairment, and overly aggressive 
approaches should be avoided to limit morbidity. While no 
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randomized controlled trials have directly compared GTR to 
NTR for survival benefit, leaving this question unresolved, 
observational studies—particularly those predating routine 
craniospinal radiation and multi-agent chemotherapy—
highlight the extent of resection as a key prognostic factor 
[25–30]. Emerging data suggest that prognostic significance 
may vary by molecular subgroup, indicating a nuanced 
relationship between resection extent and outcomes [31, 
32]. Recent evidence also advises caution: Keeling et al. 
[33] suggest that subtotal resection (STR) as an isolated risk 
feature should not independently guide patient management, 
emphasizing the need for broader risk assessment [34]. 
Midline cerebellar tumor resection carries an additional risk 
of posterior fossa syndrome (PFS), or cerebellar mutism, 
occurring in about 25% of patients. This complication can 
profoundly impact long-term neurocognitive outcomes, 
including deficits in language production, attention, and 
intellectual ability, often persisting for months to years and 
contributing to reduced quality of life [35, 36]. These risks 
underscore the need to balance aggressive resection with 
preservation of neurologic function.

Radiation therapy

Radiation therapy (RT) is a key component of 
medulloblastoma treatment, aimed at eradicating residual 
disease in the posterior fossa, managing craniospinal 
metastases, and preventing recurrence. However, its use 
is constrained by potential toxicity to the brain and spinal 
cord, particularly in young children, where craniospinal 
irradiation is often delayed or avoided to minimize harm to 
the developing CNS.

Following surgery, standard management typically 
includes craniospinal axis irradiation with external beam 
RT, combined with a boost dose targeting the primary 
tumor site [24, 28, 35]. Radiation doses and delivery 
methods are adjusted based on patient age and risk strati-
fication to optimize efficacy while minimizing toxicity. 
In many modern protocols in Europe and North America, 

radiation-sparing approaches extend beyond age three to 
four or five for select patients, such as those with SHH beta 
or gamma medulloblastoma subtypes, reflecting evolving 
strategies to reduce neurotoxicity [36].

Advances in RT techniques, such as proton therapy 
and intensity-modulated radiation therapy (IMRT), have 
improved treatment precision, reducing radiation exposure 
to adjacent tissues [36–40]. While whole-brain proton 
therapy offers limited safety advantages over photon-
based methods, proton therapy and IMRT effectively spare 
critical structures (e.g., medial temporal lobes, inner ear, 
thyroid, and lungs) during primary site boosts and spinal 
irradiation, mitigating long-term adverse effects [36, 37, 
39–45]. Hyperfractionated RT, which delivers smaller, 
more frequent doses, is also employed by some groups 
(e.g., PNET4 trial) to enhance tumor control while limiting 
toxicity, with evidence supporting its feasibility [46–54].

Table 1 provides a comparative overview of radiation 
therapy techniques, highlighting their respective 
advantages and limitations in the treatment of 
medulloblastoma.

For average-risk children, craniospinal RT typically 
involves 23.4 Gy to the craniospinal axis, followed by a 
30.6 Gy boost to the primary tumor site, totaling 54 Gy. 
In high-risk cases, doses vary: the SJMB96 and SJMB03 
trials used 36–39.6 Gy craniospinal, while ACNS0332 
delivered 55.8 Gy to the posterior fossa (not just the tumor 
bed). Some protocols also recommend a 9 Gy boost to 
metastatic deposits [46]. Boosts target the tumor bed and 
margins, limiting exposure to unaffected brain tissue, with 
50–70% of recurrences originating in the posterior fossa 
and isolated failures outside the tumor bed being rare [45, 
55].

Table 2 summarizes craniospinal and boost radiation 
doses stratified by risk group in medulloblastoma, 
reflecting variations such as 36–39.6 Gy craniospinal in 
SJMB trials, 55.8 Gy to the posterior fossa in ACNS0332, 
and a 9 Gy boost for metastases, while maintaining a 
consistent baseline total dose of 54 Gy for standard cases.

Table 1  Summary of radiation therapy technique

Technique Advantages Limitations

Proton Therapy High precision reduces radiation exposure to 
adjacent normal tissues

Particularly beneficial for young children to 
minimize long-term side effects

Limited availability and higher cost compared to 
photon therapy

Requires specialized facilities and expertise

Intensity-Modulated Radiation 
Therapy (IMRT)

Improved dose conformity allows for sparing of 
critical structures

Effective for complex tumor shapes and high-risk 
cases

May increase integral dose to non-target tissues due to 
scatter radiation

Photon-Based Radiation Therapy Widely available and cost-effective
Suitable for average-risk patients with no complex 

anatomical challenges

Higher radiation exposure to surrounding normal 
tissues compared to proton therapy
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Conventional RT uses distinct but adjacent fields for the 
brain and spine, requiring precise alignment at field junc-
tions. Junction shifts, applied two to three times during 
craniospinal irradiation, reduce spinal cord overdose but 
may increase radiation to surrounding structures (e.g., thy-
roid gland, mandible), potentially causing late complications 
such as hypothyroidism and mandibular hypoplasia [56]. 
Higher RT doses improve tumor control [28, 57] but carry 
risks of significant neurocognitive impairment, particularly 
in young children, prompting delays in RT for those under 
three. Long-term effects include impaired skeletal growth, 
hypothyroidism, adrenal insufficiency, hypogonadism, and 
secondary malignancies, though advanced techniques and 
reduced doses lower these risks. Pediatric strategies often 
integrate adjuvant chemotherapy to complement reduced-
dose RT in average-risk children or replace RT in infants, 
balancing tumor control with quality of life preservation.

Chemotherapy

Chemotherapy is a cornerstone in the multimodal treatment 
of pediatric medulloblastoma, tailored to specific clinical 
scenarios and regional protocols, particularly in Europe and 
North America:

• Young children: Post-surgery, chemotherapy is utilized 
to delay or potentially avoid craniospinal irradiation, 
safeguarding the developing brain and spinal cord from 
radiation-associated risks. Common regimens include 
cisplatin, vincristine, and cyclophosphamide, as seen in 
trials like SIOP PNET 4 and COG protocols.

• Average-risk children: Chemotherapy serves as an adju-
vant therapy following surgery and radiation, reducing 
recurrence risk and minimizing craniospinal radiation 
exposure. Protocols such as COG ACNS0331 (cisplatin, 

etoposide, carboplatin) and HIT 2000 (cisplatin, lomus-
tine, vincristine) are frequently used.

• High-risk disease: For high-risk patients, chemotherapy 
is employed alongside radiation therapy to maximize 
therapeutic efficacy. Multi-agent regimens, such as 
methotrexate-based protocols in SIOP or intensified 
cyclophosphamide/vincristine regimens in COG 
ACNS0332, are standard.

These strategies are detailed in Table 3, which outlines 
chemotherapy objectives, regimens, and variations across 
major protocols (e.g., COG, SIOP, HIT) in Europe and 
North America, emphasizing individualized approaches 
to optimize outcomes while minimizing long-term side 
effects.

Initial therapy

Children

The treatment of pediatr ic medulloblastoma has 
significantly advanced, with a combined-modality 
approach now considered the standard of care. Historically, 
surgical resection alone was insufficient, as no children 
survived without adjunctive therapy. The introduction 
of radiation therapy (RT) markedly improved outcomes, 
reducing local recurrence rates at the surgical site and 
along the craniospinal axis.

Management of medulloblastoma is typically conducted 
within multicenter clinical trials or institution-specific 
protocols. For additional information or to refer patients, 
resources like ClinicalTrials.gov, maintained by the United 
States National Library of Medicine, provide valuable data 
on ongoing studies.

Risk stratification

Modern medulloblastoma treatment is guided by two critical 
factors:

Table 2  Radiation dose summary by risk group in medulloblastoma

Risk group Craniospinal dose Boost dose Total dose

Average-risk 23.4 Gy 30.6 Gy 54 Gy
High-risk 36 Gy 18 Gy 54 Gy

Table 3  Detailed Chemotherapy Strategies for Medulloblastoma by Risk Group and Protocol in Europe and North America

Regimens vary by trial (e.g., SIOP, HIT, COG) and molecular subgroup; refer to specific protocols for detailed dosing and schedules

Patient group Objective Chemotherapy regimen
(examples by protocol)

Region/protocol

Young children (< 3–5 yrs) Delay or avoid craniospinal RT Cisplatin, Vincristine, Cyclophosphamide COG, SIOP PNET 4, HIT 2000
Average-risk children Reduce recurrence and RT exposure Cisplatin + Etoposide + Carboplatin; 

Cisplatin, Lomustine, Vincristine
COG ACNSO331, HIT 2000

High-risk children Maximize therapeutic efficacy Multi-agent (e.g., Methotrexate-based, 
Cyclophosphamide/Vincristine)

COG ACNSO332, SIOP PNET 5
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• Risk of recurrence, primarily determined by the extent 
of disease.

• Risk of treatment-related toxicity, particularly relevant 
for children under three to five years of age, who are 
more vulnerable to RT-induced neurologic impairments, 
with protocols now extending radiation-sparing strategies 
to older ages in select cases (e.g., SHH beta/gamma 
subtypes) [1].

Based on these considerations, patients are stratified into 
distinct treatment groups to enable personalized therapeutic 
strategies that optimize efficacy and minimize harm (see 
algorithm 1):

① Infants and young children: Typically under three 
years of age, this group is highly susceptible to severe 
neurologic toxicity from craniospinal RT. Sonic Hedgehog 
(SHH) pathway tumors account for approximately 40–50% 
of infant medulloblastomas, while Group 3 tumors constitute 
40–50%, and Group 4 tumors are rare in this age group, 
based on series like SJYC07 (42/81 SHH) and SKK 
2000 (19/45 desmoplastic/MBEN) [2, 57]. Metastatic 
medulloblastoma in infants shows striking survival 
differences: SHH patients have better outcomes, with five-
year survival rates often exceeding 70%, whereas Group 3 
patients exhibit poor prognosis, with survival rates below 
30% despite intensive therapy [4, 58].

② Children aged ≥3 years with average-risk disease: 
Defined by total or near-total tumor resection, absence of 
disseminated disease on brain and spine MRI or lumbar 

CSF analysis, and histologic subtypes classified as classic 
or nodular desmoplastic.

③ Children aged ≥3 years with high-risk disease: 
High-risk medulloblastoma in children aged ≥3 years is 
defined by one or more of the following criteria: residual 
tumor ≥1.5  cm2 after surgery, evidence of disseminated or 
metastatic disease, or large cell/anaplastic histology, though 
the prognostic significance of anaplasia is limited to SHH 
and Group 3 patients, not Group 4, as demonstrated in the 
SJMB03 trial [5].

In addition to clinical and histologic factors, 
medulloblastomas are now classified into four genetically 
distinct subgroups, each with unique molecular profiles, 
clinical behaviors, prognoses, and therapeutic targets 
(see Table 4). This evolving knowledge informs clinical 
trial designs, enabling more precise risk stratification and 
personalized therapeutic strategies. For example, SHH-II 
tumors show variable outcomes with chemotherapy-only 
regimens; in SJYC07, event-free survival (EFS) was 75%, 
and in ACNS1221, it was 66.7%, compared to 83% in HIT 
2000 (with intraventricular methotrexate), highlighting 
the benefit of methotrexate inclusion [6, 7]. These tumors 
exhibit poorer outcomes when intraventricular chemotherapy 
is omitted [8, 9].

Infants and young children

For infants and young children, treatment typically involves 
multiagent chemotherapy, often combined with autologous 

Table 4  Molecular landscape and clinical insights in medulloblastoma

A detailed overview of the molecular subgroups of medulloblastoma, offering insights into their prognosis and guiding tailored therapeutic 
approaches. OS: Overall Survival, RT: Radiotherapy, HCT: Hematopoietic Cell Transplantation, SMO inhibitors: Targeted therapy agents for 
SHH pathway tumors
Note: Treatment recommendations are based on current clinical trials and guidelines; proton RT for SHH TP53-wild-type is justified by reduced 
toxicity in infancy/adulthood, while Group 3 high-dose chemotherapy is reserved for metastatic or high-risk cases per recent evidence [59]

Molecular 
subgroup

Relative 
frequency

Predominant age 
group

M:F Ratio Predominant 
morphology

Key genetic 
alterations

Prognosis Recommended 
treatment

Wnt-activated 10% Childhood 1:2 Classic CTNNB1 
mutations

 > 90% 5-year OS Reduced-dose 
RT + chemotherapy

[59]
SHH-activated 

and TP53-
mutant

10% Childhood 3:1 Large cell/
anaplastic

TP53 mutations Poor prognosis Intensive therapy, 
including SMO 
inhibitors [4]

SHH-activated 
and TP53-
wildtype

20% Infancy/
adulthood

1:1 Desmoplastic/
nodular

PTCH1 
mutations

Variable Age-dependent 
therapy; proton RT 
may benefit [60]

Non-WNT/non-
SHH, group 3

25% Infancy/
adulthood

2:1 Classic MYC 
amplification

Poorest Standard 
RT + chemotherapy; 
high-dose for select 
cases [61]

Non-WNT/non-
SHH, group 4

35% All age groups 3:1 Classic Unknown Moderate to poor Standard 
RT + chemotherapy 
[62]



 Clinical and Experimental Medicine          (2025) 25:119   119  Page 6 of 19

hematopoietic stem cell rescue, usually conducted within 
clinical trial protocols. The primary goal is to delay or avoid 
craniospinal RT, minimizing severe neurologic impairment 
while optimizing survival outcomes [60–62]. Craniospinal 
RT in this age group is associated with unacceptably high 
rates of long-term neurologic deficits.

Molecular subgroup classification plays an increasingly 
crucial role in guiding trial design and interpreting results 
in this population. However, cross-trial comparisons remain 
limited by small patient cohorts and variability in treatment 
protocols. Despite these challenges, three major molecular 
subgroups have been identified in infants:

① Sonic Hedgehog (SHH)
SHH pathway tumors constitute ~ 75% of infant 

medulloblastomas and are predominantly associated with 
desmoplastic/nodular and extensive nodularity histologic 
subtypes. The HIT-2000 trial demonstrated the efficacy 
of a regimen combining multiagent chemotherapy, 
intraventricular methotrexate, and risk-adapted local RT, 
achieving impressive five-year progression-free survival 
(PFS) and overall survival (OS) rates of 93% and 100%, 
respectively [63].

DNA methylation profiling has further stratified infantile 
SHH tumors into two subgroups with distinct therapeutic 
responses:

② SHH-I tumors: These tumors exhibit poorer outcomes 
when intraventricular chemotherapy is omitted. The HIT-
2000 regimen is particularly effective in this subgroup 
[64–67].

③ SHH-II tumors: This subgroup demonstrates 
consistently excellent outcomes with chemotherapy-only 
regimens, regardless of intraventricular methotrexate 
inclusion [63–65].

④ Group 3 and Group 4: Group 3 and Group 4 tumors 
constitute approximately 25% of infant medulloblastomas 
and are associated with poorer outcomes compared to SHH 
tumors. Group 3 tumors, in particular, show a five-year 
survival rate of less than 50% with chemotherapy alone, and 
the addition of focal RT does not improve survival in this 
subgroup [63–68].

Future clinical trials aim to enhance outcomes by 
optimizing systemic chemotherapy and exploring pre-
relapse reduced-dose craniospinal RT or novel therapeutic 
agents [69].

Average‑risk disease in children ≥ 3 years of age

For children with medulloblastoma amenable to total or 
near-total resection, typically aged 3–5  years or older 
without high-risk features, the standard treatment includes 
surgery, craniospinal radiation therapy (RT) at 23.4 Gy to the 
craniospinal axis, followed by a tumor bed boost of 30.6 Gy, 
totaling 54 Gy [48]. This approach reflects modern protocols, 

such as COG ACNS0331, which enrolled 549 patients aged 
3–21 years with average-risk medulloblastoma between 
2004 and 2014 [48]. Two RT-related randomizations were 
conducted:

① Boost comparison: Involved field vs. posterior fossa 
RT.

② Dose reduction: Standard-dose (23.4 Gy) vs. reduced-
dose (18 Gy) craniospinal RT for children aged 3–7 years.

All participants received weekly vincristine during RT, 
followed by alternating cycles of cisplatin, lomustine, and 
vincristine (cycle A) and cyclophosphamide with vincristine 
(cycle B) on an AABAABAAB schedule. However, 
subsequent trials, particularly SJMB, have discontinued 
weekly vincristine during craniospinal RT, while COG and 
SIOP protocols continue its use [69].

Among 464 evaluable patients (median follow-up: 
9.3 years), five-year event-free survival (EFS) and overall 
survival (OS) rates were 81% and 85%, respectively [48]. 
Outcomes for involved field and posterior fossa RT boosts 
were comparable (five-year EFS: 82.5% vs. 80.5%; OS: 
84.6% vs. 85.2%). No posterior fossa failures occurred 
outside the limited boost volume in the involved field 
group. Reducing the boost volume was hypothesized to 
lower toxicity, but ototoxicity and neurocognitive outcomes 
were similar between groups. Longer follow-up is needed to 
assess long-term benefits of reduced RT exposure.

In dose randomization, reduced-dose RT (18 Gy) yielded 
inferior outcomes compared to 23.4 Gy in children aged 
3–7 years, with five-year EFS rates of 71.4% vs. 82.9% 
(HR 1.67; p = 0.28) and OS rates of 77.5% vs. 85.6% 
(p = 0.049) [48]. Post hoc analyses showed poorer survival 
primarily in Group 4 tumors, with no significant impact in 
the Wingless (Wnt) subgroup. Ongoing trials are testing 
reduced doses (15–18 Gy) for Wnt and low-risk Group 
4 tumors with chromosome 11 loss. However, outside 
clinical trials, 23.4 Gy remains the standard for average-risk 
medulloblastomas due to inferior outcomes with reduced 
doses [48, 70, 71].

Adjuvant multidrug chemotherapy following RT is 
standard for average-risk disease. COG phase III trials [48, 
72] show survival outcomes surpassing earlier RT-alone 
trials, even at higher doses [35, 50], and match or exceed 
intensive chemotherapy regimens [73, 74].

Toxicities observed in COG Trials

The combination of craniospinal RT and multiagent 
chemotherapy in average-risk medulloblastoma is associated 
with significant toxicities [48, 75–83]:

• Hematologic toxicity: Nearly all patients experienced 
grade 3 or 4 acute hematologic toxicity during treatment.
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• Ototoxicity: Severe ototoxicity occurred in ~ 25% of 
patients. Secondary analyses indicated no correlation 
between cumulative cisplatin dose and survival, suggest-
ing lower doses might reduce toxicity without compro-
mising outcomes [76].

• Neurologic sequelae: Significant neurologic deficits 
were observed in ~ 25% of patients, with ~ 50% persisting 
after one year [75].

• Secondary malignancies: The 10-year secondary cancer 
rate was 4.2% [75].

• Neurocognitive decline: Progressive declines in IQ and 
processing speed were noted, particularly in younger 
children [50].

• Endocrine abnormalities: Endocrine dysfunction 
is prevalent, with growth hormone (GH) deficiency 
affecting up to 90% of survivors, requiring GH 
replacement to mitigate growth impairment and 
improve quality of life [76–78]. Other common issues 
include hypothyroidism (50%), adrenal insufficiency, 
and hypogonadism, with risks increasing with RT 
dose and younger age at treatment [79]. Recent data 
suggest proton RT reduces endocrine abnormalities 
(e.g., hypothyroidism) by minimizing thyroid exposure 
compared to photon RT, though central deficiencies 
persist [80].

High‑risk disease in children aged ≥ 3 years

The optimal treatment for high-risk medulloblastoma, 
including metastatic, unresectable, or anaplastic/large cell 
histology, remains uncertain. Despite multimodal therapies 
combining radiotherapy (RT) and chemotherapy, these 
patients face elevated risks of recurrence and mortality.

Emerging evidence suggests that concur rent 
chemotherapy during craniospinal RT exacerbates toxicity 
without substantial survival benefits in most subgroups. 
Consequently, many centers and trials have shifted away 
from this approach, except in specific cases such as Group 
3 tumors, as discussed below [69]. Post-RT multiagent 
chemotherapy remains the standard of care, with RT doses 
typically higher than those used in average-risk cases. 
Standard high-risk regimens include 36 Gy craniospinal RT 
with an 18 Gy primary site boost.

For example, the COG ACNS0332 trial evaluated 294 
children aged 3–18 years with high-risk medulloblastoma 
(72% metastatic) [81]. Patients received craniospinal 
RT (36 Gy) with weekly vincristine, with or without 
daily carboplatin, followed by six cycles of maintenance 
chemotherapy (cisplatin, cyclophosphamide, vincristine). 
A secondary randomization to isotretinoin maintenance 
was terminated early due to futility. Among 261 evaluable 
patients (median follow-up 6.7 years), carboplatin addition 
did not significantly improve five-year event-free survival 

(EFS: 66.4% vs. 59.2%, p = 0.11) or overall survival (OS: 
77.6% vs. 68.8%, p = 0.28). Carboplatin use increased 
hematologic toxicity during RT and initial chemotherapy 
cycles, though ototoxicity and neurocognitive outcomes 
were similar between groups.

Subgroup analysis revealed potential benefits of 
concurrent carboplatin for Group 3 tumors (n = 79), with 
improved five-year EFS (73.2% vs. 53.7%, p = 0.047) 
and a trend toward better OS (82.8% vs. 63.7%, p = 0.06) 
[81]. While further prospective validation is needed, these 
findings have led some clinicians to consider carboplatin 
during RT for Group 3 patients.

High-dose chemotherapy followed by autologous 
hematopoietic cell transplantation (HCT) has also 
been investigated for high-risk medulloblastoma. One 
prospective study reported a five-year EFS of 70% without 
treatment-related mortality following craniospinal RT 
(36–39.6 Gy), four cycles of high-dose chemotherapy, 
and autologous HCT [82]. Another study using a more 
intensive chemotherapy regimen but reduced craniospinal 
RT (23.4–30.6 Gy) achieved five-year EFS and OS rates 
of 70% and 74%, respectively, though treatment-related 
mortality was 10% [62, 83]. Larger trials are needed to 
determine whether the benefits of this approach justify 
the associated risks.

Hyperfractionated accelerated RT combined with 
multidrug chemotherapy is another investigational 
strategy. This approach has demonstrated feasibility in at 
least two prospective studies [79, 84–86], but its impact on 
long-term survival remains to be fully established.

To better illustrate the comprehensive treatment strat-
egies for pediatric medulloblastoma across varying risk 
profiles, we present a summarized diagram (Fig. 1). This 
figure highlights the stratified management approach 
based on risk categories and patient age, emphasizing 
optimal safe excision followed by tailored adjuvant ther-
apies. High-risk children (> 3 years) require intensified 
craniospinal irradiation (CSI) with adjuvant multi-agent 
chemotherapy, while average-risk children benefit from 
reduced-dose CSI combined with adjuvant therapy, focus-
ing on de-escalation in low-risk molecular subgroups. For 
young children (< 3 years), systemic multi-agent chemo-
therapy plays a central role, with or without intraventricu-
lar chemotherapy based on tumor characteristics. Research 
priorities include exploring novel agents and consolidative 
high-dose chemotherapy for high-risk groups. This visual 
framework systematically presents the therapeutic road-
map, facilitating a clearer understanding of individualized 
strategies, recurrent disease management, and long-term 
complication surveillance in pediatric medulloblastoma 
care.
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Adults

Adults

Medulloblastoma in adults is rare, accounting for less 
than 1% of all brain tumors, with an annual incidence of 
approximately 0.5 per million, predominantly affecting 
individuals aged 20–40 years [1, 87–90]. Treatment 
strategies are largely extrapolated from pediatric data 
due to limited adult-specific randomized controlled trials 
(RCTs), particularly regarding chemotherapy’s role. Adult 
medulloblastoma exhibits distinct molecular profiles, with 
Group 4 tumors and SHH TP53-mutated subtypes more 

common, often presenting with poorer outcomes compared 
to children [2].

Surgery and risk stratification

Maximal safe resection remains the cornerstone, followed by 
staging with postoperative brain MRI (within 48 h), spinal 
MRI with contrast, and lumbar CSF cytology (preoperative 
or 2–3 weeks postoperatively for specificity). Average-risk 
adults are defined by residual tumor < 1.5  cm2, negative 
spine MRI/CSF, no metastases beyond the cerebellum, 
and classic/desmoplastic histology. High-risk adults have 
bulky residual disease (> 1.5  cm2), leptomeningeal/distant 
metastases, or large cell/anaplastic histology, with molecular 

Fig. 1  This figure outlines the key treatment steps and strategies, 
offering readers a comprehensive framework for understanding the 
therapeutic landscape. CSI: Craniospinal Irradiation, Gy: Gray (a unit 

of radiation dose), SHH: Sonic Hedgehog, M0: Localized disease 
with no metastasis, PS boost: Posterior fossa boost, HCT: Hemat-
opoietic Cell Transplant
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markers like MYC amplification (Group 4) and TP53 
mutations (SHH) indicating poorer prognosis [3, 4].

Average‑risk adults

Standard treatment includes craniospinal RT (30–36 
Gy) with a tumor bed boost to 54 Gy, followed by multi-
agent chemotherapy (e.g., Packer protocol: cisplatin, 
cyclophosphamide/lomustine, vincristine), though RT alone 
may suffice for older or frail patients. Weekly vincristine 
during RT is generally avoided due to toxicity. The 
NCT01857453 trial (ongoing, reduced-dose RT) lacks adult 
efficacy data [5]. The EORTC trial (1634) was closed due 
to poor accrual [6]. Retrospective studies supporting these 
findings are summarized in Table 5 [91–98].

High‑risk adults

High-risk adults receive intensified craniospinal RT (30–36 
Gy) with a tumor bed boost, plus multi-agent chemotherapy, 
with pre-RT or concurrent chemotherapy for fit patients. A 
phase II trial (26 patients) reported 73% five-year OS with 
upfront cisplatin [7].

Recurrent disease

Recurrent cases require individualized management: 
re-resection, chemotherapy, re-irradiation, or high-dose 
chemotherapy with HCT for no residual disease, and 
vismodegib for SHH tumors [8]. Outcomes remain poor, 
emphasizing clinical trial enrollment.

A visual summary of these risk-stratified management 
strategies for adult medulloblastoma, encompassing exci-
sion, staging, treatment approaches, and surveillance, is 
presented in Fig. 2 to provide a comprehensive framework 
for clinical practice [9].

Post‑therapy monitoring

Following treatment and restaging, patients undergo regular 
monitoring to identify treatment-related complications and 
detect disease recurrence. Our standard protocol involves:

• Every three months: Evaluations during the first 1–2 
years.

• Semi-annual to annual visits: Over the next 5–10 years.
• Every 1–2 years: Long-term follow-up, or as clinically 

indicated.

Each visit includes a detailed history, physical 
examination, and brain MRI to assess for recurrence. 
Spine MRI is reserved for patients with a history of spinal 
involvement or when clinically warranted.

Routine screening spine MRIs offer limited utility 
in patients without prior disseminated disease. In an 
observational study of 89 medulloblastoma patients, 990 
brain MRIs and 758 spine MRIs were performed over 
a median follow-up of 52 months [99]. Isolated spine 
recurrence was detected in only five spine MRIs, yielding a 
detection rate of 0.7% (7/1000).

Recurrent disease in medulloblastoma

Despite significant advancements in treatment, 20–30% of 
children with medulloblastoma experience relapse following 
initial therapy [100]. Recurrences are classified into three 
categories:

• Localized recurrence: ~ 33% of cases.
• Disseminated recurrence (brain or spine): ~ 33%.
• Combined local and disseminated recurrence: ~ 33% [35, 

72, 101].

Table 5  Summary of retrospective studies on adult medulloblastoma treatment outcomes

EFS = Event-Free Survival; OS = Overall Survival; RT = Radiotherapy; Chemo = Chemotherapy

Study (Refs.) Patients (n) Treatment Follow-up EFS/OS rates Key findings

Kann et al.[91] 146 RT ± Chemo Median 5 yrs 59%/67%(5-yr) Chemo improves OS vs. RT alone
Padovani et al.[92] 253 RT ± Chemo Median 6 yrs 62%/68%(5-yr) Combined modality better than RT alone
Franceschi et al.[93] 112 RT + Chemo Median 4 yrs 65%/71%(5-yr) Chemo beneficial for average-risk
Brandes et al. [94] 38 Tailored RT/Chemo Median 3 yrs 67%/70%(3-yr) High/low-risk stratification effective
Kocakaya et al.[95] Meta-analysis RT ± Chemo Variable 60%/65%(5-yr) Chemo improves long-term survival
Beier et al.[96] 38 RT + Chemo (NOA-07) 3 yrs 67%/70%(3-yr) High toxicity in older aduts
Friedrich et al.[97] 70 RT ± Chemo 44 months 68%/89%(4-yr) Residual tumor predicts poor outcomes
Brandes et al. [98] 26 Chemo + RT 5 yrs N/A/73%(5-yr) Upfront chemo improves OS in high-risk



 Clinical and Experimental Medicine          (2025) 25:119   119  Page 10 of 19

In pediatric cases, most relapses occur within the first 
three years post-diagnosis, while adults are more likely 
to experience late relapses or extraneural metastases, 
particularly involving bone or bone marrow. Extraneural 
spread is rare in children treated with modern protocols 
[95, 102].

Prognosis and treatment

The prognosis for recurrent medulloblastoma remains 
poor, especially in patients with prior craniospinal 
radiation therapy (RT). High-dose chemotherapy with 
autologous hematopoietic cell transplantation (HCT) has 

Fig. 2  Management Strategies 
for Adult Medulloblastoma. 
This figure illustrates a risk-
stratified approach to adult 
medulloblastoma management, 
covering optimal safe excision, 
risk-based staging (postop-
erative brain MRI, whole spine 
MRI, CSF cytology, molecular 
subgrouping), treatment for 
average-risk (craniospinal 
RT ± chemotherapy) and 
high-risk adults (intensified 
RT + chemotherapy), long-term 
surveillance, and options for 
recurrent disease
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shown potential in selected patients, with studies reporting 
prolonged disease-free survival in 20–25% of those without 
prior RT exposure [97, 100, 103–105].

For patients who have received RT, HCT is generally 
ineffective. Alternative salvage regimens include:

• Chemotherapy combinations: Temozolomide, irinotecan, 
and bevacizumab [106].

• Multidrug oral regimens: Low-dose etoposide, 
cyclophosphamide, bevacizumab, thalidomide, 
fenofibrate, and celecoxib [107].

While these approaches may extend progression-free 
survival, long-term cures are rare. Enrollment in clinical 
trials exploring novel agents is strongly encouraged.

Special considerations for infants and young 
children

In infants and young children relapsing after surgery and 
chemotherapy without prior craniospinal RT, salvage RT 
can sometimes achieve prolonged disease-free survival. A 
multicenter retrospective study of 380 children with relapsed 
medulloblastoma after non-RT-based therapy reported 
promising outcomes [108]. Among 294 patients treated with 
craniospinal RT and systemic chemotherapy with curative 
intent, three- and five-year post-relapse survival rates were 
52% and 43%, respectively.

Factors associated with improved outcomes

Multivariable analysis of 150 patients with molecular 
subgroup data identified the following factors associated 
with better survival [109]:

• Localized relapse.
• Sonic Hedgehog (SHH) subgroup.
• Treatment with craniospinal RT.
• Age ≥ 36 months at initial diagnosis.

The recurrence patterns of pediatric medulloblastoma and 
corresponding management strategies are presented visually 

in Table 6. To enhance clarity, the original tabular data has 
been converted into a graphical representation. This figure 
provides a concise overview of localized, disseminated, 
combined recurrence types, and the rare extraneural metas-
tasis, along with their respective management strategies.

Emerging therapies

Targeting molecular pathways in medulloblastoma

Recent research has focused on targeting molecular pathways 
involved in medulloblastoma pathogenesis, particularly 
the Sonic Hedgehog (SHH) pathway [110]. Smoothened 
(SMO) inhibitors, such as vismodegib—FDA-approved 
for advanced basal cell carcinoma—have demonstrated 
variable efficacy in SHH-driven medulloblastomas [111, 
112]. However, challenges remain, including understanding 
acquired resistance mechanisms and identifying molecular 
predictors of response within this genetically diverse 
subgroup [113, 114]. Clinical trial outcomes to date have 
been inconsistent.

Clinical trial data

① Pediatric Brain Tumor Consortium Phase II Trials:

• Participants: 31 adults and 12 pediatric patients with 
recurrent medulloblastoma treated with vismodegib 
(150–300 mg/day) [98].

• Findings:

None of the 31 patients with non-SHH pathway tumors 
responded.

Among 12 SHH pathway tumor patients, four achieved 
a protocol-defined response (complete or partial response 
lasting ≥8 weeks).

Predictors of Response: Mutations in PTCH1 and/or loss 
of heterozygosity were associated with positive responses.

Resistance Markers: Nonresponders predominantly exhib-
ited downstream alterations (e.g., SUFU, GLI2 mutations) 

Table 6  Pediatric medulloblastoma: clinical guide to recurrence and treatment

The original tabular data has been adapted for better visual presentation

Recurrence type Frequency Common sites Management strategy

Local recurrence 30–40% Tumor bed (posterior fossa) Repeat surgery + focal RT or intensified chemotherapy
Disseminated (brain/spine) 30–50% Leptomeningeal spread Craniospinal RT + multi-agent systemic chemotherapy
Combined recurrence  ~ 20% Brain and spine Personalized therapy (e.g., molecular-targeted therapy, 

high-dose chemotherapy + HCT)
Extraneural metastasis Rare (< 5%) Bones, bone marrow Systemic chemotherapy; consider clinical trial enrollment
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or diffuse p53 staining, indicative of TP53-mutant SHH 
tumors.

② Phase I/II Trial: Temozolomide With or Without 
Vismodegib:

Participants: 24 adult patients with recurrent or refractory 
medulloblastoma, focusing on those with Sonic Hedgehog 
pathway activation [114].

Findings: The combination of temozolomide and 
vismodegib was safe but did not improve progression-free 
survival outcomes [115].

Genetic predisposition and prognosis

Advancements in Multimodality Therapy and Prognosis in 
Medulloblastoma.

With significant progress in multimodality therapy, 
approximately 75% of children diagnosed with 
medulloblastoma now survive into adulthood. However, 
certain clinical and histologic factors are associated with 
worse outcomes, including younger age (< 3 years), 
disseminated or metastatic disease at diagnosis, residual 
tumor > 1.5  cm2 after resection, large cell/anaplastic 
histology, and MYC amplification.

Genetic factors also play a critical role in prognosis. 
Germline mutations associated with cancer predisposition 
are identified in 5–6% of all medulloblastoma patients, with 
up to 20% of those in the SHH subgroup harboring these 
mutations (Table 2) [12]. Testing for germline mutations 
is recommended in high-risk subgroups or in cases with a 
family history suggesting increased cancer risk. Identifying 
these mutations is essential for genetic counseling and 
surveillance for associated malignancies.

Patients with germline mutations generally have poorer 
outcomes, with five-year progression-free survival (PFS) 
rates of 52% (95% CI 40–69) and overall survival (OS) rates 
of 65% (95% CI 52–81) [12].

Prognosis by subgroup

Children aged ≥ 3 years

Prognostic stratification has been significantly refined 
through molecular subgrouping, as demonstrated in the 
SJMB03 trial, which investigated risk-adapted therapy in 
330 children aged 3–21 years [69].

• SHH Tumors: Two prognostic groups were identified:
• Low-risk SHH: Defined by the absence of metastatic 

disease, TP53 mutations, large cell/anaplastic histology, 
MYC amplification, GLI2 mutations, and chromosome 
17p loss. These patients showed excellent outcomes, with 
a five-year PFS of 100%.

• High-risk SHH: Characterized by poor outcomes, with 
a PFS of < 50%. Germline mutations in SUFU, PTCH1, 
TP53, PALB2, and BRCA2 are common, with TP53 
mutations particularly linked to poor prognosis [12].

• Wnt Tumors: All 53 children with Wnt pathway tumors 
remained progression-free at five years. However, four 
late deaths occurred due to second malignancies or 
pulmonary fibrosis [69]. Current trials are exploring 
the potential of reduced therapy for this subgroup. 
Germline APC mutations are more frequent in patients 
lacking CTNNB1 somatic mutations [12].

• Group 3 and Group 4 Tumors: These subgroups exhibit 
overlapping biology and are classified into three 
risk categories based on molecular and methylation 
analyses. Poor prognostic factors include MYC 
amplification and metastatic disease at diagnosis, with 
a five-year PFS of ~ 50% for patients with either risk 
factor. Germline mutations in PALB2 and BRCA2 are 
more frequently observed in these groups [12].

Infants and children aged < 3 years

For children under three years of age, the prognosis has 
improved with modern protocols, with five-year survival 
rates varying by risk and molecular subtype. In non-
metastatic cases, such as those in the HIT 2000 trial, 
45 patients (median age 2.5 years) achieved a five-year 
event-free survival (EFS) of 57% ± 8% and overall survival 
(OS) of 80% ± 6% at a median follow-up of 4.5 years [63]. 
Survival is significantly lower (15–30%) in those with 
disseminated disease at diagnosis, reflecting challenges 
in reducing or omitting radiation therapy in this vulnerable 
population. Germline mutations in SUFU and PTCH1 are 
most prevalent in infants, with a median diagnosis age of 
two years [12].

Adults

Adults diagnosed with medulloblastoma generally 
have worse outcomes than children, with long-term 
survival rates ranging from 50–80% [116–121]. Modern 
multimodality treatments may improve these survival 
figures [120]. Poor prognostic factors in adults include 
older age (> 30 years), incomplete resection, and 
disseminated disease.

Late recurrences (> 5 years) and extracranial metastases 
are rare but have been documented [120]. Group 4 tumors in 
adults are particularly challenging due to a high prevalence 
of high-risk features and large cell/anaplastic histology 
[122]. Germline mutations in PALB2 and BRCA2 are also 
more commonly observed in adults [12].
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Complications of treatment

Medulloblastoma survivors, particularly those diagnosed 
in childhood or adolescence, often experience delayed and 
early treatment-related complications that significantly 
affect their quality of life (QoL) and longevity [123, 124]. 
Craniospinal radiation therapy (RT) and chemotherapy are 
primary contributors to these late effects, with multimodal 
treatment exacerbating many adverse outcomes [35, 125]. 
Survivorship guidelines for childhood central nervous 
system (CNS) tumors, published by the Children’s Oncology 
Group (COG), provide comprehensive recommendations 
for monitoring and managing these complications 
[126]. This section focuses on the most impactful long-
term complications, prioritizing cognitive decline and 
rehabilitation, vascular complications, secondary tumors, 
endocrine issues, hearing loss, early aging, and socio-
economic outcomes for survivors.

Posterior fossa syndrome (PFS)

PFS, or cerebellar cognitive affective syndrome, is an 
early complication occurring in ~ 25% of medulloblastoma 
patients, typically within 1–2 days post-surgery [127]. It 
results from injury to the inferior cerebellar vermis and 
outflow pathways, disrupting cerebellum-mediodorsal 
thalamus communication. PFS manifests as difficulties 
in language production, emotional instability, impaired 
attention, and, in severe cases, motor initiation challenges, 
with additional symptoms like cranial nerve palsies and 
bowel/bladder incontinence [128–131]. Symptoms may 
improve over weeks to months but can persist for years 
in severe cases. In a COG study of 450 children, 24% 
experienced PFS, with 92% moderately to severely affected 
[132]. Long-term neurocognitive deficits, including declines 
in intellectual ability, processing speed, and attention, often 
worsen over time, necessitating early rehabilitation [133].

Cognitive decline and rehabilitation measures

Neurocognitive deficits are frequent and severe after medul-
loblastoma treatment, particularly in young children, with 
adult survivors half as likely as siblings to attain a college 
degree [134]. Risk factors include younger age at treatment, 
high-risk disease, and higher RT doses [124, 135]. Deficits 
include processing speed, attention, and working memory 
impairments, with late-onset toxicities more pronounced 
in younger patients [136–142]. Repeated anesthesia expo-
sure may exacerbate risks [141]. Limited evidence suggests 
proton RT mitigates decline compared to photon RT [38, 
39, 135]. Rehabilitation strategies—neuropsychological 

evaluations, cognitive therapy, and educational support—are 
critical to improve QoL, especially during school transitions 
[143].

Vascular complications (stroke)

Survivors face an elevated risk of cerebrovascular 
complications, including occlusive disease, intracranial 
hemorrhage, and cavernous malformations, heightened in 
children and worsened by concurrent chemotherapy [144]. 
Stroke risk increases with RT dose and age at treatment, with 
long-term studies reporting a 5–10% incidence by adulthood 
[145]. Preventive measures include regular cardiovascular 
monitoring, lipid management, and lifestyle interventions 
to mitigate vascular aging, significantly impacting survivor 
independence and QoL.

Secondary neoplasms

Medulloblastoma survivors are at increased risk for 
secondary malignancies, including brain and thyroid 
cancers, meningiomas, and hematologic malignancies [49, 
145]. A COG phase III study reported a 10-year secondary 
cancer incidence of 4.2%, with 15 cases at a median of 5.8 
years [75]. A long-term study of nearly 1,000 survivors 
found a 9.5% cumulative incidence, with meningiomas 
accounting for one-quarter of cases [124]. Annual physical 
exams, dermatologic evaluations, and brain MRIs are 
recommended for early detection, critical for maintaining 
QoL and longevity.

Endocrine abnormalities

Endocrine dysfunction is common, involving growth 
hormone (GH) deficiency (94% of survivors), 
adrenocorticotropic hormone (ACTH), thyroid-stimulating 
hormone (TSH), or gonadal hormone deficiencies, plus 
primary hypothyroidism or early puberty [146–155]. A study 
of 88 children found GH deficiency requiring replacement to 
mitigate growth impairment and improve QoL [154]. Proton 
RT reduces thyroid exposure and primary hypothyroidism 
but not central deficiencies [151, 156]. Annual endocrine 
evaluations are essential for managing these complications 
and optimizing survivor health.

Hearing loss

Ototoxicity affects 40–60% of long-term survivors, often 
requiring hearing aids [38, 124, 134]. Proton RT and IMRT 
may reduce this risk, but longer follow-up is needed [38, 42, 
141]. Baseline audiograms before cisplatin/RT, followed by 
biennial monitoring, are critical. Sodium thiosulfate, FDA-
approved in 2022, reduces cisplatin-induced hearing loss 
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by ~ 40%, though its role in medulloblastoma requires further 
evaluation [142–145]. Hearing loss impacts communication, 
education, and QoL, necessitating early intervention.

Early aging

Medulloblastoma survivors, especially those treated in 
childhood, experience accelerated aging, manifesting as 
premature cardiovascular, musculoskeletal, and cognitive 
decline [156]. Craniospinal RT and chemotherapy 
contribute to cellular senescence, increasing risks of frailty, 
osteoporosis, and chronic fatigue by adulthood [157]. 
Preventive strategies—exercise, nutrition, and regular health 
screening—are vital to mitigate early aging and maintain 
QoL.

Socio‑economic insertion of long‑term survivors

Long-term survivors often face challenges in socio-
economic independence, including employment, driving 
capacity, and social integration, due to neurocognitive, 
physical, and endocrine deficits [158]. Studies show 
survivors are less likely to achieve full-time employment or 
live independently compared to peers, with QoL impacted by 
treatment-related disabilities [159]. Rehabilitation programs, 
vocational training, and policy support are essential to 
enhance independence, job opportunities, and driving safety, 
improving overall well-being.

A visual summary of these key long-term complications, 
including their incidence, clinical impact, and management 
strategies, is presented in Table 7 to facilitate understanding 
and guide clinical practice [160].

This Table 7 summarizes the incidence, clinical impact, 
and management approaches for cognitive decline, 
vascular complications, secondary neoplasms, endocrine 
abnormalities, hearing loss, early aging, and socio-economic 
outcomes, emphasizing rehabilitation and QoL preservation.

Conclusion

Advancements in molecular classification have revolution-
ized medulloblastoma risk stratification and treatment, ena-
bling precision therapy and guiding clinical trial designs. 
Genetic testing for germline mutations is recommended for 

cancer risk assessment, and clinical trial participation is 
encouraged to access advanced therapies.

Maximal safe resection remains essential for diagnosis, 
intracranial pressure relief, and tumor control, with 
postoperative treatments tailored to factors like age, disease 
status, and molecular subgroup. Standard therapies for 
average-risk patients include craniospinal radiation therapy 
(RT) and chemotherapy, while high-risk patients require 
intensified regimens.

For young children, chemotherapy with stem cell rescue 
is preferred to minimize neurologic toxicity, while older 
children and adults generally undergo craniospinal RT and 
chemotherapy, adjusted for age and risk. High-risk cases 
may require pre-RT chemotherapy or modifications to 
reduce toxicity.

Despite improved survival rates, long-term complications 
such as neurocognitive deficits, hearing loss, and secondary 
malignancies remain significant challenges. Ongoing 
research focuses on refining treatment strategies to balance 
survival outcomes with quality of life.
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