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Abstract

Purpose The Working Group for Neuro-Oncology of the German Society for Radiation Oncology in cooperation with
members of the Neuro-Oncology Working Group of the German Cancer Society aimed to define a practical guideline for
the diagnosis and treatment of radiation-induced necrosis (RN) of the central nervous system (CNS).

Methods Panel members of the DEGRO working group invited experts, participated in a series of conferences, supple-
mented their clinical experience, performed a literature review, and formulated recommendations for medical treatment of
RN including bevacizumab in clinical routine.

Conclusion Diagnosis and treatment of RN requires multidisciplinary structures of care and defined processes. Diagnosis
has to be made on an interdisciplinary level with the joint knowledge of a neuroradiologist, radiation oncologist, neurosur-
geon, neuropathologist, and neuro-oncologist. A multistep approach as an opportunity to review as many characteristics
as possible to improve diagnostic confidence is recommended. Additional information about radiotherapy (RT) techniques
is crucial for the diagnosis of RN. Misdiagnosis of untreated and progressive RN can lead to severe neurological deficits.
In this practice guideline, we propose a detailed nomenclature of treatment-related changes and a multistep approach for

their diagnosis.
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Introduction

Improvements in systemic therapies, especially targeted
therapies, and radiotherapy (RT) techniques have led to
prolonged survival in cancer patients over the past decade.
Oligometastatic patients receive more radical local treat-
ments and stereotactic radiotherapy (SRS) is frequently
used in this setting. Furthermore, longer survival leads to
an increased absolute risk for cancer patients to develop
brain metastases (BM) during the course of their disease.
As whole-brain radiotherapy (WBRT) is associated with
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significant neurocognitive decline compared to SRS, SRS
has been explored and increasingly utilized for selected
patients with multiple BMs [1-3]. But also patients with
primary brain tumors (e.g., glioma, glioblastoma, etc.)
receive more reirradiation and molecular analyses allow
for targeted therapies in selected patients, sometimes in
combination with RT [4-7]. As a result, long-term side
effects have become more prevalent—typically identified
on posttreatment imaging including computed tomography
(CT) and magnetic resonance imaging (MRI) as con-
trast-enhancing lesions (CEL). Contrast enhancement can
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represent a variety of pathophysiologies including treat-
ment-associated effects such as radiation necrosis (RN)
or blood-brain barrier disruptions (BBD); sometimes also
referred to as pseudoprogression or late radiation tissue
injury (LRTI) [8, 9]. Unfortunately, differentiation between
RN, BBD, and tumor progression is extremely challenging,
and the term itself is often misleading due to the contin-
uous temporal overlap. The aforementioned more radical
radio-oncological approaches in glioma and other cancer
therapies involving the central nervous system (CNS) in
combination with prolonged survival lead to an increase in
the incidence of CEL. The clinical course may vary and
while some of these CEL are clinically subtle and demon-
strate long-term radiological stability, others may display
a more acute and “malignant” course, leading to substantial
symptoms and therefore requiring prompt action, while also
challenging physicians to differentiate between treatment-
associated effects and true tumor progression. In addition
to the variations in clinical behavior, the nomenclature is
not used consistently in the literature. The terms “radiation
necrosis,” “pseudoprogression,” and “blood-brain barrier
disruptions” are used synonymously both in tumor boards
and throughout the literature, despite describing different
clinical entities [10].

Currently there is no defined guideline for the treatment
and diagnosis of RN. Several guidelines already recom-
mend the use of steroids and bevacizumab in the treatment
of RN, although there are no defined treatment algorithms
[11, 12]. This lack of consensus was identified by the Ger-
man Society for Radiation Oncology (DEGRO) and the
DEGRO board therefore mandated the DEGRO working
group to establish a practice guideline. In 2020, a position
paper about the use of bevacizumab and the treatment of
RN was already established and published by the DEGRO
society [13]. The aim of this practice guideline is to propose
a distinct nomenclature and develop a practical approach for
the diagnosis and treatment of new radiation-induced CEL
(RN vs. BBD). In this practice guideline, we have inte-
grated the limited results from contemporary clinical trials
and the available retrospective data. The implementation of
this guideline requires multidisciplinary structures of care
and defined processes of diagnosis and treatment of CEL.

Methods

This guideline was prepared by an expert panel of the Ger-
man Society of Radiation Oncology (Deutsche Gesellschaft
fiir Radioonkologie, DEGRO) Working Group for Neuro-
Oncology (AG NRO) in cooperation with members of the
Neuro-Oncology Working Group of the German Cancer So-
ciety (DKG-NOA). The guidelines subcommittee recruited
a panel of recognized experts from the field of neuro-
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surgery, neuroradiology, and neuro-oncology/neurology.
This task force represents all disciplines involved in the
diagnosis and care of patients with CNS RN/BBD. We
retrieved references published in English on PubMed
with the search terms “radiation necrosis” alone and in
combination with “avastin,” “bevacizumab,’ “steroids,”’
“radiosurgery,” “‘stereotactic,” “re-irradiation,” “vascular
endothelial growth factor (VEGF),” “immunotherapy,” or
“dexamethasone,” from January 1, 2000, to November 1,
2021. We also identified publications through searches of
the authors’ own files. Screening and initial eligibility were
addressed by two authors (DB, LK), consulting others for
disagreement resolution. Panel members of the DEGRO
and experts participated in a series of virtual conferences
and circular emails and supplemented their clinical expe-
rience and formulated recommendations for the treatment
and diagnosis of RN in clinical routine. The treatment
recommendations were formed by full consensus of the
participating experts.

9

Results
Incidence and pathophysiology of RN and BBD

The true incidence of RN and BBD is hard to estimate
and varies according to the diagnostic criteria and modality
used as well as treatment-associated factors and lies be-
tween 5-30% [8—10]. Moreover, the risk of development is
influenced by the time, type, and temporality of systemic
treatments; applied (cumulative) radiotherapy dose; tumor
volume; and type of cancer. Statistics must be taken with
a grain of salt since much of the published data are reliant
on radiological rather than pathological endpoints.

Three distinct types of radiation injury can be recog-
nized: acute (during or shortly after radiation), subacute or
early-delayed (typically up to 12 weeks after radiation), and
late (months to years after completion of radiation) [14].
Two theories behind the pathophysiology of RN and BBD
have emerged over the past few years, although a multifac-
torial cause seems most likely [15, 16]. The acute injury
during or immediately after completion of RT is mostly re-
versible and secondary to edema associated with increased
capillary leakage. BBD likely results from transiently in-
creased permeability of the tumor vasculature and inflam-
mation induced by previous therapies [17]. If tissue is sub-
mitted to histological analysis, paravascular edema and in-
flammatory infiltrates might be observed. However, the as-
sessment can be hampered by similar alterations subsequent
to the proceeding surgery. Since radiation can induce cellu-
lar atypia presenting similar to neoplastic cells, molecular
analysis for pathognomonic tumor alterations may be re-
quired when morphology is not indicative. Nevertheless,
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Fig. 1 Pathogenesis of
blood-brain barrier disrup-
tions and radionecrosis with the
targeting point of bevacizumab
as an inhibitor of vascular
endothelial growth factor,
therefore being a potent effector
for disrupting the vicious cycle
(adaption of Fig. 1 from Zhuang
et al. [15])
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both mechanisms are closely interlinked and mutually de-
pendent, which can be observed at the cellular level: vascu-
lar tissue damage due to RT leads to local ischemia and hy-
poxia and increased secretion of HIF-1-alpha, which leads
to increased liberation of vascular endothelial growth factor
(VEGF) [14, 15, 18]. VEGEF is the main driver for angio-
genesis of abnormal vessels with increased permeability,
which promotes exudation and thus brain edema. This in
turn causes additional ischemia and hypoxia, leading to a vi-
cious positive feedback loop and ultimately ending in brain
necrosis. Extensive research has explored cellular mecha-
nisms that could be targeted in an effort to manage this
clinical syndrome [19]: Gonzales et al. first reported the
treatment efficacy of bevacizumab [20], a monoclonal anti-
body binding VEGF and therefore a potent target to disrupt
this vicious cycle. A delayed (late) injury follows months
after RT, is irreversible in most cases, and is caused by di-
rect injury to glial cells. Histological analysis may reveal
reduced cellularity of neurons and glia or vacuolization, but
also gliosis, hyalinized vessels, or fibrinoid necrosis of en-
dothelium. Wider RN with involvement of the parenchyma
is challenging to diagnose since necrosis occurs in most
high-grade CNS tumors even without therapy. In contrast to
tumor necrosis, RN is often coagulative, may include areas
of dystrophic calcification, and remnants of hyalinized and
necrotic vessels may be observed. RN can be surrounded by
hypocellular tissue, whereas tumor necrosis is mostly ad-
jacent to highly cellular and proliferating neoplastic cells.
(Fig. 1).
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With conventional fractionation (1.8-2Gy per fraction)
and doses <60 Gy, symptoms of acute radiation injury are
typically mild and self-limiting and mostly completely re-
solve without therapeutic intervention [18]. BBD frequently
presents with no or few symptoms, is often self-limiting
and slowly changing in size, whereas RN on the other
hand often presents with notable symptoms, a consecutive
need of therapeutic intervention, and rather fast progres-
sion/volumetric change over time. Patients may suffer from
symptoms due to increased intracranial pressure (headache,
nausea, and dizziness), seizures, loss of cranial nerve func-
tion, or other symptoms specific to the neuroanatomical
location of the lesion. Since symptoms in patients with RN
are often caused by edema, they often respond well to cor-
ticosteroid therapy, which might be a possible factor for
differentiating between RN and tumor progression.

Nomenclature—differentiation between CELs

Given the variety of terms used to differentiate clinical and
radiological CEL, here we propose objective criteria to de-
fine BBD versus RN (Table 1):

1. Blood-brain barrier disruptions (BBD; also referred to
as “pseudoprogression”) and nonmeasurable, speckled
contrast-enhancing lesions (SCEs).

— Radiation-induced BBD occurs as CEL in primary
and secondary brain tumors, both in field and out of
field relative to the high-dose radiation volume. The
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Table 1 Nomenclature with characteristics for differentiating between BBD and RN

BBD BBD BBD along isodoses Early RN Typical RN (Ultra-) late RN
RT Primary RT, nor- High-dose primary Single-fraction SRS or hy- After ex- Possible Possible after all
mofractionated RT or Re-RT pofractionated SRS, Cy- ceeding after all forms of RT
berKnife, Gamma Knife the TD5/5 forms of
by a large RT
number
(Re-RT
with pho-
tons, SRS
or C12)
Dose <60Gy >60Gy cumulative  Ablative doses (e.g., 20/18 Gy Cumulative Clear Clear
range (54-60Gy) or high fraction single dose, Cavity SRS) doses dose—volume dose—volume
dose EQD2 depen- dependency,
> 100Gy dency, TDS5/5 can be
TD5/5 is TD5/5 exceeded
exceeded can be
widely exceeded
Time Typically Typically Typically 3—6 months after RT Early, often 6-18 months > 18 months—sev-
after RT 1-6 months after 1-6 months after (“pseudoprogression’) 1-6 months eral years
RT (“pseudogro- RT (“pseudopro- Can occur later (6—18 months) after RT
gression”) gression”)
Can occur later Can occur later
(6—18 months) (618 months)
Special CEL in association CEL in association CEL according to isodoses, Often large Usually Often misdiag-
consid- with ventricular with ventricular clear dose—volume depen- edema, mixed form nosed as pro-
erations system after pro- system after pro- dency, central necrosis of central of BBD gression, often
tons (distal end of tons (distal end of tumor tissue is the desired necrosis and RN associated with
beams, increase of beams, increase of treatment effect in tumors, immunotherapy
RBE) RBE) especially brain metastasis.
Frontal or tempo- Frontal or tempo- Association with ventricu-
ral lobe (protons: ral lobe (protons: lar system possible. Higher
lateral beam appli- lateral beam appli- risk in patients treated with
cation) cation) immunotherapy concomitantly
Progression  Slow, fluctuat- Slow, fluctuating, Fluctuating, middle, often self- Rapidly, Often pro- All forms of
pattern ing, usually self- often reversible limiting and reversible, can be gressive, progression,
limiting, reversible Progression into Progression into RN is possi- tumor like, can be tu- irreversible
Progression into RN is possible ble Irreversible mor like,
RN is rare Irreversible
Symptoms  Typically no/few Small-medium Small-medium edema pos- Small-large ~ Small-large ~ Small-large
symptoms, edema possible, sible, symptoms usually not edema pos- edema edema possible,
small-medium symptoms usually severe sible, often possible, symptoms can
edema possible not severe associated symp- range from
with large toms can asymptomatic to
edema, range from severe
symptoms asymp-
can be se- tomatic to
vere severe

RT radiotherapy, CEL contrast-enhancing lesions, RBE relative biologic effectiveness, BBD blood-brain barrier disruptions; Gamma Knife,
ELEKTA, Sweden; CyberKnife, Accuray Incorporated, Sunnyvale, CA, USA

maximal tolerated dose with a 5% rate within 5 years
(TD5/5) for brain necrosis (=60Gy EQD?2) is usu-
ally not exceeded (according to Emami et al. [21]
and QUANTEC [22, 23]). BBD or pseudoprogression
occurs predominantly within the first 6 months after
(chemo)radiotherapy.

Small and clinically asymptomatic SCEs can occur
in glioma patients during the course of their disease
without immediate relation to prior therapy [24]. SCEs
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occur more frequently in World Health Organization
grade 2 and 3 astrocytoma and oligodendroglial tu-
mors and gliomas with an isocitrate dehydrogenase
(IDH) mutation. In patients with glioblastoma, SCEs
were associated with a favorable prognosis, which
was also observed in the subgroup of patients with
glioblastoma with IDH wildtype status [24, 25]. These
SCEs in glioma patients typically develop temporally
distant from RT (6-18 months), may vary in their
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location over the follow-up period, and are typically
temporary and often asymptomatic. At the cellular
level, these changes are caused by small capillary
leaks with or without edema [24]. SCEs mostly re-
main stable or dissolve with no further treatment.
The manifestation of a spontaneous immune reaction
rather than a new tumor manifestation is discussed as
potential causes of SCEs.

2. Radiation necrosis (RN) occurs in the high-dose-treated
region. The CEL are caused by significant capillary leak-
iness but also direct glial damage and therefore often
present with a large zone of edema leading to pronounced
clinical symptoms. If not treated promptly, these changes
are irreversible and may even be lethal.

— In the literature, typical RN is described to occur later
in the course, usually 6—18 months after (chemo)radio-
therapy [14, 26].

— Early RN: it is important to take radiation technique,
total dose, and fractionation into account. If the TD5/5
has been exceeded by large numbers (e.g., SRS, Re-
RT) and the CEL occurs directly or shortly after
RT (<6 months), potentially showing a rapid pro-
gression, early RN can be more likely than BBD/
pseudoprogression [27, 28].

— Late- or ultra-late RN: with prolonged survival of
cancer patients in the past decade (e.g., ALK-mu-
tated NSCLC), the incidence of (ultra-) late RN has
increased, and it is important to notice that RN can oc-
cur several years and even decades after radiotherapy,
especially after high-dose SRS. Late-RN is often mis-
interpreted as tumor progression, which can lead to
discontinuation of a successful treatment, unnecessary
operations, or re-irradiation and unnecessary systemic
therapies, and can therefore be extremely harmful for
a patient. Misdiagnosis of untreated or mistreated pro-
gressive RN can lead to severe neurological deficits
due to further progression of the RN [29-31].

3. Late tissue effects. Additionally to BBD and RN, radi-
ation-induced late effects include white matter changes
[32, 33], cerebral atrophy, and vascular lesions such
as lacunar infarcts and parenchymal calcifications [34].
The interval between therapy and time to occurrence
varies from months to several years. CNS injury, as
demonstrated by subclinical white matter changes, is rel-
atively common and can even manifest after chemother-
apy alone.

4. Mixed forms. Since both entities are closely linked with
each other at the pathogenesis level, BBD may show
a fluent transition to RN and sometimes a clear distinc-
tion between RN and BBD is not possible or reasonable
(see Table 1). In gliomas, especially recurrent glioblas-
toma, a mixed form of BBD, RN, and progressive disease
is common.

Diagnostic multistep approach
General recommendations

Biopsy is still regarded as the diagnostic gold standard to
differentiate between tumor progression (TP) and RN/BBD,
but cannot be performed in all patients due to the location
of the lesion or the general performance status of the pa-
tient. Further, the diagnosis is difficult despite histopatho-
logic analysis as a recent study revealed, since a biopsy
might be not representative enough or yield insufficient
amounts of tissue. Only marginal reproducibility was found
when pathologists were asked if they were able to provide
a final diagnosis (BBD vs. RN vs. progression) in patients
with suspected recurrent glioblastoma, also because necro-
sis itself is a characteristic for glioblastoma [35]. Defini-
tive diagnosis without pathology is difficult, and until the
present day, no diagnostic modality provides absolute cer-
tainty. With respect to the following points, it is important to
mention that the diagnosis has to be made on an interdisci-
plinary level with the joint knowledge of a neuroradiologist,
neuropathologist, radiation oncologist, neurosurgeon, and
neuro-oncologist, and revision of the applied treatments (ra-
diation plan, immunotherapies, chemotherapies, etc.). This
is one of the reasons why we recommend the multistep
approach as an opportunity to review as many characteris-
tics as possible to improve diagnostic confidence. Because
many of the new CEL represent a mixture of tumor cells
and radiation injury, the goal is to identify the predominant
component.

Diagnostic imaging

Diagnostic imaging should be done on a regular basis dur-
ing follow-up (FU) using MRI with and without gadolinium
contrast. First signs that may be seen are an increase in the
T2-FLAIR signal corresponding to edema, which often oc-
curs before the development of CEL. Contrast-enhanced
MRI is the basis of brain imaging, but its specificity for the
differentiation between blood—brain barrier disturbances re-
lated to either the treatment or to tumor progression is low
[36-38]. T1w contrast-enhanced sequences show damage in
the blood-brain barrier with contrast leakage to surround-
ing normal brain tissue, therefore it can be seen in BBD
and the marginal zone of RN, as well as in true tumor pro-
gression. Compared to BBD, CE in RN often shows rapid
growth, very similar to a tumor-like growth pattern. Areas
of CE and high T2-FLAIR typically show a decrease in re-
gional cerebral blood volume (rCBV) in perfusion imaging
and an increase in the apparent diffusion coefficient (ADC)
in diffusion imaging, which can be helpful in distinguish-
ing them from residual tumor/recurrence, which typically
present with increased rCBV and decreased ADC as corre-
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lates of neoangiogenesis and hypercellularity. Nevertheless,
both can be seen in the central location of the tumor and
demonstrate the difficulty of diagnosis based on imaging
alone [39].

Further advanced complementary diagnostic tools like
MR spectroscopy (MRS) or positron-emission tomography
(PET) may support clinical decision-making. MRS may
show low choline, creatinine, and N-acetylaspartate (NAA)
peaks [40, 41]. A correlation with the initial behavior of the
tumor might be beneficial when differentiating from tumor
progression (e.g., low-grade glioma with no or low-contrast
enhancement).

The Response Assessment in Neuro-Oncology (RANO)
working group established guidelines to improve the as-
sessment of tumor response in gliomas, specifically in the
context of clinical trials [42, 43]. According to the RANO
criteria, in the first months after completion of chemora-
diotherapy, tumor progression can only be radiologically
defined if there is new enhancement outside the radiation
field (beyond the 80% isodose line). If the area of new or in-
creased enhancement occurs inside the radiation field, pseu-
doprogression (BBD) is more likely and further evidence of
tumor progression is required by histopathologic sampling
or follow-up imaging showing further progression of con-
trast-enhancement. Additionally, factors that might influ-
ence CEL and therefore BBD and RN are operative proce-
dures and concomitant chemotherapy [44] or immunothera-
peutic agents [45, 46]. The RANO working group also pub-
lished guidelines for the evaluation of response in glioma
patients who underwent immunotherapy treatments [42]. If
the lesion developed within <6 months after starting im-
munotherapy and the patient has no new or progressive
neurologic symptoms, follow-up imaging is required for
diagnosis confirmation. RANO criteria now include the use
of dexamethasone as well as information about the radio-
therapy target volume (e.g., 80% isodose line). Additional
information about radiotherapy like the biological dose, re-
irradiation, and radiotherapy technique are not considered
in the RANO criteria but are crucial for the diagnosis of
RN. The location of a CEL relative to the irradiated tumor
and the radiation field is the most important factor in decid-
ing whether the lesion is a new abnormality secondary to
radiation. Amino acid tracers are applied for RT planning
[47], but also for the differentiation of recurrent or pro-
gressive disease and pseudoprogression or RN after initial
RT [48-52], as published by the PET RANO group [53].
Several FET or F-DOPA PET studies have suggested that
a differentiation between BBD or RN and relapse can be
obtained with a high diagnostic accuracy between 80-90%
[54-57] and dynamic FET PET acquisition may further in-
crease diagnostic value [51, 54, 55, 58, 59].

In analogy to gliomas, brain metastases (BM) can also be
visualized by PET imaging [59]. PET imaging has evolved
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as a complementary imaging tool for the differentiation of
true progression from CEL [60-62], and the use of PET
in brain metastases was also recently recommended by the
PET RANO group [59]. However, PET differentiation is
less used in clinical routine in brain metastases compared
to glioma and cost coverage can be an issue. Moreover,
necrosis of tumor tissue is a wanted effect in ablative SRS
of BM. Currently, there is no imaging technology to dis-
tinguish between brain tissue necrosis and tumor necrosis,
and a multistep approach to obtain diagnostic accuracy is
needed. To correctly interpret CEL after SRS of BM or cav-
ities after BM resection, the evidence of local tumor control
must be understood depending on size/volume of the lesion
and applied dose. Local control rates after SRS are typ-
ically in the range of >90% and, therefore, RN is more
likely than tumor progression [29]. Depending on the size
of the lesion, volume of the treated area, and fractionation,
tumor progression can become more likely [1, 63, 64]. Dif-
ferences in isodose surface selection for target coverage can
lead to differences in local control. In day-to-day clinical
routine, isodose curves, target coverage, dose prescription,
and detailed information about radiotherapy are often not
available to (neuro)radiologists, which is a relevant practical
issue for response assessment according to the RANO crite-
ria outside of clinical trials. Neuroradiologists are strongly
encouraged to discuss potential radiation-induced changes
with radiation oncologists to correctly assess CEL.

Modern image analysis strategies combining PET and
MRI have shown promise in the differentiation of tumor
progression from BBD or RN. In the future, computational
image analysis including automated tumor segmentation
and classification might further improve this [65, 66].

Correlation of diagnostic images and CEL patterns with RT
treatment plans

Correlation of diagnostic images with the radiotherapy
treatment plan (offline or online after fusion in the treat-
ment planning system) is one of the main pillars of the
diagnostic procedure and should be performed by an expe-
rienced radiation oncologist. Regarding RT, several factors
should be considered, such as (cumulative) radiation dose,
fractionation, prescription (homogeneously vs. inhomoge-
neously), and treatment technique (IMRT, 3D-CRT, SRS,
particle therapy).

Special considerations of radiation-induced CEL accord-
ing to RT technique, typical localization, shape, and appear-
ance:

e BBD after radiotherapy with association to the subven-
tricular zone of the ventricular system can be seen fre-
quently after photon and proton RT with doses that are
below the TD5/5 in the marginal area of the RT volume.
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This may be due to the location of neural stem cells in the
ventricular subependymal region [67, 68] that are proba-
bly more sensitive to irradiation. In particle therapy, ac-
cording to the beam arrangement, on the marginal treat-
ment field where an increased RBE (and therefore higher
dose with exceedance of the TD5/5) due to the distal edge
of Bragg peak is expected, BBD occur more frequently
[69-71]. This can often be seen in the temporal lobes
and also near the ventricular system. BBD usually occurs
within the first 6 months after RT, although BBD asso-
ciated with the ventricular system can appear later (up
to 18 months after treatment), and transition into RN is
possible if not diagnosed and treated correctly.

o Typical RN can appear on axial contrast-enhanced T1-
weighted MR images as a so-called Swiss cheese or
spreading wavefront enhancement pattern [33, 72]. The
pattern can be similar to the appearance of a cut pep-
per, especially in large brain metastases or gliomas with
central tumor necrosis.

e Growing CEL often appear after SRS or hypofraction-
ated RT and appearance is clearly dose—volume corre-
lated [1, 32, 73]. These CEL, which start as BBD, can
occur quite fast after the end of RT due to the high dose
of SRS and may progress rapidly and may easily merge
into progressing RN if there is relevant brain tissue dam-
age. Central necrosis of tumor tissue in BM therapy is ex-
actly the effect that is desired in treatment with SRS. To
distinguish between the desired necrosis of tumor tissue
and an unwanted BBD or RN of the surrounding brain is
often not possible, due to the close proximity of tumor
and healthy cells.

o RN may appear ubiquitously when exceeding the TD5/5,
often in cases of Re-RT with photons, high-single-dose
radiosurgery, or particles. They often show a strong CEL
with tumor-like and rapid growth patterns with large per-
ifocal edema [21, 22].

CEL in typical loci after RT of extracranial head and
neck malignancies or intracranial extraaxial tumors: pa-
tients with extracranial tumors such as chordomas or chon-
drosarcomas or (recurrent) head and neck cancers (HNC)
frequently receive a total cumulative dose that is above the
maximum dose constraints for organs-at-risk (OARs) such
as the temporal lobe. In these cases, a risk—benefit trade-
off is inevitable due to an unfavorable tumor location near
OARs.

e Advances in radiotherapy technique and the availability
of particle therapy enable radiation oncologists to de-
liver high doses to the target volume. In the (curative)
treatment of HNCs like nasopharyngeal cancer, adenoid
cystic carcinomas, esthesioneuroblastoma, and chordo-
mas and chondrosarcomas, with close proximity to the

healthy brain tissue, radiation-induced frontal and tempo-
ral lobe necrosis (TL-RN) is a common complication [26,
74-76]. QUANTEC data reveal a dose-response rela-
tionship in the brain where the incidence of RN increases
from 3% with a Dmax <60Gy to 5% at Dmax=72Gy
[22]. The total dose needed to gain tumor control usually
exceeds 60 Gy and radiation oncologists therefore hazard
the consequences of a potential RN. Multiple studies
have reported on the dose—volume relationship for tem-
poral lobe necrosis using both photons and protons [73,
77-80]. BBD or RN usually occurs in typical loci at the
frontotemporal region or the temporal lobe, depending
on the radiation field. The risk for (TL-)RN rises with the
use of re-irradiation and in patients with infiltration of
the skull base or brain [81]. CEL can easily be misinter-
preted as tumor progression, which can lead to harmful
consequences for the patients. Therefore, HNC patients
with high-dose RT of the skull base or the temporal lobe
should be monitored closely by radiation oncologists.
Prospective and retrospective data show that treatment
with bevacizumab leads to quick symptom relief and
radiographic improvement in this setting [26, 82].

CEL in patients undergoing immunotherapy and targeted
therapies:

o Checkpoint inhibitors (CPI) and targeted therapies have
significantly improved prognosis of patients with vari-
ous malignancies including those with CNS metastases
of melanoma and lung cancer. As part of their multidis-
ciplinary treatment, many patients will be treated with
high-dose radiotherapy (RT) to CNS metastases and re-
ceive CPI either concurrently or within short time inter-
vals both before or after RT; this combination has been
observed to beneficially decrease the incidence of new
CNS metastases [83]. On the contrary, CPI have been
demonstrated to enhance the risk for symptomatic RN
[84]. Most RN occur within the first year after RT [85]

Diagnosis ex juvantibus

To the present day, there is no single modality to accurately
differentiate between BBD/RN and tumor recurrence, and
even when considering the previous points, in some cases,
diagnosis can only be made retrospectively. Shortly after
beginning treatment with corticosteroids, a decrease in the
T2-FLAIR edema can be seen, whereas CE only declines
slowly. In patients treated with bevacizumab, a reduction of
T2-FLAIR edema as well as CE can be seen quite rapidly.
Nevertheless, the central necrotic zone, which represents the
damaged brain tissue, is irreversible and remains a gliotic/
cystic zone. Treatment with bevacizumab can also reveal
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or unmark progressive tumor tissue which can be further
treated.

Conclusion

Due to the increasing use of SRS and Re-RT, high-dose
treatment at the skull base, and other dose-escalating radio-
therapy approaches, detection of new or progressing CEL
is encountered more frequently. We therefore propose a de-
tailed nomenclature of treatment-related changes post radio-
therapy. We describe the difference between BBD and RN
and the pathogenic interplay of both, explaining the possible
transition from BBD to RN, if the positive feedback loop is
not disrupted early enough. Since there is currently no diag-
nostic modality to distinguish reliably between brain tissue
necrosis, tumor necrosis, and tumor progression, a multi-
step approach with interdisciplinary consultation to obtain
diagnostic accuracy is needed. Because CEL often repre-
sents a mixture of tumor cells and radiation injury, the goal
may also be to identify the predominant component. Not all
CEL require treatment and it is therefore very important to
distinguish between posttherapeutic effects (like BBD and
RN) and tumor progression.

Disclaimer

Our recommendations are a resource for professionals in-
volved in the management of RN. The implementation of
this guideline requires multidisciplinary structures of care,
and defined processes of diagnosis and treatment. These
recommendations are a guide and not meant to be prescrip-
tive; ultimately, each physician will need to make treatment
decisions based on discussions with the patient. Adherence
to this practical guideline will not ensure successful treat-
ment in every situation. This guideline was prepared on the
basis of information available at the time the panel was
conducting its research and discussions on this topic.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Conflict of interest D. Bernhardt, L. Konig, A. Grosu, B. Wiestler,
S. Rieken, W. Wick, J. Gempt, S.M. Krieg, F. Schmidt-Graf, F. Sahm,
B. Meyer, B.J. Krause, C. Petersen, R. Fietkau, M. Thomas, F. Gior-
dano, A. Wittig-Sauerwein, J. Debus, G. Tabatabai, P. Hau, J. Stein-
bach, and S.E. Combs declare that they have no competing interests.
L. Konig reports grants from Ruprecht-Karls Universitdt Heidel-
berg, personal fees from Accuray Inc., and Novocure GmbH outside
the submitted work. D. Bernhardt reports personal fees and hono-
raria from Accuray Inc., AstraZeneca, and Novocure GmbH outside
the submitted work. D. Bernhardt’s spouse is employed at Gilead

@ Springer

Science. M. Thomas reports personal fees, honoraria for advisory
boards, and research funding from AstraZeneca, Beigene, Bristol-My-
ers Squibb, Boehringer Ingelheim, Celgene, Chugai, Daiichi Sankyo,
GlaxoSmithKline, Janssen Oncology, Lilly, Merck, MSD, Novartis,
Pfizer, Roche, Sanofi, Takeda. F. Giordano reports research grants,
honoraria, and travel expenses from Carl Zeiss Meditec AG and
NOXXON Pharma AG, personal fees from MVZ Venusberg GmbH,
and consulting/speaker honoraria from Bristol Myers Squibb, Medac
GmbH, Merck Sharp & Dohme, Elsevier, AstraZeneca, and Guerbet
SA. S.M. Krieg is consultant for Brainlab AG (Munich, Germany)
and Ulrich Medical (Ulm, Germany). S.M. Krieg received honoraria
from Nexstim Plc (Helsinki, Finland), Spineart Deutschland GmbH
(Frankfurt, Germany), Medtronic (Meerbusch, Germany), and Carl
Zeiss Meditec (Oberkochen, Germany). J. Debus: institution received
research grants from Merck Serono, institution received consultation
honoraria from Merck serono, J. Debus received travel reimbursement
from Merck Serono, institution received research grants from Siemens
Healthineers and Accuray.

Ethical standards Ethics approval was not necessary for the compre-
hensive review article. All coauthors have agreed to participate. Con-
sent for publication: All coauthors have approved the final manuscript.

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.
0/.

References

1. Mahajan A et al (2017) Post-operative stereotactic radiosurgery
versus observation for completely resected brain metastases: A sin-
gle-centre, randomised, controlled, phase 3 trial. Lancet Oncol
18:1040-1048

2. Yamamoto M et al (2014) Stereotactic radiosurgery for patients
with multiple brain metastases (JLGK0901): A multi-institutional
prospective observational study. Lancet Oncol 15:387-395

3. Rusthoven CG et al (2020) Evaluation of first-line radiosurgery vs
whole-brain radiotherapy for small cell lung cancer brain metas-
tases: The FIRE-SCLC cohort study. JAMA Oncol 6:1028-1037

4. Wick W et al (2019) N2M2 (NOA-20) phase I/II trial of molec-
ularly matched targeted therapies plus radiotherapy in patients
with newly diagnosed non-MGMT hypermethylated glioblastoma.
Neuro Oncol 21:95-105

5. Combs SE et al (2010) Randomized phase II study evaluating
a carbon ion boost applied after combined radiochemotherapy
with temozolomide versus a proton boost after radiochemotherapy
with temozolomide in patients with primary glioblastoma: The
CLEOPATRA Trial. BMC Cancer. https://doi.org/10.1186/1471-
2407-10-478

6. Straube C et al (2018) Adjuvant stereotactic fractionated radiother-
apy to the resection cavity in recurrent glioblastoma—the GlioCave
study (NOA 17—ARO 2016/3—DKTK ROG trial). BMC Cancer.
https://doi.org/10.1186/s12885-017-3928-7

7. Dixit KS et al (2021) A multi-center prospective study of re-irra-
diation with bevacizumab and temozolomide in patients with be-


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1471-2407-10-478
https://doi.org/10.1186/1471-2407-10-478
https://doi.org/10.1186/s12885-017-3928-7

Strahlenther Onkol (2022) 198:873-883

881

10.

13.

15.

19.

20.

21.

22.

23.

24.

25.

26.

217.

vacizumab refractory recurrent high-grade gliomas. J Neurooncol.
https://doi.org/10.1007/S11060-021-03875-8

. Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ (2008)

Clinical features, mechanisms, and management of pseudoprogres-
sion in malignant gliomas. Lancet Oncol 9:453-461

. Brandsma D, Van Den Bent MJ (2009) Pseudoprogression and

pseudoresponse in the treatment of gliomas. Curr Opin Neurol
22:633-638
Chao ST et al (2013) Challenges with the diagnosis and treat-
ment of cerebral radiation necrosis. Int J Radiat Oncol Biol Phys
87:449-457

. Leitlinienprogramm Onkologie (Deutsche Krebsgesellschaft, Deut-

sche Krebshilfe, AWMF): Supportive Therapie bei onkologischen
PatientInnen — Langversion 1.3, 2020,AWMF Registernummer:
032/0540L

. Nabors LB et al (2020) Central nervous system cancers, version

3.2020, NCCN clinical practice guidelines in oncology. J Natl
Compr Canc Netw 18:1537-1570

Bernhardt D et al (2020) DEGRO Positionspapier Radionekrose.
https://www.degro.org/wp-content/uploads/2020/11/20201125_
Positionspapier-Bevacizumab.pdf. Accessed 13.02.2022

. Ruben JD et al (2006) Cerebral radiation necrosis: incidence, out-

comes, and risk factors with emphasis on radiation parameters and
chemotherapy. Int J Radiat Oncol Biol Phys 65:499-508

Zhuang H, Shi S, Yuan Z, Chang JY (2019) Bevacizumab treatment
for radiation brain necrosis: Mechanism, efficacy and issues. Mol
Cancer. https://doi.org/10.1186/s12943-019-0950-1

.Zhuang H, Yuan X, Yuan Z, Wang P (2017) Indication of
Bevacizumab for cerebral radiation necrosis. Recent Pat
Anticancer Drug Discov. https://doi.org/10.2174/

1574892812666170425124430

. Melguizo-Gavilanes I, Bruner JM, Guha-Thakurta N, Hess KR,

Puduvalli VK (2015) Characterization of pseudoprogression in
patients with glioblastoma: is histology the gold standard? J Neu-
rooncol 123:141-150

. Lawrence YR et al (2010) Radiation dose-volume effects in the

brain. Int J Radiat Oncol Biol Phys. https://doi.org/10.1016/j.ijrobp.
2009.02.091

Rahmathulla G, Marko NF, Weil RJ (2013) Cerebral radiation
necrosis: A review of the pathobiology, diagnosis and management
considerations. J Clin Neurosci 20:485-502

Gonzalez J, Kumar AJ, Conrad CA, Levin VA (2007) Effect of be-
vacizumab on radiation necrosis of the brain. Int J Radiat Oncol
Biol Phys 67:323-326

Emami B et al (1991) Tolerance of normal tissue to therapeutic ir-
radiation. Int J Radiat Oncol Biol Phys 21:109-122

Marks LB et al (2010) Use of normal tissue complication probabil-
ity models in the clinic. Int J Radiat Oncol Biol Phys 76:S10-S19
Bentzen SM et al (2010) Quantitative Analyses of Normal Tissue
Effects in the Clinic (QUANTEC): An introduction to the scientific
issues. Int J Radiat Oncol Biol Phys 76:S3-S9

Berberich A et al (2018) Nonmeasurable speckled contrast-enhanc-
ing lesions appearing during course of disease are associated with
IDH mutation in high-grade astrocytoma patients. Int J Radiat On-
col Biol Phys 102:1472-1480

Yuan T et al (2021) New enhancement beyond radiation field im-
proves survival prediction in patients with post-treatment high-
grade glioma. J Oncol 9437090:2021

Held T et al (2019) Clinical management of blood-brain barrier
disruptions after active raster-scanned carbon ion re-radiotherapy
in patients with recurrent head-and-neck cancer. Cancers (Basel)
11(3):383

Minniti G et al (2011) Stereotactic radiosurgery for brain metas-
tases: Analysis of outcome and risk of brain radionecrosis. Radiat
Oncol. https://doi.org/10.1186/1748-717x-6-48

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

Mayer R, Sminia P (2008) Reirradiation tolerance of the human
brain. Int J Radiat Oncol Biol Phys 70:1350-1360

Campos B et al (2020) Analysis of a surgical series of 21 cerebral
radiation necroses. World Neurosurg 137:e462-e469

Chambless LB, Angel FB, Abel TW, Xia F, Weaver KD (2010) De-
layed cerebral radiation necrosis following treatment for a plasma-
cytoma of the skull. Surg Neurol Int 1:65

Furuse M, Nonoguchi N, Kawabata S, Miyatake SI, Kuroiwa T
(2015) Delayed brain radiation necrosis: Pathological review
and new molecular targets for treatment. Med Mol Morphol
48:183-190

Connor M et al (2016) Dose-dependent white matter damage after
brain radiotherapy. Radiother Oncol 121:209

Walker AJ et al (2014) Postradiation imaging changes in the CNS:
How can we differentiate between treatment effect and disease pro-
gression? Future Oncol 10:1277

Raschke F et al (2020) Dose dependent cerebellar atrophy in glioma
patients after radio(chemo)therapy. Radiother Oncol 150:262-267
Holdhoff M et al (2019) The consistency of neuropathological di-
agnoses in patients undergoing surgery for suspected recurrence of
glioblastoma. J Neurooncol 141:347-354

Garcia GCTE, Dhermain F (2020) Pseudoprogression in gliomas:
The use of advanced MRI for treatment decisions. Curr Treat Op-
tions Neurol 22:1-9

van Dijken BRJ, van Laar PJ, Holtman GA, van der Hoorn A (2017)
Diagnostic accuracy of magnetic resonance imaging techniques for
treatment response evaluation in patients with high-grade glioma,
a systematic review and meta-analysis. Eur Radiol 27:4129-4144
Rowe LS et al (2018) Differentiating pseudoprogression from true
progression: analysis of radiographic, biologic, and clinical clues in
GBM. J Neurooncol 139:145-152

Kessler AT, Bhatt AA (2018) Brain tumour post-treatment imaging
and treatment-related complications. Insights Imaging 9:1057
Thust SC, van den Bent MJ, Smits M (2018) Pseudoprogression of
brain tumors. J Magn Reson Imaging 48:571

Sawlani V et al (2012) Magnetic resonance spectroscopy for dif-
ferentiating pseudo-progression from true progression in GBM on
concurrent chemoradiotherapy. Neuroradiol J 25:575-586

Okada H et al (2015) Immunotherapy Response Assessment in
Neuro-Oncology (iRANO): A report of theRANO working group.
Lancet Oncol 16:¢534

Wen PY et al (2010) Updated response assessment criteria for high-
grade gliomas: Response assessment in neuro-oncology working
group. J Clin Oncol 28:1963-1972

Brandes AA et al (2008) Disease progression or pseudoprogres-
sion after concomitant radiochemotherapy treatment: Pitfalls in
neurooncology. Neuro Oncol 10:361

Kowalski ES et al (2020) Immune checkpoint inhibition in patients
treated with stereotactic radiation for brain metastases. Radiat On-
col 15:1-10

Galldiks N et al (2020) Imaging challenges of immunotherapy and
targeted therapy in patients with brain metastases: Response, pro-
gression, and pseudoprogression. Neuro Oncol 22:17-20

Niyazi M et al (2011) FET-PET for malignant glioma treatment
planning. Radiother Oncol 99:44-48

Munck Af Rosenschold P et al (2015) Impact of [18F]-fluoro-ethyl-
tyrosine PET imaging on target definition for radiation therapy of
high-grade glioma. Neuro Oncol 17:757-763

Langen KJ, Galldiks N, Hattingen E, Shah NJ (2017) Advances in
neuro-oncology imaging. Nat Rev Neurol 13:279-289

Langen KJ, Watts C (2016) Amino acid PET for brain tumours—
Ready for the clinic? Nat Rev Neurol 12:375-376

Galldiks N et al (2015) The use of dynamic O-(2-18F-fluoroethyl)-
I-tyrosine PET in the diagnosis of patients with progressive and re-
current glioma. Neuro Oncol 17:1293-1300

@ Springer


https://doi.org/10.1007/S11060-021-03875-8
https://www.degro.org/wp-content/uploads/2020/11/20201125_Positionspapier-Bevacizumab.pdf
https://www.degro.org/wp-content/uploads/2020/11/20201125_Positionspapier-Bevacizumab.pdf
https://doi.org/10.1186/s12943-019-0950-1
https://doi.org/10.2174/1574892812666170425124430
https://doi.org/10.2174/1574892812666170425124430
https://doi.org/10.1016/j.ijrobp.2009.02.091
https://doi.org/10.1016/j.ijrobp.2009.02.091
https://doi.org/10.1186/1748-717x-6-48

882

Strahlenther Onkol (2022) 198:873-883

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68

Unterrainer M et al (2020) Recent advances of PET imaging in
clinical radiation oncology. Radiat Oncol. https://doi.org/10.1186/
s13014-020-01519-1

Albert NL et al (2016) Response Assessment in Neuro-Oncology
working group and European Association for Neuro-Oncology
recommendations for the clinical use of PET imaging in gliomas.
Neuro Oncol 18:1199-1208

Pyka T et al (2018) Diagnosis of glioma recurrence using multi-
parametric dynamic 18F-fluoroethyl-tyrosine PET-MRI. Eur J Ra-
diol 103:32-37

Werner JM et al (2019) Differentiation of treatment-related changes
from tumour progression: A direct comparison between dynamic
FET PET and ADC values obtained from DWI MRI. Eur J Nucl
Med Mol Imaging 46:1889-1901

Galldiks N et al (2015) Diagnosis of pseudoprogression in patients
with glioblastoma using O-(2-[18F]fluoroethyl)-L-tyrosine PET.
Eur J Nucl Med Mol Imaging 42:685-695

Mihovilovic MI et al (2019) O-(2-( 18 F)fluoroethyl)-L-tyrosine
PET for the differentiation of tumour recurrence from late pseu-
doprogression in glioblastoma. J Neurol Neurosurg Psychiatry
90:238-239

Law I et al (2019) Joint EANM/EANO/RANO practice guidelines/
SNMMI procedure standards for imaging of gliomas using PET
with radiolabelled amino acids and [18 FIFDG: version 1.0. Eur J
Nucl Med Mol Imaging 46:540-557

Galldiks N et al (2019) PET imaging in patients with brain metas-
tasis-report of the RANO/PET group. Neuro Oncol 21:584-595
Romagna A et al (2016) Suspected recurrence of brain metastases
after focused high dose radiotherapy: can [18F]FET- PET over-
come diagnostic uncertainties? Radiat Oncol. https://doi.org/10.
1186/s13014-016-0713-8

Lohmann P et al (2018) Combined FET PET/MRI radiomics differ-
entiates radiation injury from recurrent brain metastasis. Neuroim-
age 20:537

Galldiks N et al (2012) Role of O-(2-(18)F-fluoroethyl)-L-tyrosine
PET for differentiation of local recurrent brain metastasis from ra-
diation necrosis. J Nucl Med 53:1367-1374

El Shafie RA et al (2019) Pre-operative versus post-operative radio-
surgery of brain metastases—Volumetric and dosimetric impact of
treatment sequence and margin concept. Cancers (Basel) 11(3):294
Brown PD et al (2017) Postoperative stereotactic radiosurgery com-
pared with whole brain radiotherapy for resected metastatic brain
disease (NCCTG N107C/CEC-3): a multicentre, randomised, con-
trolled, phase 3 trial. Lancet Oncol 18:1049-1060

Steidl E et al (2021) Sequential implementation of DSC-MR per-
fusion and dynamic [ 18F]FET PET allows efficient differentiation
of glioma progression from treatment-related changes. Eur J Nucl
Med Mol Imaging 48:1956-1965

Paprottka KJ et al (2021) Fully automated analysis combining [
18 F]-FET-PET and multiparametric MRI including DSC perfusion
and APTw imaging: a promising tool for objective evaluation of
glioma progression. Eur J Nucl Med Mol Imaging 48:4445-4455
Tuchi T et al (2011) Para-ventricular radiation necrosis after radi-
ation therapy for malignant astrocytomas. Int J Radiat Oncol Biol
Phys 81:274

. Carceller F, Mandeville H, Mackinnon AD, Saran F (2017) Facing

pseudoprogression after radiotherapy in low grade gliomas. Transl
Cancer Res 6(S2):S254-S258

@ Springer

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Harrabi SB et al (2022) Radiation induced contrast enhancement
after proton beam therapy in patients with low grade glioma—How
safe are protons? Radiother Oncol 167:211-218

Bahn E et al (2020) Late contrast enhancing brain lesions in pro-
ton-treated patients with low-grade glioma: Clinical evidence for
increased periventricular sensitivity and variable RBE. Int J Radiat
Oncol Biol Phys 107:571-578

Bauer J et al (2021) How can scanned proton beam treatment plan-
ning for low-grade glioma cope with increased distal RBE and lo-
cally increased radiosensitivity for late MR-detected brain lesions?
Med Phys 48:1497-1507

Shah R et al (2012) Radiation necrosis in the brain: imaging fea-
tures and differentiation from tumor recurrence. Radiographics
32:1343-1359

McDonald MW, Linton OR, Calley CSJ (2015) Dose-volume re-
lationships associated with temporal lobe radiation necrosis after
skull base proton beam therapy. Int J Radiat Oncol Biol Phys
91:261-267

Uhl M et al (2014) Highly effective treatment of skull base chor-
doma with carbon ion irradiation using a raster scan technique in
155 patients: First long-term results. Cancer 120:3410-3417
Liermann J et al (2018) Advanced radiation techniques in the treat-
ment of esthesioneuroblastoma: a 7-year single-institution’s clinical
experience. Cancers (Basel) 10(11):457

Seidensaal K, Harrabi SB, Uhl M, Debus J (2020) Re-irradiation
with protons or heavy ions with focus on head and neck, skull base
and brain malignancies. Br J Radiol 93(1107):20190516

Kitpanit S et al (2020) Temporal lobe necrosis in head and neck
cancer patients after proton therapy to the skull base. Int J Part Ther
6:17

Wu VWC, Tam SY (2020) Radiation induced temporal lobe necro-
sis in nasopharyngeal cancer patients after radical external beam
radiotherapy. Radiat Oncol 15:112

Wang J et al (2019) Development and validation of a model for
temporal lobe necrosis for nasopharyngeal carcinoma patients with
intensity modulated radiation therapy. Radiat Oncol 14:1-7
Pehlivan B et al (2012) Temporal lobe toxicity analysis after proton
radiation therapy for skull base tumors. Int J Radiat Oncol Biol Phys
83:1432-1440

Held T et al (2019) Dose-limiting organs at risk in carbon ion re-ir-
radiation of head and neck malignancies: An individual risk-benefit
tradeoff. Cancers (Basel) 11(12):2016

Xu Y et al (2018) Bevacizumab monotherapy reduces radiation-
induced brain necrosis in nasopharyngeal carcinoma patients:
A randomized controlled trial. Int J Radiat Oncol Biol Phys
101:1087-1095

Chen L et al (2018) Concurrent immune checkpoint inhibitors and
stereotactic radiosurgery for brain metastases in non-small cell lung
cancer, melanoma, and renal cell carcinoma. Int J Radiat Oncol Biol
Phys 100:916-925

Martin AM et al (2018) Immunotherapy and symptomatic radiation
necrosis in patients with brain metastases treated with stereotactic
radiation. JAMA Oncol 4:1123-1124

Kim PH et al (2021) Immune checkpoint inhibitor therapy may in-
crease the incidence of treatment-related necrosis after stereotactic
radiosurgery for brain metastases: a systematic review and meta-
analysis. Eur Radiol 31:4114-4129


https://doi.org/10.1186/s13014-020-01519-1
https://doi.org/10.1186/s13014-020-01519-1
https://doi.org/10.1186/s13014-016-0713-8
https://doi.org/10.1186/s13014-016-0713-8

Strahlenther Onkol (2022) 198:873-883

883

Affiliations

Denise Bernhardt'3

- Laila K6nig*>67:8 . Anca Grosu3® - Benedikt Wiestler'® - Stefan Rieken' -

Wolfgang Wick'>'3 . Jens Gempt'* - Sandro M. Krieg'* - Friederike Schmidt-Graf's - Felix Sahm' -

Bernhard Meyer' - Bernd J. Krause'” - Cordula Petersen'® - Rainer Fietkau'2° - Michael Thomas?'3° .

Frank Giordano?? - Andrea Wittig-Sauerwein? - Jiirgen Debus34567:8 . Ghazaleh Tabatabai?*252627 . Peter Hau?? -
Joachim Steinbach?’ - Stephanie E. Combs'23 - Expert Panel of the German Society of Radiation Oncology
(DEGRO)

Klinik und Poliklinik fiir Radioonkologie und Strahlentherapie,
Klinikum rechts der Isar, Technische Universitidt Miinchen,
Ismaninger Str. 22, 81675 Miinchen, Germany

Institute of Radiation Medicine (IRM), Department of Radiation
Sciences (DRS), Helmholtz Zentrum Miinchen (HMGU),
Ingolstadter Landstr. 1, 85764 Oberschleiheim, Germany

Partner Sites Munich, Freiburg and Heidelberg, Deutsches
Konsortium fiir Translationale Krebsforschung (DKTK),
Heidelberg, Germany

Klinik fiir Radioonkologie und Strahlentherapie,
Universitétsklinikum Heidelberg, Im Neuenheimer Feld 400,
69120 Heidelberg, Germany

Heidelberger Ionenstrahltherapie-Zentrum (HIT), Im
Neuenheimer Feld 450, 69120 Heidelberg, Germany

Heidelberg Institute of Radiation Oncology (HIRO), Im
Neuenheimer Feld 400, 69120 Heidelberg, Germany

Clinical Cooperation Unit Radiation Oncology, German Cancer
Research Center (DKFZ), Im Neuenheimer Feld 280,
69120 Heidelberg, Germany

National Center for Tumor diseases (NCT), Heidelberg, Germany

Department of Radiation Oncology, Medical Center—University
of Freiburg, Faculty of Medicine, University of Freiburg, Robert-
Koch-Str. 3, 79106 Freiburg, Germany

Department of Neuroradiology, School of Medicine, Klinikum
rechts der Isar, Technical University Munich, Munich, Germany

Clinic of Radiotherapy and Radiation Oncology, University
Medical Center Gottingen, Robert-Koch-Str. 40,
37075 Gottingen, Germany

Clinical Cooperation Unit Neurooncology, German Consortium
for Translational Cancer Research (DKTK), German Cancer
Research Center (DKFZ), Heidelberg, Germany

Department of Neurology and Neurooncology Program, National
Center for Tumor Diseases, Heidelberg University Hospital,
Heidelberg, Germany

Department of Neurosurgery, School of Medicine, Klinikum
rechts der Isar, Technical University Munich, Munich, Germany

Department of Neurology, School of Medicine, Klinikum rechts
der Isar, Technical University Munich, Munich, Germany

20

21

22

23

24

25

26

27

28

29

30

Department of Neuropathology, University Hospital Heidelberg
and CCU Neuropathology, German Consortium for Translational
Cancer Research (DKTK), German Cancer Research Center
(DKFZ), Heidelberg, Germany

Department of Nuclear Medicine, Rostock University Medical
Centre, Rostock, Germany

Department of Radiotherapy and Radiation Oncology, University
Medical Center Hamburg-Eppendorf, Martinistr. 52,
20246 Hamburg, Germany

Department of Radiation Oncology, University Hospital Erlangen,
Friedrich-Alexander-Universitit Erlangen-Niirnberg, Erlangen,
Germany

Comprehensive Cancer Center Erlangen-European Metropolitan
Region of Nuremberg (CCC ER-EMN), Erlangen, Germany

Department of Thoracic Oncology, Thoraxklinik at Heidelberg
University Hospital, Heidelberg, Germany

Department of Radiation Oncology, University Hospital Bonn,
Bonn, Germany

Department of Radiotherapy and Radiation Oncology, University
Hospital Jena, Bachstr. 18, 07743 Jena, Germany

Department of Neurosurgery, University Hospital Tuebingen,
Eberhard Karls University Tuebingen, Tuebingen, Germany

Center for Neuro-Oncology, Comprehensive Cancer Center
Tuebingen Stuttgart, University Hospital Tuebingen, Eberhard
Karls University of Tuebingen, Tuebingen, Germany

Department of Neurology, Eberhard Karls University of
Tuebingen, Tuebingen, Germany

Department Interdisciplinary Neuro-Oncology, Eberhard Karls
University of Tuebingen, Tuebingen, Germany

Wilhelm Sander-NeuroOncology Unit and Department of
Neurology, University Hospital Regensburg, 93053 Regensburg,
Germany

Dr Senckenberg Institute of Neurooncology, University Hospital,
Frankfurt am Main, Germany

Member of the German Center for Lung Research (DZL),
Translational Lung Research Center Heidelberg (TLRC-H),
Heidelberg, Germany

@ Springer


http://orcid.org/0000-0001-5231-9097

	DEGRO practical guideline for central nervous system radiation necrosis part 1: classification and a multistep approach for diagnosis
	Abstract
	Introduction
	Methods
	Results
	Incidence and pathophysiology of RN and BBD
	Nomenclature—differentiation between CELs
	Diagnostic multistep approach
	General recommendations
	Diagnostic imaging
	Correlation of diagnostic images and CEL patterns with RT treatment plans
	Diagnosis ex juvantibus


	Conclusion
	Disclaimer
	References


