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ABSTRACT

Background and purpose: In childhood brain tumors, minimizing long-term side effects of cancer therapy is a
critical objective. Radiation-related imaging changes (ICs), indicative of potential radionecrosis, remain an area
of active investigation in proton beam therapy (PBT). This study aimed to identify and correlate post-therapeutic
ICs and radio-biological and dosimetric factors, including linear energy transfer (LET) and variable relative
biological effectiveness (RBE), as well as clinical factors.

Materials and methods: A 3:1 matched-pair cohort of 93 pediatric PBT patients from a register study was retro-
spectively analyzed. The cohort comprised various brain tumor entities, with follow-up MRI data available up to
14 months post-treatment. Potential clinical risk factors for therapy-induced ICs in pediatric brains were
analyzed using logistic regression at both patient and voxel levels. Dosimetric parameters were evaluated for the
entire brain, periventricular region (PVR), and brainstem.

Results: A total of 15 cases with post-therapeutic ICs from various childhood tumor entities were identified and
localized in the brainstem, the PVR, and other brain regions. At the voxel level, the key predictor linked to
increased IC probability was the product of dose D and proton dose-averaged LETd (D - LETdproton)o—6 mms
excluding voxels below 5 Gy (RBE). The Gaussian filtering with a standard deviation ¢ of 6 mm served as a
practical approach to account for spatial uncertainties. At the patient level, the median dose (Dsgq,) within the
volume of the healthy brain receiving more than 20 Gy (RBE) was most significant.

Conclusion: The identified univariate voxel- and patient-level risk factors provide a foundation for predicting
post-therapeutic ICs in pediatric CNS tumor patients treated with PBT. Our findings contribute to refining risk
prediction models and optimizing treatment planning strategies, ultimately aiming to minimize long-term ra-
diation-induced effects in pediatric brain tumor patients.
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Introduction

Radiotherapy is an essential component of oncology treatment for
various childhood brain tumors [1]. Particularly, proton beam therapy
(PBT) plays an increasing role because of its unique dose deposition [2].
The low entrance dose and the sharp distal fall-off of PBT fields are
considered particularly beneficial for pediatric patients, who represent
the most vulnerable patient group. To improve long-term outcomes and
increase life expectancy, it is crucial to minimize therapy-related
adverse effects and preserve cognitive function. Emerging data
increasingly support the low toxicity of PBT [3-12].

Radiation-induced imaging changes (ICs) can occur in brain tumor
patients, arising after both proton and photon radiotherapy [13-18].
While many ICs observed after PBT remain asymptomatic and may
resolve spontaneously, some patients develop marked toxicities
requiring medical intervention [19]. Specifically, brainstem necrotic
lesions necessitate immediate intervention, as even minor lesions can
cause rapid, life-threatening deterioration due to its critical role in vital
autonomic functions [20].

Tissue changes following cancer treatment are commonly observed
on follow-up magnetic resonance imaging (fuMRI), namely as T1
contrast enhancements and T2 hyper- and hypo-intensities [21-24].
Although ICs are also observed after photon therapy, multiple studies
[26-28] attribute their incidence in PBT at the distal end of the proton
track, where the linear energy transfer (LET) and relative biological
effectiveness (RBE) increase [34]. When protons are delivered with a
low dose per fraction to brain tissue combined with low photon frac-
tionation sensitivity ratios (a/f),, the effective RBE rises, potentially
increasing the risk of ICs [29,30]. However, some studies could not
identify LET-associated toxicity [22,31]. Considering the scarcity of
clinical reports and the multifactorial nature of the effect, a clear picture
has not yet emerged.

Recent studies have provided evidence of dose- and LET-dependent
IC formation in PBT patients [25,26,28,32,33,34-36]; several of these
studies have further demonstrated that ICs additionally correlate with
ventricular proximity [25,26,34,35]. To quantify the risk of IC forma-
tion, these studies introduced normal tissue complication probability
(NTCP) models incorporating these correlated risk factors. As most
existing NTCP models have been primarily established for adult glioma
patients, or solely for pediatric ependymoma patients treated with PBT
[32,37], their applicability to childhood central nervous system (CNS)
tumors remains uncertain.

This study aims to extend NTCP modeling to pediatric CNS tumor
patients, investigating the correlations between post-therapeutic ICs and
key dosimetric and anatomical predictors—LET, RBE, radiosensitivity of
the periventricular region (PVR) and brainstem—as well as clinical
predictors. A novel aspect of this monocentric study is the inclusion of
diverse tumor entities, complex pencil-beam scanning (PBS) treatment
plans involving multiple target volumes, and plan adaptations based on
second CT scans.

Material and methods
Study design

In total, 93 patients (< 18 years) with malignant brain tumors irra-
diated with PBS at the West German Proton Therapy Centre in Essen
between June 2014 and September 2019 were included in this retro-
spective study. Patients were enrolled in the prospective registry study
(KiProReg; German Clinical Trials Register: DRKS-ID: DRKS00005363)
after the formal consent of their legal guardian(s). Treatment and dose
prescription for each patient followed national and international
guidelines for the respective tumors.

Originally, the treatment plans were created with the treatment
planning system RayStation© (RS) (v4.5.1.14, v4.7.2.5, v5.0.2.35,
v6.1.1) using the pencil beam algorithm. A re-simulation was performed

Radiotherapy and Oncology 215 (2026) 111261

using the research version of RS (version 12.0.130.30) with a built-in
Monte Carlo (MC) dose engine (version v5.3), enabling the computa-
tion of LET and variable RBE. The dose distributions were calculated
with a maximum statistical uncertainty of 0.5 %, defined as the average
standard uncertainty over all voxels having a dose exceeding 50.0 % of
the maximum dose per field. The dose grid resolution matched the CT
grid resolution—1.17 x 1.00 x 1.17mm3 or 1.17 x 2.00 x 1.17 mm? for
craniospinal irradiations. For a CT grid resolution less than 1 mm, the
minimum available dose grid resolution of the used RS version was
selected: (1.00 x 1.00 x 1.00 mm?3).

The LETd was calculated by the unrestricted LET, in water
normalized to unit density [38] considering either LET from primary
and secondary protons, or LET from primary protons and secondary ions
(protons, deuterons and alphas). Since several patients received multiple
treatment plans—such as sequential boosts, adjustments to the planning
target volume (PTV), or organ-at-risk (OAR) blocking—an effective
dose-weighted LETd was calculated for each voxel across all sequential
plans. Assuming LETd is additive, this was achieved by determining the
dose-weighted average of the dose-averaged LET from each individual
plan, as described further in the Supplementary Eq. (A.1).

To evaluate the impact of a variable RBE, dose distributions were
calculated using different phenomenological models [39-42], which
differ in the definition of RBE i, and RBEax [43], as well as RBE models
scaling linearly with LET [34,44]. All phenomenological models depend
on LETd and (a/p), [45], which was set to 2 Gy for normal brain tissue
voxels [46].

The modeling of normal brain tissue only considered voxels
receiving > 1 Gy (RBE = 1.1). Analyses were restricted to the brain mask
after excluding voxels within the gross tumor volume (GTV), defined as
the resection cavity (if present) plus any residual tumor, and the ven-
tricular system (VS). Potentially tumor-infiltrated margins surrounding
the GTV were included, as they are expected to consist primarily of
normal brain tissue at the dose grid resolution.

For the evaluation, additional Gaussian-filtered dose and LETd dis-
tributions with a standard deviation of 6 = 3 mm and ¢ = 6 mm were
included to account for spatial uncertainties, e.g., of the processing of FU
scans, including ROI segmentation and their image registrations onto
the planning CTs (pCTs). This filtering also aimed to mitigate un-
certainties inherent to the treatment planning process, such as those
arising from simulations, including positioning and range uncertainties
and their sensitivity to tissue heterogeneities (see further calculation
details in Eq. (A.2)). The dose-dependent variables were also corrected
for Equivalent Dose in 2 Gy (RBE) Fractions (EQD2) (see Eq. (A.3)) to
standardize dose-response relationships across non-uniform fraction-
ation schemes and to allow for possible comparisons of existing models
with standard 2 Gy (RBE) fractions. Here, 'Gy (RBE)' refers to both
variable and constant RBE-weighted dose variants, denoted accordingly.

Patient cohort and follow-up characteristics

FU consultations with a radiation oncologist were scheduled at three
months after PBT and annually thereafter. Symptoms and side effects
were documented and classified according to the Common Terminology
Criteria for Adverse Events (CTCAE) Version 4.0 at three key time
points: before PBT initiation, weekly during PBT, and at FU. Imaging FU
was conducted at the treating medical facility according to local stan-
dards, with the first MRI performed within three months after PBT and
subsequent scans at regular intervals thereafter every three to six
months. The imaging protocol typically included T1-weighted images
(T1WI), T2-weighted images (T2WI), diffusion-weighted images (DWI),
susceptibility-weighted images (SWI), T2 fluid-attenuated inversion re-
covery sequence (FLAIR), and T1WI after contrast media application
(T1wCE). To identify ICs, retrospective patient screening was conducted
based on a previously published methodology [47], according to which
radiology reports from the first 14 months post-PBT were reviewed for
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newly emerging ICs using a predefined set of keywords. Identified IC
cases in the reports underwent external neuroradiology reference eval-
uation and were graded according to Fouladi et al. [48].

Screened registry-study patients were excluded if they had received
prior photon irradiation, had primary spinal tumors or were treated with
uniform scanning. In fifteen screened cases, ICs were confirmed in
fuMRI. Symptomatic patients reported headache, visual impairment,
cranial nerve disorders, dysphagia, and dyspnea. To ensure a robust
study design and comparability, particularly regarding tumor entity, the
reference non-IC cohort was selected to maintain an entity ratio of at
least 3:1 relative to IC cases, supplemented by additional tumor entities.
The final cohort comprised 93 pediatric patients. Table 1 and Table A1
provide an overview of patient demographics, tumor entity distribution,
treatment, and IC characteristics. Note that before, during, or after PBT,
patients could have received chemotherapy.

Imaging findings and periventricular region

After assessment by a reference radiologist, the largest IC in each
case was manually contoured on fuMRI, provided it was confirmed as
non-tumor progression. Contours were then co-registered to the pCT
using a deformable-registration workflow within RS, which combines
rigid and deformable registration with validation steps in between (see
Supplementary Fig. Al).

To investigate the IC-PVR association reported in [25-27], the VS
were manually delineated on the pMRI based on the pediatric germ cell
tumor (GCT) contouring atlas for PBT [49] and then mapped onto the
pCT (see Fig. Al). The PVR was defined as the 4-mm rim of the mapped
VS contour without the prepontine cistern [25,26], which is illustrated
in Fig. 1 as an example for a patient with an IC finding.

Statistical analysis

Risk factors for IC occurrence following PBT were assessed via uni-
and multivariate logistic regression analyses at both patient and voxel

level, using the logistic function NTCP = 1/ (1 + exp( - YF)) The

patient-level analysis was performed to calculate NTCP for the endpoint
IC occurrence per patient. The voxel-level models predict the IC location
for every voxel in the pCT. Here, dose grid voxels within an IC were
labeled as 1 (affected), others as 0 (non-affected). To enhance the val-
idity of the analysis, voxels below 1 Gy (RBE = 1.1) were excluded.

Given the challenge of imbalanced data, repeated cross-validation
(CV) was used to yield robust model performance estimates, applying
a 3-fold stratified CV with 333 repeats at the patient level and a 10-fold
stratified CV with 3 repeats at the voxel level. Intercepts, coefficients,
and confidence intervals (CI) were averaged across the training sets of
each fold for an overall model summary. The statistical significance of
predictors was calculated by averaged z-values from the Wald test.
Model performances were quantified by the area under the ROC
(receiver-operating characteristic) curve (AUC) calculated across all test
data sets. The final NTCP model was selected based on the highest mean
cross-validated AUC (AUCcv,mean)-

For the patient-level model, dose-volume histogram (DVH) param-
eters within the whole brain, the brainstem, and the PVR were evalu-
ated. The parameters analyzed were Dx (dose received by X% of the
structure’s volume) for both constant and variable RBE models, Ly (LETd
for X% of the volume), evaluated at X = [1%, 2%, 5%, 50%, mean]|, and
the generalized equivalent uniform dose (gEUD) [50] witha =1 to 20 in
steps of 1. These parameters were calculated for a set of discrete dose
thresholds [1,2,3,4,5,10,20,30,40,50,54] Gy (RBE = 1.1) to capture a
comprehensive spectrum of dose-response relationships.
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Voxel-wise logistic regression was performed on the patients’ brain
voxel dataset considering constant RBE-weighted dose (D(RBE = 1.1)),
variable RBE-weighted doses, LETd, D(RBE = 1.1) x LETd, and binary
masks for the PVR and brainstem as independent variables. For each
dosimetric and LET parameter, including the product of dose and LETd,
untransformed, EQD2-corrected, and Gaussian-filtered variants were
tested. Each voxel-level model specified its own minimum dose thresh-
old—1, 2, 3, 4, 5,10, 15, 20, 25, 30, 35, or 40 Gy (RBE = 1.1). All voxels
receiving less than that model-specific threshold were excluded from
the analysis, employing smaller intervals at lower doses to capture finer
variations and larger intervals in the higher dose range to account for
reduced sensitivity.

Results

In the 15 identified cases, the ICs reached their maximal extent at a
median of 4.53 months after the completion of PBT. The observed IC
volume exhibited a large variability with a median volume of 0.01 cm®
and a mean volume of 2.23 cm® from 186 IC incidents within 15 cases.
ICs were irregularly distributed throughout the brain and the treatment
fields but were mainly found in high dose regions (>40 Gy (RBE = 1.1))
adjacent to the PTV, at the edge of the GTV, or resection cavity,
with overlaps with the PVR and brainstem. Using a dose cutoff of
1 Gy (RBE = 1.1), 59.4% of the IC voxels received doses exceeding
40 Gy (RBE = 1.1). Among the voxels receiving < 40 Gy (RBE = 1.1),
71.5% exhibited LETd values above 2.5 keV/um (see Supplementary Fig.
A2). Additionally, ICs of two patients were distributed throughout the
entire brain. In two other cases, ICs occurred outside the high-dose range
with low LET values.

Table 2 shows a comparison of the model performances using logistic
regression. For the highest-AUC NTCP regression models, Table 3 lists

the logistic regression coefficients and intercepts (F), along with the
classification thresholds optimized using Youden’s index (see Eq. (A.4)).

The most predictive parameter for the univariable voxel-level anal-
ysis, (D - LETdproton)o—6 mm With an RBE weight of 1.1, was correlated to
IC with an AUCcy,mean Value of 0.807 and 0.805 when using a threshold
of 5 and 10 Gy (RBE = 1.1), respectively (see Table 2). The highest
spatial IC discrimination was achieved by a combination of the pre-
dictors D—6 mm» (D - LETdproton)o—6 mm, PVR, and brainstem in a multi-
variate voxel-wise analysis (AUCcy,mean = 0.813).

For patient-wise univariate NTCP models, Dsgo, (brain) calculated
with the constant RBE model and a dose cutoff of 20 Gy (RBE = 1.1)
emerged as the most predictive dosimetric surrogate with an AUCcy mean
value of 0.820 (see Table 2 and Fig. 2). Variable RBE models did not
improve AUCcy, mean Values for Dsqo, (brain) with the 20 Gy (RBE = 1.1)
dose cutoff: 0.783-0.801, with 2.5th percentiles of the confidence in-
tervals (CIs) > 0.6 and coefficients being significant by the Wald test
(p-value < 0.05). At the patient level, the most prominent factor
identified by Eulitz et al. [34]—PVR’s gEUD;; using the RBE model
from [34] and a dose cutoff threshold of 1 Gy (RBE = 1.1)—yielded an
AUCcy,mean of 0.720 (95 % CI: [0.510, 0.930]). Our patient-wise results
indicate that within the PVR, LET-volume histogram (LVH) parameters
Loo,proton and Lso, proton Decome more prominent predictors of the
endpoint at the higher dose cutoff thresholds (> 40 Gy (RBE = 1.1)) than
dose-related volume parameters. When using a dose threshold of 50 Gy
(RBE = 1.1), the PVR contour yielded the highest AUCcy mean Scores for
these LVH parameters with the corresponding values being
0.774 [0.595, 0.954] and 0.774 [0.590, 0.958], respectively, high-
lighting the relevance of these predictors in regions receiving elevated
doses.

The 95 % CIs for all tested clinical predictors included 0.5; however,
age at PBT start and the prescribed dose demonstrated the strongest
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Table 1

Baseline patient demographics, clinical and treatment characteristics of the pediatric central nervous system tumor cohort. For each variable, group-specific medians or
counts and the corresponding two-sided p-values are shown. Each p-value is the probability, assuming no true difference between IC and non-IC patients, of observing a
test statistic as extreme as or more extreme than the one obtained. Significant p-values (p < 0.05) are marked in bold.

Characteristics All patients IC patients Non-IC patients p-value
(n =93) (n=15) (n=178)

Median (Min — Max)

General

Age at PBT (y) 8.69 (0.94-17.40) 3.89 (1.21-16.96) 10.12 (0.94-17.40) 0.047 (Mi)

CTV (cm?) 53.42 (8.00-1893.23) 68.00 (18.13-1536.83) 51.29 (8.00-1893.23) 0.774 (M)

PVR (cm®) 97.66 (59.76-174.26) 91.14 (70.81-110.74) 98.56 (59.76-174.26) 0.055 (M)

Treatment

Prescription dose 54.00 (24.00-72.00) 57.60 (54.00-59.40) 54.00 (24.00-72.00) 0.034 (M)
(Gy (RBE =1.1))

Fraction dose 1.80 (1.00-5.00) 1.80 (1.80-1.80) 1.80 (1.00-5.00) 0.133 (M)
(Gy (RBE = 1.1))

Number of fields 3(2-5) 2.5(2-4) 3(2-5) 0.225 (M)

Number of patients (%)

Gender

Male 56 (60.22) 8(53.33) 48 (61.54) 0.902 (%'

Female 37 (39.78) 7 (46.67) 30 (38.46)

Tumor type

ATRT 8 (8.60) 2(13.33) 6 (7.69)

CPT 2(2.15) / 2 (2.56)

Craniopharyngioma 11 (11.83) 1 (6.67) 10 (12.82)

Ependymoma 27 (29.03) 8 (53.33) 19 (24.36)

ETANTR/ETMR 3(3.23) 1 (6.67) 2 (2.56)

GCT 13 (13.98) / 13 (16.67)

Glioma''' 14 (15.05) 2(13.33) 12 (15.38)

Medulloblastoma 13 (13.98) 1 (6.67) 12 (15.38)

Neuroblastoma 1 (1.08) / 1(1.28)

RGNT 1(1.08) / 1(1.28)

Supratentorial 46 (49.46) 9 (60.00) 37 (47.44) 0.328 (FFH i‘)

Infratentorial 35 (37.63) 6 (40.00) 29 (37.18)

Both 12 (12.90) / 12 (15.38)

WHO grade

I 17 (18.28) 1 (6.67) 16 (20.51)

il 8 (8.60) / 8(10.26)

i 27 (29.03) 9 (60.00) 18 (23.08)

v 26 (27.96) 4 (26.67) 22 (28.21)

Unknown/ 15 (16.13) 1 (6.67) 14 (17.95)
inapplicable'’

Higher WHO grade III-IV (without inapplicable cases) 53 (56.99) 13 (24.53) 40 (51.28) 0.030 (F'11'h

Primary oncologic and adjunct interventions

Sx (yes) 77 (82.80) 14 (93.33) 63 (80.77) 0.454 (F)

Bx (yes) 17 (18.28) 4 (26.67) 13 (16.67) 0.287 (F)

VP shunt (yes) 14 (15.05) 2(13.33) 12 (15.38) 1.0 (F)

CTx (yes) 58 (62.37) 9 (15.52) 49 (62.82) 1.0 (¥®

Prior resection

None 16 (17.20) 1(6.67) 15 (19.23)

RO 32 (34.41) 5(33.33) 27 (34.62)

R1 6 (6.45) 4 (26.67) 2 (2.56)

R2 39 (41.94) 5(33.33) 34 (43.59)

Macroscopic tumor present at PBT (yes) 55 (59.14) 6 (40.00) 49 (62.82) 0.321 (Xz)

IC characteristics

Median (Min — Max)

Volume (cm®) 0.00 (0.00-222.04) 0.01 (0.00-222.04) /
Maximal extent after PT end (d) 0 (0-287) 138 (41-287) /

Number of patients (%)

CTCAE symptoms 6 (6.45) 6 (40.00) /
IC Fouladi grading

1 3(3.23) 3(20.00) /
2 5(5.34) 5(33.33) /
3 2(2.15) 2(13.33) /
4 5 (5.34) 5(33.33) /

Abbreviations: IC, imaging change; n, number; PBT, proton beam therapy; y, years; M, Mann-Whitney U; CTV, clinical target volume; PVR, periventricular region;

RBE, relative biological effectiveness; xz, chi-squared test; FFH, Fisher-Freeman-Halton exact test; ATRT, atypical teratoid rhabdoid tumor; CPT, choroid plexus

tumor; ETANTR/ETMR, embryonal tumor with abundant neuropil and true rosettes; GCT, germ cell tumor; RGNT, rosette-forming glioneuronal tumors; Sx, surgery;

Bx, biopsy; F, Fisher’s exact test; VP, ventriculoperitoneal; CTx, chemotherapy; d, days; CTCAE, Common Terminology Criteria of Adverse Events.
 Mann-Whitney U median test for continuous data.
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ft y2_Test of independence as large-sample approximation for any contingency table (2 x 2 or R x C) with categorical/binary data when all expected cell counts > 5.
11 Gliomas included astrocytomas, gangliogliomas, and glioblastomas.

11t Fisher—Freeman-Halton test for multi-categorical data with cell counts < 5.
1t Inapplicable in case of GCTs and unknown in case of craniopharyngiomas.
111 Fisher’s exact test for 2 x 2 contingency table with categorical/binary data if any expected cell counts is < 5.

1111 The volume is the total volume, i.e. without corrections due to fewer voxels after the dose thresholds have been applied.

Fig. 1. Planning CT with a mapped dose distribution in Gy (RBE = 1.1) for an example patient with an imaging change in magenta, the PVR in yellow, and the GTV
in green. In the color bar, 100% represents the prescription dose of 54 Gy (RBE = 1.1). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

predictive power, with AUCcy,mean values above 0.6 (Table 2). The
corresponding model coefficients are provided in Table A2 for reference.

Across patient-wise and voxel-wise models, coefficients were uni-
formly positive for dose, LETd, brainstem, and PVR.

Discussion

In the present study, 15 pediatric brain tumor patients with ICs
observed on fuMRI were analyzed in a cohort of 78 cases without ICs.
Based on this cohort, the voxel-level logistic regression model of the
Gaussian-filtered dose-LETd product (D - LETdproton)o—6 mm With a dose
threshold of 5 Gy (RBE = 1.1) was the best performing cross-validated
model with a mean AUC of 0.807 [0.805, 0.809]. The most predictive
parameter for a univariate patient-wise NTCP model was Dsgq, within
the brain for a dose threshold of 20 Gy (RBE = 1.1.) with an AUCcy mean
of 0.820 [0.648, 0.992].

There are uncertainties at various processing stages, e.g., the accu-
rate detection, localization, and the dosimetric analysis of ICs. A major
source of spatial uncertainty affecting dosimetric accuracy arises from
proton range uncertainty. Additionally, registration uncertain-
ties—particularly in multimodal imaging (e.g., MRI-to-CT regis-
tration)—play a crucial role in the spatial correlation of ICs with
dosimetric and anatomical factors, directly impacting spatially-
resolving NTCP models. These uncertainties stem from:

o differences in image contrast, intensity, resolution, slice thickness,
noise characteristics, artifacts, and patient positioning;

e anatomical changes due to patient growth, brain atrophy, or ven-
tricular deformation during the FU period.

The analysis in the spatial domain is further exacerbated by the
limited number of fuMRI scans, which were acquired only at distinct
time points, thereby restricting the temporal resolution of IC develop-
ment. As a consequence, the spatial origin of ICs becomes blurred over
time. Differences in resolution between the dose/LETd distribution grid,
CT imaging grid, and contour data introduce additional spatial un-
certainties, affecting the accuracy of dosimetric-response relationships.
Therefore, a spatial smoothing is clearly motivated. Gaussian filtering
appears to be an appropriate approach in addressing these spatial un-
certainties, as shown by the AUC being highest for Gaussian-filtered
distributions. This was also reflected by the p-values from the signifi-
cance tests between each Gaussian-filtered distribution and the
respective non-filtered counterpart, supporting their role as robust
NTCP model predictors. The treatment plans for the study cohort were
created with a 3-5 mm CTV/GTV margin. In some of the evaluated
scenarios, the applied Gaussian filtering also accounts for the uncer-
tainty of the dose in space during treatment planning and delivery.
Applying a Gaussian filter with ¢ = 6 mm results in a spatial blurring
effect up to about 12 mm (k = 2).

Data-driven models—including those developed in this study—may
exhibit increased uncertainty when applied outside the parameter space
on which they were trained. Moreover, the limited size and distinct class
imbalance of the cohort with various pediatric tumor entities, as well as
deficiencies in the clinical screening process inherent to the registry study
design, such as the limited FU period of 14 months, pose additional
limitations for our modeling approach. Despite an FU window that likely
encompasses most early imaging changes, late effects may arise years
after therapy. However, using a single predictor from the univariate
analysis ensured statistical robustness by reducing the risk of overfitting
and minimizing the confounding effects of predictor interactions.
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Cross-validated area-under the curve (AUC) values for variables with the specification of the dose cutoff threshold in Gy (RBE = 1.1) tested in voxel- and patient-level
logistic regression analysis with 10-fold and 3-fold cross-validation to predict image change location and occurrence, respectively.

Model Variable Dose threshold AUCcv,voxel-level
Gy (RBE = 1.1
Gy ( N Mean 95% CI
Voxel-level
Univariate analysis
D 10 0.770 [0.768, 0.773]
Degpz2 10 0.759 [0.756, 0.761]
RBE — 1.1 Do—3 mm 10 0.771 [0.768, 0.773]
Do—6 mm 10 0.768 [0.765, 0.770]
Dropa,o—3 mm 10 0.761 [0.759, 0.764]
Diop2,0-6 mm 10 0.761 [0.759, 0.763]
D (WED RBE) 10 0.791 [0.789, 0.793]
Dg—3 mm (WED RBE) 10 0.792 [0.790, 0.793]
Do—6 mm (WED RBE) 10 0.787 [0.785, 0.789]
WED RBE Dgop2 (WED RBE) 10 0.783 [0.780, 0.785]
Drgp2,6-3 mm (WED RBE) 10 0.785 [0.783, 0.787]
Dropa,0—6 mm (WED RBE) 10 0.785 [0.783, 0.787]
D (EUL RBE) 10 0.787 [0.785, 0.789]
Dy—3 mm (EUL RBE) 10 0.789 [0.787, 0.791]
EUL RBE Do-6 mm (EUL RBE) 10 0.787 [0.785, 0.789]
Dgop2 (EUL RBE) 10 0.777 [0.775, 0.779]
Deop2,6—3 mm (EUL RBE) 10 0.782 [0.780, 0.784]
Digp2,6—6 mm (EUL RBE) 10 0.785 [0.783, 0.787]
4 0.723 [0.721. 0.725]
LETd 10 0.707 [0.704. 0.709]
4 0.721 [0.722, 0.726]
LETdproton LETdo-3 mm 10 0.709 [0.707, 0.711]
4 0.728 [0.726, 0.730]
LETdo—6 mm 10 0.713 [0.711, 0.716]
D - LETd 10 0.795 [0.793, 0.797]
Doy LETd 10 0.787 [0.785, 0,789]
RBE = 1.1, LETd ) 5 0.800 [0.798, 0.802]
proton (D~ LETd)o-3 mm 10 0.799 [0.798, 0.801]
5 0.807 [0.805, 0.809]
D - LETd)s—,
( D=6 mm 10 0.805 [0.803, 0.806]
3 0.683 [0.680, 0.685]
LETd 10 0.662 [0.660, 0.664]
2 0.685 [0.683, 0.687]
LET LETd,_.
drotal do=3 mm 10 0.664 [0.662, 0.667]
2 0.687 [0.684, 0.689]
LETdo—6 mm 10 0.668 [0.666, 0.671]
D- LETd 10 0.779 [0.777, 0.781]
Dgopy- LETd 10 0.770 [0.768, 0.772]
RBE = 1.1, LETdiotal (D - LETd)s_3 mm 10 0.783 [0.781, 0.784]
5 0.789 [0.787, 0.792]
(D - LETd)o—6 mm 10 0.787 [0.785, 0.788]
PVR 40 0.524 [0.522, 0.526]
10 0.505 [0.503, 0.506]
ROI mask
Brainstem 40 0.509 [0.507, 0.510]
10 0.505 [0.504, 0.506]
Multivariate analysis
RBE = 1.1, LETdproton D - LETd & PVR 10 0.800 [0.798, 0.801]
D - LETd & brainstem 10 0.797 [0.795, 0.798]
D - LETd & PVR & brainstem 10 0.802 [0.800, 0.803]
(D - LETd)s—3 mm & PVR 10 0.804 [0.802, 0.805]
(D - LETd)y_5 mm & brainstem 10 0.801 [0.799, 0.803]
(D - LETd)s_3 mm & PVR & brainstem 10 0.806 [0.804, 0.808]
5 0.811 [0.808, 0.813]
(D - LETd)o— mm & PVR 10 0.809 [0.808, 0.811]
. 5 0.808 [0.806, 0.811]
(D - LETd)5—6 mm & brainstem 10 0.807 [0.805, 0.808]

(continued on next page)
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Model Variable Dose threshold AUCcy, voxel-level
(Gy (RBE = 1.1)) Mean 95% CI
Voxel-level
Univariate analysis
5 0.812 [0.810, 0.815]

(D - LETd)6—6 mm & PVR & brainstem

10 0.811 [0.810, 0.813]
D & D - LETdprot0n 10 0.797 [0.795, 0.800]
D & D - LETdyot0n & PVR 10 0.801 [0.799, 0.803]
D & D - LETdproton & brainstem 10 0.798 [0.797, 0.800]
D & D - LETd & PVR & brainstem 10 0.803 [0.801, 0.804]
Do—3 mm & (D - LETd)o—3 mm 10 0.801 [0.799, 0.803]
Do—3 mm & (D - LETd)5—3 mm & PVR 10 0.805 [0.803, 0.8071]
Ds—3 mm & (D - LETd)o_3 mm & brainstem 10 0.802 [0.801, 0.804]
Do—3 mm & (D - LETd)s_3 mm & PVR & brainstem 10 0.807 [0.805, 0.808]
Ds—6 mm & (D - LETd)6—6 mm 10 0.807 [0.805, 0.809]
Do—6 mm & (D - LETd)5—6 mm & PVR 10 0.809 [0.808, 0.811]
Ds—6 mm & (D - LETd)s—6 mm & brainstem 10 0.807 [0.805, 0.809]
Dg—6 mm & (D - LETd)5—¢ mm & PVR & brainstem 10 0.813 [0.810, 0.815]

Model Variable Dose threshold AUCcv, patient-level

(Gy (RBE = 1.1))

Mean 95% CI
Patient-level
Univariate analysis
RBE =1.1 Dsgo, (brain) 20 0.820 [0.648, 0.992]
Dggp2,s0% (brain) 20 0.799 [0.603, 0.969]
gEUD, (brain) 20 0.798 [0.619, 0.978]
WED RBE Dsq, (brain) 20 0.788 [0.607, 0.969]
EUL RBE Dsg, (brain) 20 0.784 [0.601, 0.968]
Age at PBT start (y) / 0.661 [0.431, 0.891]
Prescribed dose (Gy (RBE =1.1)) / 0.652 [0.388, 0.916]
Surgery (yes) / 0.559 [0.436, 0.681]
CTx after PBT (yes) / 0.553 [0.314, 0.793]
Vincristine as concomitant CTx (yes) / 0.552 [0.373, 0.793]
Clinical variables Concomitant CTx (yes) / 0.546 [0.332, 0.760]
MTX as CTx after PBT (yes) / 0.527 [0.433, 0.620]
Vincristine as CTx drug (yes) / 0.515 [0.284, 0.746]
Intrathecal CTx (yes) / 0.511 [0.360, 0.662]
Bx (yes) / 0.511 [0.310, 0.712]
Vincristine as CTx after PBT (yes) / 0.504 [0.310, 0.700]

Abbreviations: AUC, area under the receiver operating curve; CI, confidence interval; D, dose in Gy (RBE = 1.1) if not further declared; 6 = X mm, WED = Wedenberg
RBE model [39]; Gaussian-filtering with a standard deviation of X mm; EUL = Eulitz RBE model [34]; LETdproton, total, dOse-averaged linear energy transfer in keV/pum
including primary and secondary protons or including all protons, secondary deuterons and alphas; PVR, periventricular region; Dy, dose of the volume Xin %
receiving the highest dose; y, years, CTx, chemotherapy; MTX, methotrexate; Bx, biopsy.

Notes: For the voxel-level analysis, the rows corresponding to the highest AUCcy,mean Value of each predictor category, which is indicated by a thicker horizontal line,
are in bold type. The most predictive patient-level dose-volume-histogram variables calculated within the brain as well as non-dosimetric clinical variables with an
AUCcvy,mean above 0.5 are shown.

The confidence intervals (CI) are calculated as CI = mean 4 1.96-standard deviation.

Within each modeling approach, voxel-level or patient-level, the model with the highest mean cross-validated AUC achieves the best discrimination. However,
because these approaches operate on fundamentally different units of analysis, sample size, IC-class proportion, and spatial autocorrelation, their AUCs are not directly

comparable.

For PBT, some studies have reported considerable rates of radiation
necrosis [13,59]. In recent years, an increasing number of studies have
indicated that radiation-induced brain injuries (RIBIs) are associated
with contrast-enhancing lesions observed on fuT1wCE at the time of
their first appearance [25,26,34,35]. RIBIs detected on T1wCE can
indicate severe tissue damage, with radiation necrosis representing a
late-stage manifestation.

We developed risk models for the broader endpoint of ICs, rather
than developing an NTCP model specifically for predicting RIBIs based
on T1wCE. The obtained models reduce the risk of underestimating
lesion size by incorporating ICs at their maximal extent seen on MRI
scans—delineated on T2WI, including hyperintensities on T2WI/FLAIR
and changes on T1WI/T1wCE. Incorporating multiple imaging

sequences may improve the characterization of underlying tissue alter-
ations [24], such as white matter lesions (WMLs). WMLs represent the
earliest detectable type of radiation-induced brain injury, first appearing
on T2WI or T1WI, prior to the emergence of contrast-enhancing lesions
[19].

The relevance of the PVR (as well as the brainstem) was found to be
lower in voxel- and patient-based NTCP modeling than in some previous
studies which reported, for instance, that incorporating the PVR as a
binary input significantly improved discrimination between low- and
high-IC-risk regions. This discrepancy may stem from differences in IC
characteristics: Eulitz et al. [34] focused on ICs smaller than 150 rnrn3,
whereas the current study tended to involve larger ICs that were located
outside or extended beyond the PVR. It may also be attributed to
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Coefficient values for the voxel- and patient-level NTCP model with highest cross-validated mean AUC values derived from the 3-fold/10-fold stratified cross-validation
using Python packages statsmodels (version 0.14.2) for logistic regression analysis and scikit-learn (version 1.4.2) for cross-validating the data and evaluating the
model’s performance. The model parameters are incorporated into the NTCP model as follows: NTCP = 1/(1 + exp(—?-F)). Additionally, the classification
threshold is listed, allowing for a more accurate assessment of the risk for individual patients/voxels using these models.

Univariate models

Voxel-level Patient-level

Model with dose threshold of 5 Gy (RBE = 1.1) with dose threshold of 20 Gy (RBE = 1.1)
parameters
Variable Mean 95% CI P OR Variable Mean 95% CI p OR
Po Intercept —6.976 [-6.986, —6.967] 0<.001 0.0009 Intercept —10.961 [-17.924, 3.998] 0.003 0.000017
P (D- LETdproton)o—6 mm 0.0216 [0.0216, 0.0217] 0<.001 1.0219 Ds096,brain 0.2228 [0.0650, 0.3810] 0.008 1.25
[Gy (RBE = 1.1) keV/um] [Gy (RBE = 1.1)]

t 0.005 0.23

Multivariate models

Voxel-level
Model with dose threshold of 5 Gy (RBE = 1.1)
parameters
Variable Mean 95% CI P OR
Bo Intercept —7.161 [-7.172, —7.149] 0<.001 0.0008
N Ds—6 mm 0.01127 [0.0109, 0.0117] 0<.001 1.011
[Gy (RBE = 1.1)]
B2 (D- LETdproton)o—6 mm 0.0203 [0.02023, 0.0205] 0<.001 1.021
[Gy (RBE = 1.1) keV/um]
Ps PVR —0.575 [-0.587, —0.563] 0<.001 0.563
Pa brainstem —0.775 [-0.796, —0.754] 0<.001 0.461
t 0.005
K = Bo/Pr 0.554 [um/keV]

Abbreviations: CI, confidence interval; OR, odds ratio; D, dose; LETdot0n, dose-averaged linear energy transfer including primary and secondary protons; t", best

classification threshold; x, RBE model parameter (see Supplementary Eq. (A.5)).

differences in the cohorts studied. Notably, previous analyses were
based on an adult glioma cohort, including Vestergaard et al. (WHO
grade 24 oligodendroglioma or astrocytoma [35]), Eulitz et al. (WHO
grade 2-3 oligoastrocytoma, oligodendroglioma, or astrocytoma [34]),
or Bahn et al. (WHO grade 1-2 glioma, not otherwise specified [26])
encompassing patients with a median age of 35 (2-63) y. Adult gliomas
primarily occur in deep midline structures [52], and their CTV/PTV
contours extend into the PVR, yielding higher periventricular doses than
in our cohort and a predominant clustering of ICs within the cerebral
hemisphere near the VS. By contrast, childhood brain tumors have a
unique location and often a direct anatomical relationship to the
brainstem. The thirteen pediatric GCTs, which were particularly located
in midline structures adjacent to the VS, may serve as a unique
subcohort to test the sensitivity of the PVR. But they do not exhibit
any incidence of ICs, despite a median prescription dose of 40.0 Gy
(RBE = 1.1) (range: 24.0-54.0 Gy (RBE = 1.1)).

On the one hand, no prominent IC predictors were identified among
the tested variable RBE-weighted doses in either voxel-wise or patient-
wise analysis. On the other hand, considering the ongoing debate
within the PBT community and the absence of a universally accepted
variable RBE model [53,54], our findings indicate that selecting a spe-
cific model may not be as critical for clinical decision-making. Instead,
the data suggest that the combination of dose and LET alone is suffi-
ciently predictive to assess ICs on the voxel level. This would reduce the
necessity to decide for an RBE model that encompasses radiobiological
aspects including tissue parameters when assessing the risk of post-
therapeutic ICs for pediatric cases. However, it underscores the gen-
eral necessity of recording and reporting dose-averaged LET [53].

In the current study, the dose to the brain plays a prominent role for
patient-level NTCP models, regardless of whether a constant RBE, var-
iable RBE or gEUD-based model was used. The quantity Dsgo(brain),
after excluding dose voxels below 20 Gy (RBE = 1.1), provides a robust
measure for the dose distribution across the brain, less influenced by

extreme high or low dose contributions. The predictive value of Dsgq,
within the brain exceeds that of (near-)maximum dose or gEUD pa-
rameters within the brain, brainstem or PVR with high exponents a,
which weight high-dose voxels more heavily. The gEUD was the most
prominent predictor for adult gliomas, with a =11 for the PVR and
a = 9 for the brain-GTV [34,55] respectively. The results of the current
study might indicate a different response to radiation of the brain
structures under development. This insight is similar to studies that have
analyzed the outcome and risk of brain radionecrosis following stereo-
tactic radiosurgery for cerebral metastases, which identified moderate-
to-high dose volumes (Vipgy or Viagy) as key predictors of radio-
necrosis [56,57]. A reasonable assumption would be that higher energy
deposition in the brain, i.e., higher D5y, could lead to a reduction in the
repair capacity and thus to a reduction in the (local) threshold dose for
IC development.

Beyond dosimetric factors, multimodal treatment strategies—such as
combining radiation therapy with chemotherapy, targeted agents, and
immunotherapies—can influence the biological tissue response [58]
and, therefore, the occurrence of post-treatment ICs. Given the hetero-
geneity in our cohort, with 25 different chemotherapy agents adminis-
tered, a specific impact of individual drugs on IC development could not
be observed. As these clinical variables were not significant, they were
excluded from further multivariate analysis.

Conclusions

In summary, the product of dose and LETd from primary proto-
ns—when combined with Gaussian filtering—serves as a key robust
predictor for the local IC occurrence within the brain of children. Since
LET effects exhibit substantial spatial heterogeneity, they play a more
significant role in voxel-wise NTCP models where local variations are
preserved. In patient-wise NTCP models, where the influence of local
hotspots is diminished due to averaging over larger volumes, Dsgo,
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Fig. 2. (a) Boxplot for parameter Dsgy, (brain) with dose cutoff of 20 Gy
(RBE = 1.1), categorized for IC and non-IC patients (b) Mean Dsq, (brain)
with dose cutoff of 20 Gy (RBE = 1.1) with standard deviation (in dose and
probability domain) of patients sorted for Dgqo, (brain) in groups of 10 to 11,
plotted against the binary probability of IC occurrence.

appears to be a reliable predictor. These findings hold high clinical
relevance for risk assessment and optimizing treatment planning for
pediatric CNS tumors treated with protons.
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