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Simple Summary: Radionecrosis is a common and rising problem in neuro-oncology. Image inter-
pretation and management of these patients has to be conducted in an interdisciplinary setting in
order to offer the best medical care to patients with gliomas or brain metastases. In this article, we
provide a state-of-the-art institutional guideline for the current morphological, functional, metabolic
and evolving imaging tools to distinguish radionecrosis from tumor recurrence. We also discuss the
therapeutic possibilities and give an outlook on future developments to tackle this challenging topic.

Abstract: Radiation necrosis represents a potentially devastating complication after radiation therapy
in brain tumors. The establishment of the diagnosis and especially the differentiation from progression
and pseudoprogression with its therapeutic implications requires interdisciplinary consent and
monitoring. Herein, we want to provide an overview of the diagnostic modalities, therapeutic
possibilities and an outlook on future developments to tackle this challenging topic. The aim of this
report is to provide an overview of the current morphological, functional, metabolic and evolving
imaging tools described in the literature in order to (I) identify the best criteria to distinguish
radionecrosis from tumor recurrence after the radio-oncological treatment of malignant gliomas
and cerebral metastases, (II) analyze the therapeutic possibilities and (III) give an outlook on future
developments to tackle this challenging topic. Additionally, we provide the experience of a tertiary
tumor center with this important issue in neuro-oncology and provide an institutional pathway
dealing with this problem.

Keywords: radionecrosis; radiotherapy; glioma; brain metastases; MRI; multi-disciplinary;
tumor recurrence

1. Introduction

Radiation necrosis (RN) is an uncommon but potentially severe and debilitating late
sequela of radiation treatment (RT) of targets inside or near the CNS caused by significant
co-irradiation of brain tissue. It is a frequent concern in the treatment of brain metastases,
gliomas and AVMs, but is also relevant when targeting meningiomas or vestibular schwan-
nomas. RN provides a challenge from a diagnostic and therapeutic perspective due to the
difficulty of differentiating between RN and true tumor progression with conventional
MRI and the potentially severe implications in case of misdiagnosis. RN usually occurs
between 6 and 12 months after radiation therapy but can appear up to several years later in
rare cases. As stereotactic RT is increasingly used for brain metastases and re-irradiation
of recurrent gliomas gains popularity in combination with improved survival times, the
incidence of RN is also highly likely to increase in the future. While the majority of cases
of RN remain asymptomatic (CTCAE grade 1) and are apparent in follow-up MRI only, a
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significant proportion of cases can manifest with clinical symptoms (CTCAE grade ≥2).
These vary depending on the lesion’s location, and include headaches, fatigue, nausea,
paresis, sensory deficits, speech deficits and seizures. Incidence rates vary between reports
and treatment concepts.

A frequent indication for the application of intracranial radiation therapy are brain
metastases of solid tumors. Local treatment options include single or multisession stereo-
tactic radiosurgery (SRS), whole brain radiation therapy (WBRT) and surgery. For patients
with a limited number of brain metastases SRS is increasingly utilized. SRS is now also
considered a viable and safe treatment option for up to and sometimes exceeding 10 brain
metastases [1]. The increasing application of SRS has also put radiation necrosis into the
spotlight [2], since the risk increases with the number of irradiated metastases and the
volume of co-irradiated brain tissue. RN represents the main dose-limiting complication in
SRS. For this reason the maximum tolerated dose in the RTOG 90-05 protocol was adjusted
depending on lesion size (24 Gy for tumors ≤20 mm diameter, 18 Gy for 21–30 mm and
15 Gy for 31–40 mm lesions) [3]. For SRS of brain metastases, Minniti et al. [4] reported a
rate of RN of any grade of 24% (14% asymptomatic and 10% symptomatic). Other studies
reported lower incidence rates between 11 and 20% [3,5–7].

The aim of this article is to provide an overview of multidisciplinary diagnostic and
therapeutic methods, including the current morphological, functional, metabolic and evolving
imaging tools in order to (I) identify the best criteria to distinguish radionecrosis from tumor
recurrence after the radio-oncological treatment of malignant gliomas and cerebral metastases,
(II) analyze the therapeutic possibilities and (III) give an outlook on future developments. Fur-
thermore, we present the experience of a tertiary tumor center with this important differential
diagnostic neuro-oncological issue and provide an institutional pathway, which is further
contextualized and discussed with existing literature.

2. Materials and Methods

An institutional pathway is presented that identifies the relevant diagnostic and ther-
apeutic steps a patient undergoes when radionecrosis or tumor recurrence is suspected.
These stepwise procedures are then discussed with the existing literature by describing
(I) the best criteria for distinguishing radionecrosis lesions from tumor recurrence after
radiation oncology treatment of malignant gliomas and cerebral metastases, (II) the thera-
peutic options and (III) future developments to address this challenging topic. Therefore, a
non-exhaustive literature search was performed, and a selection of literature supporting
the diagnostic and therapeutic approach is presented in a review.

The institutional practice of a tertiary tumor center is represented in a flowchart
(Figure 1) that includes our standard clinical approach, which is then applied individually
to our patients. Following this workflow, we discuss cases in the weekly interdisciplinary
clinical tumor board. Annually, about 100 cases of malignant gliomas (one third of them as
initial diagnoses, the others in cases of recurrence, progress or in cases of radionecrosis)
and 130 cases of brain metastasis are treated annually according to this algorithm.
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Figure 1. Diagnostic and therapeutic algorithm for suspected tumor recurrence or radiation necro-
sis. In cases of tumor enlargement on MRI or neurologic symptoms suggestive of tumor progression, 
a short-term MRI scan is performed using advanced new techniques. If the results are inconclusive, 
a dynamic 18F-FET PET scan or, in selected cases, a biopsy or surgical resection may be performed. 
All results are discussed in an interdisciplinary tumor board (with specialists in neurology, neuro-
surgery, neuroradiology, nuclear medicine and radiation oncology), where a final decision is made 
regarding the differential diagnosis of radiation necrosis and/or progression and the assignment of 
further diagnostic and therapeutic steps. Radiation necrosis not responsive to corticosteroids can be 
treated with bevacizumab or surgical resection in rare cases. Abbreviations: diffusion-weighted im-
ages (DWI), T2-turbo spin echo (T2-TSE; T2w), fluid-attenuated inversion recovery (FLAIR), 3D T1-
Magnetization-Prepared Rapid Gradient-Echo (MPRAGE; 3D-T1w), without and after (−/+), contrast 
agent (CA), T1-sampling perfection with application-optimized contrast using different flip angle 
evolutions (T1-SPACE; in case of metastases), susceptibility-weighted imaging (SWI), perfusion-
weighted imaging (PWI; in case of glioblastoma) and Hydrogen 1 magnetic resonance spectroscopy 
(1H-MRS). 

3. Current Evidence 
3.1. Treatment Response 

After brain irradiation, residual tumor and tumor recurrence may occur. Addition-
ally, two different types of adverse therapeutic effects can occur: pseudoprogression and 
radiation necrosis. Differential diagnosis based on imaging between radionecrosis and 
pseudoprogression is very difficult in early stages, yet both adverse events require com-
pletely different therapeutic options. 

Radionecrosis is defined as the occurrence of necrotic brain tissue after RT, diagnosed 
by clinical presentation, MRI, FET-PET/CT and biopsy. Pseudoprogression is defined as a 
temporary increase in volume diagnosed by clinical presentation, MRI, FET-PET/CT and 
biopsy without evidence of vital tumors. 

Pseudoprogression is thought to be a combination of the therapeutic effect and a col-
lapse of the blood–brain barrier. It occurs between two and five months after the initiation 
of radiation in approximately 20% of patients with concomitant chemoradiation and fol-
lows a self-limiting course. Histologically, neither tumor cells nor inflammatory processes 
are found [8]. As differentiation from recurrent tumors is difficult, a close monitoring with 
frequent MRI is recommended so as not to misinterpret a real tumor progression as pseu-
doprogression [9]. 

Figure 1. Diagnostic and therapeutic algorithm for suspected tumor recurrence or radiation necrosis.
In cases of tumor enlargement on MRI or neurologic symptoms suggestive of tumor progression, a
short-term MRI scan is performed using advanced new techniques. If the results are inconclusive,
a dynamic 18F-FET PET scan or, in selected cases, a biopsy or surgical resection may be performed.
All results are discussed in an interdisciplinary tumor board (with specialists in neurology, neuro-
surgery, neuroradiology, nuclear medicine and radiation oncology), where a final decision is made
regarding the differential diagnosis of radiation necrosis and/or progression and the assignment of
further diagnostic and therapeutic steps. Radiation necrosis not responsive to corticosteroids can
be treated with bevacizumab or surgical resection in rare cases. Abbreviations: diffusion-weighted
images (DWI), T2-turbo spin echo (T2-TSE; T2w), fluid-attenuated inversion recovery (FLAIR), 3D
T1-Magnetization-Prepared Rapid Gradient-Echo (MPRAGE; 3D-T1w), without and after (−/+),
contrast agent (CA), T1-sampling perfection with application-optimized contrast using different flip
angle evolutions (T1-SPACE; in case of metastases), susceptibility-weighted imaging (SWI), perfusion-
weighted imaging (PWI; in case of glioblastoma) and Hydrogen 1 magnetic resonance spectroscopy
(1H-MRS).

3. Current Evidence
3.1. Treatment Response

After brain irradiation, residual tumor and tumor recurrence may occur. Addition-
ally, two different types of adverse therapeutic effects can occur: pseudoprogression and
radiation necrosis. Differential diagnosis based on imaging between radionecrosis and pseu-
doprogression is very difficult in early stages, yet both adverse events require completely
different therapeutic options.

Radionecrosis is defined as the occurrence of necrotic brain tissue after RT, diagnosed
by clinical presentation, MRI, FET-PET/CT and biopsy. Pseudoprogression is defined as a
temporary increase in volume diagnosed by clinical presentation, MRI, FET-PET/CT and
biopsy without evidence of vital tumors.

Pseudoprogression is thought to be a combination of the therapeutic effect and a
collapse of the blood–brain barrier. It occurs between two and five months after the
initiation of radiation in approximately 20% of patients with concomitant chemoradiation
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and follows a self-limiting course. Histologically, neither tumor cells nor inflammatory
processes are found [8]. As differentiation from recurrent tumors is difficult, a close
monitoring with frequent MRI is recommended so as not to misinterpret a real tumor
progression as pseudoprogression [9].

Radiation necrosis usually occurs between three months and one year after radio-
therapy [8] and affects about 20% of radiotherapy in GBM patients [10]. The likelihood of
its occurrence depends on the radiation dose [11] and the risk is higher after additional
chemotherapy [12]. Additionally, MGMT-methylated GBMs were found to be more likely
to develop pseudoprogression [13]. Histologically, these lesions have chronic inflammatory
reactions and hypoxic necrosis and rarely contain actively proliferating tumor cells [8]. In
addition, a rarefication of blood vessels could be demonstrated [14].

Each of the three above-mentioned post-therapeutic conditions has different therapeu-
tic consequences: a tumor recurrence requires, if possible, another operation or at least a
treatment modification. Radiation necrosis can be treated conservatively with steroids or,
if necessary due to a space-occupying aspect, surgically. A pseudoprogression is usually
treated conservatively [8].

To ensure the diagnosis, histopathological proof of active tumor cells is required. Thus,
the diagnosis of relapse or pseudoprogression could be delayed. Early detection and the
correct interpretation of adverse treatment effects are therefore crucial for patient survival.

Apart from clinical signs and symptoms and routine MRI protocols, several tech-
niques have been developed to aid differentiation, which include perfusion- and diffusion-
weighted MRI, FDG- and FET-PET and MRI contrast-clearing analysis. In recent years,
there have been several advances in MRI sequences or more specific radionuclides of PET,
which have helped to more reliably differentiate the entities described (Figure 2).
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Figure 2. Example of radionecrosis in the parietal lobe of the left hemisphere after radiosurgery of 
a metastasis from non-small-cell lung cancer with 20 Gy on the 80% PTV marginal isodose: no dif-
fusion restriction on diffusion-weighted images, the mean ADC in radionecrosis is not significantly 
different between the enhancing area and the neighboring area (A,B), non-correlation between the 
boundaries of the lesion seen on enhanced T1-weighted and T2-weighted imaging (“T1/T2 mis-
match”) (C), non-specific morphological appearances of contrast enhancement in post-contrast T1-
weighted images (D), which increases diffusely after 80 min in the delayed contrast extravasation 
MRI (E), as the contrast agent accumulates over time in necrotic tissue, color-coded in red in the 
treatment response assessment map (TRAM) (F), decreased rCBV as a result of occlusive vasculopa-
thy leading to ischemia (G) and low tracer uptake in in the 18F-FET-PET examination (H). The lesion 
is located within the high dose area of the radiation therapy (I). 
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restriction on diffusion-weighted images, the mean ADC in radionecrosis is not significantly different
between the enhancing area and the neighboring area (A,B), non-correlation between the boundaries
of the lesion seen on enhanced T1-weighted and T2-weighted imaging (“T1/T2 mismatch”) (C),
non-specific morphological appearances of contrast enhancement in post-contrast T1-weighted
images (D), which increases diffusely after 80 min in the delayed contrast extravasation MRI (E),
as the contrast agent accumulates over time in necrotic tissue, color-coded in red in the treatment
response assessment map (TRAM) (F), decreased rCBV as a result of occlusive vasculopathy leading
to ischemia (G) and low tracer uptake in in the 18F-FET-PET examination (H). The lesion is located
within the high dose area of the radiation therapy (I).

3.2. Predictive Factors for Radionecrosis

The main predictive risk factors known to play a significant role in the induction of
RN are irradiated volume and radiation dose. In radiosurgery planning, the volume of
brain receiving a radiation dose exceeding 12Gy (V12gy) or 10Gy (V10Gy) are established
measures to estimate the risk of RN [4,6,15]. Korytko et al. [15] reported that the risk of RN
correlates with V12, rising from 23% for a volume of <5 cc to 57% for volumes exceeding
15 cc. Similarly, Minniti et al. demonstrated a risk of 47% for V12Gy >10.9 cc.

Other factors linked to an increased risk of RN are previous WBRT and re-irradiation,
male sex, lesion location, tumor biology, as well as systemic and immunotherapies [7,15–17].
In a retrospective cohort study including 1939 patients, Miller et al. [17] identified Her2
amplification, BRAF V600+ mutation, ALK rearrangement and lung adenocarcinoma as
primary factors associated with RN. Another important consideration in determining the
risk of RN is RT fractionation. Fractionated stereotactic radiation therapy, commonly applied
in two to five fractions, can lower the risk of RN while providing comparable local control
rates [18–21]. It is therefore increasingly preferred to single session SRS for larger metastases.

Additionally, the use of chemotherapy has been implicated in RN induction, with
some reports on the combined chemoradiation in the treatment of gliomas as well as on the
use of capecitabine within 1 month of SRS [7,11]. The role of immune checkpoint inhibitors
(ICI) in the development of RN is currently inconclusive, with some findings indicating
an increased risk with any or some ICI agents [16,22,23], while others demonstrated no
difference [24]. Fang et al. [25] found that the type of immunotherapy or timing relative to
SRS were not predictive of RN risk in a cohort of 137 melanoma patients treated by ICI with
ipilimumab or pembrolizumab with a total of 1094 lesions. However, the incidence of RN
was higher in patients receiving chemotherapy within 6 months of RT. Coaco et al. [22] re-
ported an increased risk of RN for patients treated with ICI alone in a cohort of 180 patients
receiving SRS of brain metastases, whereas any type of chemotherapy was associated with
a lower risk of RN. Estimating the impact of ICI on RN risk is further complicated by the
fact that pseudoprogression observed under ICI treatment is challenging to discern from
RN or tumor progression without pathological confirmation. There was a higher risk of
RN found by Kim et al. [26] in patients treated with targeted therapies, specifically VEGFR
tyrosine kinase inhibitors, anti-HER2 as well as EGFR tyrosine kinase inhibitors, whereas
chemotherapy did not significantly influence RN development.

3.3. Evaluation of Treatment Response by MRI

Due to the expected high rate of tumor progression or treatment effects after radio-
therapy, monitoring for radionecrosis or tumor recurrence is crucial. The determination
of radiological outcome requires observation periods of between 4 and 9 months [4,27].
Close-meshed monitoring by repeated MRI is therefore routinely performed: from the start
of diagnostic imaging (for tumor characterization and treatment planning), after treatment
(as a baseline examination for comparisons with follow-up MRI) and in repeated follow-up
MRI examinations performed every 3 months or when medically indicated (to assess tumor
control and adverse treatment effects).
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4. Institutional Practice
4.1. Magnetic Resonance Imaging Protocol

Routine clinical MR examinations in our institution are conducted in standardized
time intervals, usually every 3 months or upon new neurological symptoms. MR images
are routinely acquired using a 1.5 or 3 Tesla MRI with a standard multichannel head coil
and include the sequences described in Table 1. Additionally, for the routinely performed
MRI protocols for brain tumors, 3D T1-Magnetization-Prepared Rapid Gradient-Echo
(MPRAGE) with a contrast agent 80 min after the initial contrast agent application can be
performed to calculate contrast clearance and accumulation, as explained herein.

Table 1. Protocol of MRI Sequences.

Sequence TA (mins) Voxel Size (mm3) TR (ms) TE (ms) FA FOV (mm2) AM ST (mm)

Native
Transverse

diffusion-weighted sequence
(DTI) †

5:28 2.0 × 2.0 × 2.0 9600 92 90◦ 250 × 250 128 × 100% 2

Native transverse
T1-weighted

magnetization-prepared
rapid gradient-echo

sequence (T1-MPRAGE)

3:37 0.9 × 0.9 × 1.0 2210 3 8◦ 220 × 179 256 × 100% 1

Coronal T2-weighted
fluid-attenuated inversion

recovery (FLAIR)
3:14 0.7 × 0.7 × 3.0 8000 87 150◦ 220 × 172 320 × 70% 3

Transverse gradient-echo
susceptibility-weighted
imaging sequence (SWI)

3:04 0.9 × 0.9 × 1.8 27 20 15◦ 220 × 172 256 × 90% 1.8

Transverse Hydrogen 1
magnetic resonance

spectroscopy (1H-MRS) ††
6:53 10.0 × 10.0 × 15.0 1700 135 90 160 × 160 n.a. 15

Gadolinium contrast agent application
Transverse dynamic

T2*-weighted susceptibility
contrast (DSC) perfusion

(in case of glioblastoma) †††

1:42 0.9 × 0.9 × 4.0 1600 30 90◦ 220 × 220 128 × 100% 4

Transverse T2-weighted
turbo-spin echo sequence

(T2 TSE)
3:13 0.6 × 0.6 × 2.0 5800 95 150◦ 220 × 179 384 × 70% 2

Post-contrast transverse
T1-weighted

magnetization-prepared
rapid gradient-echo

sequence (MPRAGE)

3:37 0.9 × 0.9 × 1.0 2210 3 8◦ 220 × 179 256 × 100% 1

Post-contrast sagittal T1
SPACE fat sat dark blood

sequences (in case of
metastases)

5:55 1.0 × 1.0 × 1.6 600 9.5 variable 256 × 256 256 × 90% 1

80 min after contrast agent application
Post-contrast transverse

T1-weighted
magnetization-prepared

rapid gradient-echo
sequence (MPRAGE) ††††

3:37 0.9 × 0.9 × 1.0 2210 3 8◦ 220 × 179 256 × 100% 1

† b-factors: 0/1000 s/mm2; 30 diffusion directions; †† Standard mode is given; MR sequence needs to be
individually adapted to the pathology and anatomy of each patient; ††† A standard single dose (3 mL/s,
0.1 mL/kg) of gadobutrol 604 mg/mL (1.0 mmol/mL) is injected intravenously using an automatic injection
system 9 s after starting the DSC-MRI sequence. No preload contrast dose is administered. †††† Can be
performed supplementarily to evaluate delayed contrast clearance versus accumulation; Abbreviations: TA: time
of acquisition; TR: time to repetition; TE: time to echo; FA: flip angle; FOV: field of view; AM: acquisition matrix;
ST: slice thickness and n.a.: not applicable.
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4.1.1. Structural MRI—Glioma

Unfortunately, in structural MRI, including T2-weighted images, native and post-
contrast T1-weighted images, progression, pseudoprogression and radiation necrosis may
have a similar presentation: collapse of the blood–brain barrier with marginal contrast and
hyperintensive perifocal edema in T2-weighted sequences [8]. A tumor progression could
be diagnosed on a case-by-case basis with MRI if the contrast agent uptake can be detected
within the first 12 weeks after the completion of chemoradiation beyond the 80% isodose
line. Less specific signs of progression are an increase in contrast agent accumulation of
more than 25% at 12 weeks despite the use of corticosteroids or an increase in T2/FLAIR
hyperintensity with antiangiogenic therapy [28].

The classical appearance of radionecrosis is a mass which enhances with a central
necrotic area. Contrast enhancement reflects a disturbance of the blood–brain barrier sec-
ondary to the endothelial irradiation-induced damage. As the lesions tend to occur at the
site of the maximum irradiation dose, they are generally expected in the immediate vicinity
of the tumor site and around the excision cavity. Affected sites are predominantly in the
white matter. White matter is particularly vulnerable to the secondary ischemic conse-
quences of post-irradiation vasculopathy, resulting in perivascular coagulative necrosis, as
the deep white matter has a relatively poor blood supply from the cortical arteries and is
located in the watershed area of the arterial blood supply that is susceptible to ischemic
damage. Consequently, the white matter arcuate fibers which also receive cortical arterial
supply are more resistant to radionecrosis and are therefore usually affected later in the
disease process [29].

The morphological appearances of contrast enhancement described for gliomas
after radiotherapy, including irregular, annular or nodular uptake are non-specific
and contradictory [30,31].

Contrast uptake in radionecrosis may be nodular, linear or curvilinear [11]. Heteroge-
neous and annular enhancement has been given catchy names such as “cut-green pepper”,
“soap bubbles” or “Gruyere” cheese appearances [32,33]. One important decision crite-
rion is the interpretation of lesion boundaries: Blurred plumed boundaries are suggestive
of radionecrosis compared to the nodular boundaries with clear edges suggestive of tu-
mor recurrence [34]. If the cortex is affected, contrast enhancement can be gyriform [32].
The change in contrast enhancement varies depending on the dynamic of the underlying
pathophysiological process in radionecrosis lesions.

Importantly, while these effects are predominantly expected in the initial target site,
single or even multifocal post-irradiation contrast enhancement can also be present distant to
the initial tumor. This has been described several centimeters away, in the corpus callosum,
the contralateral hemisphere, the subependymal regions and the posterior fossa [32], which
makes image interpretation especially challenging in cases of malignant infiltrative gliomas.

Hypointensities suggestive of hemorrhagic changes are often observed on T2-weighted
echo gradient images. These were reported in 53% of cases of radionecrosis using the
conventional T2* sequence [35] and in 80% of cases of radionecrosis using magnetic suscep-
tibility imaging [36].

The relevance of the space-occupying effect is typically negligible considering the size
of the lesion. Yet, accompanying reactive vasogenic edema can be extensive and cause a
significant space-occupying effect. In cases of possible radionecrosis, some lesions progres-
sively enlarge with a transient increase of cytotoxic edema over a few months. However,
some lesions remain stable before regressing and others regress from the beginning [37].
Therefore, not only tumor progression, but also symptomatic active expansile lesions due to
radionecrosis may require early surgery to reduce the space-occupying effect and provide
a definite diagnosis.

Overall, in many cases, the diagnosis remains unclear with structural MRI. The mor-
phological features of radionecrosis lesions are very similar to those of a recurrent tumor,
including the type of contrast enhancement, site (both in the tumor site and remote) and
possible transient deterioration [32].
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4.1.2. Structural MRI—Metastases

MRI changes are observed on MRI from 6 weeks after radiotherapy up to 15 months [38].
A transient increase in volume of over 20% of the first post-treatment review is seen in
30% of cases after stereotactic RT for cerebral metastases [38] and is largely dependent on
the radiosensitivity of the primary tumor and the immune reaction associated with the
inflammation and necrosis: in radiosensitive tumors (lung, breasts and colon) metastases
experience a transient increase in volume, while metastatic lesions of non-radiosensitive
tumors remain relatively stable. Usually, these increases in volume are asymptomatic and
only require monitoring. As strong immune responses are associated with increased survival
and control of cancers, this transient increase in size can predict favorable prognoses [39].

While this transient increase in volume post-radiation is modest, an increase of more
than 65% compared to the pre-therapeutic volume suggests a recurrence or continued
tumor activity (sensitivity: 100%, specificity 80%) [31].

A qualitative method to distinguish both appearances is the correlation between the
boundaries of the lesion seen on enhanced T1-weighted and T2-weighted imaging [40].
Correlations indicate tumor recurrence and non-correlations (“T1/T2 mismatch”) suggest
radionecrosis. The sensitivity of the “T1/T2 mismatch” was reported to be 83% with a
specificity of 91%.

Additionally, the amount of edema present on T2-weighted imaging by calculating the
ratio between T2-weighted hyperintensity volume/T1-weighed volume after enhancement,
can also be considered. When over 10, this approach reaches a positive predictive value of
92% for radionecrosis [41].

4.1.3. Diffusion-Weighted MRI

Diffusion-weighted MRI (DWI) can represent the movement of free water [42] and thus
indirectly make statements about cellularity. Tumor recurrence has a higher cellularity with
pleiomorphic nuclei and a denser network of cytoplasmic processes than radiation necrosis,
which is paucicellular with increased water in the interstitial spaces due to fibrotic lesions and
inflammatory effects involving macrophage and polynuclear cell influx [27]. Significantly lower
ADC was suggested in tumor recurrence compared to radionecrosis, accordingly [27,43].

The method is nevertheless not very well suited for differentiation, since surrounding
edema leads to impairments [44]. Moreover, hemorrhagic changes resulting in hemosiderin
deposition may also reduce signal by a T2* or T2 dark-through effect [45]. Additionally,
ADC values may, however, also be increased by micro-angiogenesis or necrotic effects.
The proposed apparent diffusion coefficient values (ADC) to distinguish recurrence from
radionecrosis have been contradictory [27,43,46,47], while others found no significant
difference between radionecrosis and tumor recurrence [48].

The ADC ratio (rADC or mean ADC of the contrast enhancing area/mean ADC of the
same area in the contralateral hemisphere) has been reported to be more discriminatory
than absolute ADC values with a significantly higher rADC in radionecrosis (rADC = 1.82)
compared to tumor recurrence (rADC = 1.43) [43]. Yet, assessment of mean and maxi-
mum ADC values revealed lower values in tumor recurrences, while no significant dif-
ference was found except for the maximum ADC (1.68 × 10−3 mm2/s mean compared
to 2.3 × 10−3 mm2/s for radionecrosis) [27]. In contrast, Sundgren et al. reported signifi-
cantly higher mean ADC values in the recurrence group (1.27 × 10−3 mm2/s) than in the
radionecrosis group of patients (1.12 × 10−3 mm2/s) [46,49].

One solution might be to consider ADC values in the T2-weighted hyperintense area with-
out contrast enhancement, referred to as perilesional edema. The mean ADC in radionecrosis is
not significantly different between the enhancing area and the neighboring area, while in recur-
rences of an infiltrative tumor the ADC is higher outside of the contrast enhancement [43,44].

4.1.4. Perfusion-Weighted Imaging—Glioma

With perfusion-weighted MRI (PWI), local tissue perfusion can be measured and
compared with healthy areas. By measuring dynamic contrast agent accumulation, the
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relative cerebral blood volume (rCBV) can be determined. In tumor relapses, increased
rCBV can be found due to increased metabolic activity and neoangiogenesis [50]. Radia-
tion necrosis results in occlusive vasculopathy leading to ischemia and decreased rCBV.
However, rapidly growing tumors can lack an adequate blood supply, leading to necrosis
and also decreased rCBV [51]. Antiangiogenic substances can cause a pseudoprogress that
has a decreased rCBV [52].

4.1.5. Perfusion-Weighted Imaging—Metastases

The tumor capillaries of cerebral metastases resemble the ultrastructure of the original
tumor more than the cerebral tissue capillaries. Increased tortuosity, lack of maturity,
increased permeability and a lack of blood–brain barrier are indicators for alternate image
interpretation using macromolecular contrast agents based on relative cerebral blood
volume (rCBV), the relative amplitude of the peak (rHP) and the percentage signal recovery
(PSR) [31,53,54]. Accordingly, a significant increase in average and maximum rCBV is
observed in metastatic recurrence, with cutoff values ranging from 1.52 to 2.1 [31,53]. Still,
rCBV values of <1.35 have also been observed in irradiation lesions [54]. Additionally,
DCE-MRI has been shown to differentiate pseudoprogression from progression in growing
lesions in patients with melanoma brain metastases who received immunotherapy [55].

This large overlap of CBV values renders image interpretation challenging. This
effect may be explained by tumor heterogeneity, the similarity between microvascular
density from metastatic recurrences and hyperplastic dilated blood vessels in post-radiation
changes, the co-existence of radionecrosis lesions with tumor recurrence (50% radionecrotic
tissue has been found in tissue samples from metastatic recurrence), magnetic susceptibility
artifacts due to petechial hemorrhage caused by the irradiation (artificially reducing the
rCBV of a recurrence) and melanin as an artifact impeding the analysis of the CBV [37].

4.1.6. (1H) Magnetic Resonance Spectroscopy

Hydrogen 1 (1H) magnetic resonance (MR) spectroscopy (MRS) enables non-invasive
in vivo quantification of metabolite concentrations in the brain. The structural brain tissue
degradation induced by radiotherapy is caused by early alterations in metabolic activity
(Figure 3). These changes precede the development of neurocognitive symptoms and
cannot be visualized on structural images in MRI during the early stages.

Metabolites affected by ongoing changes include the neuronal marker N-acetylaspartate
(NAA), the concentrations of which decrease as a consequence of cell death by apoptosis
or neuronal dysfunction. Secondly, alterations in the biosynthesis of cell membranes and
metabolic turnover are reflected by an increase in choline (Cho). Contrarily, the marker
of energy metabolism Creatinine (Cr), is supposed to be unaffected by radiation damage
in some literature [53]. Consequently, a small rise in the Cho peak and Cho/Cr ratio is
observed in brain tissue developing radionecrosis [47,56–62].

While in cases of tumor recurrence a fall in NAA can also be observed, MRS depicts a
dominant rise in the Cho peak due to proliferation. The most widely calculated ratios in
clinical routines for gliomas are Cho/Cr and Cho/NAA [47,57]. Additionally, to distinguish
metastatic recurrence from radionecrosis, the calculation of the choline ratio (rCho = Cho
lesion/Cho contralateral healthy area) has been suggested, whereby an increased ratio
correlates with tumor recurrence and with higher diagnostic accuracy compared to the
conventional ratios (Cho/Cr and Cho/NAA).

Spectroscopic analysis is a promising method; however, it bears several limitations,
such as lesions located close to bones due to magnetic susceptibility artifacts [60]. Addition-
ally, spectroscopy can reliably distinguish between tissues experiencing pure radionecrosis
or a pure recurrence. The co-existence of both, however, poses a major challenge to inter-
preting the resulting spectra [58] as the metabolite values are averaged within the studied
voxel. This is especially challenging in cases of monovoxel studies. Multivoxel spectroscopy
may potentially offer a more complex, yet more thorough examination of the affected areas.
Tumor recurrence with typical tumor spectrum profiles may furtherly be more accurately
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depicted by means of spectroscopy in areas which do not enhance, as well as in the adjacent
white matter [59].
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Figure 3. Assessment of treatment effect in (1H) Magnetic Resonance Spectroscopy. (A): True
progression in a case of glioblastoma: reduced NAA, increased Cho. Cho/NAA ratio over cut-off,
with a mean of 2.72. (B): Radionecrosis after radiosurgical treatment of a metastasis: Cho/NAA ratio
with a mean of 1.46. (C): Pseudoprogression (glioblastoma): Cho/NAA ratio under 1.47–2.11 and
Cho/Cr ration under 0.82–2.25. (D): Mixed image between pseudoprogression and true progression
in a glioblastoma case.

4.1.7. When the Difficult Becomes Even more Challenging: Bevacizumab and
Systemic Therapies

Imaging evaluations of treatment responses are especially challenging after the ad-
ministration of Bevacizumab and similar systemic therapies, as there might be an influence
of common systemic treatments on the accuracy and readability of contrast clearance and
perfusion MR images. Bevacizumab (trade name Avastin), is an inhibitor of the vascular
endothelial growth factor (VEGF), aimed at inhibiting neoangiogenesis. VEGF is produced
by the tumor and not only promotes neoangiogenesis but also reduces the effectiveness
of gap junctions and creates fenestrations in the endothelium of existing brain capillaries,
leading to edema and enhancement. The amount of VEGF produced has been shown to
correlate with tumor grade.

Unlike the USA and Japan, Bevacizumab is not approved for first- or second-line
treatment of GBM in the European Union. Nevertheless, it is most frequently used as a
second line treatment in Europe, due to a lack of other agents and good clinical response
in terms of symptomatic relief. In our neuro-oncological practice, Bevacizumab is used
after tumor board approval for second-line treatment of patients with recurrent GBM
after re-resection and re-irradiation (as appropriate). Bevacizumab is known to change
imaging patterns and contrast medium uptake dynamics. It is likely to introduce a so-called
pseudoresponse, which refers to the phenomenon of tumors appearing to respond to a
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specific treatment on imaging criteria, even though the lesion actually remains stable or
has even progressed.

In brain tumors imaging follow-up, especially in high grade gliomas such as glioblas-
toma, a rapid decrease in contrast enhancement and edema can be observed in a short
period of time after the administration of antiangiogenic agents (e.g., Bevacizumab and
Cediranib), often without any significative change in actual tumor size (as visualized by a
T2 non-enhancing tumor) or diffusion/perfusion studies [63–65].

The changes seen in pseudoresponse, which can be observed as a rapid reduction in en-
hancement and vasogenic edema in imaging, are largely mediated by changes in blood–brain
barrier permeability rather than antiangiogenic effects, meaning that relying on enhancement
and T2 signal change can be misleading when interpreting follow up MRI studies.

MR spectroscopy, MR perfusion (particularly cerebral blood volume) and diffusion-
weighted imaging (DWI) are particularly important in assessing the presence of residual,
but now non-enhancing, tumors.

Despite the fact that these advanced MRI sequences have helped in differentiating
pseudoresponses from a true response, imaging follow-up is still required [63]. Essen-
tial to correct interpretation is the availability of multiple previous imaging studies and
information relating to the type and timing of therapy.

The influence of targeted or immune checkpoint therapies on image interpretation has
not been investigated yet. However, to date there is no known impact of those substances
on GBM. The results of imaging studies in targeted or immune-checkpoint modulating
treatments may allow for future guidelines on how to interpret imaging results.

4.2. Evolving MRI Techniques

Recent developments have provided radiologists with advanced MR techniques,
which are currently being extensively investigated and have recently been shown to be
useful in the imaging of neuro-oncology patients. Although still investigational techniques,
they have been shown to have potential routine clinical application and should therefore
be incorporated in decision making in the future.

4.2.1. Delayed Contrast Extravasation MRI and Quantitative Imaging

Despite all of their limitations, all of these above-mentioned sequences are part of
standard MRI protocols.

Brain metastases and radiation effects after SRS have been shown to bear a characteris-
tic and statistically significantly different signal intensity (SI) time course, as assessed by
manual regions of interests (ROI) drawing on sequential gadolinium enhancement MRI
including MR studies at 2 (TP1), 15 (TP2) and 55 (TP3) min after administering the contrast
agent [66].

To perform delayed contrast extravasation MRI, an additional short MRI scan is
added >1 h after a standard contrast enhanced MRI scan. For the analysis subtraction,
maps are obtained in which T1-MR images acquired 5 min postcontrast are subtracted
from T1-MR images acquired 80 min postcontrast. T1-MRI of the second time point
are therefore registered to the location of the first time point. Finally, subtraction maps
are calculated by voxel-by-voxel subtraction of the early images from the late images.
The derived maps depict the spatial distribution of the contrast accumulation/clearance.
Exemplarily, in the case of healthy blood vessels, as an effect of the contrast clearance
from the blood, the signal decreases with time, and hence the subtraction maps between
these two images show negative values (arbitrarily color-coded as blue in the maps).
In contrast, in case of contrast accumulation, the maps show positive values (red) [67].
This is based on the concept that active tumor tissue is characterized by the effective
clearance of the contrast agent, whereas in necrotic tissue the contrast agent accumulates
over time, which can be visually observed and manually measured. This methodology thus
promises better differentiation of treatment-induced effects versus real tumor progression.
A diagnostic sensitivity of 100% and a positive predictive value of 92% have been reported,
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thus demonstrating the feasibility of delayed contrast extravasation MRI in brain tumors
for the differentiation of necrosis from vital tumor tissue [67]. This recent study could
show that delayed contrast extravasation MRI has a higher sensitivity regarding necrosis
and PPV regarding brain tumor activity compared to DCS-perfusion MRI, as was shown
in patients with histopathological confirmation [67]. Recent developments have allowed
for the automatization of image fusion and image subtraction, enabling high resolution
analysis of contrast agent clearance versus accumulation, which can then be color-mapped
in treatment response assessment maps (TRAMs). The delayed contrast extravasation MRI
does not require contrast agent application in addition to the routinely applied amount of
contrast agents for routine clinical work up to determine contrast enhancement.

In addition to delayed contrast extravasation MRI, quantitative sequences and arterial
spin labelling (ASL) sequences are tools for the quantification of image data in radiology and
thus pave the way for a more objective and reproducible non-invasive diagnosis [40,68–70].
ASL provides an absolute quantification of cerebral blood flow (but not CBV) and is not
affected by capillary leakage, which leads to an underestimation of CBV and flow in
perfusion sequences after gadolinium enhancement. ASL was reported to have a high
diagnostic sensitivity to distinguish radionecrosis from recurrence [71].

Upcoming technologies might influence future approaches on MR imaging protocols
for patients affected with primary brain tumors. DSC perfusion is used in standard brain
tumor MR protocols at most tumor centers. Due to the added invasiveness of contrast
application, associated socio-economic costs and increasing awareness of potential Gadolin-
ium accumulation, DSC perfusion might potentially be replaced by arterial spin labelling
MR perfusion, which might have potential as a diagnostic aid in the differential diagnosis
of tumor recurrence, radionecrosis and pseudoprogression.

Furthermore, T1-, T2- and T2*/QSM-mapping and arterial spin labelling sequences
are a tool for the quantification of image data in radiology and thus pave the way for a
more objective and reproducible non-invasive diagnosis [40,68–70,72]. Importantly, T1-
and T2-mapping and arterial spin labeling sequences do not require the application of
contrast agents. However, their benefit in differentiation of post therapeutic effects has not
been investigated yet.

4.2.2. (31P) Magnetic Resonance Spectroscopy

By means of phosphorous-based MRS (31P-MRS), various phosphorus-containing
metabolites can be measured in vivo: energy-related metabolites (the energy metabolites
inorganic phosphate (Pi), phosphocreatine (PCr) and adenosine triphosphate (ATP)) and
cell membrane-related phospholipids (the mobile membrane phospholipid precursors
phosphomonoesters (PME) and their breakdown products and intracellular signaling
molecules phosphodiesters (PDE), which are related to membrane turnover) [71].

Differences in energy and membrane metabolism have been detected with 31P-MRS
between contrast-enhancing (CE) tumors and the contralateral hemisphere, normal-
appearing areas of the brain, as well as brain tissue from healthy controls and further
during therapy [73–82].

Consequently, 31P-MRS can potentially be applied for differentiation between ra-
dionecrosis and tumor recurrence, yet, this warrants further investigations. However, the
application of 31P-MRS is complicated by the fact that 31P-metabolism varies throughout
the brain, with age and between sexes, which poses important practical implications for the
application and interpretation of 31P-MRS especially in such complex metabolic changes
as are introduced by radiation [83].

4.2.3. Deep Neural Networks

Furthermore, an alternative approach might be the development of deep evolution
learning for monitoring and analyzing the treatment effects of radiotherapy. In that context,
the performance of clinical routine and advanced MR sequences could be included for
diagnostic and prognostic examinations. The term deep evolution learning is used for
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finding data-driven models based on deep neural networks (NNs) to understand and
analyze the evolution of images. Multi-channel data collected via different measurements,
which are obtained with routine and advanced sequences in MRI, could potentially extract
key figures to provide a learned model for the dynamic evolution of the disease under the
external influence of radiotherapy. By enabling a more precise and objective diagnosis,
deep evolution models offer the opportunity to individualize treatment planning and to
guide therapy. The identification of sensitive parameters and key features that drive the
temporal evolution limits the risks and could potentially serve as a warning system to assist
the physician. The methodological aspects of such a biomarker, in order to be implemented
as a potential outcome measure in research and clinical routine, i.e., sequence selection,
needs to be investigated. By implementing a local image analyses pipeline, with growing
well-defined data gained in a clinic every day, we expect tertiary centers to thereby not only
achieve a robust and easily feasible diagnostic and prognostic marker with a therapeutic
value but also enforce a well-structured team, including medical doctors, computer scientist
and statisticians, in order to efficiently perform image analysis in both clinical routines and
scientific advancement. This approach may even spare patients from the invasiveness of
brain biopsy.

4.3. Nuclear Medicine—PET
4.3.1. PET Tracers

While FET is used in our clinic as a main tracer in neuro-oncology, other tracers
exist. 2-Fluor-2-desoxy-D-glucose (FDG) represents the most common agent to display
increased metabolism; unfortunately, its role within the brain is limited due to the high
baseline metabolism. Amino acid-based tracers have the advantage of a superior differential
between tumors and normal brains [84].

L-methyl-11C-methionine (11C-MET), O-2-18F-fluoroethyl-L-tyrosine (18F-FET), and
3,4-dihydroxy-6-18F-fluoro-L-phenylalanine (18F-FDOPA) are common amino acid-based
tracers that have been reported in glioma [85–88]. Alternative tracers such as FLT or Cholin
are used in other centers with similar diagnostic yields. Unfortunately, the comparison of
different radiotracers results in controversial conclusions with no clear benefit of one tracer
over the others [89]. Altogether, amino acid PET tracers are helpful in planning biopsies of
inhomogeneous tumors and the monitoring of treatment responses in glioma as well as
the distinction of radionecrosis and tumor recurrence. The best evidence exists for 18F-FET
PET and 11C-MET PET as it is used in most centers. 11C-MET requires an on-site cyclotron
because of the short half-life of only 20 min, whereas 18F-FET has a half-life of about 110min
and can be delivered to distant centers.

Therefore, 18F-FET PET is the tracer we use in our institution.

4.3.2. 18F-FET—PET

[18F] fluoroethyl-l-tyrosine (18F FET)-PET can be used to detect an existing GBM with
great reliability. An important limitation in the application of the method in the course
of therapy is the passive influx of the radiopharmaceutical due to a blood–brain barrier
disorder in the lesion [90]. In cases of radiographic or clinical suspicion of local recurrence
or radiation necrosis, brain biopsy is the procedure of choice, but also 18F-FET-PET can be
employed for diagnosis [28,91–93].

For PET-imaging, O-2-18F-Fluoroethyl-L-Tyrosine (18F-FET) is used. 18F-FET, a radioac-
tive Fluorine labelled tyrosine analog, is transported into cells by amino acid transporters,
which are overexpressed on the tumor cell surface. Fluorine (18F) decays with a half-life
of 110 min, enabling scintigraphic imaging. 18F-FET is indicated in patients with known
or suspected glioma for the characterization of tumors, the monitoring of treatment and
the detection of viable tumors after treatment. In accordance with guidelines, patients are
injected with an activity ranging from 180 to 250 MBq via an intravenous line. The effective
dose is 16µSv/MBq, resulting in an effective dose of 2.9–4.0 mSv for the administered
activity. The first image is acquired 10 min after the tracer injection, followed by images at



Cancers 2022, 14, 6264 14 of 21

time points 20 min, 30 min, 40 min and 50 min post-injection for dynamic PET analysis. For
attenuation correction a low-dose CT (100 kV, 10–80 mA, slice thickness of 3.75 mm) of the
brain is acquired. Images are reconstructed iteratively with an ordered subset maximization
algorithm (OSEM). For image analysis a visual interpretation is performed: a high tracer
uptake in a nodular lesion being suggestive of tumors; a low tracer uptake in a rim-like
pattern being suggestive of post-treatment changes. In addition, a semi-quantitative evalu-
ation of the lesions is applied by measuring the intensity of the tracer uptake of normal
brain tissue and a lesion-to-background ratio. Time-activity curves are also generated
using SUVmax values of the lesions at the predefined five different time points of image
acquisition. The time to peak is defined and time-activity curves will be assigned to one
of three curve patterns: (1) constantly increasing tracer uptake, (2) tracer uptake peaking
between 20 and 40 min post-injection followed by a plateau and (3) tracer uptake with
an early peak (<20 min post-injection) followed by a constant decrease. Curve pattern 2
and 3 are suggestive of tumors, whereas curve pattern 1 is more likely to be present in
inflammatory lesions such as post-therapeutic changes.

An example of the multimodal diagnosis of radiation and tumor progression is shown
in Figure 4.
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5. Treatment Strategies
5.1. Medical Treatment

A mild to moderate increase in size after radiation therapy may be observed in about
30% of all patients between a few weeks and up to 15 months after intervention [38]. As
many of these lesions tend to stabilize or even regress over time, close observation is a
feasible option in asymptomatic patients [94]. Radiation-induced damage to the vascular
endothelium resulting in a breakdown of the blood–brain barrier with inflammation has
been targeted with steroids as a short-term therapy [95,96], leading to stabilization in
many symptomatic patients. However, a clear dosing scheme is not consistent throughout
the literature and long-term use of steroids is not feasible due to the numerous adverse
effects (e.g., hyperglycemia, osteoporosis and psychiatric disturbances). Treatment with
anticoagulants and antiplatelet agents to counteract the impaired microcirculation and
hypoxia in radionecrosis has also failed to provide a satisfactory response [97]. Hyperbaric
oxygen therapy has also been investigated in the treatment and prevention of RN by
promoting perfusion and angiogenesis, but the evidence is limited to small case series
and the specialized facilities needed and the significant time commitment do not allow for
broad use [98–101].

The role of hypoxia-induced factor 1 α (HIF-1 α) in the initial step of the development
of radiation necrosis results in an overproduction of VEGF. Subsequent cerebral edema is
caused by fragile angiogenesis. Bevacizumab as a potent anti-VEGF monoclonal antibody
has been introduced in 2007 by Gonzales et al. with satisfactory responses [102] and showed
effectiveness in further studies, irrespective of tumor type and radiation modality [103–105].
Nowadays, it is the standard therapy in the treatment of radiation necrosis, even if cerebral
hemorrhage and thromboembolic complications may be observed [106]. However, as
outlined above, the antiangiogenic changes introduced by Bevacizumab and similar agents
pose a major challenge for image interpretation and correct differential diagnoses.

5.2. Surgical Treatment

Surgical treatment is usually necessary to either ensure a histological diagnosis, to
address a space-occupying effect or to resect tumor tissue if oncologically indicated. If
radiation necrosis seems plausible according to the above-mentioned imaging modali-
ties, surgery is rarely indicated. The differentiation between real tumor progression and
pseudoprogression, however, poses a significant challenge and has important therapeutic
implications. If the diagnosis cannot be established by radiological means only and/or
uncertainty is too high, a histological verification is often required. Surgical removal can
be performed in easily accessible lesions and is indicated especially in symptomatic le-
sions with elevated intracranial pressure [107]. The neurological condition, however, can
worsen after these procedures [108], so that, although often not very effective, conservative
treatment should be considered primarily. Therefore, stereotactic biopsy for histological
proof represents an important tool to confirm the diagnosis with high accuracy prior to
systemic therapy, particularly in surgically inaccessible lesions [109]. Typical histopatho-
logical presentation of necrotic cells with gliosis and aggregation of lymphocytic borders
with thrombosed vessels can proof radionecrosis (Figure 5).
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6. Conclusions

Given the data and understanding of the underlying histological processes of tumor
recurrence, pseudoprogression and radiation necrosis, in which changes in vascular density
and consequent contrast media washout appear to play an important role, routinely appli-
cable imaging modalities as well as new technologies appear promising in differentiating
the three entities. Thus, it could be possible to optimize the management of patients with
brain tumors and metastases by means of greater diagnostic reliability and to speed up
necessary treatment modifications, to improve surveillance and to detect changes of brain
lesions with MRI more rapidly, to promptly offer efficacious treatment strategies. It may
be possible to reduce the necessity for invasive diagnostic procedures and reduce the rate
of misdiagnosis of treatment effects after radiation therapy. More efficacious therapies
and consequently longer average survival times have led to higher rates of the possible
treatment responses described. This trend will most likely continue in the future.

In anticipation of new MR techniques potentially limiting the necessity of invasive
procedures such as biopsies, a close multidisciplinary interaction and cooperation between
the teams of Neurology, Neuroradiology, Neurosurgery, Nuclear medicine and Radiooncol-
ogy is crucial. Readings of MRI and PET demonstrating signs of radionecrosis or tumor
progress should be carefully reviewed by all involved physicians in the context of the
overall clinical scenario. A multidisciplinary approach is vital not only during tumor board
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sessions but also in daily clinical practice in order to offer the best medical care to patients
with gliomas or brain metastases suffering from radiotherapeutic side effects.

Author Contributions: Conceptualization, J.M., S.M. and J.K.; writing—original draft preparation,
J.M., S.M., M.D., C.U. and J.K.; writing—review and editing, G.D.S., M.G., D.M., E.R.G., U.G., I.V., C.T.
and C.F.F.; visualization, J.M. and S.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yamamoto, M.; Serizawa, T.; Shuto, T.; Akabane, A.; Higuchi, Y.; Kawagishi, J.; Yamanaka, K.; Sato, Y.; Jokura, H.; Yomo, S.; et al.

Stereotactic Radiosurgery for Patients with Multiple Brain Metastases (Jlgk0901): A Multi-Institutional Prospective Observational
Study. Lancet Oncol. 2014, 15, 387–395. [CrossRef] [PubMed]

2. Kerschbaumer, J.; Demetz, M.; Krigers, A.; Nevinny-Stickel, M.; Thomé, C.; Freyschlag, C.F. Risk Factors for Radiation Necrosis in
Patients Undergoing Cranial Stereotactic Radiosurgery. Cancers 2021, 13, 4736. [CrossRef] [PubMed]

3. Shaw, E.; Scott, C.; Souhami, L.; Dinapoli, R.; Kline, R.; Loeffler, J.; Farnan, N. Single Dose Radiosurgical Treatment of Recurrent Pre-
viously Irradiated Primary Brain Tumors and Brain Metastases: Final Report of Rtog Protocol 90-05. Int. J. Radiat. Oncol. Biol. Phys.
2000, 47, 291–298. [CrossRef] [PubMed]

4. Minniti, G.; Clarke, E.; Lanzetta, G.; Osti, M.F.; Trasimeni, G.; Bozzao, A.; Romano, A.; Enrici, R.M. Stereotactic Radiosurgery for
Brain Metastases: Analysis of Outcome and Risk of Brain Radionecrosis. Radiat. Oncol. 2011, 6, 48. [CrossRef] [PubMed]

5. Petrovich, Z.; Yu, C.; Giannotta, S.L.; O’Day, S.; Apuzzo, M.L. Survival and Pattern of Failure in Brain Metastasis Treated with
Stereotactic Gamma Knife Radiosurgery. J. Neurosurg. 2002, 97, 499–506. [CrossRef]

6. Blonigen, B.J.; Steinmetz, R.D.; Levin, L.; Lamba, M.A.; Warnick, R.E.; Breneman, J.C. Irradiated Volume as a Predictor of Brain
Radionecrosis after Linear Accelerator Stereotactic Radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 996–1001. [CrossRef]

7. Sneed, P.K.; Mendez, J.; den Hoek, J.G.V.; Seymour, Z.A.; Ma, L.; Molinaro, A.M.; Fogh, S.E.; Nakamura, J.L.; McDermott,
M.W. Adverse Radiation Effect after Stereotactic Radiosurgery for Brain Metastases: Incidence, Time Course, and Risk Factors.
J. Neurosurg. 2015, 123, 373–386. [CrossRef]

8. Siu, A.; Wind, J.J.; Iorgulescu, J.B.; Chan, T.A.; Yamada, Y.; Sherman, J.H. Radiation Necrosis Following Treatment of High Grade
Glioma—A Review of the Literature and Current Understanding. Acta Neurochir. 2012, 154, 191–201. [CrossRef]

9. Easaw, J.C.; Mason, W.P.; Perry, J.; Laperriere, N.; Eisenstat, D.D.; del Maestro, R.; Belanger, K.; Fulton, D.; Macdonald, D.;
Committee Canadian Glioblastoma Recommendations. Canadian Recommendations for the Treatment of Recurrent or Progressive
Glioblastoma Multiforme. Curr. Oncol. 2011, 18, e126–e136. [CrossRef]

10. Brandsma, D.; Stalpers, L.; Taal, W.; Sminia, P.; van den Bent, M.J. Clinical Features, Mechanisms, and Management of Pseudopro-
gression in Malignant Gliomas. Lancet Oncol. 2008, 9, 453–461. [CrossRef]

11. Ruben, J.D.; Dally, M.; Bailey, M.; Smith, R.; McLean, C.A.; Fedele, P. Cerebral Radiation Necrosis: Incidence, Outcomes, and Risk
Factors with Emphasis on Radiation Parameters and Chemotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2006, 65, 499–508. [CrossRef]
[PubMed]

12. Chamberlain, M.C.; Glantz, M.J.; Chalmers, L.; van Horn, A.; Sloan, A.E. Early Necrosis Following Concurrent Temodar and
Radiotherapy in Patients with Glioblastoma. J. Neurooncol. 2007, 82, 81–83. [CrossRef]

13. Brandes, A.A.; Franceschi, E.; Tosoni, A.; Blatt, V.; Pession, A.; Tallini, G.; Bertorelle, R.; Bartolini, S.; Calbucci, F.; Andreoli, A.; et al.
Mgmt Promoter Methylation Status Can Predict the Incidence and Outcome of Pseudoprogression after Concomitant Ra-
diochemotherapy in Newly Diagnosed Glioblastoma Patients. J. Clin. Oncol. 2008, 26, 2192–2197. [CrossRef]

14. Lyubimova, N.; Hopewell, J.W. Experimental Evidence to Support the Hypothesis That Damage to Vascular Endothelium Plays
the Primary Role in the Development of Late Radiation-Induced Cns Injury. Br. J. Radiol. 2004, 77, 488–492. [CrossRef] [PubMed]

15. Korytko, T.; Radivoyevitch, T.; Colussi, V.; Wessels, B.W.; Pillai, K.; Maciunas, R.J.; Einstein, D.B. 12 Gy Gamma Knife Radiosurgical
Volume Is a Predictor for Radiation Necrosis in Non-Avm Intracranial Tumors. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64, 419–424.
[CrossRef] [PubMed]

16. Minniti, G.; Anzellini, D.; Reverberi, C.; Cappellini, G.C.A.; Marchetti, L.; Bianciardi, F.; Bozzao, A.; Osti, M.; Gentile, P.C.;
Esposito, V. Stereotactic Radiosurgery Combined with Nivolumab or Ipilimumab for Patients with Melanoma Brain Metastases:
Evaluation of Brain Control and Toxicity. J. Immunother. Cancer 2019, 7, 102. [CrossRef]

http://doi.org/10.1016/S1470-2045(14)70061-0
http://www.ncbi.nlm.nih.gov/pubmed/24621620
http://doi.org/10.3390/cancers13194736
http://www.ncbi.nlm.nih.gov/pubmed/34638223
http://doi.org/10.1016/S0360-3016(99)00507-6
http://www.ncbi.nlm.nih.gov/pubmed/10802351
http://doi.org/10.1186/1748-717X-6-48
http://www.ncbi.nlm.nih.gov/pubmed/21575163
http://doi.org/10.3171/jns.2002.97.supplement_5.0499
http://doi.org/10.1016/j.ijrobp.2009.06.006
http://doi.org/10.3171/2014.10.JNS141610
http://doi.org/10.1007/s00701-011-1228-6
http://doi.org/10.3747/co.v18i3.755
http://doi.org/10.1016/S1470-2045(08)70125-6
http://doi.org/10.1016/j.ijrobp.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16517093
http://doi.org/10.1007/s11060-006-9241-y
http://doi.org/10.1200/JCO.2007.14.8163
http://doi.org/10.1259/bjr/15169876
http://www.ncbi.nlm.nih.gov/pubmed/15151969
http://doi.org/10.1016/j.ijrobp.2005.07.980
http://www.ncbi.nlm.nih.gov/pubmed/16226848
http://doi.org/10.1186/s40425-019-0588-y


Cancers 2022, 14, 6264 18 of 21

17. Miller, J.A.; Bennett, E.E.; Xiao, R.; Kotecha, R.; Chao, S.T.; Vogelbaum, M.A.; Barnett, G.H.; Angelov, L.; Murphy, E.S.; Yu, J.S.; et al.
Association between Radiation Necrosis and Tumor Biology after Stereotactic Radiosurgery for Brain Metastasis. Int. J. Radiat.
Oncol. Biol. Phys. 2016, 96, 1060–1069. [CrossRef]

18. Minniti, G.; Scaringi, C.; Paolini, S.; Lanzetta, G.; Romano, A.; Cicone, F.; Osti, M.; Enrici, R.M.; Esposito, V. Single-Fraction Versus
Multifraction (3 X 9 Gy) Stereotactic Radiosurgery for Large (>2 Cm) Brain Metastases: A Comparative Analysis of Local Control
and Risk of Radiation-Induced Brain Necrosis. Int. J. Radiat. Oncol. Biol. Phys. 2016, 95, 1142–1148. [CrossRef]

19. Putz, F.; Weissmann, T.; Oft, D.; Schmidt, M.A.; Roesch, J.; Siavooshhaghighi, H.; Filimonova, I.; Schmitter, C.; Mengling, V.;
Bert, C.; et al. Fsrt Vs. Srs in Brain Metastases-Differences in Local Control and Radiation Necrosis-a Volumetric Study.
Front. Oncol. 2020, 10, 559193. [CrossRef]

20. Wegner, R.E.; Leeman, J.E.; Kabolizadeh, P.; Rwigema, J.C.; Mintz, A.H.; Burton, S.A.; Heron, D.E. Fractionated Stereotactic
Radiosurgery for Large Brain Metastases. Am. J. Clin. Oncol. 2015, 38, 135–139. [CrossRef] [PubMed]

21. Minniti, G.; D’Angelillo, R.M.; Scaringi, C.; Trodella, L.E.; Clarke, E.; Matteucci, P.; Osti, M.F.; Ramella, S.; Enrici, R.M.; Trodella, L.
Fractionated Stereotactic Radiosurgery for Patients with Brain Metastases. J. Neurooncol. 2014, 117, 295–301. [CrossRef] [PubMed]

22. Colaco, R.J.; Martin, P.; Kluger, H.M.; Yu, J.B.; Chiang, V.L. Does Immunotherapy Increase the Rate of Radiation Necrosis after
Radiosurgical Treatment of Brain Metastases? J. Neurosurg. 2016, 125, 17–23. [CrossRef]

23. Martin, A.M.; Cagney, D.N.; Catalano, P.J.; Alexander, B.M.; Redig, A.J.; Schoenfeld, J.D.; Aizer, A.A. Immunotherapy and
Symptomatic Radiation Necrosis in Patients with Brain Metastases Treated with Stereotactic Radiation. JAMA Oncol. 2018,
4, 1123–1124. [CrossRef] [PubMed]

24. Diao, K.; Bian, S.X.; Routman, D.M.; Yu, C.; Kim, P.E.; Wagle, N.A.; Wong, M.K.; Zada, G.; Chang, E.L. Combination Ipilimumab
and Radiosurgery for Brain Metastases: Tumor, Edema, and Adverse Radiation Effects. J. Neurosurg. 2018, 129, 1397–1406.
[CrossRef] [PubMed]

25. Fang, P.; Jiang, W.; Allen, P.; Glitza, I.; Guha, N.; Hwu, P.; Ghia, A.; Phan, J.; Mahajan, A.; Tawbi, H.; et al. Radiation Necrosis with
Stereotactic Radiosurgery Combined with Ctla-4 Blockade and Pd-1 Inhibition for Treatment of Intracranial Disease in Metastatic
Melanoma. J. Neurooncol. 2017, 133, 595–602. [CrossRef] [PubMed]

26. Kim, J.M.; Miller, J.A.; Kotecha, R.; Xiao, R.; Juloori, A.; Ward, M.C.; Ahluwalia, M.S.; Mohammadi, A.M.; Peereboom, D.M.;
Murphy, E.S.; et al. The Risk of Radiation Necrosis Following Stereotactic Radiosurgery with Concurrent Systemic Therapies.
J. Neuro-Oncol. 2017, 133, 357–368. [CrossRef]

27. Asao, C.; Korogi, Y.; Kitajima, M.; Hirai, T.; Baba, Y.; Makino, K.; Kochi, M.; Morishita, S.; Yamashita, Y. Diffusion-Weighted Imaging
of Radiation-Induced Brain Injury for Differentiation from Tumor Recurrence. AJNR Am. J. Neuroradiol. 2005, 26, 1455–1460.

28. Wen, P.Y.; Macdonald, D.R.; Reardon, D.A.; Cloughesy, T.F.; Sorensen, A.G.; Galanis, E.; Degroot, J.; Wick, W.; Gilbert, M.R.;
Lassman, A.B.; et al. Updated Response Assessment Criteria for High-Grade Gliomas: Response Assessment in Neuro-Oncology
Working Group. J. Clin. Oncol. 2010, 28, 1963–1972. [CrossRef]

29. Moody, D.M.; Bell, M.A.; Challa, V.R. Features of the Cerebral Vascular Pattern That Predict Vulnerability to Perfusion or
Oxygenation Deficiency: An Anatomic Study. AJNR Am. J. Neuroradiol. 1990, 11, 431–439.

30. Dequesada, I.M.; Quisling, R.G.; Yachnis, A.; Friedman, W.A. Can Standard Magnetic Resonance Imaging Reliably Distin-
guish Recurrent Tumor from Radiation Necrosis after Radiosurgery for Brain Metastases? A Radiographic-Pathological Study.
Neurosurgery 2008, 63, 898–904; discussion 904. [CrossRef]

31. Huang, J.; Wang, A.M.; Shetty, A.; Maitz, A.H.; Yan, D.; Doyle, D.; Richey, K.; Park, S.; Pieper, D.R.; Chen, P.Y.; et al. Differentiation
between Intra-Axial Metastatic Tumor Progression and Radiation Injury Following Fractionated Radiation Therapy or Stereotactic
Radiosurgery Using Mr Spectroscopy, Perfusion Mr Imaging or Volume Progression Modeling. Magn. Reson. Imaging 2011,
29, 993–1001. [CrossRef] [PubMed]

32. Kumar, A.J.; Leeds, N.E.; Fuller, G.N.; van Tassel, P.; Maor, M.H.; Sawaya, R.E.; Levin, V.A. Malignant Gliomas: Mr Imaging
Spectrum of Radiation Therapy- and Chemotherapy-Induced Necrosis of the Brain after Treatment. Radiology 2000, 217, 377–384.
[CrossRef] [PubMed]

33. Mullins, M.E.; Barest, G.D.; Schaefer, P.W.; Hochberg, F.H.; Gonzalez, R.G.; Lev, M.H. Radiation Necrosis Versus Glioma
Recurrence: Conventional Mr Imaging Clues to Diagnosis. AJNR Am. J. Neuroradiol. 2005, 26, 1967–1972. [PubMed]

34. Reddy, K.; Westerly, D.; Chen, C. Mri Patterns of T1 Enhancing Radiation Necrosis Versus Tumour Recurrence in High-Grade
Gliomas. J. Med. Imaging. Radiat. Oncol. 2013, 57, 349–355. [CrossRef]

35. Chan, Y.L.; Leung, S.F.; King, A.D.; Choi, P.H.; Metreweli, C. Late Radiation Injury to the Temporal Lobes: Morphologic Evaluation
at Mr Imaging. Radiology 1999, 213, 800–807. [CrossRef]

36. Zeng, Q.S.; Kang, X.S.; Li, C.F.; Zhou, G.Y. Detection of Hemorrhagic Hypointense Foci in Radiation Injury Region Using
Susceptibility-Weighted Imaging. Acta Radiol. 2011, 52, 115–119. [CrossRef]

37. Raimbault, A.; Cazals, X.; Lauvin, M.A.; Destrieux, C.; Chapet, S.; Cottier, J.P. Radionecrosis of Malignant Glioma and Cerebral
Metastasis: A Diagnostic Challenge in Mri. Diagn. Interv. Imaging 2014, 95, 985–1000. [CrossRef]

38. Patel, T.R.; McHugh, B.J.; Bi, W.L.; Minja, F.J.; Knisely, J.P.; Chiang, V.L. A Comprehensive Review of Mr Imaging Changes
Following Radiosurgery to 500 Brain Metastases. AJNR Am. J. Neuroradiol. 2011, 32, 1885–1892. [CrossRef]

39. Hamai, A.; Benlalam, H.; Meslin, F.; Hasmim, M.; Carre, T.; Akalay, I.; Janji, B.; Berchem, G.; Noman, M.Z.; Chouaib, S. Immune
Surveillance of Human Cancer: If the Cytotoxic T-Lymphocytes Play the Music, Does the Tumoral System Call the Tune?
Tissue Antigens 2010, 75, 1–8. [CrossRef]

http://doi.org/10.1016/j.ijrobp.2016.08.039
http://doi.org/10.1016/j.ijrobp.2016.03.013
http://doi.org/10.3389/fonc.2020.559193
http://doi.org/10.1097/COC.0b013e31828aadac
http://www.ncbi.nlm.nih.gov/pubmed/23563213
http://doi.org/10.1007/s11060-014-1388-3
http://www.ncbi.nlm.nih.gov/pubmed/24488446
http://doi.org/10.3171/2015.6.JNS142763
http://doi.org/10.1001/jamaoncol.2017.3993
http://www.ncbi.nlm.nih.gov/pubmed/29327059
http://doi.org/10.3171/2017.7.JNS171286
http://www.ncbi.nlm.nih.gov/pubmed/29303446
http://doi.org/10.1007/s11060-017-2470-4
http://www.ncbi.nlm.nih.gov/pubmed/28500560
http://doi.org/10.1007/s11060-017-2442-8
http://doi.org/10.1200/JCO.2009.26.3541
http://doi.org/10.1227/01.NEU.0000333263.31870.31
http://doi.org/10.1016/j.mri.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21571478
http://doi.org/10.1148/radiology.217.2.r00nv36377
http://www.ncbi.nlm.nih.gov/pubmed/11058631
http://www.ncbi.nlm.nih.gov/pubmed/16155144
http://doi.org/10.1111/j.1754-9485.2012.02472.x
http://doi.org/10.1148/radiology.213.3.r99dc07800
http://doi.org/10.1258/ar.2010.100220
http://doi.org/10.1016/j.diii.2014.06.013
http://doi.org/10.3174/ajnr.A2668
http://doi.org/10.1111/j.1399-0039.2009.01401.x


Cancers 2022, 14, 6264 19 of 21

40. Yoo, R.E.; Yun, T.J.; Hwang, I.; Hong, E.K.; Kang, K.M.; Choi, S.H.; Park, C.K.; Won, J.K.; Kim, J.H.; Sohn, C.H. Arterial Spin
Labeling Perfusion-Weighted Imaging Aids in Prediction of Molecular Biomarkers and Survival in Glioblastomas. Eur. Radiol.
2020, 30, 1202–1211. [CrossRef]

41. Leeman, J.E.; Clump, D.A.; Flickinger, J.C.; Mintz, A.H.; Burton, S.A.; Heron, D.E. Extent of Perilesional Edema Differentiates
Radionecrosis from Tumor Recurrence Following Stereotactic Radiosurgery for Brain Metastases. Neuro-Oncology 2013, 15, 1732–1738.
[CrossRef] [PubMed]

42. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy Plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl J Med 2005, 352, 987–996.
[CrossRef] [PubMed]

43. Hein, P.A.; Eskey, C.J.; Dunn, J.F.; Hug, E.B. Diffusion-Weighted Imaging in the Follow-up of Treated High-Grade Gliomas: Tumor
Recurrence Versus Radiation Injury. AJNR Am. J. Neuroradiol. 2004, 25, 201–209. [PubMed]

44. Castillo, M.; Smith, J.K.; Kwock, L.; Wilber, K. Apparent Diffusion Coefficients in the Evaluation of High-Grade Cerebral Gliomas.
AJNR Am. J. Neuroradiol. 2001, 22, 60–64. [PubMed]

45. Chan, Y.L.; Yeung, D.K.; Leung, S.F.; Chan, P.N. Diffusion-Weighted Magnetic Resonance Imaging in Radiation-Induced Cerebral
Necrosis. Apparent Diffusion Coefficient in Lesion Components. J. Comput. Assist. Tomogr. 2003, 27, 674–680. [CrossRef]
[PubMed]

46. Sundgren, P.C.; Fan, X.; Weybright, P.; Welsh, R.C.; Carlos, R.C.; Petrou, M.; McKeever, P.E.; Chenevert, T.L. Differentiation
of Recurrent Brain Tumor Versus Radiation Injury Using Diffusion Tensor Imaging in Patients with New Contrast-Enhancing
Lesions. Magn. Reson. Imaging 2006, 24, 1131–1142. [CrossRef]

47. Zeng, Q.S.; Li, C.F.; Liu, H.; Zhen, J.H.; Feng, D.C. Distinction between Recurrent Glioma and Radiation Injury Using Magnetic
Resonance Spectroscopy in Combination with Diffusion-Weighted Imaging. Int. J. Radiat. Oncol. Biol. Phys. 2007, 68, 151–158.
[CrossRef]

48. Bobek-Billewicz, B.; Stasik-Pres, G.; Majchrzak, H.; Zarudzki, L. Differentiation between Brain Tumor Recurrence and Radiation
Injury Using Perfusion, Diffusion-Weighted Imaging and Mr Spectroscopy. Folia Neuropathol. 2010, 48, 81–92.

49. Sundgren, P.C. Mr Spectroscopy in Radiation Injury. AJNR Am. J. Neuroradiol. 2009, 30, 1469–1476. [CrossRef]
50. Aronen, H.J.; Perkio, J. Dynamic Susceptibility Contrast Mri of Gliomas. Neuroimaging Clin. N. Am. 2002, 12, 501–523. [CrossRef]
51. Ellika, S.K.; Jain, R.; Patel, S.C.; Scarpace, L.; Schultz, L.R.; Rock, J.P.; Mikkelsen, T. Role of Perfusion Ct in Glioma Grading and

Comparison with Conventional Mr Imaging Features. AJNR Am. J. Neuroradiol. 2007, 28, 1981–1987. [CrossRef] [PubMed]
52. Jain, R.K. Normalizing Tumor Vasculature with Anti-Angiogenic Therapy: A New Paradigm for Combination Therapy. Nat. Med.

2001, 7, 987–989. [CrossRef] [PubMed]
53. Mitsuya, K.; Nakasu, Y.; Horiguchi, S.; Harada, H.; Nishimura, T.; Bando, E.; Okawa, H.; Furukawa, Y.; Hirai, T.; Endo, M.

Perfusion Weighted Magnetic Resonance Imaging to Distinguish the Recurrence of Metastatic Brain Tumors from Radiation
Necrosis after Stereotactic Radiosurgery. J. Neurooncol. 2010, 99, 81–88. [CrossRef]

54. Barajas, R.F.; Chang, J.S.; Sneed, P.K.; Segal, M.R.; McDermott, M.W.; Cha, S. Distinguishing Recurrent Intra-Axial Metastatic
Tumor from Radiation Necrosis Following Gamma Knife Radiosurgery Using Dynamic Susceptibility-Weighted Contrast-
Enhanced Perfusion Mr Imaging. AJNR Am. J. Neuroradiol. 2009, 30, 367–372. [CrossRef] [PubMed]

55. Umemura, Y.; Wang, D.; Peck, K.K.; Flynn, J.; Zhang, Z.; Fatovic, R.; Anderson, E.S.; Beal, K.; Shoushtari, A.N.; Kaley, T.; et al.
Dce-Mri Perfusion Predicts Pseudoprogression in Metastatic Melanoma Treated with Immunotherapy. J. Neurooncol. 2020,
146, 339–346. [CrossRef] [PubMed]
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