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Key points

e Up to 30% of patients with brain tumors treated with radiotherapy develop radiation necrosis,
typically presenting 6-24 months after radiotherapy

e Advanced MRI and amino acid PET enhance diagnostic accuracy, but histopathology remains the
gold standard of diagnosis

o Management of symptomatic RN involves an individualized approach incorporating steroids,

bevacizumab or surgery, with preference for surgical resection when feasible.
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Importance of the Study

Radiation necrosis (RN) is a common and potentially debilitating phenomenon in neuro-oncology that
complicates patient management significantly. Its clinical importance lies in its associated morbidity
and its ability to mimic tumor recurrence, which could lead to either inappropriate treatment
escalation or a delay in salvage therapy. Despite its prevalence - occurring in 4 to 30% of patients
treated with focal radiotherapy - there is a lack of high-level evidence and standardized international
guidelines regarding its diagnosis and management.

A Delphi-based consensus process involving a multidisciplinary panel of 20 international experts was
used to address this. By establishing high-concordance recommendations (at least 80% agreement)
for advanced imaging protocols - specifically the integration of perfusion MRI and amino acid PET -
and therapeutic algorithms for corticosteroids and bevacizumab, this consensus statement provides
actionable guidance for clinicians. Furthermore, it highlights the need for prospective clinical trials to

improve the level of evidence in this complex field.
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Abstract

Introduction: Radiation necrosis (RN) complicates neuro-oncological care, mimicking tumor
recurrence and lacking high-level evidence for standardized management.

Methods: A European Association for Neuro-Oncology (EANO) expert panel utilized a three-round
Delphi process to create a comprehensive expert opinion document based on the available current
scientific evidence. A series of statements, derived from the published literature were created by the
experts in each field. Consensus was defined as 280% agreement using a 5-point Likert scale.
Results: After three rounds among 20 experts that included adaptation of statements, the Delphi
process reached a consensus (280% agreement) on 53 statements out of 57. RN occurs in 4% to 30%
of patients, typically appearing 6 to 24 months after radiotherapy for primary (glial) or metastatic
brain tumors. Experts identified perfusion MRI and amino acid PET as the most suitable imaging
modalities for differentiation from tumor recurrence. While histopathology remains the gold
standard, identifying viable tumor cells in irradiated gliomas is challenging due to overlapping
cytological features with reactive glia. For symptomatic management, corticosteroids may be tried,
and bevacizumab is recommended for corticosteroid-refractory cases, with evidence suggesting
profound efficacy even at low doses. Surgery is considered effective for rapid symptom relief and
definitive diagnosis in accessible lesions. Laser Interstitial Thermal Therapy (LITT) can be considered
an additional treatment option for symptomatic RN.

Conclusions: Despite the absence of Level 1 evidence, these Delphi-survey-formulated
recommendations provide actionable guidance for clinical practice. There is a need for prospective

randomized trials focusing on symptomatic RN.
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Introduction

Radiation necrosis (RN) presents a significant challenge in neuro-oncology. RN poses a particular issue
not only because of the symptoms it can cause but also because it can mimic tumor recurrence on
conventional imaging. This introduces a diagnostic challenge that could not only lead to inappropriate
anti-tumor treatment escalation including re-irradiation, but also, in case of underdiagnosis of
recurrence, delayed salvage therapy. Management of RN involves an array of potential treatment
options, including corticosteroids, bevacizumab, surgical resection or laser interstitial thermal therapy
(LITT), making therapeutic decisions often complex and requiring multidisciplinary expertise.*? The
diagnostic and therapeutic challenges posed by RN illustrate the need for the development of
international consensus recommendations.

The literature on RN is characterized by low level of evidence, comprising of numerous small,
retrospective studies marked by high heterogeneity and inconsistencies, which preclude the
construction of robust recommendations through traditional systematic review methods. Therefore, a
structured Delphi consensus process was chosen as the most appropriate method for developing
formal recommendations on diagnosis and treatment of RN.3 For this purpose, a panel was composed
of experts across essential domains, including radiation oncology, neurology, medical oncology,
neurosurgery, neuropathology, radiology and nuclear medicine. Based on an initial literature review,
preliminary statements on RN incidence, diagnosis, and treatment were defined and evaluated
through an iterative Delphi process. Items were modified or excluded based on panel feedback,

resulting in a final set of consensus statements, defined by an agreement rate of at least 80%.

Methods

Expert Panel

A group of 15 experts had volunteered to develop an expert opinion on the management of cerebral
RN. The group consisted of 2 radiation oncologists/clinical oncologists, 4 neuro-oncologists, 4 medical
oncologists, 2 neurosurgeons, 1 neuropathologist, 1 neuroradiologist and 1 nuclear medicine
physician. In the first iteration we also invited 5 more experts to vote: 4 neuro-oncologists and 1
radiation oncologist/clinical oncologist.

Statement Formulation & Voting

Initially, 57 statements were formulated by the experts in their respective field after literature review
(Supplementary table 1). The statements were separated in categories by topic: Epidemiology-
pathophysiology (n=8)/Causes (n=10)/ Imaging (n=10)/ Histopathology (n=9)/ Management (n=20)/

Research field. The latter was an exploratory set of 8 questions, and the panel was asked to set them
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in order of priority but as there was no consensus at all in round one, this section was dropped in
round 2 and will only be described briefly at the end.

Subsequently, the first survey round was undertaken, where the panel voted electronically ona 5 (+1)
Likert scale (strongly agree-agree-neutral-disagree-strongly disagree and “do not know enough on the
topic”). Agreement was defined as the percentage of participants agreeing with the statement
(strongly agree and agree combined) of 80% or higher. This excluded participants that claimed to not
know enough on the topic to make a statement. If at least 50% of the participants were unable to
express their opinion then that specific statement was dropped. After the first round, 15 statements
had less than 80% agreement and 6 less than 50%. Then, the points of disagreement were discussed
among the group, after which the statements were rephrased and a second round of electronic
voting took place. After this round, 4 statements were met with lower agreement (58.8%, 77%, 71%
and 75%, respectively) while the other ones reached more than 80% agreement. The four statements
were discussed among the group, one was dropped and the other ones were accepted after
rewording and literature review. Ultimately, this produced a list of 53 accepted statements (Table 1).
Data Collection

Responses for each of the rounds of the Delphi survey were collected using Google forms (Google
LLC, Mountain View, CA, USA). Descriptive statistics were used for all 5-point Likert-scale items,
including absolute and relative frequencies, median, mean, range, and interquartile range (IQR).

Agreement thresholds were defined as described above.

Results

Based on the iterative Delphi process and subsequent expert discussions, a final consensus was
reached on 53 clinical and research statements. These statements were synthesized into thematic
sections to provide a comprehensive framework for clinical practice. The following results detail the
panel’s consensus, beginning with the definition of cerebral RN and the current understanding of its

pathophysiology.

Definition and pathophysiology

Consensus statements on definition and histopathology are listed in Table 1. Historically,
radiotherapy to the CNS was associated with different patterns of adverse events. These were often
categorized as 1. acute encephalopathy, 2. early delayed encephalopathy (headache and somnolence
syndrome), 3. focal cerebral RN and 4. diffuse leukoencephalopathy. The observations made in more

recent years with standard post-radiotherapy radiological monitoring of an early and transient
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increase in enhancement, usually within the first months after radiotherapy and mimicking tumor
progression, led to the introduction of the term ‘pseudo-progression’.? This is often a radiological
phenomenon but can be accompanied by clinical signs and symptoms.

In contrast, RN refers to a well described histopathological entity with features including extensive
coagulative necrosis without pseudopalisading, perivascular fibrosis, vascular hyalinization, reactive
vascular changes, dystrophic calcification, perivascular chronic inflammation, and reactive atypia.®
Patients may be asymptomatic or symptomatic, and the radiological distinction between tumor
recurrence and RN is notoriously difficult. Moreover, tumor recurrence and RN often co-exist
(including the so-called ‘mixed lesions’), which further complicates diagnosis and management.® The
panel consensus regarding definition is that RN is an entity that is defined by a combination of
clinical, radiological and histopathological features, each of which are non-specific when considered
separately (Table 1).

Another rarer entity that sometimes develops after stereotactic radiotherapy (SRT) is the very late
development over time of enlarging cysts that often require surgery. Here, pathogenetic mechanisms
are probably not related to RN.” The pathogenetic mechanisms of RN are still only partially clarified,
with the available knowledge mainly derived from animal studies with some studies on human
surgical specimens. RN is a late complication of brain radiation, usually occurring between 6 and 24
months after the completion of radiotherapy. It is considered to represent a specific chronic
inflammatory response, with an almost historic debate whether the initial damage is to endothelial
cells or to glial cells. More recent studies suggest that the progression of RN is a dynamic and
continuous process involving complex interactions between various cell populations and altered
expression of many growth factors and genes.>® Vascular changes caused by late endothelial injury
and apoptosis result in hypoxia with an increased expression of Hypoxia-Inducible Factor-1a (HIF1a)
and vascular endothelial growth factor (VEGF) by reactive astrocytes in the peri-necrotic area leading
to a breakdown of the blood brain barrier.®® These changes are likely a major cause of both the
angiogenesis and subsequent perilesional edema found in RN of the brain.® Similarly, Platelet-
derived Growth Factor Receptor (PDGFR) and its ligands are overexpressed at the boundary of RN
compared to undamaged brain.** Inflammatory cytokines also play a role in the pathophysiological
mechanism. Radiotherapy results in glial activation leading to the expression of pro-inflammatory
cytokines and adhesion molecules, with ICAM-1 protein primarily expressed in endothelial cells and
microglia and resulting in induction of TNF-q, IL-18 and ICAM-1 mRNA in microglial cells.

lonizing radiation was found to activate primary astrocyte cultures without inducing ICAM-1
expression but exposure of astrocytes to conditioned medium collected from irradiated microglia
resulted in ICAM-1 induction which could be abrogated by incubation with neutralizing antibodies to

TNF-a and IL-1B.12 COX-2 is significantly induced in astrocyte and microglial cultures by radiation
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injury, with decreased levels of prostaglandin E and the induction of many inflammatory mediators
including TNF-a, IL-1B, IL-6, iNOS, ICAM-1, and MMP-9.33 Cranial irradiation in the C57BL/6 mouse
model resulted in dose-dependent, acute increases in mRNA levels of multiple proinflammatory
mediators and markers of activation (TNF-a, ICAM-1) likely contributing to neutrophil infiltration.'*
This response was followed by a delayed infiltration of T-cells and MHC Il-positive dendritic cells that
persisted for months, indicating that cranial irradiation leads to chronic neuroinflammatory changes.
All these processes appear to contribute to RN but may also represent physiological attempts to
repair irradiation-induced tissue damage. As an example, in TNFRp75 knock-out mice, radiation-
induced TNF-a, acting through TNFRp75, was shown to protect from the development of late
complications of brain irradiation.'® This suggests that in some patients the radiation repair process is
out of control and becomes harmful.

The aforementioned overlap of different post-radiation phenomena and tumor progression often
does not permit a clear diagnosis. Thus, the reported incidence rates vary greatly between 4 and
30%, with most reporting symptomatic RN rates of up to 10%.1%7*® Some reports have identified
different brain areas such as the subventricular zone and the temporal and occipital lobes as being at

increased risk for RN, but the evidence is contradictory.®

Causes: Radiotherapy

RN usually occurs between 6 and 24 months after radiation treatment although delayed cases
occurring several years after treatment have been consistently reported.?’ Clinically, RN can range
from asymptomatic lesions seen as radiological changes on MRI and/or PET to symptomatic patterns
of severe neurologic deterioration, including seizures, focal neurological deficits, cognitive
impairment, and signs of increased intracranial pressure. 2?2 Available clinical and radiobiological
data suggest that RN is uncommon when the equivalent dose in 2 Gy fractions (EQD2), calculated
using an a/B ratio of 2 Gy for normal brain tissue, remains below approximately 40 Gy. Above this
dose range, the risk of RN increases progressively and is strongly influenced by dose per fraction, total
dose, and irradiated brain volume.'®?3 In a pooled analysis of 51 studies on single session and
fractionated stereotactic radiotherapy (SRT) for brain metastases published between 1995 and 2018,
conducted to identify dosimetric and clinical predictors of radiation-induced brain toxicity, the
volume of normal brain (subtracting GTV and non-brain tissue) receiving 12 Gy in a single fraction
(V12Gy) was confirmed as one of the most robust predictors of RN after single session SRS.% A V12Gy
of approximately 10 cm? was associated with a 5-10% risk of symptomatic brain necrosis.

Fractionated stereotactic radiotherapy may reduce the risk of symptomatic radiation necrosis in
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selected cases, particularly for larger lesions or lesions located near eloquent brain structures.
However, this strategy requires more treatment sessions,.2>? Such a strategy, however, requires
more treatment sessions and several prospective randomized trials are ongoing comparing single
session SRS and hypofractionated SRT (SRT, NCT03697343, NCT05222620, NCT05102747 and
NCT06500455). In the setting of brain metastases treated with hypofractionated SRT, dose—volume
constraints such as a combined brain-plus-target volume V20Gy (3 fractions) or V24Gy (5 fractions)
<20 cm? have been associated with a <10% risk of any necrosis or edema and a <4% risk of RN

requiring surgical resection.?

For selected intracranial indications, fractionated proton therapy is increasingly employed to reduce
integral dose to normal brain tissue through the physical properties of the Bragg peak.?® In spite of
the favorable physical properties, other characteristics including end-of-range uncertainties, have
hindered implementation of intracranial proton SRS?’. Sensitivity to anatomical and setup changes,
and potentially poorer conformality compared with highly conformal photon SRS techniques in
selected small intracranial targets should also be considered. To date, no prospective clinical data
have demonstrated a clinically meaningful difference in RN incidence compared with photon
therapy.?®28 Similarly, there are no unequivocal patient-related risk factors, such as age, sex, or

baseline comorbidities, that consistently predispose to RN.

Re-irradiation of the brain significantly increases the risk of RN in patients undergoing repeat SRS or
stereotactic radiotherapy (SRT) for locally recurrent brain tumors.?® Evidence from re-irradiation
series in recurrent glioblastoma indicates that both re-irradiation dose and treated volume must be
considered when evaluating RN risk. In this setting, the risk of RN generally remains below 10% for
cumulative EQD2 values of approximately 100-110 Gy but may increase to up to 25% when
cumulative EQD2 exceeds 130 Gy. Consistently, symptomatic RN rates of approximately 7-16% have
been reported in several published series of repeat SRS for brain metastases performed after either
prior SRS or whole-brain radiotherapy (WBRT), with a higher risk observed for lesions with a mean

diameter larger than 2.0-3.0 cm.?®

The combination of RT and systemic treatments is generally feasible without the need for substantial
treatment modifications.3%! Nevertheless, careful clinical and radiological monitoring is warranted
due to the potential increased risk of RN when SRS is combined with dual immune-checkpoint
inhibition (CTLA-4 and PD-1 receptor inhibition) or with antibody—drug conjugates in patients with
brain metastases.3®3* Patients with glioma and brain metastases both develop RN, and there is no
clear data showing that there is a difference in timing or frequency of occurrence. Current

comparative series are limited and largely descriptive. While radiation geometry and underlying
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tumor location lead to different typical RN distributions (frontotemporal/periventricular in glioma vs
more diffuse in metastases), there is no strong evidence that intrinsic RN biology differs between
glioma and metastasis patients beyond differences in dose, fractionation, and reirradiation

patterns.223>36

Overall, RN risk reflects a complex interaction between cumulative biologically effective dose and
fractionation, treated volume, re-irradiation exposure, and systemic treatment combinations.

Individual patient-related predictors remain poorly defined.
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Diagnosis
Clinical symptoms

Distinguishing RN from tumor progression based on clinical symptoms and signs is impossible. In
both entities new or worsening focal neurological deficits, seizures, cognitive decline, or symptoms
related to increased intracranial pressure (ie headache, nausea) can occur, whereas both conditions

can also be asymptomatic.

Despite the relevance of distinguishing between these two conditions, there are no robust clinical
studies that directly compare RN with tumor progression in a systematic manner. Most available data
originate from retrospective series, mixed cohorts, or imaging-focused studies in which clinical
symptoms are recorded descriptively but not analyzed comparatively. As a result, the relative
frequency, severity, or temporal pattern of specific symptoms and signs across RN and tumor

d.37

progression remains insufficiently characterize Moreover, the absence of standardized symptom

reporting frameworks limits interpretation.

In clinical practice, clinical response to corticosteroids or anti-VEGF therapy is sometimes seen as
more indicative of RN, yet this lacks good evidence.*® RN may present with waxing-and-waning
deficits or even spontaneous resolution of neurological symptoms, particularly when shifts in
vasogenic edema occur. Such transient or spontaneously resolving symptoms are more suggestive of
RN and are atypical for true tumor progression, which usually shows a more steadily progressive
neurological deterioration.3® Only new or worsening focal neurological deficits, cognitive decline,
headache and/or nausea or epilepsy that can be attributed to RN lesions, should prompt initiation of

treatment with corticosteroids or anti-VEGF therapy.3”

Imaging using advanced MRI and PET

Consensus statements on imaging of RN are listed in Table 2.

Radionecrosis is a prolonged process that typically appears on neuroimaging between 6 and 24
months after radiotherapy completion.? Once developed, the lesion enters a lengthy plateau phase
where it can remain stable, fluctuate, or even expand for 12 to 24 months on conventional MRI 404
Consequently, it often takes many months to several years before any genuine signs of radiological

regression or resolution are observed.

11
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Following treatment, both an increase in size of the contrast-enhancing lesion and the signal
hyperintensity on FLAIR or T2-weighted MRI sequences are typically used as an indicator of tumor
relapse.***3 Nevertheless, these findings are nonspecific and may be related to perifocal edema, RN,
demyelination, inflammation, or ischemia.** Many terms are being used to describe these treatment-
related changes on imaging. These include RN, treatment-related changes, etc. A consensus paper by
ESTRO proposed the term TRIA (Treatment-Related Imaging Abnormality) as the preferred standard

terminology (article in press).

Due to the lack of specificity, the diagnostic performance of structural imaging alone — particularly T1-
weighted contrast-enhanced MR sequences — to differentiate tumor progression from RN is limited,
with reported sensitivities and specificities of 68% and 77% in WHO grade 3 or 4 gliomas® and 79%
and 76% in brain metastases, respectively.*® Given the substantial improvement in diagnostic
accuracy with advanced MR sequences when evaluating a new contrast-enhancing lesion suspicious
for tumor recurrence or RN, it is recommended to incorporate MR perfusion and/or MR spectroscopy
whenever feasible. These advanced MRI techniques provide valuable information on lesional
vascularization and metabolism, thereby improving tissue characterization and supporting clinical
decision-making.*” MRI perfusion can be obtained using dynamic susceptibility contrast (DSC),
dynamic contrast-enhanced (DCE), or arterial spin labeling (ASL) techniques. Among these, DSC is the
most widely available method in clinical practice and has therefore undergone the most extensive
validation. While DSC and DCE rely on exogenous contrast agents, ASL offers a fully non-invasive
alternative by using magnetically labeled arterial blood water as an endogenous tracer. DSC perfusion
measures first-pass T2* signal changes on gradient-recalled echo images following the intravenous
application of gadolinium-based contrast agent. Key derived parameters include relative cerebral
blood flow (rCBF) and cerebral blood volume (rCBV) and reflect microvascular volume and density
that are typically increased in viable brain tumor issue while not in areas with therapy-induced

changes.*®%

High diagnostic accuracy has been demonstrated in grade 3 and 4 gliomas for DSC-derived rCBV in
distinguishing viable tumor from post-treatment effects, with pooled sensitivities of 87-90% and
specificities of 86—-88%, underscoring its clinical value.*>*° In brain metastases, the performance is
slightly lower, with pooled sensitivities of 83% and specificities of 78% across 418 lesions in 12

studies.*®

Proton MR spectroscopy (*H-MRS) supports the differentiation between tumor recurrence and RN by
assessing metabolic and chemical tissue characteristics. RN typically exhibits elevated lipid and lactate

resonances, whereas recurrent tumors are marked by elevated choline-to-creatine and choline-to-N-

12
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acetylaspartate ratios.*>>! A meta-analysis of 455 patients with glioma reported pooled sensitivities
and specificities of 88% and 86% for the Cho/NAA ratio and 83% and 83% for the Cho/Cr ratio.?! In
patients with WHO grade 3 or 4 gliomas in particular (n=203 patients), performance improved
further, with pooled sensitivities and specificities of 91% and 95%.* In brain metastases, a meta-
analysis of four studies comprising 54 lesions showed pooled sensitivity and specificity values of 84%
and 88%.%® Despite consensus recommendations for MR spectroscopy acquisition®? and post-
processing® the technique remains limited by its susceptibility to signal contamination, particularly in

lesions adjacent to the ventricular system, skull, or surgical clips.

Given the high uptake of radiolabeled amino acids in gliomas and brain metastases, amino acid PET
has been evaluated to differentiate between treatment-related changes including RN and viable
tumor tissue.>*>® The most widely used radiolabeled amino acids include [*'C]-methyl-L-methionine
(MET), 3,4-dihydroxy-6-[*F]-fluoro-L-phenylalanine (FDOPA), and O-(2-[*®F]-fluoroethyl)-L-tyrosine
(FET). The longstanding view that their uptake is mainly facilitated by large neutral amino acid
transporters of the L-type (LAT) in gliomas and brain metastases (e.g., LAT1 and LAT2 subtypes) has

recently been challenged for diffuse gliomas and requires further mechanistic investigation.>

For the differentiation of local RN from brain metastases relapse following radiosurgery, PET using
FDOPA and MET have consistently demonstrated high sensitivity and specificity of approximately 80%
for the correct diagnosis of brain metastasis recurrence.**=>° Similarly, FET PET parameters derived
from static and dynamic acquisition showed high sensitivity and specificity of 80-90% for
distinguishing radiation-induced changes after radiosurgery from recurrent brain metastases.®! A
recent meta-analysis including MET, FET, or FDOPA PET studies with almost 400 patients (who had
undergone first-line treatment including radiotherapy and in whom a final diagnosis was established
by histologic examination or imaging and clinical follow-up) highlighted the added clinical value of
amino acid PET for differentiating treatment-related changes from brain metastases relapse. In that

study, pooled sensitivity and specificity were 82% and 84%, respectively.®

In most of the latter mentioned studies, the distinction between radiation-induced changes and brain
metastases relapse was based solely on a single amino acid PET scan. Recent developments such as
the standardization of PET-based response assessment in gliomas and brain metastases (PET RANO
1.0 and PET RANO BM criteria) encourage the acquisition of longitudinal PET data, which may help to
differentiate more accurately between treatment-induced changes and tumor progression.534 A
more recent study evaluated serial FDOPA PET scans and suggested that an unchanged uptake over a
long-term follow-up (median time, 18 months) identified radiation-induced changes with a high

accuracy of 94%.%* FDOPA uptake did not change significantly in radionecrotic lesions, whereas it

13
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increased significantly over time in patients with brain metastases recurrence. Ultimately, combining
advanced MRI sequences with amino acid PET imaging yields the strongest evidence for reliably
distinguishing RN from tumor recurrence.®® Nevertheless, although multiparametric imaging plays a
key role in differentiating brain tumor relapse and RN, final diagnostic interpretation must be

conducted on an interdisciplinary level.%®

In terms of follow-up with MRI imaging, we recommend a follow-up interval of 6 to 12 weeks. In
asymptomatic patients, 12 weeks between MRIs is suitable, while shorter intervals are appropriate in
patients with progressive symptoms, worsening neurological deficits, increasing edema or mass
effect, or other clinical concerns suggestive of clinically relevant disease progression. PET can be used
to increase diagnostic confidence at baseline, but also during follow-up, to monitor response to RN

treatment, or in case there is doubt as to whether or not progressive disease is present.
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Pathology

Consensus statements on pathology of RN are listed in Table 2.

RN is a common finding in daily diagnostics and occurs in about 4 to 30% of irradiated gliomas?? and
5-24% of brain metastases®”. Most tissue specimens contain a mixture of post-treatment radiation
effects (e.g. reactive changes and RN) and viable tumor cells®®®, The gold standard to assess adverse
response to treatment, tumor recurrence or malignant transformation as well as development of
secondary radiation-associated neoplasms remains post-treatment biopsy.®® However, biopsies and
subtotal resections are subject to sampling bias, and small tissue specimens may not be

representative, potentially missing mixed lesions containing both active tumor and radiation necrosis.

Unequivocal tumor cell identification in irradiated gliomas is hampered by the overlapping cytological
features between neoplastic and reactive glial cells. Unless a viable, highly cellular process with
frequent mitosis and/or tumor-specific (e.g. palisading) necrosis is present, a low to moderately
increased cellularity obscured by destructive changes and fulguration or squeeze artifacts may be
compatible with a strong reactive gliosis, mesenchymal cell activation and residual bleeding with high
restorative activity. Radiation-induced cytological atypia may affect tumor cells or residual cells
including glial cells, neurons and endothelial cells. In glial cells, a bizarre nuclear pleomorphism,
sometimes with bubbly appearance, and accumulation of abundant eosinophilic, occasionally
vacuolated cytoplasms may be present and resemble giant cells in glioblastoma, IDH-wildtype.5®
Proliferating reactive astrocytes may even display mitotic figures. Radiation-induced vasculopathy

may mimic microvascular proliferation and inadequately influence grading.®

In patients with brain metastasis, immunohistochemical lineage markers (e.g.
pancytokeratin/TTF1/GATA3/CDX2 etc. in carcinomas, HMB45/MelanA in melanoma) can be very
helpful in assessing the amount of viable tumor cells and even allow to identify single residual tumor
cells in necrotic tissue. In gliomas, immunohistochemical staining is of limited use for the diagnosis of
radiation damage in IDH-wildtype gliomas and determination of disease activity. Glial markers (e.g.
GFAP, MAP-2, WT-1) can be expressed by tumor cells as well as reactive astrocytes.”® Mutation-
specific antibodies (e.g. IDH1 p.R132H or H3.3 p.K27M) can be particularly useful in specific glioma
types for quantifying the amount of viable tumor cells in post-therapy specimens with extensive
reactive changes.®®7° In case of a sufficient time interval, the lack of IDH1 R132H expression in tumor
cells of an irradiated IDH-mutant glioma may help to identify radiation-associated secondary
neoplasms.” The diagnostic role of frozen sections and cytological preparation in establishing the
diagnosis of a glioma has been elaborated in detail.”> However, evidence-based recommendations on

the diagnostic accuracy of both techniques in the context of progressive glioma and RN are not
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available.®® Moreover, the freezing procedure may introduce artifacts, for example more
hyperchromatic or atypical appearing cells compared to a previously not cryo-preserved specimen or
a loss of glioma-type specific features like perinuclear halos in oligodendrogliomas, as well as artificial
and unspecific positivity of immunohistochemical stainings.® At least part of the tissue should be

formalin-fixed and paraffin-embedded without prior freezing.

Molecular analyses of liquid biopsies are promising strategies, but lack sufficient sensitivity for clinical
monitoring; no clinical-grade circulating biomarker for the monitoring of glioma patients is currently
available.”®’* Recently, the complex spatial architecture of brain tissue with post-treatment changes
and its discrepancies from progressive glioblastoma has also been described using spatial
transcriptomics. Radionecrotic samples also contain tumor cells, but these tumor cells exhibited

low EGFR expression even in the presence of gene amplification and did not show proliferation

markers.”®

In brain metastases, CSF analysis may detect resistance mutations but does not represent a minimally
invasive way to discriminate RN.”® Several studies in patients with glioma””’8, MPNST”® and
metastasis® suggest that the histological quantification of the tumor burden and/or treatment-
induced necrosis may contain prognostic information (e.g. correlation with overall survival), but
particular ratios or cutoff values in percentage have not been validated in larger patient cohorts and
their use is currently not recommended for clinical practice. Individual morphological or molecular
risk factors for radiation-induced damage and predictive parameters for a variable response to

radiation treatment remain inadequately characterized.
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Treatment
Consensus statements on management of RN are listed in Table 3.

Symptom management

The clinical presentation of RN is highly variable in severity and type and depends on location, size
and the extent of surrounding brain edema. Symptoms may include headache, seizures, cognitive
impairment or focal neurological signs such as dysphasia, hemiparesis, or ataxia. The panel consensus
(Table 4) is that symptom duration of more than 7 days and increasing severity of neurological
symptoms in the presence of radiological findings suggestive of RN should trigger the initiation of
treatment. Radiological signs of RN alone without clinical symptoms should not prompt initiation of
pharmacological RN treatment.

Treatment options are steroids, bevacizumab and surgery, with choices depending on local
availability, location of the lesion and site experience. Since RN and tumor recurrence share
overlapping imaging features, clinicians must also consider that apparent radiographic worsening may
reflect tumor progression, treatment-related changes, or mixed pathology. This requires
multidisciplinary assessment and, in selected cases, resection/biopsy (Figure 1). Any deterioration
under medical treatment should be evaluated within a broad differential diagnosis, including tumor

progression.’!

General management

In most places in the world, starting with corticosteroids is the preferred approach, despite significant
data indicating that bevacizumab is both more effective and possibly, more cost-effective.®? The
reason for this is their immediate effect on edema and easier access, their lower cost per dose and
the fact that they are administered orally. Furthermore, in some countries, bevacizumab is either not
approved or can only be used if steroids have failed. The starting dose of dexamethasone and the
duration of treatment are not established because of the lack of prospective data and should be
mainly guided by the patients’ self-reported severity of symptoms and signs. Further, the extent of
the radiographic burden can be considered in choosing the starting dose, although the self-reported
symptomatic burden will remain the lead indication for the starting dose of dexamethasone and the
duration of treatment. The panel consensus is that the dose should be the minimal dose that
provides clinical and/or radiological benefit (Table 4). Overall, depending on the severity of
symptoms and signs, the starting dose should be selected, low in case of minimal symptoms but
higher and increased if necessary, always with rapid gradual reduction to the lowest possible steroid

dose necessary.%® A reasonable starting dose is 1.5 to 4 mg dexamethasone (or 8 mg in case of severe

17

920z AInr €1 uo 1s8nb Aq 6506Z/28/SS | BeOU/OUONSBU/SE0 L 0 | /10P/3|o1e-80uBApR/ABOI0OUO-01N8U/W0o dNoolwapese//:sd)y WoJl papeojumod



symptoms) given as a single dose in the morning for 3-5 days and gradual reduction by 2 mg every 3-5
days based on the symptomatic evaluation. Historical randomized evidence from patients with
metastatic brain tumors demonstrated that lower daily dexamethasone doses (4-8 mg/day) provided
comparable neurological improvement to higher-dose regimens but with significantly fewer steroid-
related adverse events.® The lowest effective dose, typically 1.5-2 mg dexamethasone, should be
continued until the first follow-up imaging and reduced or discontinued afterward in case of
combined clinical and radiological benefit.%#*. In summary, the minimum effective dose required for
clinical stabilization should be identified by regular re-evaluation and gradual reduction. Fixed-dose
and high-intensity schemes need to be avoided to prevent steroid toxicity overshadowing the clinical
benefit.®> Steroid tapering should primarily be guided by clinical status and particular the patient’s
self-reported symptom burden.. While radiographic improvement is important, it cannot be used in
isolation to guide or reduce the steroid dosing. Radiological changes in RN often do not fully align
with symptomatic improvement, so neurological assessment becomes the primary driver of tapering.
Steroid tapering should be initiated when neurological stability is confirmed.®® Thus, an integrated
clinical-radiological evaluation remains essential. Neurological deterioration with radiographic
evidence of increasing edema or lesion increase during steroid therapy indicates inadequate RN
control (with a differential diagnosis of progressive tumor) and may require steroid dosage increase
or the addition of other treatments, such as bevacizumab. In general, corticosteroid therapy should
not be prolonged. However, if extended use is unavoidable—such as when bevacizumab is
unavailable or contraindicated—prophylaxis for gastritis and opportunistic infections should be

considered.

Bevacizumab

Radiological and/or clinical deterioration, or persistent neurological symptoms with corresponding
radiological findings after four weeks of corticosteroid therapy or expected long duration of steroid
treatment with associated adverse effects are often considered in clinical practice as a signal to
initiate bevacizumab, even as first-line treatment. The panel voted 4 weeks as the time for switching
to bevacizumab, if clinical benefit from steroids is not deemed to be satisfactory. We recognize that
this time period is not based on solid data and clinical judgment as well as local access to
bevacizumab and patient related factors and preferences should be taken into account for a

personalized approach.

Many reports over the last 15 years have investigated the role of bevacizumab, an anti-VEGF
monoclonal antibody in this setting.?” Bevacizumab has demonstrated high radiographic and clinical

response rates in steroid-refractory radionecrosis, but its reimbursement for this indication varies.
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The rationale for this approach is the aforementioned effect on vascular damage, hypoxia and
increased expression of hypoxia inducible factor a (HIF1a) and VEGF incriminated in the pathogenesis
of RN.#” This thinking led to its widespread use in RN without adequate published trial evidence.®
The panel consensus is that RN treatment with bevacizumab should be considered in case of steroid
dependent symptoms persisting for more than 4 weeks with need of a daily dose Dexamethasone (or

equivalent) of 8 mg (Table 4).

An early randomized, placebo-controlled study including a total number of 14 patients with RN
(radiological or biopsy ‘proven’) after irradiation for head-and-neck carcinoma, meningioma, or low-
to mid-grade glioma and progressive neurological symptoms published in 2011 by Levin et al*
showed both radiological and clinical benefit in all patients who received bevacizumab and in none of
those who received placebo. Several small reports confirmed the benefit of bevacizumab and
systematic reviews, pooled analyses and meta-analyses have reviewed published data.®® Another
randomized study compared bevacizumab to corticosteroids in RN caused by radiation for
nasopharyngeal cancer, showing it to be superior in terms of both radiological and clinical
responses.?® Other investigators also showed it to be a more cost-effective approach to treat RN.%2 Of
note, quality of life and patient reported outcomes in most of these studies are not reported
adequately. The dose of bevacizumab employed in all studies for RN treatment varies from 7,5 mg/kg
every three weeks to doses of 3 mg/kg every two weeks for only two cycles to dosing schedules of
400mg flat starting dose followed by 100mg flat dose every four weeks.??*°! The reported duration of

treatment is variable, but usually brief (<3months).290°

Despite the paucity of data, bevacizumab is included in the treatment algorithm proposed by the
International Stereotactic Radiosurgery Society (ISRS)? as well as several national guidelines.®581°2
Many open questions remain regarding the use of bevacizumab for RN. Although radiological
response based on decreased edema on T2-weighted and FLAIR MR images and improvement of
contrast-enhancement on gadolinium-enhanced T1-weighted MR images are mentioned in most
publications, there are no clear-cut definitions of radiological response to this therapy in RN.
Furthermore, there are no published data on the factors that would predict response to this

treatment, but it is worthwhile noting that this is also true for steroid treatment.

Side effects of bevacizumab are well known from its use in other indications and have been reported
in the studies on RN. All serious adverse events of grade > 3 occurring during RN treatment are
related to thromboembolic events.® Rates of RN recurrence after the use of bevacizumab, as well as
the effects of repeated use of the agent after RN recurrence are occasionally mentioned, but there

are no firm data regarding the rate of recurrence and the efficacy of retreatment.?” As patients who
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developed RN are frequently using other systemic therapeutic agents for their underlying
malignancies, the concurrent use of bevacizumab with these agents has not been specifically studied
in the RN setting. However, bevacizumab has been given in combination with some of these agents
without causing additional overlapping toxicity.®® Importantly, bevacizumab should not be given if

surgery is considered potentially the preferred option (see below).
Other Options

Boswellia Serrata is a plant extract that has been studied for its effect on radiation necrosis.**The
proposed mechanism is decrease of cerebral edema because of anti-inflammatory action, promotion
of apoptosis and inhibition of invasion. These effects are thought to be mediated via suppression of
the nuclear factor kB (NFkB) and Cathepsin G by boswellic acids. Although there is limited clinical data
to support its use, some centers prefer it and are increasingly gaining more experience in its use,
especially as adjunct, as it was shown to decrease cerebral edema. In some types of radiation toxicity
there has been experience with treatment using hyperbaric oxygen (HBO). However, in cerebral

radiation necrosis there has not been enough research and data to support this approach.

Surgery

Although the evidence regarding surgical resection for RN remains limited, surgery, when safely
feasible, is an effective approach for managing symptomatic RN. This is particularly the case when the
location allows a safe resection, when conventional medical therapy fails, when prolonged therapy is
anticipated or when neurological deterioration is rapid.® A surgical intervention not only allows
histopathological evaluation, which is considered the gold standard in differentiating RN from tumor
progression, but also typically offers immediate symptomatic relief and facilitates the successful
reduction of corticosteroid dependency.®® Cohort studies focusing on brain metastases demonstrate
that surgical resection of RN in these patients leads to durable radiographic improvement.
Specifically, mean perilesional T2-FLAIR edema volume decreased by 78% at 6 months
postoperatively, and this reduction proved durable for up to 24 months. Steroid dependency also
decreased from 54% preoperatively to 15% at 12 months postoperatively among surviving patients.%
Furthermore, in a single-center retrospective analysis, the extent of resection of RN was associated
with long-term radiographic results: achieving gross total resection results in a significantly greater
and more rapid reduction in perilesional T2-FLAIR signal volume compared to subtotal resection.®®
Another single-center cohort study showed that surgical resection resulted in a higher rate of steroid
discontinuation (81.0% vs 46.7%) and reduced incidence of adverse events (3.2% vs 43.8%) compared
to bevacizumab.” Pooled data evaluating management outcomes report symptomatic improvement

or stability in 89% of patients following surgical resection.? An additional consideration is the risk of
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complications, such as compromised wound healing or hemorrhage, particularly in patients with prior
treatment with steroids or bevacizumab. In patients treated with bevacizumab a 28-day washout
period is recommended before safe surgery can be performed.®-° The panel recommends that
surgical resection be considered whenever safely feasible, given its dual diagnostic and therapeutic
role (agreement: 80%).

As a complementary approach, laser interstitial thermal therapy (LITT) represents a minimally
invasive surgical alternative for localized RN. This method uses one or more stereotactically
positioned probes connected to a specific laser ablation device. The procedure is then performed
under MRI guidance. LITT is typically utilized for smaller lesions and has the added benefit of
providing the capability to perform biopsy for pathological confirmation concurrently with the
ablation procedure. Studies reviewing outcomes for patients undergoing LITT report a pooled T1
post-contrast enhancement improvement/stability rate of 88%, positioning it as a potential treatment
option for symptomatic RN. These non-randomized studies suggest that efficacy of LITT may be
comparable to bevacizumab in terms of radiological control, with a similar rate of adverse events
(11.2% for bevacizumab and 14.9% for LITT; p = 0.66).2%°%% More studies are needed to prove the
benefits of this approach. Since LITT is not available in all centers or countries and no randomized

trial has been performed, its current use in the indication of RN is questionable at this stage.
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Research topics

The lack of level 1 evidence on the topic of cerebral RN diagnosis and management led us to the use
of the Delphi method for the creation of this expert opinion.? Therefore it is of paramount
importance that research is conducted in this area. A prospective randomized clinical trial comparing
the clinical effects and cost-effectiveness of first-line bevacizumab versus corticosteroids in patients
with symptomatic RN after focal radiotherapy of either high grade glioma or brain metastases is
currently ongoing in The Netherlands (n=408). Bevacizumab will be given in flat dose of 600mg IV
three-weekly and treatment effects after 6 weeks (2 courses) will be compared with 12 weeks (4
courses) (NCT06888817) ¥ Also, a large registry is ongoing by the Consortium for Intracranial
Metastases Academic Research (CIMARa)*® Several additional research topics were proposed as
potential areas of interest in RN. The panel was not able to reach a consensus on the hierarchy of
importance of these research topics that are listed in Table 4. A research topic that was not discussed,
but gained interest after the voting is that of patient reported outcomes and lived experience with

RN.

Conclusion

This consensus statement relied on a structured Delphi process involving an international expert
panel to establish the highest currently available level of evidence for diagnosing and managing
radiation necrosis. A group of multidisciplinary experts from EANO identified areas of high
concordance on the diagnosis and management of RN despite the lack of level 1 evidence. This set of
agreed-upon statements may therefore serve as a guidance to clinicians, although the need for high
quality clinical trials in the field remains. Key points summarizing the recommendations formulated
within this manuscript are listed in Table 5. A flow chart summarizing key steps in treatment and

management of RN is shown in Figure 1.
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Table and Figure legends

Table 1. Consensus statements on definition and causes of RN
Table 2. Consensus statements on imaging and pathology of RN
Table 3. Consensus statements on management of RN

Table 4. Research topics to be addressed in RN research

Table 5. Key points / Clinical recommendations

Figure 1. Clinical Flowchart: Management of Suspected radiation necrosis (abbreviations: MRI
Magnetic Resonance Imaging, DSC/DCE Dynamic Susceptibility Contrast/Dynamic Contrast Enhanced,
PET Positron Emission Tomography, FET (18)-F-Fluoroethyl-L-tyrosine, F-DOPA Dihydroxy-6-(18)F-
Fluoro-L-Phenylalanin, MET (11)-C-methionine, RN Radionecrosis, LITT Laser Interstitial Thermal

Therapy)
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Lay Summary

Lay summary- The European Association for Neuro-oncology
(EANO) Consensus Statement on Radiation Necrosis

Radiation therapy for brain tumors sometimes leads to damage of the brain tissue itself, known as
radiation necrosis. This condition causes serious symptoms and tends to look like a returning tumor
on standard scans. This makes it difficult to know whether we are dealing with tumor or tissue
damage. Although up to thirty percent of patients who undergo radiation therapy for brain tumors
experience this problem, no universal guidelines on its diagnosis and treatment exist. To address this
issue, we created an overview of current knowledge that also provides medical guidance on how to
diagnose and treat this condition optimally.
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Table 1

Table 1. Consensus statements on definition and causes of Radiation necrosis

Accepted %
i d
Statement in rggn agreement

Deflnltlon and pathophysmlogy
e AT .

' e riNeuro-Oncology. All rights reserved.

S t s for reprints. All other permissions can

ﬁga AIN¢ E;%ﬁ&é’iq%ﬁrf Igﬁ Eﬁ%mq ﬁaﬁ@vﬁ err]g»fsoléo ﬁg@%n gxngtﬁﬁ?rﬁ% our site—for further i E)WIOH
gj&j%&ﬁ f§EgRﬁE @Sa}tcf ures eac ICh are non- p% 1§

when considered separately

The pathophysiology of RN involves injury to the tumor microenvironment.
Both vascular injury and glial injury are involved in this complex, 2 100,0%
multifactorial process

A wide range of incidence rates of RN is reported in the literature, because

. . . 1 94,4%
of the difficulty in setting an unequivocal diagnosis of RN 0
Radiation necrosis occurs at a rate of 4 to 30% although less than 10% of 1 83.3%
cases present with symptoms ’
There is little evidence showing that the risk of radionecrosis may change
s . L 2 92,0%
significantly for targets located in different brain sites
Causes
Radionecrosis most often occurs within 24 months from radiotherapy, 1 88.9%
however, might also appear several years later. '
Although there is no radiotherapy dose in which radionecrosis cannot occur,
radionecrosis is unlikely if EQD2 (equivalent dose in 2 Gy fractions) is below 1 81,3%
30 Gy
Fractionation of radiotherapy reduces the risk of radionecrosis. 1 88,2%
If the volume of brain (subtracting GTV) that receives 12 Gy (V12Gy) in one
radiotherapy session is higher than 10 ccm, the risk of radionecrosis 1 100,0%
increases and a hypofractionated regimen should be considered
For fractionated radiotherapy of the brain high total dose, high fraction
. . L . . 1 94,1%
dose and large irradiated volumes are the main risk factors of radionecrosis.
There are no unequivocal patient risk factors such as age, gender or
. . - . 1 88,2%
comorbidity that predispose to radionecrosis
It is currently unknown whether radionecrosis is more frequent following
fractionated proton therapy when compared to fractionated photon 3 100,0%
therapy
Re-irradiation increases risk of radionecrosis. 1 100,0%
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Systemic therapy (some agents more than others) before, during or after
radiotherapy increases the risk of radionecrosis in brain metastases

RN risk increases when SRS is given concurrently with WBRT

1

1

94,4%

83,3%

920z AInr €1 uo 1s8nb Aq 6506Z/28/SS | BeOU/OUONSBU/SE0 L 0 | /10P/3|o1e-80uBApR/ABOI0OUO-01N8U/W0o dNoolwapese//:sd)y WoJl papeojumod



Table 2

Table 2. Consensus statements on imaging and pathology of Radiation necrosis

Statement

Imaging: MRI

T1-weighted contrast-enhanced sequences alone have low sensitivity and
specificity in distinguishing between tumor recurrence and radionecrosis

The most commonly available advanced MR sequences in routine clinical
practice for differentiating between tumor recurrence and radiation
necrosis are MR perfusion and MR spectroscopy.

Hyperperfusion and an elevated Choline-Peak are highly indicative of tumor
recurrence, whereas low or moderate perfusion and an increased lactate
peak suggest radionecrosis

In follow-up MRI examinations, advanced MR sequences (such as MR-

perfusion and/or MR spectroscopy) should be added if a new contrast-
enhancing lesion appears suspicious for tumor recurrence or radiation

necrosis

Advanced MRI sequences in combination with amino-acid PET imaging have
the highest sensitivity and specificity for differentiating between radiation
necrosis and tumor recurrence

Imaging: PET

FET, F-DOPA or MET can be used for the differentiation between RN and
tumor relapse

RN shows typically low or no uptake on amino acid PET

TBRmean is probably better than TBRmax to differentiate between RN and
recurrence

The performance of PET to differentiate between RN and tumor recurrence
is reported to be between 80 and 90%.

Serial amino acid PET may be more accurate than single time-point PET to
differentiate RN from BM recurrence.

Pathology

The histopathological examination represents the gold standard for
differentiating between radiation necrosis and tumor recurrence in unclear
cases.

Accepted
in round
nO

%
agreement

100,0%

88,2%

100,0%

93,0%
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There is currently no standardized reporting format / accepted protocol for
documentation of radiation necrosis in neuropathological specimens.

The accurate identification of neoplastic cells in irradiated gliomas remains
a significant diagnostic challenge due to the cytological similarities between
tumor cells and reactive glial cells, particularly in the absence of
unequivocal malignant features or tumor-specific markers.

In brain metastasis, immunohistochemical lineage markers significantly
enhance the detection and quantification of viable tumor cells in most
cases, enabling the identification of even single residual tumor cells within
necrotic tissue

In IDH-mutant and diffuse midline gliomas, mutation-specific antibodies
(e.g. IDH1 R132H and H3 K27M) are useful in distinguishing viable tumor
cells from treatment-related changes in post-therapy specimens.

The diagnostic accuracy of intraoperative diagnostic techniques (e.g. frozen
sections and cytologic preparations) in differentiating between progressive
glioma and radiation necrosis remains uncertain.

Due to artifacts introduced during the process of freezing tissue, it is
recommended to reserve a portion of the tissue sample for permanent
sections without freezing.

The clinical utility of liquid biopsies for distinguishing radiation necrosis
from tumor progression in brain cancer patients remains uncertain and
requires further investigation.

The prognostic and predictive significance of quantifying viable tumor cells,
reactive changes, and necrosis as percentages remains uncertain.
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Table 3

Table 3. Consensus statements on management of Radiation necrosis

Statement

General management

Neurological symptoms of RN trigger treatment.

Symptoms depend on the location and size of RN and surrounding edema.
These can be focal neurological symptoms (e.g. dysphasia, hemiparesis,
ataxia), cognitive disturbances or headache

Duration >7 days and increasing severity of neurological symptoms in
presence of radiological findings suggesting RN should trigger the initiation
of RN directed treatment

Steroids

The starting dose of dexamethasone and the duration of treatment is not
fixed but should be the minimal dose that provides clinical and/or
radiological benefit

Radiographic findings alone are not sufficient to taper steroids Significant
improvement of neurological symptoms in presence of radiological findings
of decreased edema and improved RN suggest the tapering of steroids
Worsening of neurological symptoms and imaging of deteriorating RN
during steroid therapy suggest the escalation of therapy but should also
prompt consideration of tumor progression in case of underlying tumor

Bevacizumab

In case of steroid dependent symptoms over 4 weeks with need of a daily
dose Dexamethasone (or equivalent) of 8 mg, escalation of the RN
treatment with bevacizumab should be considered.

Several dosing schemes of bevacizumab are being used: 5 mg/kg body
weight every 2 weeks; 7.5mg/kg body weight every 3 weeks, fixed dose of
400mg every 2 weeks; fixed dose of 600 mg every 3 weeks - there is no
evidence for a best/most appropriate dosing scheme of bevacizumab

There is no definition of the radiological response after RN treatment.

Bevacizumab is an antibody against VEGF-A. The mode of action of
Bevacizumab in RN is mainly through normalization of the blood vessel bed
in the inflammatory area. Reduction of leakiness of blood vessels and
normalization of the blood-brain barrier leads to decreased contrast uptake
and edema

The duration, interval and optimal dose of treatment for symptomatic RN
with bevacizumab is currently unknown. A potential regimen is 4 three-
weekly iv 5-10mg/kg infusions:
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Targeted agents and chemotherapy can be combined with bevacizumab,
provided the potential vascular side-effects of the used targeted agents and
chemotherapy are taken into consideration.

Bevacizumab at the dosing used for radiation necrosis is usually well
tolerated, with wound healing issues and arterial hypertension as the main
potential side effects. There is an increased risk on deep venous thrombosis
of the lower extremities and pulmonary embolism and a small increased risk
of cerebral hemorrhage or infarction

The favorable prognostic factors for clinical and radiological response on
bevacizumab treatment for RN have yet to be determined

The recurrence rate of symptomatic RN after bevacizumab treatment, is
unknown

Treatment with bevacizumab can be repeated if effectiveness was observed
during the first course

Surgical management

Surgery should be considered for radiation necrosis whenever deemed
feasible without compromising patient safety since it provides the diagnosis
and definitive treatment

Laser Interstitial Thermal Therapy (LITT) can be considered an option in case
of treatment-resistant radiation necrosis that either requires continued
treatment with steroid or repeated cycles of bevacizumab and is not
suitable for surgical resection
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Table 4

Table 4. Research topics to be addressed in RN research

Research topics

Predictive factors

Understanding the biological mechanisms of RN
Improving diagnostic accuracy

Mitigating RN

Novel approaches to therapy

Grading of RN severity

The role of biosimilars of bevacizumab

Cost-effectiveness of first-line bevacizumab treatment of symptomatic RN in comparison to
dexamethasone

Appropriate designs for clinical trials on RN
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Table 5

Table 5. Key points / Clinical recommendations

Clinical Recommendations Box: Key EANO Consensus Points

Diagnostic Timing: RN typically manifests 6-24 months after radiotherapy but can appear several
years later.

Imaging Integration: Do not rely on T1-weighted contrast-enhanced MRI alone. Highest
diagnostic accuracy is achieved by combining advanced MRI (perfusion/spectroscopy) with
amino acid PET (FET, F-DOPA, or MET).

Histopathology Gold Standard: Biopsy remains the definitive method to differentiate RN from
tumor progression. In IDH-mutant gliomas, use mutation-specific antibodies (e.g., IDH1 R132H)
to identify viable tumor cells amid necrotic tissue.

Symptom-Driven Management: Initiate treatment only for symptomatic RN (focal deficits,
seizures, or cognitive decline); do not treat radiological findings alone.

Steroid Protocol: Use the minimum effective dose of dexamethasone. Tapering should be guided
by clinical stability and patient-reported symptoms rather than imaging alone.

Bevacizumab: Consider bevacizumab if symptoms remain steroid-dependent after 4 weeks or if
high doses (28 mg dexamethasone) are required or contraindicated.

Surgical Intervention: Pursue surgical resection (or LITT) for rapid symptom relief, definitive

diagnosis, or when medical therapy is insufficient
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Figure Click here to access/download;Figure;Figure 1 flow chart.tif

Step 1: Initial Dete&ion

Indicator: New or enlarging contrast-enhancing lesion on standard MRI
Action: Assess for clinical symptoms (headache, seizures, focal deficits)

'

Step 2: Advanced Diagnostic Workup

Imaging: Perform MR perfusion (DSC/DCE) and/or MR spectroscopy
Complementary Study: Perform Amino-acid PET (FET/FDOPA/MET)
Interpretation:
High Perfusion/High Choline/High PET uptake: Suggests tumor recurrence
Low Perfusion/Increased Lactate/Low PET uptake: Suggests RN

Consider: Biopsy/surgery when feasible in case of doubt

--------

Step 3: Therapeutic Strategy

Asymptomatic: Observation with serialimaging
Symptomatic:
First-line: Dexamethasone (starting dose e.g., 8mg or analogous steroid) with rapid taper

Steroid-Refractory/Dependent (>4 weeks): Bevacizumab (e.g., 5-10 mg/kg every 2-3 weeks)
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Rapid Deterioration/Accessible Lesion: Surgical resection
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