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ABSTRACT

Purpose: Pediatric central nervous system (CNS) tumors often recur despite multimodality therapy. Although re-irradiation (re-
RT) has historically been limited by concerns for severe late toxicities, modern techniques have renewed interest in this approach.
Proton therapy provides dosimetric advantages that may enable curative re-treatment with reduced normal tissue exposure.
Methods: We retrospectively reviewed 54 pediatric patients who underwent proton re-RT for recurrent CNS tumors at our
institution (2010-2024). Eligible patients had received prior CNS-directed RT at <20 years of age. Toxicities were graded per
Common Terminology Criteria for Adverse Events (CTCAE) v5.0 as acute (<3 months) or late (>3 months). Cumulative
dosimetry was assessed by registering RT1 and RT2 plans and converting doses to EQD2 (a/f = 2 Gy). Overall survival (OS) and
progression-free survival (PFS) were estimated using Kaplan—-Meier methods.

Results: Median age at re-RT was 11 years, with a median interval of 28.5 months between RT courses. The median prescribed
re-RT dose was 54 Gy (range, 25-60), yielding a cumulative EQD2 of 102.6 Gy (range, 46.8-112.9). Median OS and PFS were 46.0
and 16.5 months, respectively. Among 16 ependymoma patients, all received full-dose proton re-RT (54-59.4 Gy), yielding a 1-year
OS of 91.7% and PFS of 50.0%. Glioma patients had inferior outcomes (1-year OS 55.4%, PFS 41.6%) with a median re-RT EQD2 of
48.1 Gy. An RT interval of >12 months was associated with improved OS and PFS. Composite dosimetry in 21 patients showed a
median cumulative brain D, .. 0of 109.0 Gy; only one patient developed Grade 3 radiation necrosis (RN). High-grade acute toxicity
occurred in 13.0% of patients, all manageable with supportive care.

Conclusion: Proton re-RT for pediatric CNS tumors is feasible and associated with encouraging survival and low rates of serious
late toxicity.

Abbreviations: CNS, central nervous system; CTV, clinical target volume; GTV, gross tumor volume; Gy, gray; OS, overall survival; PBT, proton beam therapy; PFS, progression-free survival; PTV,
planning target volume; RT, radiation therapy.
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1 | Introduction

Pediatric central nervous system (CNS) tumors are the most
frequent solid neoplasms of childhood and are still the leading
cause of cancer-related death in children [1]. To achieve better
cure rates with acceptable long-term secondary effects, treatment
usually consists of a multimodal approach with a combination of
surgery, radiotherapy (RT), and chemotherapy. This multimodal
approach has led to increased survival rates for many pediatric
brain tumors [2].

Despite aggressive initial treatment, a large proportion of pedi-
atric CNS tumors still recur, generally in the CNS. Controlling
such recurrences is difficult: the diffuse microscopically inva-
sive nature impedes complete surgical resection, and systemic
chemotherapy alone seldom brings about durable CNS control
(often due to lack of drug penetration to the brain because of the
blood-brain barrier).

In the past, clinicians were reluctant to pursue re-irradiation
(re-RT) in children because of concerns about severe late tox-
icities. In a previously irradiated brain, both repeat surgery
and RT carry elevated risks of treatment-related morbid-
ity [3]. Late complications such as radiation necrosis (RN),
which can be life threatening, and neurocognitive decline are
well-known consequences of high cumulative CNS dose [4,
5]. These risks prompted clinicians to attempt salvage ther-
apy with surgery or chemotherapy rather than to compound
risk by accepting the possible catastrophic effects of further
radiation.

Advances in RT techniques over the past decade have begun
to change this risk-benefit calculus. Modern image-guided
and conformal RT methods (including intensity-modulated and
stereotactic approaches) now allow more precise dose delivery,
sparing critical normal tissues. Proton beam therapy (PBT)
provides a dosimetric advantage in comparison to conventional
photon RT due to the Bragg peak, which allows for as high
tumor dose as possible and a lower exit to normal brain. This
lower integral dose is anticipated to result in reduced rates of
late complications. In fact, when compared to photon-based
techniques, PBT appears to more effectively save cognitive per-
formance, endocrine status, and hearing in children with brain
tumors [6-10].

Early clinical experience in the setting of recurrent pedi-
atric CNS tumors has been promising, with appropriately
selected patients receiving re-RT with protons, resulting in
durable disease control and acceptable toxicity [11-13]. Due to
these advantages, PBT is being increasingly favored in situa-
tions where re-RT is required for a recurrent pediatric CNS
tumor.

Here, we performed a retrospective analysis of the experience
of our institution with proton re-RT in children with recurrent
CNS tumors. In this study, we present the clinical results and
dosimetric data of this cohort to add to the existing knowledge
of the safety and efficacy of re-RT in the pediatric CNS tumor
population with PBT.

2 | Methods
2.1 | Patient Selection

This study was approved by our institutional review board.
We retrospectively reviewed all patients who met the following
inclusion criteria: (i) received their first course of RT (RT1) to the
CNS at <20 years of age; (ii) subsequently underwent a second
course of CNS-directed PBT (RT2); and (iii) were treated at our
institution between 2010 and 2024. Both Types I and II re-RT,
as defined by the ESTRO-EORTC consensus guidelines, were
included in the analysis [14].

Re-RT eligibility was determined through multidisciplinary
tumor board discussion. Favorable candidates generally included
patients who tolerated RT1 well, demonstrated radiographic
and/or clinical response to RT1, and had good performance status
with a reasonable expectation of clinical benefit from re-RT. All
recurrence patterns were considered eligible, including local-
only, combined local and distant, and distant-only recurrence.
Full-dose re-RT was generally offered for ependymoma and
medulloblastoma, whereas hypofractionated regimens were more
commonly used for select glioma patients. Patients were generally
not excluded from RT2 on the basis of cumulative dose risk alone;
exclusion was more commonly considered for a third RT course
when triple overlap of high-dose regions was anticipated.

2.2 | Data Collection and Toxicity Assessment

Clinical data, radiotherapy details, treatment-related toxicities,
and survival outcomes were collected through a comprehensive
review of electronic medical records. PBT doses are reported
in gray equivalents (GyE), which assumes relative biological
effectiveness (RBE) value of 1.1 when converting between PBT
and photon. Adverse events were graded using the Common
Terminology Criteria for Adverse Events (CTCAE), version 5.0
[15]. Toxicities were classified as acute or late based on a 3-month
cutoff, and late toxicities were evaluated only in patients with
follow-up of at least 3 months.

2.3 | Re-RT Planning

Re-RT planning was individualized on a case-by-case basis
through multidisciplinary discussion and was not governed by a
strict institutional protocol; however, several general principles
guided our approach. For RT2, clinical target volume (CTV) mar-
gins were generally no larger than those used for RT1 and were
permitted to be smaller (e.g., gross tumor volume [GTV] + 0.5 cm
or GTV = CTV) depending on proximity to previously irradiated
organs at risk (OAR). Planning target volume (PTV) margins
were typically 3 mm for both RT1 and RT2. Cumulative dose
constraints were prioritized over target coverage; in most cases,
cumulative dose limits included optic structures <81 Gy, brain-
stem <110 Gy, and spinal cord <75 Gy (EQD2, a/f = 2 Gy).
When meeting these constraints required compromise of CTV
or PTV coverage, this was permitted after multidisciplinary
review.
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For focal RT2, the RT1 simulation scan was fused with the RT2
simulation scan during treatment planning. High-dose isodose
regions from RT1 were imported into the RT2 planning envi-
ronment and used to create avoidance structures that informed
beam arrangement and optimization. Beyond the formal OAR
constraints described above, the planning approach aimed to
balance cumulative hot and cold spots, though specific overlap-
volume thresholds were not formally defined. In select cases
where craniospinal irradiation (CSI) was indicated at RT2, the
brainstem-sparing CSI technique described by Hill-Kayser and
Kirk [16] was employed.

2.4 | Cumulative Dosimetric Analysis

For retrospective dosimetric analysis, planning computed tomog-
raphy (CT) datasets from RTI and RT2 were co-registered using
rigid registration, and composite plan sums were generated.
Cumulative physical and biological doses were recorded for the
constrained OARs described above as well as the whole brain
and cochleae. All doses were converted to EQD2 using the
linear-quadratic model with an assumed «/p ratio of 2 Gy for
late-responding normal tissues.

2.5 | Statistical Analysis

Descriptive statistics were used to summarize clinical and treat-
ment characteristics. Overall survival (OS) and progression-free
survival (PFS) were calculated from the end date of the re-RT
course to the date of death or disease progression, respec-
tively. Survival outcomes were estimated using the Kaplan-Meier
method and compared between groups using the log-rank test.
Statistical significance was defined as a two-tailed p value < 0.05.
All statistical analyses were performed using SPSS Statistics
version 20.0.0 (IBM Corp., Armonk, NY, USA).

3 | Results
3.1 | Patient Characteristics

A total of 54 patients were included in this analysis (Table 1).
The median age at RT1 was 7 years (range, 1-19), and 11 years
(range, 2-29) at RT2. The cohort consisted of 32 males (59.3%)
and 22 females (40.7%). The most common diagnosis was glioma
(37.0%), including three diffuse midline glioma (DMG) patients,
followed by ependymoma (29.6%), medulloblastoma (14.8%),
embryonal/atypical teratoid rhabdoid tumors (13.0%), and others
(germ cell tumor and craniopharyngioma). We also included six
patients with secondary gliomas, whose initial diagnoses were
medulloblastoma (three patients), leukemia (two patients), and
ependymoma. The median interval between RT1and RT2 was 28.5
months (range, 2-285 months).

3.2 | Details of Initial RT Course (RT1)

Details of the RT1 are summarized in Table 2, excluding two
patients who received total body irradiation (TBI) and one patient
for whom treatment details were unavailable. RT1 was performed

with PBT in 27 (52.9%) patients. Median prescription dose was
54 Gy (range, 10.0-60.0 Gy) in 30 fractions. CSI was performed in
nine (17.6%) patients with a dose of median 23.4 Gy (range, 18.0—
36.0). Surgical resection was performed prior to RT1 in all patients
except one, who was diagnosed with a non-germinomatous germ
cell tumor and presented with visual symptoms. This patient
underwent palliative photon RT to the suprasellar mass with
10 Gy in 4 fractions. Concurrent chemotherapy was administered
in 11 patients, including temozolomide in nine patients with
glioma and vincristine in two patients with medulloblastoma.

3.3 | Details of Second RT Course (RT2)

RT2 treatment details are shown in Table 3 for all included
patients. All patients received PBT. The treatment intent was
curative in 39 patients (72.2%). The median prescribed dose was
54 Gy (range, 25-60 Gy), corresponding to a median cumulative
EQD2 dose of 102.6 Gy (range, 46.8-112.9). CSI was performed
in 20 patients (37.0%); among them, brainstem overlap was
excluded in five cases using a previously described technique [16].
Most patients (81.5%) were treated with a standard fractionated
(1.8-2.0 Gy per fraction) schedule, whereas 10 patients received
hypofractionated regimen, all with palliative intent. Surgical
resection prior to RT2 was performed in 61.1% of patients. Concur-
rent chemotherapy was performed in nine patients (five glioma,
two medulloblastoma, and two embryonal tumor patients).

3.4 | Clinical Outcome and Acute Toxicities

The median OS after RT2 was 46 months, with 1-year and 3-year
OS rates of 70.3% and 56.0%, respectively (Figure 1A). By histology,
patients with ependymoma demonstrated significantly superior
OS compared to glioma (log-rank p = 0.003; Figure 1B). A longer
interval between RT1 and RT2 (>12 months) was associated with
improved OS (log-rank p = 0.012; Figure 1C).

The median PFS was 16.5 months (Figure 1D), with 1-year and
3-year PFS rates of 51.3% and 34.2%, respectively. Patients with
glioma showed poorer PFS compared to other tumor types
(Figure 1E). PFS was significantly improved in patients with a
longer interval between RT1 and RT2. The 1-year PFS rate was
62.4% in patients with an interval >12 months, compared to 20.8%
in those with an interval <12 months (Figure 1F).

Of the 54 patients, 7 (13.0%) experienced Grade >3 acute toxicities
during or after RT2 (Table S1). The most frequent high-grade
events were anorexia (7.4%), weakness (5.6%), and ataxia (3.7%),
with isolated cases of otitis media and dysphagia (1.9% each). All
events were manageable with supportive measures and did not
necessitate treatment discontinuation.

3.5 | Late Toxicities and Composite Plan Analysis

There were 30 patients with at least 3 months of follow-up after
RT2. Late toxicities were evaluated only in this subgroup, with
a median follow-up of 20 months (range, 3.6-170 months). The
diagnosis breakdown was ependymoma (n = 12, 40%), glioma
(n =11, 37%), ATRT/embryonal (n = 3, 10%), medulloblastoma
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TABLE 1 | Patient characteristics (n = 54).

Variables N (%)
Age
Age at RT1 Median 7 years Range: 1-19 years, (IQR, 3-12)
Age at RT2 Median 11 years Range: 2-29 years, (IQR, 7-18)
Gender
Male 32 59.3
Female 22 40.7
Diagnosis
Ependymoma 16 29.6
Medulloblastoma 8 14.8
Glioma?® 20 37.0
* DMG 3
* HGG/GBM 15
* LGG 2
Embryonal/ATRT 7 13.0
Germ cell tumor 2 3.7
Craniopharyngioma 1 1.9
RT1-2 interval (months) Median 28.5 months Range: 2-285 months (IQR, 12-73)

Abbreviations: DMG, diffuse midline glioma; GBM, glioblastoma multiforme; HGG, high-grade glioma; IQR, interquartile range; LGG, low-grade glioma.
2Including six patients with secondary glioma, whose initial diagnoses were medulloblastoma (3 pts), leukemia (2 pts), and ependymoma (1 pt).
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FIGURE 1 | Kaplan-Meier survival curves after proton re-irradiation (RT2). Overall survival (OS): (A) entire cohort, (B) stratified by diagnosis, and
(C) stratified by interval between RT1 and RT2. Progression-free survival (PFS): (D) entire cohort, (E) stratified by diagnosis, and (F) stratified by RT
interval. Median survival times, 1- and 3-year OS, and 1- and 2-year PFS estimates are shown, with comparisons performed using the log-rank test.

(n=2,7%), and other (n = 2, 7%). The median cumulative EQD2
was 105.7 Gy (range, 51.3-112.9), and the median RT interval was
28.0 months (range, 3-215). Twenty-seven of 30 patients (90%)
were treated with pencil beam scanning. Late toxicity outcomes
were determined from a combination of imaging review and

clinical documentation. Three cases of asymptomatic RN were
detected only on routine imaging and classified as Grade 1.
One patient developed a Grade 3 RN, presenting with headache
and vomiting 7 months after completing RT2. This patient had
supratentorial ependymoma and received re-RT to the same site
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TABLE 2 | RTI treatment details (n = 51).2

Variables N (%)
RT intent
Curative 50 98.0
Palliative 2.0
RT1 technique
Proton 27 52.9
Photon 24 471
RT1 prescribed dose
CSI dose (in 9 pts) Median: 23.4 Gy Range: 18.0-36.0 (IQR, 23.4-23.4)
Total dose Median 54 Gy Range: 10.0-60.0 (IQR, 54.0-59.4)
Total dose EQD2 Median 51.3 Gy Range: 11.3-60.0 (IQR, 51.3-56.4)

Average: 51.8 Gy

RT1 fractionations
1.5 Gy/fraction
1.8-2.0 Gy/fraction
>2.5 Gy/fraction
RT1 site
CSI/Supratentorial
No CSI/supratentorial
CSI/Infratentorial
No CSI/infratentorial
Spine only
RT1 location
Study institution
Outside institution
Surgery before RT1
GTR/NTR
STR/Bx
No surgery
Chemotherapy
Before RT1
Concurrent®

After RT1

1 2.0
48 94.1
2 3.9
1 2.0
21 41.2
8 15.6
20 39.2
1 2.0
37 72.5
14 27.5
36 70.5
14 27.5
1 2.0
19 37.3
1 21.6
24 471

Abbreviations: Bx, biopsy; CSI, craniospinal irradiation; GTR, gross total resection; IQR, interquartile range; NTR, near-total resection; PTS, patients; STR, subtotal

resection.

2Three patients were excluded. Two patients were treated with total body irradiation, and one patient’s detailed information of RT1 was unknown.

bTemozolomide (nine patients) or vincristine (two patients).

for local recurrence, with 54 Gy delivered at RT1 and 59.4 Gy at
RT2. The interval between the two treatments was 26 months.
Symptoms resolved with corticosteroid and bevacizumab therapy.
This event was classified as Grade 3 per CTCAE v5.0 because the
patient’s symptoms necessitated medical intervention.

Composite dosimetric analysis was performed in 21 patients for
whom both RT plans were evaluable and both RT courses were
delivered using standard fractionation (Table 4). The median
interval between RT1 and RT2 was 25.0 months (range, 8.0-168.0),

and the median follow-up duration was 35.0 months (range,
1.0-170.0). The cumulative D, to the brain parenchyma was
109 Gy (range, 61.4-117.2 Gy), with the highest value observed
in the Grade 3 RN case. The cumulative D, to the brainstem
and spinal cord was 65.4 Gy (range, 16.4-116.3 Gy) and 52.6 Gy
(range, 0.0-70.5 Gy), respectively; no RN or neurologic toxicity
was observed in these structures. The cumulative near-maximum
dose (D2%) to the brainstem was 64.0 Gy (range, 16.0-115.3 Gy).
The D2% to the optic chiasm was 45.2 Gy (range, 8.1-62.5 Gy).
The median cumulative brain V90Gy was 2.6% (range, 0%-12.6%),
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TABLE 3 | RT2 treatment details (n = 54).

Variables N (%)
RT2 intent

Curative 39 72.2

Palliative 15 27.8
RT2 technique

Proton 54 100.0

* Mixed photon

RT2 prescribed dose
CSI dose (in 20 pts) Median: 36.0 Gy Range: 23.4-36.0 (IQR, 36.0-36.0)
Total dose Median 54.0 Gy Range: 25.0-60.0 (IQR, 42.3-58.0)
Total dose EQD2 Median 51.3 Gy Range: 28.1-60.0 (IQR, 46.8-56.4)

Average: 49.1 Gy

RT2 fractionations
1.8-2.0 Gy/fraction
>2.5 Gy/fraction

RT2 site
CSI/Supratentorial
No CSI/supratentorial
CSI/Infratentorial
No CSI/infratentorial
Spine only

Surgery before RT2
GTR/NTR
STR/Bx
No surgery

Chemotherapy
Before RT2
Concurrent

After RT2

44 81.5
10 18.5
8 14.8
14 25.9
12 22.2
14 25.9
6 1.1
23 42.6
10 18.5
21 38.9
18 333
9 16.7
16 29.6

Abbreviations: Bx, biopsy; CSI, craniospinal irradiation; GTR, gross total resection; IQR, interquartile range; NTR, near-total resection; RT2, second radiation

therapy course; STR, subtotal resection.

confirming that despite high point doses, the volume of brain
receiving >90 Gy EQD2 remained small. Among the four RN
patients, brain V90Gy was numerically higher (median 5.3%,
range 0%-11.4%).

3.6 | Subgroup Analysis by Diagnosis

A total of 16 patients received re-RT for recurrent ependymoma.
The median age at RT1 was 6 years (range, 1-16), and 9 years
(range, 2-18) at RT2. The median RT interval was 24 months
(range, 8-76). All patients initially underwent focal RT without
CSI, receiving 54-59.4 Gy in 30-33 fractions. RT2 was performed
for locoregional progression in 11 patients and for metastatic
seeding in 5. All patients with seeding received CSI, whereas 3
of the 11 with locoregional recurrence also received CSI. The RT2
dose to the tumor site was 54-59.4 Gy in all cases, with 36 Gy
CSI when indicated. The 1-year OS and PFS rates were 91.7% and

50.0%, respectively. Detailed outcomes according to recurrence
pattern and RT2 modality are illustrated in Figure 2. The addition
of CSI in patients with locoregional progression did not appear
to improve survival, though this interpretation is limited by small
sample size.

Re-RT was performed in 14 patients diagnosed with recurrent
glioma, including 13 with high-grade glioma and one with low-
grade spinal glioma. The median age at RT1 was 10.5 years (range,
2-19) and 13.5 years (range, 7-24) at RT2. The median interval
between RT courses was 17 months (range, 2-159). RT2 dosing
varied, with a median EQD2 of 48.1 Gy (range, 37.5-56.4 Gy) in
a median of 25 fractions (range, 10-33). The 1-year OS and PFS
rates were 55.4% and 41.6%, respectively.

There were also six patients with secondary glioma included in
this study, of whom five had high-grade and one had low-grade
histology. The median age at RT1 was 4.0 years (range, 2-16),
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TABLE 4 | Dosimetry of composite plans.

All patients (n = 21)*

RN cases (n = 4)®

Median Range Median Range
Clinical characteristics
RT interval (months) 25.0 8.0-168.0 23.0 8.0-35.0
Follow-up (months) 35.0 1.0-170.0 19.5 4.0-60.0
Cumulative point-dose metrics, D, ;.. (Gy EQD2)
Brain parenchyma 109.0 61.4-117.2 114.8 98.4-117.2
Brainstem 65.4 16.4-116.3 54.9 16.4-98.9
Spinal cord 52.6 0.0-70.5 47.4 6.1-70.5
Cumulative near-maximum dose, D2% (Gy EQD2)
Brainstem 64.0 16.0-115.3 52.4 16.0-97.6
Optic chiasm 45.2 8.1-62.5 28.9 13.9-43.8
Optic nerve, left 38.2 0.0-54.3 38.4 9.0-41.7
Optic nerve, right 6.1 0.0-51.3 38.1 6.1-40.0
Cumulative mean dose (Gy EQD2)
Cochlea, right 34.3 0.0-80.0 32.8 3.3-53.6
Cochlea, left 21.3 0.8-59.6 32.6 7.1-59.2
Pituitary 36.1 4.9-55.1 49.0 8.7-55.1
Cumulative volume receiving >90 Gy EQD2
Brain V90Gy (%) 2.6 0.0-12.6 53 0.0-11.4
Cumulative target coverage, PTV2 (Gy EQD2)
PTV2 D« 108.5 52.0-117.7 115.3 69.8-117.7
PTV2 D95% 63.9 35.8-114.8 85.1 55.4-110.6

Note: Dy;.., minimum dose to the hottest 0.1 cm?; D2%, minimum dose to the hottest 2% of the structure volume; EQD2, equivalent dose in 2-Gy fractions
(/B =2 Gy); RN, radiation necrosis; V90Gy, percentage of structure volume receiving >90 Gy EQD2.

2Ependymoma (13 pts), glioma (5 pts), others (3 pts).

RN cases include one patient with Grade 3 symptomatic RN and three patients with Grade 1 asymptomatic imaging changes.

| 11 Loco-regional | —

8 Local RT
54-59.4Gy

| 1-yr OS/PFS: 91.7%/50% |

16 Ependymoma | \
N\

3 CSI (36Gy) +
local RT (54-59.4 Gy)

| 5 Seeding | \

5 CSI (36Gy) +
local RT (54-59.4 Gy)

FIGURE 2 | One-year survival outcomes by treatment modality in recurrent ependymoma. Among 16 patients, 11 had locoregional recurrence (8
treated with local RT [54-59.4 Gy], 3 with CSI [36 Gy] plus local RT) and 5 had seeding recurrence (all treated with CSI [36 Gy] plus local RT). One-year
overall survival (OS) and progression-free survival (PFS) rates are shown for each subgroup and for the entire cohort. CSI, craniospinal irradiation.

and 20.5 years (range, 14-29) at RT2, with a median interval of
189 months (range, 81-285). The initial diagnoses at RT1 were
medulloblastoma (n = 3), leukemia (n = 2), and ependymoma
(n=1). The median RT2 EQD2 was 53.7 Gy (range, 39.3-60.0). All

patients with high-grade secondary glioma experienced disease
progression or death within 6 months after RT2. In contrast,
the patient with low-grade glioma remained progression-free
and alive 170 months following re-RT. Due to heterogeneity in
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diagnosis and treatment approach, outcomes for other tumor
types were not analyzed in detail.

4 | Discussion

The prognosis of recurrent pediatric CNS tumors is relatively
poor, and treatment options are very limited. Re-RT might provide
an opportunity for disease control or palliation for children with
recurrent tumors. However, it has traditionally been limited
largely by concerns of severe treatment-related toxicity. PBT offers
unique physical characteristics that can be exploited with re-RT,
specifically the Bragg peak and lack of exit dose, that enable
the implementation of highly conformal dose distributions with
steep dose gradients that limit any potential excess irradiation to
previously treated normal brain [9]. These dosimetric advantages
allow for the administration of definitive radiation doses in a safe
way with proton re-RT in the salvage setting.

RN has been the foremost toxicity concern prohibiting broader
application of pediatric CNS re-RT, as the occurrence of this
late effect in the brain—or worse, the brainstem—can result
in debilitating or fatal sequelae. This risk has recently been
quantified by the Pediatric Normal Tissue Effects in the Clinic
(PENTEC) re-RT task force, which found past a total cumulative
dose of ~112 Gy (EQD,, a/f = 2) there was roughly a 5%-7% risk of
Grade 3-4 brain/brainstem necrosis at a median follow-up of 1.6
years [17]. Our study also suggests that with appropriate patient
selection and contemporary proton technology, re-RT with PBT
can be accomplished with acceptable toxicity even to relatively
high doses.

Although our cohort had higher re-RT doses than most other
series, OS outcomes in this series are similar to those reported
by others (Table S2). The 1-year OS in our series was ~70%,
and there was a median post-re-RT PFS of 16.5 months (mixed
histologies). This is in accordance with the proton re-RT series
of MD Anderson Cancer Center, which described a 1-year OS of
66.7% following a median re-RT dose of 40 Gy [12]. Equally, a
recent multi-institutional review of pediatric CNS re-RT (mixed
modalities, median ~45 Gy re-RT dose) reported a median OS of
12.8 months following re-RT [18], equivalent to approximately 50%
1-year survival consistent with our data. Importantly, although
we used a higher median re-RT dose (54 vs. 40-50 Gy in these
studies), our 1-year disease control rates were at least as good
as or better than those previously reported. These similarities
indicate that dose-escalated proton re-RT enabled us to manage
recurrent tumors in an aggressive manner without any clear
survival penalty.

Our subset analysis by diagnosis confirms known prognostic
differences in recurrent pediatric CNS tumors. Among the
subgroup of patients with ependymoma, the most favorable
outcomes were observed after re-RT; in our own series, their 1-
year OS was 91.7%, with 1-year PFS ~50%. This discovery is in
line with previous studies whose focus was on ependymoma.
For instance, a Massachusetts General Hospital cohort of chil-
dren reirradiated with protons for intracranial ependymoma
achieved a 3-year OS of 78.6% [11]. A large St. Jude Children’s
Research Hospital series (101 recurrent ependymomas) also had
a median OS of ~75 months (~6 years) following re-RT [19],

which may emphasize that durable remission is feasible in
this group. Our 1l-year outcomes fall well within this expected
range.

In contrast, our patients with malignant gliomas benefited little
from re-RT with poor survival outcomes. We refrain from exten-
sive discussion of the glioma subset given the small numbers
and heterogenous re-RT doses, but our results align with the
consensus that although re-RT may afford temporary disease
control or symptom relief in pediatric glioma, it rarely achieves
long-term survival in that group [20, 21].

A key finding of this study is the low incidence of serious
toxicity despite the relatively high cumulative radiation doses
delivered. Only one patient (3.3%) developed Grade 3 RN, which
was managed medically without lasting effects. Three additional
patients had asymptomatic imaging changes (Grade 1). This
safety profile is particularly notable given the median cumulative
EQD2 of approximately 102 Gy in our cohort. According to the
PENTEC review, the estimated risk of symptomatic RN begins
to rise significantly above 112 Gy EQD2 [17]. Compared with
prior proton series [11, 12]—including MD Anderson’s proton
re-RT study (no RN) and MGH’s ependymoma cohort (21.4%
Grade 2 RN)—our findings reinforce the emerging consensus
that PBT can safely enable re-RT in children when appropriately
planned. The Swedish national re-RT study also reported a low
incidence (6.5%) of Grade >3 toxicity despite high brainstem
doses, further supporting the tolerability of carefully delivered re-
RT [22]. Together, these data indicate that with careful attention
to cumulative dose constraints, PBT is a safe and effective
approach in the CNS re-RT setting. The favorable toxicity profile
observed in this cohort likely reflects a combination of proton-
specific dosimetric advantages, individualized overlap-avoidance
planning strategies, and careful patient selection, rather than any
single factor alone.

Several factors should be considered when interpreting the low
observed incidence of RN. The median follow-up for late toxicity
was 20 months, which may be insufficient to capture delayed
events. Despite high cumulative point doses, the volume of brain
receiving >90 Gy EQD2 was small (median V90Gy 2.6%), suggest-
ing that individualized overlap-avoidance planning effectively
limited high-dose volume. Retrospective toxicity documentation
may underestimate the true incidence of Grade 2 events, which
can be subclinical or inconsistently documented. Finally, patients
selected for re-RT generally had favorable clinical characteristics,
and this selection bias should be considered when generalizing
these safety findings.

There are additional limitations worth noting. As a retrospective
analysis from a single institution, it is subject to diagnos-
tic heterogeneity and the inherent limitations of retrospective
data collection. Nonetheless, it represents one of the largest
proton-only pediatric re-RT series to date, with uniform treat-
ment delivery and relatively high prescribed doses. Importantly,
composite dosimetric analysis was performed in a meaning-
ful subset of patients, enabling direct correlation between
dose distribution and observed toxicity. These findings support
the feasibility of high-dose proton re-RT in selected pediatric
patients, with a favorable safety profile and promising treatment
outcomes.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Table S1: Grade 3 or higher acute toxicities during and after re-irradiation
(RT2). Table S2:Review of previous pediatric CNSre-irradiation studies.
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