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Simple Summary: Glioblastoma multiforme (GBM) is the most frequent primary malignant brain
tumor, and despite advances in imaging techniques and treatment options, the outcome remains
poor and recurrence is inevitable. Salvage therapy presents a challenge, and re-irradiation can be a
therapeutic option in recurrent GBM. The decision-making process for re-irradiation is a challenge for
radiation oncologists due to the expected toxicity of a second course of radiotherapy and the limited
radiation tolerance of normal tissue; nevertheless, it is being increasingly used, as several studies
have demonstrated its feasibility. The current study aimed to investigate the safety of moderate–high-
voxel-based dose escalation radiotherapy in recurrent GBM patients after conventional concurrent
chemoradiation. Twelve patients were enrolled in this prospective single-center study. Retreatment
consisted of re-irradiation with a total dose range of 30–50 Gy over 5 days using the IMRT (arc VMAT)
technique using dose painting planning. The treatment was well tolerated. No toxicities greater than
3 were recorded; only one patient had severe G3 acute toxicity, characterized by muscle weakness
and fatigue. Median overall survival (OS2) and progression-free survival (PFS2) from the time of
re-irradiation were 10.4 months and 5.7 months, respectively. Our phase I study demonstrated an
acceptable tolerance profile of this approach, and the future prospective phase II study will analyze
the efficacy in terms of PFS and OS.

Abstract: Glioblastoma multiforme (GBM) is the most aggressive astrocytic primary brain tumor, and
concurrent temozolomide (TMZ) and radiotherapy (RT) followed by maintenance of adjuvant TMZ
is the current standard of care. Despite advances in imaging techniques and multi-modal treatment
options, the median overall survival (OS) remains poor. As an alternative to surgery, re-irradiation
(re-RT) can be a therapeutic option in recurrent GBM. Re-irradiation for brain tumors is increasingly
used today, and several studies have demonstrated its feasibility. Besides differing techniques,
the published data include a wide range of doses, emphasizing that no standard approach exists.
The current study aimed to investigate the safety of moderate–high-voxel-based dose escalation
in recurrent GBM. From 2016 to 2019, 12 patients met the inclusion criteria and were enrolled in
this prospective single-center study. Retreatment consisted of re-irradiation with a total dose of 30
Gy (up to 50 Gy) over 5 days using the IMRT (arc VMAT) technique. A dose painting by numbers
(DPBN)/dose escalation plan were performed, and a continuous relation between the voxel intensity
of the functional image set and the risk of recurrence in that voxel were used to define target and
dose distribution. Re-irradiation was well tolerated in all treated patients. No toxicities greater than
G3 were recorded; only one patient had severe G3 acute toxicity, characterized by muscle weakness
and fatigue. Median overall survival (OS2) and progression-free survival (PFS2) from the time of
re-irradiation were 10.4 months and 5.7 months, respectively; 3-, 6-, and 12-month OS2 were 92%,

Cancers 2022, 14, 4604. https://doi.org/10.3390/cancers14194604 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14194604
https://doi.org/10.3390/cancers14194604
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-8890-3460
https://orcid.org/0000-0002-7115-4918
https://orcid.org/0000-0002-0434-4172
https://orcid.org/0000-0001-5171-8555
https://orcid.org/0000-0001-5836-1982
https://orcid.org/0000-0002-8738-3352
https://doi.org/10.3390/cancers14194604
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14194604?type=check_update&version=3


Cancers 2022, 14, 4604 2 of 18

75%, and 42%, respectively; and 3-, 6-, and 12-month PFS2 were 83%, 42%, and 8%, respectively. Our
work demonstrated a tolerable tolerance profile of this approach, and the future prospective phase II
study will analyze the efficacy in terms of PFS and OS.

Keywords: glioblastoma multiforme; GBM; re-irradiation; recurrence; recurrent GBM; voxel-based
dose escalation; brain retreatment

1. Introduction

Glioblastoma multiforme (GBM) is the most aggressive astrocytic primary brain tumor,
classified as a grade IV tumor according to the WHO, which arises in 15–20% of all primary
intracranial tumors [1]. Concurrent temozolomide (TMZ) and radiotherapy (RT) followed
by maintenance of TMZ is the current standard of care [2]. Despite advances in imaging
techniques and multi-modal treatment options, the median overall survival (OS) remains
poor, ranging from 12 to 18 months [3,4]. Recurrence is inevitable, and its management is
often case dependent. Several studies have shown that recurrent GBM (rGBM) most often
occurs within 2–3 cm from the border of the original lesion [5–8]. Multiple lesions, which
do not show patterns of continuous growth, intraventricular spread, or dissemination,
occur in less than 5% of patients [9]; however, metastases are extremely rare [10].

The first challenge for the clinician is the differential diagnosis between disease re-
currence and treatment-related complications such as pseudoprogression/radionecrosis,
which occurs in 20–30% of cases [11–14]. Usually, pseudoprogression (PP) is characterized
by tumor volume increase within 3 months post-chemoradiation therapy, but delayed cases
have been reported [15,16], while radionecrosis (RN) appears 3–12 months after RT [17–22].
Several studies have investigated how to distinguish rGBM from RN, but the best diagnos-
tic method is not yet well defined [23–33]. Concerning treatment of rGBM, less than 50% of
these patients are eligible for second surgery (12–48%) [34–36]; however, when feasible, it
is associated with increased OS (i.e., 5–11 months) and a preservation of the neurological
status [31–35]. As an alternative to surgery, re-irradiation (re-RT) can be a therapeutic
option in selected cases. As for other oncological pathologies, the decision-making process
of re-irradiation is a challenge for radiation oncologists due to the expected toxicity and the
limited radiation tolerance of normal tissue [36–39].

Re-RT for brain tumors is increasingly used today, and several studies have demon-
strated its feasibility. Besides differing techniques, the published data include a wide range
of doses, emphasizing that no standard approach exists. The comparison between these
studies is extremely complex, but the median overall survival reported is between 7 and
19 months. A secondary analysis by the Radiation Therapy Oncology Group (RTOG) 0525
trial demonstrated a modest clinical benefit of re-RT compared to best supportive care
alone that increases when re-RT is combined with systemic therapies [40,41]. A systematic
review and a metanalysis of 50 studies support the benefit of re-RT with a 6-month PFS
of 43% [42]. However, the lack of prospective trials has limited the ability to draw robust
conclusions in rGBM treatment. Using modern precision RT techniques (stereotactic ra-
diosurgery (SRS) [43], stereotactic radiotherapy (SRT), or intensity-modulated radiation
therapy (IMRT), re-irradiation has proven to be a feasible and safe option treatment with
possible benefits in terms of outcome and to minimize dose to organs at risk (OAR) previ-
ously treated in the field. In particular, stereotactic radiosurgery has already shown good
results with a better 6-month PFS (47%) [42]. The main risk of GBM re-irradiation is RN.
Mayer et al., analyzing 21 re-irradiation studies, reported that a major contribution to RN
was the total dose received and that there was no correlation between time to re-irradiation
or total cumulative dose greater than 100 Gy [44]. More recently, Scoccianti et al. published
a comprehensive review of the literature in order to provide practical suggestions for daily
clinical practice, stressing that re-irradiation must be tailored to the individual patient by
balancing the risk of toxicity with the eventual benefit [45]. A variety of RT regimens has
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been used, and therefore no consensus on optimal total dose and fractionation scheme is
available. The rationale for hypofractionation is based on increased tumor cell kills as a
direct result on DNA double-strand break, as well as reduction in tumor cell repopulation.
On the basis of these data, a prospective experimental trial on dose-escalated stereotactic
radiotherapy using an MRI voxel-based dose painting technique in rGBM was carried
out at our institute. The premise for our trial was based mainly on the following aspects:
(1) GBM is considered a radioresistant malignancy, and the majority of patients had local
recurrence within the field of re-irradiation [46]; (2) modern radiation techniques could
potentially allow dose escalation within smaller high-risk regions without exceeding the
tolerance dose of the surrounding brain tissue.

The current study aimed to investigate the safety of moderate–high-voxel-based dose
escalation in recurrent GBM patients after conventional concurrent chemoradiation.

2. Materials and Methods
2.1. Inclusion Criteria

All participants had to meet the following inclusion criteria: (1) age of more than
18 years old; (2) Karnofsky Performance Status (KPS) ≥ 70 or ECOG Performance Status
0–2; (3) estimated survival of at least 3 months; (4) relapsed GBM after standard surgery
radio-chemotherapy treatment; (5) secondary GBM having progressed from low-grade
diffuse astrocytoma or anaplastic astrocytoma (AA) or anaplastic oligodendroglioma (AO)
previously treated with RT and TMZ; (6) unequivocal evidence of tumor progression by
MRI; (7) previous RT with therapeutic doses (45 to 60 Gy at 2 to 3 Gy per fraction); (8) at
least 3 months from the end of first RT course.

2.2. Exclusion Criteria

Exclusion criteria were as follows: (1) newly diagnosed with GBM; (2) KPS < 70%,
ECOG > 3; (3) pregnant women or nursing mothers; (4) any concurrent medical or psycho-
logical condition that could compromise the ability to provide informed consent; (5) patient
unable to follow procedures or follow-up visits.

2.3. Study Design

Assuming that the dose painting could increase the chance of cure at minimized
radiation-induced toxicity in stereotactic radiation therapy (SRT) for recurrent GBM, we
conducted an exploratory, prospective, experimental, single-center study, with the primary
goal of testing the safety of this approach. After identifying the main safety endpoint (early
toxicity) and in the absence of data available from previous studies that would be useful
for sizing the sample, the sample was defined, according to opportunity and feasibility
criteria, as 12 patients. Indeed, the primary endpoint was the safety, i.e., assessment of
acute toxicity reported within 3 months of the end of reirradiation.

This protocol was divided into three steps:

– Step 1 included a sequential treatment and evaluation of the first 3 subjects;
– Step 2 included a sequential treatment and evaluation of 3 other patients;
– Step 3 included a sequential treatment and evaluation of the last 6 patients.

At the end of each step, safety monitoring was performed, and a report was produced
and evaluated by an external experts advisory board. All subjects in step 2 and step
3 were allowed to continue enrollment in the study only after safety monitoring and if
the treatment was well tolerated and no toxicity above G3 was evident in the previously
treated patients.

2.4. Imaging

The patients underwent a computed tomography (CT) scan on a GE HiSpeed NX/I,
and 2 mm of strata reconstruction was set. Subsequently, all patients underwent an
MRI scan on a Philips Achieva 1.5 T scanner with an 8-channel phased-array head coil.
The examination included a 3D T1-weighted, a 3D fluid attenuated inversion recovery
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(FLAIR) and a diffusion-weighted sequence. An apparent diffusion coefficient (ADC) map
was calculated pixel-by-pixel with software on the MR scanner console according to the
following formula:

ADC = 1/(b − b0) log (S0/Sb)

where b0 and b values were set to 0 and 1000 s/mm2, respectively. S0 and Sb are the pixel
values in the images with b0 and b, respectively.

The CT and MRI datasets were exported to the oncology information system Aria
(Varian, Palo Alto, USA), and a rigid registration was automatically performed with the
“image registration” tool. A radiation oncologist checked the accuracy of the registration
process and manually corrected the registration if needed. Co-registered CTs and MRIs
were used to define the target volume and organs at risk (OARs).

Target volume delineation was performed using the ARIA® Oncology Treatment
Planning System (TPS). The gross tumor volume (GTV) corresponded to the contrast
enhancement visible lesion on MRI. Clinical target volume (CTV) was not created; therefore,
the two volumes GTV and CTV coincided in our series. An isotropic 5 mm expansion was
applied to the GTV/CTV to obtain the planning target volume (PTV). The outlined OARs
were: brainstraim, lens, eyes, optical chiasma, optical nerves, and normal brain tissue.

2.5. Planning

In order to perform the dose painting by numbers (DPBN) planning task, the same
workflow described by Orlandi et al. [47] was used (Figure 1). In line with the literature
evidence, we related the doses to the ADC values and prescribed the highest value of the
dose to the lowest ADC values (higher cellularity and higher number of clonogens).
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Figure 1. Planning workflow. Workflow of the DPBN planning. The QF-based discretization 
method was used to identify the target dose levels (DPBC map). Moreover, the treatment planning 
system (TPS) structured-based dose optimization (TDD map) was conducted. The deliverable opti-
mized dose maps (TDD map) were compared with the DPBN maps and evaluated in terms of QF 
dose index (QF evaluation). Finally, a delivery quality assurance (Delivery QA) of the plans was 
carried out and ranked in terms of γ-index. 

 

Figure 2. The figure shows an example of T1 W and ADCmap MRI with delineation of GTV, as well 
as dose distribution. On the bottom, field geometries of the plan, dose volume results, and DWH 
are reported. 

  Structure Min Dose [Gy] Max Dose [Gy] Mean Dose [Gy] 
 PTV 26.600 53.543 37.316  Chiasm 1.615 5.528 3.992  Brain Stem 0.579 5.065 2.285  Optic Nerv L 3.93 6.726 5.377  Optic Nerv R 0.998 2.515 1.669  Eye L 1.552 9.884 4.776  Eye R 0.581 2.589 1.268  Brain Stem 0.345 53.543 7.207  Lens L 2.220 3.459 2.873  Lens R 1.051 1.828 1.478       

Figure 1. Planning workflow. Workflow of the DPBN planning. The QF-based discretization method
was used to identify the target dose levels (DPBC map). Moreover, the treatment planning system
(TPS) structured-based dose optimization (TDD map) was conducted. The deliverable optimized
dose maps (TDD map) were compared with the DPBN maps and evaluated in terms of QF dose index
(QF evaluation). Finally, a delivery quality assurance (Delivery QA) of the plans was carried out and
ranked in terms of γ-index.

In DPBN, a continuous relation between the voxel intensity of the functional image set
and the risk of recurrence in that voxel were assumed [48,49]. A minimum dose of 30 Gy
(Dmin) in five consecutive fractions to the planning target volume (PTV) with the maximum
gross tumor volume (GTV) dose escalated up to 50 Gy were prescribed. Prescription isodose
lines were chosen to at least encompass 95% of the PTV with the minimum prescription
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dose, with no more than 1 cc of PTV receiving doses >50 Gy and no more than 1% of the
PTV receiving <95% of the prescribed dose. The protocol required that the cumulative
brainstem dose not exceed 70 Gy at the equivalent dose of 2 Gy per fraction; the remaining
normal tissues should be constrained as much as possible without compromising the target
volume coverage. An example of T1, ADC MRI maps, and dose distribution are shown in
Figure 2.
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Figure 2. The figure shows an example of T1 W and ADCmap MRI with delineation of GTV, as well
as dose distribution. On the bottom, field geometries of the plan, dose volume results, and DWH are
reported.

To convert imaging data into prescription dose, a linear function was used, as described
by Bowen et al. [50]. The conversion function is defined in Equation (1).

Di(ADCi) =


Dmax, ADCi ≤ ADCLO

Dmin +
ADCHI−ADCi

ADCHI−ADCLO
(Dmax − Dmin), ADCLO < ADCi < ADCHI

Dmin, ADCi ≥ ADCHI

(1)

where Di and ADCi represent the dose and the ADC values of the i-th voxel of the gross
tumor volume (GTV), respectively; ADCLO and ADCHI are the 90th percentile and 10th
percentile of ADC value distribution, respectively.

To transform the DPBN dose prescription maps into structures and to proceed with
plan optimization on the structure-based TPS (Eclipse V13.7, Varian, Palo Alto, CA, USA),
a finite number of dose levels LK (1 ≤ K ≤ 9) was chosen using patient-dependent
criteria. Therefore, the specific dose value LK of that level was assigned for each i-th
voxel, pertaining to the LK levels. The set of LK that best fitted the patient-specific DPBN
prescription map was obtained in order to minimize the overall GTV quality factor (QF) [51].
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To generate DPBN dose prescription maps and to find the best LK sets, a home-made API
script and MATLAB script were used, respectively. All plans were performed using the
VMAT technique, and several coplanar and non-coplanar arcs were set on the basis of the
PTV and organ setup of each case. Six MeV flattening filter-free fields were used. Before
treatment, according to the specific internal protocol, patient-specific quality assurance
controls (QA) were performed for each plan.

2.6. Treatment

Stereotactic RT was administered in 5 consecutive daily sessions within 5 days of
performing MRI. The prescription dose within the PTV ranged from a minimal dose of 30
Gy (6 Gy per session) for the areas with the highest apparent diffusion coefficient (ADC)
to a gradual dose increase in the areas with lower ADC (establishing 1 cc the maximum
volume that receives a dose greater than 50 Gy). Daily image guidance with cone-beam
CT was performed before each fraction. A quality assurance protocol was performed:
patient charts and treatment plans were reviewed by a panel consisting of investigators
and internal–external experts.

2.7. Follow-Up

The assessment of radiological and clinical response was based on T1w, T2w, FLAIR,
and DWI MRI sequences. We also used dynamic susceptibility contrast-enhanced (DSC)
MRI to establish progression versus pseudoprogression or radiation-induced radionecrosis.
In doubtful cases, we also requested choline-PET/CT to differentiate progressive disease
(PD) or treatment-related changes. The assessment of toxicity was based on neurological
clinical examination. Patients were followed up until disease progression or death. All
toxicities were recorded and graded according to the NCI CTCAE (National Cancer Institute
Common Toxicity Criteria for Adverse Events, version 4.0 [52]). Recurrences were defined
as “in-field” if the 95% isodose surface contained >80% of the tumor recurrence, and as
“marginal” if they contained 20–80% of the recurrence volume. In all other cases, recurrences
were considered outside the radiation field [46]. Regarding the evaluation of quality of
life (QoL), the EORTC QLQ-C30 questionnaire version 3.0 was used [46,53]. Each patient
completed the QoL questionnaires at four different time points: the start of RT (T1); the
end of RT (T2); 1 month after completion of RT (T3); 6 months after completion of RT (T4).

2.8. Statistical Analysis

The overall survival (OS2) and progression-free survival (PFS2) functions, calculated
from the time of re-irradiation, were estimated using the Kaplan–Meier technique. Thus,
the related median time calculations were based on these estimates. Due to the very small
sample size, we believe that the range is more informative than the standard error of the
median, so we only provide the former.

Scores related to the responses across all examined health-related domains (EORTC
QLQ-C30) for the “General quality of life” and “Functioning in social role” were compared
across time using the Friedman test with post hoc exact all-pair comparisons tests, according
to Eisinga; Bonferroni adjustment was applied to correct for multiple testing. Box and
whiskers plots were also made to facilitate the interpretation of the findings. A p ≤ 0.05 was
considered to indicate statistical significance. Statistical analysis regarded aforementioned
scores was performed using R statistical software version 4.0.5. (R Foundation for Statistical
Computing, Vienna, Austria).

2.9. Ethics Approval and Consent to Participate

The present study was approved by the Ethics Committee of the IRCCS-AUSL Reggio
Emilia (approval number GLIORAD 15-18 approved on 16 September 2015, ClinicalTri-
als.gov identifier number: NCT04610229) and carried out in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki. In accordance with Italian legisla-
tion, written informed consent was obtained from all patients.
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3. Results

From 2016 to 2019, 12 patients met the inclusion criteria. Baseline patient demographics
and tumor characteristics are summarized in Table 1.

Table 1. Main patient and tumor characteristics.

Study Population (n = 12)

Primary Treatment

TYPE OF SURGERY, n (%)

– GTR
– Partial resection
– Biopsy

8 (66.7)
3 (25)
1 (8.3)

HISTOLOGICAL TYPE, n (%)

– GBM
– AA
– AO

10 (83.4)
1 (8.3)
1 (8.3)

IDH MUTATION, n (%)

– WT
– Absent
– Unknown

4 (33.3)
1 (8.3)

7 (58.4)

MGMT metylation, n (%)

– Yes
– No

7 (58.4)
5 (41.6)

1p19q-codeletion, n (%)

– Codeleted
– No codeleted
– Unknown

1 (8.3)
10 (83.4)

1 (8.3)

Radiotherapy dose, n (%)

– 60 Gy in 30 fr
– 45 Gy in 15 fr

11 (91.7)
1 (8.3)

Re-surgery, n (%)

– Yes
– No

2 (16.7)
10 (83.3)

Second-line chemotherapy, n (%)

– Yes
– No

3 (25)
9 (75)

At Recurrence

GENDER, n (%)

– Male
– Female

7 (58.3)
5 (41.7)

Median age, years (range) 60.5 (51–70)
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Table 1. Cont.

Study Population (n = 12)

Primary Treatment

KPS, n (%)

– 100
– 90
– 80
– 70

9 (75)
1(8.3)
1 (8.3)
1 (8.3)

GTV, cc

– median
– range

22.95
5–69.6

PTV, cc

– median
– range

45.7
15–97.13

Abbreviations: GTR: gross total resection; GBM: glioblastoma; AO: anaplastic oligodendroglioma; AA: anaplastic
astrocytoma; IDH: isocitrate dehydrogenase; W-T: wild-type; MGMT: methylguanine-DNA methyl-transferase;
Gy: gray; fr: fractions; KPS: Karnofsky Performance Status; GTV: gross tumor volume; PTV: planning
target volume.

All patients received a full course of RT with a total dose ranging between 45 Gy in
15 fractions and 60 Gy in 30 fractions, concurrently with TMZ plus adjuvant TMZ. All
relapses were localized within the previous high-dose radiotherapy (RT) fields. The median
time between primary RT and re-irradiation was 11.0 months (range: 5.6–34.9 months). All
patients received corticosteroids at the time of re-irradiation and continued it throughout
the radiation treatment until at least the first check-up after 1 month.

3.1. Treatment Characteristics

Median gross recurrence tumor volume was 22.95 cm3 (range: 5–69.6 cm3). Median
re-treatment PTV was 45.7 cc (range: 15–97.13 cm3). No dose constraint violations were
registered. All patients completed the prescribed SRT; none stopped or delayed treatment.

3.2. Outcomes and Toxicities

Re-irradiation was well tolerated in all treated patients. Toxicities and outcomes are
summarized in Table 2.

No toxicities greater than G3 were recorded; one patient (number 2) had severe G3
acute toxicity, characterized by muscle weakness and fatigue. In the first 3 months, all
patients experienced acute G1-G2 toxicity; the most frequently reported symptoms were
headache, muscle weakness, fatigue, moderate cognitive disorders, and irritability. At
the sixth month follow-up of the seven surviving patients, three had resolved the related
toxicity symptoms thanks to steroid therapy, while the others continued to show G1 or 2
toxicity. At 1 year after treatment, a slight toxicity remained.

Regarding KPS, half of the patients did not deteriorate during the first 3 months after
re-irradiation. At the first MRI examination, no complete response (CR) or partial response
(PR) occurred. Stable disease (SD) was achieved in four patients (33.3%), with an overall
objective response rate of 30%. Progressive disease was observed in four patients, with a
PD rate of 33%. Pseudoprogression (PP) occurred in only one patient, with a PP rate in our
study of 8%. The remaining three patients are not evaluable, as one died before the MRI;
one had the MRI performed elsewhere; and due to poor clinical conditions, one did not
undergo the MRI control. The MRI performed 6 months post-SRT showed 2 SD and 4 PD;
for five patients, the disease response data at 6 months cannot be reported for the following
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reasons: four patients died before their MRI (pt 2, 4, 5, 10) (see Table 3) and one patient had
the MRI performed elsewhere (pt number 3).

Table 2. Reported acute and late toxicities and outcomes.

Patient 3-m MR I
Evaluation

3-m Tox
(Grade)

6-m MRI
Evaluation

6-m Tox
(Grade)

12-m Tox
(Grade) RN PFS2 (m) OS2 (m)

Treatment
to Progres-

sion

1 SD G1 (headache) PD

G1 (eye
disorders—

other,
headache,
fatigue)

G1
(cognitive

distur-
bance)

Yes 6.9 13.2 Fotemustine

2 NA

G2 (dysphasia),
G2 (muscle weakness

lower limb),
G3 (muscle weakness,

fatigue)

NA NA NA 1.2 2.8 BSC

3 NA NA NA NA NA 5.5 11.6 NA

4 PD

G1 (fatigue, muscle
weakness lower limb,

nausea, eye
disorders—other)

NA NA NA 2.2 5.3 Fotemustine

5 NA

G1 (ataxia),
G2 (nervous system

disorders—other,
muscle weakness lower

limb)

NA NA NA 5.3 (date
of death) 5.3 BSC

6 SD G1 (irritability) SD G0 G1 (irri-
tability) Yes 9.3 12.6 BSC

7 PD
G1 (generalized muscle
weakness, dysesthesia),

G2 (headache)
PD

G1 (ataxia),
G2

(nervous
system

disorders—
other)

NA 3.5 6.8 Fotemustine

8 SD G2 (fatigue,
gynecomastia) SD G1

(fatigue)
G1

(fatigue) 10.9 19.3 Fotemustine

9 PsP

G1 (headache, fatigue,
seizure, conjunctivitis),
G2 (eye disorders-other,

urinary incontinence,
generalized muscle

weakness

PD

G2 (seizure,
nervous
system

disorders—
other)

NA 2.6 9.2 BSC

10 PD G1 (dysesthesia,
headache) NA NA NA 3.3 6.1 BSC

11 PD
G1 (dysphasia,

cognitive disturbance,
headache)

PD G0

G1
(nervous
system

disorders—
other)

4.1 16.5 Fotemustine

12 SD G1 (fatigue, irritability) SD G0 G2
(headache) 11.5 13.5 Surgery

Abbreviations: m: months; MRI: magnetic resonance; RN: radionecrosis; SD: stable disease; PD: progressive
disease; NA: not applicable; Tox: toxicity, G: grade; BSC: best supportive care.
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Table 3. Comparisons of the EORTC QLQ-C30 questionnaire scores at the four time points.

EORTC QLO-C30 Pre Treat 30 Days 90 Days 120 Days

(n = 12) (n = 12) (n = 12) (n = 12) p

Component Median [Range] Median [Range] Median [Range] Median [Range] Friedman

Functional scale
Physical functioning 95 [88–100] 92 [83–99] 92 [80–100] 91 [83–96] 0.05

Functioning in social role 92 [67–100] 83 [50–100] 83 [50–100] 67 [50–83] <0.01
Emotional functioning 95 [81–100] 95 [81–100] 94 [90–100] 94 [90–96] 0.97

Cognitive functioning 92 [50–100] 83 [50–100] 83 [67–100] 88 [67–
100] 0.48

Social functioning 98 [85–100] 96 [85–100] 93 [81–100] 93 [81–96] 0.32
General quality of life 33 [17–58] 29 [13–42] 25 [8–42] 25 [17–33] 0.77

Symptom scale
Fatigue 11 [0–22] 13 [4–30] 11 [7–33] 15 [11–26] 0.29

Nausea and vomiting 0 [0–8] 0 [0–8] 0 [0–0] 0 [0–0] 0.61
Pain 8 [0–25] 17 [0–33] 8 [0–33] 0 [0–25] 0.22

Dyspnea 0 [0–33] 0 [0–100] 0 [0–33] 0 [0–33] 0.51
Sleeping disturbances 33 [0–67] 17 [0–100] 33 [0–67] 33 [0–33] 0.65

Loss of appetite 0 [0–33] 0 [0–33] 0 [0–33] 0 [0–0] 0.47
Constipation 0 [0–67] 17 [0–67] 0 [0–67] 0 [0–0] 0.45

Diarrhea 0 [0–0] 0 [0–0] 0 [0–0] 0 [0–0] -

In summary, half of the patients showed a radiological and/or clinical recurrence
within 6 months from the end of re-irradiation.

At tumor progression after SRT, 4 of the 12 patients received second-line chemother-
apy with fotemustine, while the remaining ones were referred to palliative care for best
supportive care (BSC).

At the time of the completion of the paper’s writing, all patients had died of the
disease, with the exception of one whose death occurred due to pneumonia. Median
overall survival (OS2) and progression-free survival (PFS2) from the time of re-irradiation
were 10.4 months (range: 5.3–19.3) and 5.7 months (range: 1.2–16.1), respectively; 3-, 6-
and 12-month OS2 were 92%, 75%, and 42%, respectively; and 3-, 6-, and 12-month PFS2
were 83%, 42%, and 8%, respectively. Patient number 3 died before performing the first
follow-up visit, while five patients were proven to be long surviving over the 12 months.

During follow-up, radionecrosis (RN) was radiologically found in only two patients (pt
number 1 and number 6), with an RN rate in our study of 16.6%. Histological confirmation
of RN was obtained in one patient, who relapsed after SRT and underwent a second surgery
(in this patient, there were concomitant aspects of RN and disease). The median time of
brain RN appearance was 6 months. Only one patient showed mild RN-related symptoms
(grade 1), such as eye disorders, headache, and fatigue, which required an increase of
corticosteroids.

The patient-reported QoL, as assessed by longitudinal collection of the EORTC QLQ-
C30, for the 12 patients (100%) who completed both pre- and post-SRT surveys is summa-
rized in Table 3 and Figure 3.
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Figure 3. General QoL and social functioning scale summary. Longitudinal comparison of general 
QoL and social functioning scale scores according to surveillance period. Higher scores represent Figure 3. General QoL and social functioning scale summary. Longitudinal comparison of general

QoL and social functioning scale scores according to surveillance period. Higher scores represent
better satisfaction with patients’ quality of life. p-values through Friedman test and post hoc analysis
are shown.

The median number of surveys per patient was three (range: 2–5 surveys). The
questionnaire response rates were 100% (n = 12) at T1, 100% (n = 12) at T2, 91.7 (n = 11)
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at T3, and finally 50% (n = 6) at T4. Compared to scores at T1, at T2 and at T3, the
mean global health status score was stable in all patients and there were no significant
differences between baseline and 3-month responses across all examined health-related
domains, except for a significant negative trend in the EORTC domain of patient-reported
functioning in social role QLQ-C30 (p < 0.01), and a trend was also recorded for physical
functioning (p = 0.05). The general quality of life domain did not change after re-irradiation,
nor did the cognitive functioning domain (p > 0.5).

4. Discussion

The management of rGBM remains a daily issue, as therapeutic options are limited and
the prognosis remains poor [45]. Different approaches should be considered for recurrent
glioblastoma, including systemic agents (chemotherapy, target therapy) or locoregional
treatments (radiation therapy and surgery), but their efficacy is still low [41,54,55]. Re-
irradiation is a common practice. The adequate selection of patients is a key issue. Age,
performance status, target volume, time to progression, type of progression, and site of
recurrence are crucial for choosing the technique and fractionation (stereotactic versus
hypofractionated versus standard radiotherapy). To date, two prognostic scores have been
validated to estimate the prognosis of patients and can be a valid help in the therapeutic
choice [56–58]. Several reports concerning re-irradiation have been published in the litera-
ture; however, the interpretation of clinical data is complex because the current evidence
mainly comprises retrospective or institutional case series [44,55,59] with a large variety of
schedules and techniques, which makes it difficult to establish a standard approach.

A large meta-analysis that evaluated 50 studies for a total of 2095 patients with rGBM
showed that re-irradiation was associated with 6- and 12-month OS of 73% and 36%,
respectively [59], although the majority of studies assessed were retrospective (40/50) and
very low quality. One of the studies analyzed in this meta-analysis was conducted at our
institute and reported that patients with rGBM showed a median OS after salvage RT of
9.5 months (significantly higher than the patients who were observed), without clinically
significant acute morbidity [47].

Starting from these promising efficacy and tolerance data, we investigated the possi-
bility of increasing the dose within the target volume while keeping the low dose to the
surrounding healthy tissues, with the aim of increasing local control while maintaining a
low toxicity profile. The first step was to evaluate the feasibility of a dose painting radiation
approach with dose escalation technique guided by ADC values of diffusion-weighted
MRI [60]. This dosimetric study proved that ADC-map-guided hypo-fractionated radiother-
apy could be carried out and applied to deliver high doses in the GBM recurrent regions.
The second step was to evaluate this approach in a prospective phase I study to assess the
safety of dose-escalated re-irradiation to relapsed glioblastomas. To our knowledge, the
present study is one of the few in the literature with a prospective design, with voxel-based
dose escalation, and that evaluates the quality of life in the GBM re-irradiation setting.
Table 4 reports the main prospective trials available [61–73].
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Table 4. Main prospective study regarding glioma re-irradiation.

Author Number
of pts

Re-RT
Total Dose

(Gy)

No. of
Fractions

Median
PTV (cc)

Cumulative
BED 2 Dose

(Gy)

Severe
Toxicities

Median OS
(m)

PFS
(m)

Cabrera et al.
(2013)
[61]

15 18–25 1–5 n.r. n.r. 6.3 14.4 3.9

Clarke et al.
(2017) [62] 15 27–33 3 n.r. 197.78 n.r. 13 7

Ernst-Stecken
et al.

(2007) [63]
15 35 5 22.40 157.50 0 12 12

Fields et al.
(2012) [64] 10 36 3 54.30 n.r. n.r. 6 3

Gutin et al.
(2009) [65] 25 30 5 34 120 4% 12.5 n.r.

Konget al.
(2008) [66] 114 16 1 n.r. 544 0 13 n.r.

Larson et al.
(2002) [67] 26 12–20 1 17.2 n.r. 8 9.5 n.r.

Lee et al.
(2018) [68] 25 45 15 n.r. n.r. 32 16 n.r.

Marzano et al.
(2011) [69] 22 14–22 1 n.r. 197.28 0 11 n.r.

Møller et al.
(2017) [70] 31 29, 5–42 5–10 67 n.r. 9.7 2.8

Schwer et al.
(2008) [71] 15 18–36 3 41.3 n.r. 0 10 7

Shi et al.
(2016) [72] 17 35 5 n.r. n.r. n.r. n.r. n.r.

Yoshikawa et al.
(2006) [73] 25 13, 9–26, 4 n.r. 19.5 n.r. n.r. n.r. n.r.

Abbreviations: Re-RT: re-irradiation, N: number, PTV: planning tumor volume; OS: overall survival; PFS:
progression-free survival; m: months; n.r.: not reported.

The toxicity recorded in our study was mild (G1); five patients (42%) showed G2 toxic-
ity (nervous system disorder, headache, fatigue, cognitive disturbance, muscle weakness).
In three patients, the acute toxicity was resolved using steroid therapy for three months.
The toxicity rate reported in the literature is highly variable: some authors have reported
no cases of severe toxicity, while others have indicated a rate of up to 10.5%, including hy-
drocephalus, dizziness, or worsening of existing neurological symptoms. What is certainly
important to point out is that, in our cohort, only one patient (patient 2) experienced severe
(G3) toxicity characterized by muscle weakness and fatigue. This patient died 45 days after
treatment, and therefore it is not possible to discriminate whether these symptoms were
related to the progression that led to death rather than to the treatment-related toxicity.
Distinguishing whether the appearance of a symptom is attributable to toxicity related to
radiotherapy or disease progression is the main issue. In our study, there was no evidence
of a detrimental trend of KPS after re-irradiation, and most of the patients maintained a
good quality of life, measured prospectively with validated questionnaires. In our opinion,
this is the most important parameter in influencing the prognosis of these patients; indeed,
the objective of salvage therapies should be to extend the life expectancy without affecting
the residual quality of life. Therefore, patient selection plays a key role in providing the
best possible care to each patient, and the risk of re-irradiation-induced toxicity should be
estimated considering the previous radiation field, site of recurrence, and target volume.
The recurrence volume influences the dose and the radiotherapy technique and therefore
plays a prognostic and predictive role of significant importance, as recently shown by Scoc-
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cianti et al. [45]. Generally, normo- or hypofractionated re-irradiation schedules for large
volumes and SRS and FSRT for small volumes are preferred. For instance, Cho et al. [74]
reported a severe toxicity rate of 8% in patients with a median volume of 40 mL, despite of
the choice of a schedule with low EQD2 (42.2 Gy). The analysis of the literature suggests
that following fractionation schemes based on the target volume should be used in order to
achieve a risk of severe effects less than 3.5%, meaning radiosurgery with EQD2 < 65 Gy
for a target volume < 12.5 mL, hypofractionated stereotactic radiotherapy with EQD2 < 50
Gy for a target volume up to 35 mL, but conventionally fractionated treatment with EQD2
< 36 Gy for a target volume up to 50 mL [45].

In our series, with the use of voxel-based dose painting, the maximum cumulative
dose was less than or equal to 110 Gy, and the EQD2 value, with alpha/beta of 3, was
210 Gy.

We registered a mean percentage of PTV volume that was included in the 50 Gy
isodose of 0.78% (range 0.17–2.26%); consequently, this explains the low toxicity reported
and the safety of the treatment. Patient number 2, who showed G3 toxicity, had a PTV of
only 33.6 cc. If accepted, this would support the thesis of progression damage rather than
acute toxicity.

The risk of radionecrosis should also be considered. Several studies have reported a
variable incidence of radiological diagnosis of radionecrosis (from 4% to 31.1%) [42,45]; Kim
et al. reported a very high rate of histologically confirmed radionecrosis up to 12.5% [74].
These same studies did not report whether radionecrosis was associated with neurological
symptoms or the required steroids. In our series, radionecrosis was radiologically found in
only two patients (16.6%) but histologically confirmed and symptomatic (grade 1) in only
one patient, with a median presentation time of 6 months. The one patient who showed
mild RN-related symptoms, such as eye disorders, headache, and fatigue, required an
increase of corticosteroids. From our experience, the radionecrosis rate with the present
re-irradiation technique is low and well manageable with drug therapy, but it is necessary
to underline that disease progression and radionecrosis often coexist and can both be
responsible for a worsening of symptoms and quality of life. The site of recurrence also
assumes critical importance: in our cohort, all the re-irradiated patients had a relapse in
the previous treatment field without an increase in the rate of radionecrosis. Moreover,
emerging studies evaluating reirradiation in 1–3 sessions associated with new-generation
drugs are also of great interest [75].

Although our study was not designed to measure the efficacy of this re-irradiation
approach, the median overall survival (OS2) and progression-free survival (PFS2) from
the time of re-irradiation were substantially comparable to the literature (10.4 months and
5.7 months, respectively). In the previously reported meta-analysis, the 6-month OS2 and
PFS2 were 73% (95% CI 69–77%) and 43% (95% CI 35–50%), respectively; 12-month OS2
and PFS2 were equal to 36% (95% CI 32–40%) and 17% (95% CI 13–20%), respectively [39].
In our series, 3-, 6-, and 12-month OS2 were 92%, 75%, and 42%, respectively, and 3-, 6-,
and 12-month PFS2 were 83%, 42%, and 8%, respectively. We obviously cannot provide
conclusions on the efficacy of the treatment, but the data seem promising and will certainly
need to be confirmed in a future prospective phase II study.

5. Conclusions

To date, the treatment of rGBM still represents a medical challenge, and re-irradiation
plays a fundamental role in the management of these patients. The modern stereotactic
radiation techniques with dose escalation programs can allow the delivery of higher doses
to the disease site while keeping the dose low to the surrounding healthy organs, with the
aim of increasing local control without increasing toxicity. This approach, investigated in
very few studies in the literature, demonstrated a relatively favorable tolerance profile,
characterized by moderate acute G1-G2 toxicity and a low rate of radionecrosis. Further-
more, most of the patients did not show a deterioration in the quality in terms of cognitive
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and social function after re-irradiation, with an overall objective response rate of 30%. The
future prospective phase II study will analyze the efficacy in terms of PFS and OS.

Author Contributions: Conceptualization: M.I., C.I., S.C. (Silvio Cavuto), and P.C.; methodology:
S.C. (Silvio Cavuto) and L.S., validation: M.I., C.I., S.C. (Salvatore Cozzi), and P.C.; investigation: L.G,
S.C. (Salvatore Cozzi), A.P., M.R., F.C., R.S., M.O. and A.B.; resources: M.N. and R.P.; data curation:
M.P.R. and L.G.; writing—original draft preparation: S.C. (Salvatore Cozzi), A.B. and P.C.; review
and editing: M.I. and C.I.; project administration: M.I. and P.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was developed thanks to the use of the Linear Accelerator purchased through a
grant of the Italian Ministry of Health for the Bando Conto Capitale 2012 project entitled “Valutazione
di un programma di terapia combinata che include l’utilizzo di un innovativo acceleratore lineare ad
alto rateo di dose (flattering filter free) per la terapia combinata di pazienti con tumore cerebrale in
fase avanzata. Uno studio collaborativo di fattibilità, attività e tossicità” (Project Code: PCC-2012-
2353904). This study was partially supported by the Italian Ministry of Health—Ricerca Corrente
Annual Program 2023.

Institutional Review Board Statement: The present study was conducted in accordance with the
Declaration of Helsinki and approved by “Comitato Etico Provinciale di Reggio Emilia, Azienda
Ospedaliera IRCCS di Reggio Emilia”. Protocol no. 141-2015.

Informed Consent Statement: Informed consent was obtained from all patients involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Galeandro Maria, Elisabetta Froio, Reza Ghardipour, Silvia Serra, Massimo
Costantini, Jessica Rossi, Pagano Maria, and Zanelli Francesca are thanked for their contribution to
the clinical management of patients.

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

References
1. Nagtegaal, I.D.; Odze, R.D.; Klimstra, D.; Paradis, V.; Rugge, M.; Schirmacher, P.; Washington, K.M.; Carneiro, F.; Cree, I.A. The

2019 WHO classification of tumours of the digestive system. Histopathology 2020, 76, 182–188. [CrossRef] [PubMed]
2. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.B.; 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]

3. Davis, F.G.; Freels, S.; Grutsch, J.; Barlas, S.; Brem, S. Survival rates in patients with primary malignant brain tumors stratified
by patient age and tumor histological type: An analysis based on Surveillance, Epidemiology, and End Results (SEER) data,
1973–1991. J. Neurosurg. 1998, 88, 1–10. [CrossRef] [PubMed]

4. McLendon, R.E.; Halperin, E.C. Is the long-term survival of patients with intracranial glioblastoma multiforme overstated? Cancer
2003, 98, 1745–1748. [CrossRef]

5. Halperin, E.C.; Burger, P.C.; Bullard, D.E. The fallacy of the localized supratentorial malignant glioma. Int. J. Radiat. Oncol. Biol.
Phys. 1988, 15, 505–509. [CrossRef]

6. Lee, S.W.; A Fraass, B.; Marsh, L.H.; Herbort, K.; Gebarski, S.S.; Martel, M.K.; Radany, E.H.; Lichter, A.S.; Sandler, H.M. Patterns
of failure following high-dose 3-D conformal radiotherapy for high-grade astrocytomas: A quantitative dosimetric study. Int. J.
Radiat. Oncol. Biol. Phys. 1999, 43, 79–88. [CrossRef]

7. Loeffler, J.; Alexander, E.; Hochberg, F.H.; Wen, P.Y.; Morris, J.H.; Schoene, W.C.; Siddon, R.L.; Morse, R.H.; Black, P.M. Clinical
patterns of failure following stereotactic interstitial irradiation for malignant gliomas. Int. J. Radiat. Oncol. Biol. Phys. 1990, 19,
1455–1462. [CrossRef]

8. Choucair, A.K.; Levin, V.A.; Gutin, P.H.; Davis, R.L.; Silver, P.; Edwards, M.S.B.; Wilson, C.B. Development of multiple lesions
during radiation therapy and chemotherapy in patients with gliomas. J. Neurosurg. 1986, 65, 654–658. [CrossRef]

9. Gaspar, L.E.; Fisher, B.J.; Macdonald, D.R.; Leber, D.V.; Halperin, E.C.; Schold, S.C., Jr.; Cairncross, J. Supratentorial malignant
glioma: Patterns of recurrence and implications for external beam local treatment. Int. J. Radiat. Oncol. Biol. Phys. 1992, 24, 55–57.
[CrossRef]

10. Rossi, J.; Giaccherini, L.; Cavallieri, F.; Napoli, M.; Moratti, C.; Froio, E.; Serra, S.; Fraternali, A.; Ghadirpour, R.; Cozzi, S.; et al.
Extracranial metastases in secondary glioblastoma multiforme: A case report. BMC Neurol. 2020, 20, 382. [CrossRef]

http://doi.org/10.1111/his.13975
http://www.ncbi.nlm.nih.gov/pubmed/31433515
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.3171/jns.1998.88.1.0001
http://www.ncbi.nlm.nih.gov/pubmed/9420066
http://doi.org/10.1002/cncr.11666
http://doi.org/10.1016/S0360-3016(98)90036-0
http://doi.org/10.1016/S0360-3016(98)00266-1
http://doi.org/10.1016/0360-3016(90)90358-Q
http://doi.org/10.3171/jns.1986.65.5.0654
http://doi.org/10.1016/0360-3016(92)91021-E
http://doi.org/10.1186/s12883-020-01959-y


Cancers 2022, 14, 4604 16 of 18

11. 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]

12. 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
Radiochemotherapy in Newly Diagnosed Glioblastoma Patients. J. Clin. Oncol. 2008, 26, 2192–2197. [CrossRef]

13. Taal, W.; Brandsma, D.; De Bruin, H.G.; Bromberg, J.E.C.; Swaak-Kragten, A.T.; Smitt, P.A.E.S.; Van Es, C.A.; Van Den Bent, M.
Incidence of early pseudo-progression in a cohort of malignant glioma patients treated with chemoirradiation with temozolomide.
Cancer 2008, 113, 405–410. [CrossRef]

14. Macdonald, D.R.; Cascino, T.L.; Schold, S.C.; Cairncross, J.G. Response criteria for phase II studies of supratentorial malignant
glioma. J. Clin. Oncol. 1990, 8, 1277–1280. [CrossRef]

15. Zikou, A.; Sioka, C.; Alexiou, G.A.; Fotopoulos, A.; Voulgaris, S.; Argyropoulou, M.I. Radiation Necrosis, Pseudoprogression,
Pseudoresponse, and Tumor Recurrence: Imaging Challenges for the Evaluation of Treated Gliomas. Contrast Media Mol. Imaging
2018, 2018, 6828396. [CrossRef]

16. Wen, P.Y.; Weller, M.; Lee, E.Q.; Alexander, B.M.; Barnholtz-Sloan, J.S.; Barthel, F.P.; Batchelor, T.T.; Bindra, R.S.; Chang, S.M.;
Chiocca, E.A.; et al. Glioblastoma in adults: A Society for Neuro-Oncology (SNO) and European Society of Neuro-Oncology
(EANO) consensus review on current management and future directions. Neuro Oncol. 2020, 22, 1073–1113. [CrossRef]

17. A Reardon, D.; Weller, M. Pseudoprogression: Fact or wishful thinking in neuro-oncology? Lancet Oncol. 2018, 19, 1561–1563.
[CrossRef]

18. Omuro, A.; Vlahovic, G.; Lim, M.; Sahebjam, S.; Baehring, J.; Cloughesy, T.; Voloschin, A.; Ramkissoon, S.H.; Ligon, K.L.; Latek, R.;
et al. Nivolumab with or without ipilimumab in patients with recurrent glioblastoma: Results from exploratory phase I cohorts
of CheckMate 143. Neuro Oncol. 2018, 20, 674–686. [CrossRef]

19. Law, I.; Albert, N.L.; Arbizu, J.; Boellaard, R.; Drzezga, A.; Galldiks, N.; la Fougère, C.; Langen, K.-J.; Lopci, E.; Lowe, V.; et al. Joint
EANM/EANO/RANO practice guidelines/SNMMI procedure standards for imaging of gliomas using PET with radiolabelled
amino acids and [18F]FDG: Version 1.0. Eur. J. Pediatr. 2018, 46, 540–557. [CrossRef]

20. Weller, M.; Cloughesy, T.; Perry, J.R.; Wick, W. Standards of care for treatment of recurrent glioblastoma—Are we there yet?
Neuro-Oncology 2013, 15, 4–27. [CrossRef]

21. Okada, H.; Weller, M.; Huang, R.; Finocchiaro, G.; Gilbert, M.R.; Wick, W.; Ellingson, B.M.; Hashimoto, N.; Pollack, I.F.; Brandes,
A.A.; et al. Immunotherapy response assessment in neuro-oncology: A report of the RANO working group. Lancet Oncol. 2015,
16, e534–e542. [CrossRef]

22. 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]

23. Shah, R.; Vattoth, S.; Jacob, R.; Manzil, F.F.P.; O’Malley, J.P.; Borghei, P.; Patel, B.N.; Curé, J.K. Radiation Necrosis in the Brain:
Imaging Features and Differentiation from Tumor Recurrence. RadioGraphics 2012, 32, 1343–1359. [CrossRef]

24. 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]

25. 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. Am. J. Neuroradiol. 2005, 26, 1967–1972.

26. 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. Am. J. Neuroradiol. 2004, 25, 201–209.

27. Xu, J.-L.; Li, Y.-L.; Lian, J.-M.; Dou, S.-W.; Yan, F.-S.; Wu, H.; Shi, D.-P. Distinction between postoperative recurrent glioma and
radiation injury using MR diffusion tensor imaging. Neuroradiology 2010, 52, 1193–1199. [CrossRef]

28. Barajas, R.F., Jr.; Chang, J.S.; Segal, M.R.; Parsa, A.T.; McDermott, M.W.; Berger, M.S.; Cha, S. Differentiation of Recurrent
Glioblastoma Multiforme from Radiation Necrosis after External Beam Radiation Therapy with Dynamic Susceptibility-weighted
Contrast-enhanced Perfusion MR Imaging. Radiology 2009, 253, 486–496. [CrossRef]

29. Rabinov, J.D.; Lee, P.L.; Barker, F.G.; Louis, D.N.; Harsh, G.R.; Cosgrove, G.R.; Chiocca, E.A.; Thornton, A.F.; Loeffler, J.S.; Henson,
J.W.; et al. In Vivo 3-T MR Spectroscopy in the Distinction of Recurrent Glioma versus Radiation Effects: Initial Experience.
Radiology 2022, 225, 871–879. [CrossRef]

30. Zhou, J.; Tryggestad, E.; Wen, Z.-B.; Lal, B.; Zhou, T.; Grossman, R.; Wang, S.; Yan, K.; Fu, D.-X.; Ford, E.; et al. Differentiation
between glioma and radiation necrosis using molecular magnetic resonance imaging of endogenous proteins and peptides. Nat.
Med. 2011, 17, 130–134. [CrossRef]

31. Kim, Y.H.; Oh, S.W.; Lim, Y.J.; Park, C.-K.; Lee, S.-H.; Kang, K.W.; Jung, H.-W.; Chang, K.H. Differentiating radiation necrosis
from tumor recurrence in high-grade gliomas: Assessing the efficacy of 18F-FDG PET, 11C-methionine PET and perfusion MRI.
Clin. Neurol. Neurosurg. 2010, 112, 758–765. [CrossRef] [PubMed]

32. Woodroffe, R.W.; Zanaty, M.; Soni, N.; Mott, S.L.; Helland, L.C.; Pasha, A.; Maley, J.; Dhungana, N.; A Jones, K.; Monga, V.; et al.
Survival after reoperation for recurrent glioblastoma. J. Clin. Neurosci. 2020, 73, 118–124. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2009.26.3541
http://doi.org/10.1200/JCO.2007.14.8163
http://doi.org/10.1002/cncr.23562
http://doi.org/10.1200/JCO.1990.8.7.1277
http://doi.org/10.1155/2018/6828396
http://doi.org/10.1093/neuonc/noaa106
http://doi.org/10.1016/S1470-2045(18)30654-5
http://doi.org/10.1093/neuonc/nox208
http://doi.org/10.1007/s00259-018-4207-9
http://doi.org/10.1093/neuonc/nos273
http://doi.org/10.1016/S1470-2045(15)00088-1
http://doi.org/10.1016/S1470-2045(08)70125-6
http://doi.org/10.1148/rg.325125002
http://doi.org/10.1148/radiology.217.2.r00nv36377
http://doi.org/10.1007/s00234-010-0731-4
http://doi.org/10.1148/radiol.2532090007
http://doi.org/10.1148/radiol.2253010997
http://doi.org/10.1038/nm.2268
http://doi.org/10.1016/j.clineuro.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20619531
http://doi.org/10.1016/j.jocn.2020.01.009
http://www.ncbi.nlm.nih.gov/pubmed/31987636


Cancers 2022, 14, 4604 17 of 18

33. Helseth, R.; Helseth, E.; Johannesen, T.B.; Langberg, C.W.; Lote, K.; Rønning, P.; Scheie, D.; Vik, A.; Meling, T.R. Overall survival,
prognostic factors, and repeated surgery in a consecutive series of 516 patients with glioblastoma multiforme: Survival, prognostic
factors, and repeat surgery in GBM patients. Acta Neurol. Scand. 2010, 122, 159–167. [CrossRef] [PubMed]

34. Barbagallo, G.M.V.; Jenkinson, M.D.; Brodbelt, A.R. ‘Recurrent’ glioblastoma multiforme, when should we reoperate? Br. J.
Neurosurg. 2008, 22, 452–455. [CrossRef]

35. Ringel, F.; Pape, H.; Sabel, M.; Krex, D.; Bock, H.C.; Misch, M.; Weyerbrock, A.; Westermaier, T.; Senft, C.; Schucht, P.; et al.
Clinical benefit from resection of recurrent glioblastomas: Results of a multicenter study including 503 patients with recurrent
glioblastomas undergoing surgical resection. Neuro-Oncology 2016, 18, 96–104. [CrossRef]

36. Cozzi, S.; Jamal, D.N.; Slocker, A.; Laplana, M.; Tejedor, A.G.; Krengli, M.; Guedea, F.; Gutierrez, C. Second breast-conserving
therapy with interstitial brachytherapy (APBI) as a salvage treatment in ipsilateral breast tumor recurrence: A retrospective study
of 40 patients. J. Contemp. Brachytherapy 2019, 11, 101–107. [CrossRef]

37. Laplana, M.; Cozzi, S.; Najjari, D.; Martín, M.I.; Rodríguez, G.; Slocker, A.; Sancho, I.; Pla, M.J.; García, M.; Gracia, R.; et al.
Five-year results of accelerated partial breast irradiation: A single-institution retrospective review of 289 cases. Brachytherapy
2021, 20, 807–817. [CrossRef]

38. Maddalo, M.; D’Angelo, E.; Fiorica, F.; Argenone, A.; Scricciolo, M.; Cozzi, S.; Nardangeli, A.; Dionisi, F.; Costantino, G.;
Vagge, F.; et al. Thoracic re-irradiation with 3D-conformal or more advanced techniques: A systematic review of treatment safety
by the Re-irradiation Study Group of the Italian Association of Radiation and Oncology AIRO. Crit. Rev. Oncol. 2021, 167, 103500.
[CrossRef]

39. Cozzi, S.; Augugliaro, M.; Ciammella, P.; Botti, A.; Trojani, V.; Najafi, M.; Blandino, G.; Ruggieri, M.P.; Giaccherini, L.; Alì, E.; et al.
The Role of Interstitial Brachytherapy for Breast Cancer Treatment: An Overview of Indications, Applications, and Technical
Notes. Cancers 2022, 14, 2564. [CrossRef]

40. Shi, W.; Bryan, M.S.; Gilbert, M.R.; Mehta, M.P.; Blumenthal, D.T.; Brown, P.D.; Valeinis, E.; Hopkins, K.; Souhami, L.;
Andrews, D.W.; et al. Investigating the Effect of Reirradiation or Systemic Therapy in Patients with Glioblastoma after Tu-
mor Progression: A Secondary Analysis of NRG Oncology/Radiation Therapy Oncology Group Trial 0525. Int. J. Radiat. Oncol.
Biol. Phys. 2018, 100, 38–44. [CrossRef]

41. Cozzi, S.; Najafi, M.; Gomar, M.; Ciammella, P.; Iotti, C.; Iaccarino, C.; Dominici, M.; Pavesi, G.; Chiavelli, C.; Kazemian, A.; et al.
Delayed Effect of Dendritic Cells Vaccination on Survival in Glioblastoma: A Systematic Review and Meta-Analysis. Curr. Oncol.
2022, 29, 75. [CrossRef]

42. Kazmi, F.; Soon, Y.Y.; Leong, Y.H.; Koh, W.Y.; Vellayappan, B. Re-irradiation for recurrent glioblastoma (GBM): A systematic
review and meta-analysis. J. Neuro-Oncol. 2019, 142, 79–90. [CrossRef]

43. Paoletti, L.; Ceccarelli, C.; Menichelli, C.; Aristei, C.; Borghesi, S.; Tucci, E.; Bastiani, P.; Cozzi, S. Special stereotactic radiotherapy
techniques: Procedures and equipment for treatment simulation and dose delivery. Rep. Pract. Oncol. Radiother. 2022, 27, 1–9.
[CrossRef]

44. Mayer, R.; Sminia, P. Reirradiation Tolerance of the Human Brain. Int. J. Radiat. Oncol. Biol. Phys. 2008, 70, 1350–1360. [CrossRef]
45. Scoccianti, S.; Francolini, G.; Carta, G.A.; Greto, D.; Detti, B.; Simontacchi, G.; Visani, L.; Baki, M.; Poggesi, L.; Bonomo, P.; et al.

Re-irradiation as salvage treatment in recurrent glioblastoma: A comprehensive literature review to provide practical answers to
frequently asked questions. Crit. Rev. Oncol. Hematol. 2018, 126, 80–91. [CrossRef]

46. Shapiro, L.Q.; Beal, K.; Goenka, A.; Karimi, S.; Iwamoto, F.M.; Yamada, Y.; Zhang, Z.; Lassman, A.B.; Abrey, L.E.; Gutin,
P.H. Patterns of Failure After Concurrent Bevacizumab and Hypofractionated Stereotactic Radiation Therapy for Recurrent
High-Grade Glioma. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 636–642. [CrossRef]

47. Orlandi, M.; Botti, A.; Sghedoni, R.; Cagni, E.; Ciammella, P.; Iotti, C.; Iori, M. Feasibility of voxel-based Dose Painting for
recurrent Glioblastoma guided by ADC values of Diffusion-Weighted MR imaging. Phys. Med. 2016, 32, 1651–1658. [CrossRef]

48. Thorwarth, D.; Eschmann, S.-M.; Paulsen, F.; Alber, M. Hypoxia Dose Painting by Numbers: A Planning Study. Int. J. Radiat.
Oncol. Biol. Phys. 2007, 68, 291–300. [CrossRef]

49. Meijer, G.; Steenhuijsen, J.; Bal, M.; De Jaeger, K.; Schuring, D.; Theuws, J. Dose painting by contours versus dose painting by
numbers for stage II/III lung cancer: Practical implications of using a broad or sharp brush. Radiother. Oncol. 2011, 100, 396–401.
[CrossRef]

50. Bowen, S.R.; Flynn, R.; Bentzen, S.M.; Jeraj, R. On the sensitivity of IMRT dose optimization to the mathematical form of a
biological imaging-based prescription function. Phys. Med. Biol. 2009, 54, 1483–1501. [CrossRef]

51. Vanderstraeten, B.; De Gersem, W.; Duthoy, W.; De Neve, W.; Thierens, H. Implementation of biologically conformal radiation
therapy (BCRT) in an algorithmic segmentation-based inverse planning approach. Phys. Med. Biol. 2006, 51, N277–N286.
[CrossRef]

52. National Cancer Institute. Common Terminology Criteria for Adverse Events v.3.0and v.4.0 (CTCAE). Available online: http:
//ctep.cancer.gov/protocol (accessed on 25 May 2022).

53. Aaronson, N.K.; Ahmedzai, S.; Bergman, B.; Bullinger, M.; Cull, A.; Duez, N.J.; Filiberti, A.; Flechtner, H.; Fleishman, S.B.; De
Haes, J.C.J.M.; et al. The European Organization for Research and Treatment of Cancer QLQ-C30: A Quality-of-Life Instrument
for Use in International Clinical Trials in Oncology. J. Natl. Cancer Inst. 1993, 85, 365–376. [CrossRef]

54. Tosoni, A.; Franceschi, E.; Poggi, R.; Brandes, A.A. Relapsed Glioblastoma: Treatment Strategies for Initial and Subsequent
Recurrences. Curr. Treat. Options Oncol. 2016, 17, 49. [CrossRef]

http://doi.org/10.1111/j.1600-0404.2010.01350.x
http://www.ncbi.nlm.nih.gov/pubmed/20298491
http://doi.org/10.1080/02688690802182256
http://doi.org/10.1093/neuonc/nov145
http://doi.org/10.5114/jcb.2019.84689
http://doi.org/10.1016/j.brachy.2021.02.003
http://doi.org/10.1016/j.critrevonc.2021.103500
http://doi.org/10.3390/cancers14102564
http://doi.org/10.1016/j.ijrobp.2017.08.038
http://doi.org/10.3390/curroncol29020075
http://doi.org/10.1007/s11060-018-03064-0
http://doi.org/10.5603/RPOR.a2021.0129
http://doi.org/10.1016/j.ijrobp.2007.08.015
http://doi.org/10.1016/j.critrevonc.2018.03.024
http://doi.org/10.1016/j.ijrobp.2012.05.031
http://doi.org/10.1016/j.ejmp.2016.11.106
http://doi.org/10.1016/j.ijrobp.2006.11.061
http://doi.org/10.1016/j.radonc.2011.08.048
http://doi.org/10.1088/0031-9155/54/6/007
http://doi.org/10.1088/0031-9155/51/16/N02
http://ctep.cancer.gov/protocol
http://ctep.cancer.gov/protocol
http://doi.org/10.1093/jnci/85.5.365
http://doi.org/10.1007/s11864-016-0422-4


Cancers 2022, 14, 4604 18 of 18

55. Tan, A.C.; Ashley, D.M.; López, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of glioblastoma: State of the art
and future directions. CA Cancer J. Clin. 2020, 70, 299–312. [CrossRef]

56. Combs, S.E.; Edler, L.; Rausch, R.; Welzel, T.; Wick, W.; Debus, J. Generation and validation of a prognostic score to predict
outcome after re-irradiation of recurrent glioma. Acta Oncol. 2013, 52, 147–152. [CrossRef]

57. Niyazi, M.; Adeberg, S.; Kaul, D.; Boulesteix, A.-L.; Bougatf, N.; Fleischmann, D.F.; Grün, A.; Krämer, A.; Rödel, C.; Eckert, F.;
et al. Independent validation of a new reirradiation risk score (RRRS) for glioma patients predicting post-recurrence survival: A
multicenter DKTK/ROG analysis. Radiother. Oncol. 2018, 127, 121–127. [CrossRef]

58. Sminia, P.; Mayer, R. External Beam Radiotherapy of Recurrent Glioma: Radiation Tolerance of the Human Brain. Cancers 2012, 4,
379–399. [CrossRef]

59. Ciammella, P.; Podgornii, A.; Galeandro, M.; D’Abbiero, N.; Pisanello, A.; Botti, A.; Cagni, E.; Iori, M.; Iotti, C. Hypofractionated
stereotactic radiation therapy for recurrent glioblastoma: Single institutional experience. Radiat. Oncol. 2013, 8, 222. [CrossRef]

60. Cabrera, A.R.; Cuneo, K.C.; Desjardins, A.; Sampson, J.H.; McSherry, F.; Herndon, J.E.; Peters, K.B.; Allen, K.; Hoang, J.K.; Chang,
Z.; et al. Concurrent Stereotactic Radiosurgery and Bevacizumab in Recurrent Malignant Gliomas: A Prospective Trial. Int. J.
Radiat. Oncol. Biol. Phys. 2013, 86, 873–879. [CrossRef]

61. Clarke, J.; Neil, E.; Terziev, R.; Gutin, P.; Barani, I.; Kaley, T.; Lassman, A.B.; Chan, T.A.; Yamada, J.; DeAngelis, L.; et al. Multicenter,
Phase 1, Dose Escalation Study of Hypofractionated Stereotactic Radiation Therapy with Bevacizumab for Recurrent Glioblastoma
and Anaplastic Astrocytoma. Int. J. Radiat. Oncol. Biol. Phys. 2017, 99, 797–804. [CrossRef]

62. Ernst-Stecken, A.; Ganslandt, O.; Lambrecht, U.; Sauer, R.; Grabenbauer, G. Survival and quality of life after hypofractionated
stereotactic radiotherapy for recurrent malignant glioma. J. Neurooncol. 2007, 81, 287–294. [CrossRef] [PubMed]

63. Fields, E.C.; Damek, D.; Gaspar, L.E.; Liu, A.K.; Kavanagh, B.D.; Waziri, A.; Lillehei, K.; Chen, C. Phase I Dose Escalation Trial of
Vandetanib with Fractionated Radiosurgery in Patients with Recurrent Malignant Gliomas. Int. J. Radiat. Oncol. Biol. Phys. 2012,
82, 51–57. [CrossRef] [PubMed]

64. Gutin, P.H.; Iwamoto, F.M.; Beal, K.; Mohile, N.A.; Karimi, S.; Hou, B.L.; Lymberis, S.; Yamada, Y.; Chang, J.; Abrey, L.E. Safety
and Efficacy of Bevacizumab with Hypofractionated Stereotactic Irradiation for Recurrent Malignant Gliomas. Int. J. Radiat.
Oncol. Biol. Phys. 2009, 75, 156–163. [CrossRef] [PubMed]

65. Kong, D.-S.; Lee, J.-I.; Park, K.; Kim, J.H.; Lim, D.-H.; Nam, D.-H. Efficacy of stereotactic radiosurgery as a salvage treatment for
recurrent malignant gliomas. Cancer 2008, 112, 2046–2051. [CrossRef]

66. A Larson, D.; Prados, M.; Lamborn, K.R.; Smith, V.; Sneed, P.K.; Chang, S.; Nicholas, K.M.; Wara, W.M.; Devriendt, D.;
Kunwar, S.; et al. Phase II study of high central dose Gamma Knife radiosurgery and marimastat in patients with recurrent
malignant glioma. Int. J. Radiat. Oncol. Biol. Phys. 2002, 54, 1397–1404. [CrossRef]

67. Lee, J.; Ahn, S.S.; Chang, J.H.; Suh, C.-O. Hypofractionated Re-irradiation after Maximal Surgical Resection for Recurrent
Glioblastoma: Therapeutic Adequacy and Its Prognosticators of Survival. Yonsei Med. J. 2018, 59, 194–201. [CrossRef]

68. Maranzano, E.; Anselmo, P.; Casale, M.; Trippa, F.; Carletti, S.; Principi, M.; Loreti, F.; Italiani, M.; Caserta, C.; Giorgi, C. Treatment
of recurrent glioblastoma with stereotactic radiotherapy: Long-term results of a mono-institutional trial. Tumori 2011, 97, 56–61.
[CrossRef]

69. Møller, S.; Rosenschold, P.M.A.; Costa, J.; Law, I.; Poulsen, H.S.; Engelholm, S.A.; Engelholm, S. Toxicity and efficacy of
re-irradiation of high-grade glioma in a phase I dose- and volume escalation trial. Radiother. Oncol. 2017, 125, 223–227. [CrossRef]

70. Schwer, A.L.; Damek, D.M.; Kavanagh, B.D.; Gaspar, L.E.; Lillehei, K.; Stuhr, K.; Chen, C. A Phase I Dose-Escalation Study of
Fractionated Stereotactic Radiosurgery in Combination with Gefitinib in Patients With Recurrent Malignant Gliomas. Int. J.
Radiat. Oncol. Biol. Phys. 2008, 70, 993–1001. [CrossRef]

71. Shi, W.; Palmer, J.D.; Werner-Wasik, M.; Andrews, D.W.; Evans, J.J.; Glass, J.; Kim, L.; Bar-Ad, V.; Judy, K.; Farrell, C.; et al. Phase I
trial of panobinostat and fractionated stereotactic re-irradiation therapy for recurrent high grade gliomas. J. Neurooncol. 2016, 127,
535–539. [CrossRef]

72. Yoshikawa, K.; Saito, K.; Kajiwara, K.; Nomura, S.; Ishihara, H.; Suzuki, M. CyberKnife Stereotactic Radiotherapy for Patients
with Malignant Glioma. Minim. Invasive Neurosurg. 2006, 49, 110–115. [CrossRef]

73. Cho, K.H.; A Hall, W.; Gerbi, B.J.; Higgins, P.D.; A McGuire, W.; Clark, H. Single dose versus fractionated stereotactic radiotherapy
for recurrent high-grade gliomas. Int. J. Radiat. Oncol. Biol. Phys. 1999, 45, 1133–1141. [CrossRef]

74. Kim, B.; Soisson, E.; Duma, C.; Chen, P.; Hafer, R.; Cox, C.; Cubellis, J.; Minion, A.; Plunkett, M.; Mackintosh, R. Treatment of
recurrent high grade gliomas with hypofractionated stereotactic image-guided helical tomotherapy. Clin. Neurol. Neurosurg. 2011,
113, 509–512. [CrossRef]

75. Gregucci, F.; Surgo, A.; Carbonara, R.; Laera, L.; Ciliberti, M.P.; Gentile, M.A.; Caliandro, M.; Sasso, N.; Bonaparte, I.;
Fanelli, V.; et al. Radiosurgery and Stereotactic Brain Radiotherapy with Systemic Therapy in Recurrent High-Grade Gliomas: Is
It Feasible? Therapeutic Strategies in Recurrent High-Grade Gliomas. J. Pers. Med. 2022, 12, 1336. [CrossRef]

http://doi.org/10.3322/caac.21613
http://doi.org/10.3109/0284186X.2012.692882
http://doi.org/10.1016/j.radonc.2018.01.011
http://doi.org/10.3390/cancers4020379
http://doi.org/10.1186/1748-717X-8-222
http://doi.org/10.1016/j.ijrobp.2013.04.029
http://doi.org/10.1016/j.ijrobp.2017.06.2466
http://doi.org/10.1007/s11060-006-9231-0
http://www.ncbi.nlm.nih.gov/pubmed/17031558
http://doi.org/10.1016/j.ijrobp.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21035955
http://doi.org/10.1016/j.ijrobp.2008.10.043
http://www.ncbi.nlm.nih.gov/pubmed/19167838
http://doi.org/10.1002/cncr.23402
http://doi.org/10.1016/S0360-3016(02)03743-4
http://doi.org/10.3349/ymj.2018.59.2.194
http://doi.org/10.1177/030089161109700111
http://doi.org/10.1016/j.radonc.2017.09.039
http://doi.org/10.1016/j.ijrobp.2007.07.2382
http://doi.org/10.1007/s11060-016-2059-3
http://doi.org/10.1055/s-2006-932183
http://doi.org/10.1016/S0360-3016(99)00336-3
http://doi.org/10.1016/j.clineuro.2011.02.001
http://doi.org/10.3390/jpm12081336

	Introduction 
	Materials and Methods 
	Inclusion Criteria 
	Exclusion Criteria 
	Study Design 
	Imaging 
	Planning 
	Treatment 
	Follow-Up 
	Statistical Analysis 
	Ethics Approval and Consent to Participate 

	Results 
	Treatment Characteristics 
	Outcomes and Toxicities 

	Discussion 
	Conclusions 
	References

