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Abstract: (1) Background: We investigated the role of [11C]-methionine PET in a cohort of newly
diagnosed glioblastoma multiforme (GBM) patients to evaluate whether it could modify the extent of
surgical resection and improve radiation therapy volume delineation. (2) Methods: Newly diagnosed
GBM patients, ages 18–70, with a Karnofsky performance scale (KPS) ≥ 70 with available MRI
and [11C]-methionine PET were included. Patients were treated with different amounts of surgical
resection followed by radio-chemotherapy. The role of [11C]-methionine PET in surgical and RT
planning was analyzed. A threshold of SUVmax was searched. (3) Results: From August 2013 to April
2016, 93 patients were treated and included in this analysis. Residual tumor volume was detected in
63 cases on MRI and in 78 on [11C]-methionine PET, including 15 receiving gross total resection. The
location of uptake was mainly observed in FLAIR abnormalities. [11C]-methionine uptake changed
RT volume in 11% of patients. The presence of [11C]-methionine uptake in patients receiving GTR
proved to influence survival (p = 0.029). The threshold of the SUVmax conditioning outcome was five.
(4) Conclusions: [11C]-methionine PET allowed to detect areas at higher risk of recurrence located in
FLAIR abnormalities in patients affected by GBM. A challenging issue is represented by integrating
morphological and functional imaging to better define the extent of surgical resection to perform.

Keywords: newly diagnosed glioblastoma; [11C]-methionine PET; surgery; radiation therapy;
supratotal resection

1. Introduction

The current standard of care for newly diagnosed glioblastoma (GBM) is maximal
safe resection, followed by adjuvant radiation therapy (RT) with concurrent and adju-
vant temozolomide chemotherapy (TMZCHT) [1,2]. Notwithstanding, gains have been
obtained but the results are still unsatisfactory, and almost all cases relapse in the site
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of primary treatment. A way forward in improving the outcome might be more pre-
cise identification of the volume at the most significant risk of recurrence. The critical
point is reaching correct tumor delineation based on imaging, aiming to understand the
actual degree of normal brain infiltration, and optimizing the extent of surgical resec-
tion. The contrast enhancement T1-weighted-MRI usually outlines the most aggressive
tumor area but leads to underestimating the tumor-infiltrating border. Fluid-attenuated-
inversion-recovery (FLAIR) is a T2-weighted MR sequence with suppression of the cerebral
spinal fluid (CSF) signal. FLAIR provides a better delineation of the lesion once the
confounding effect of CSF is removed. Therefore, this sequence allows a more accurate
definition of the infiltrating microscopic disease growing outside the enhanced area on T1
MRI [3,4]. Recent international guidelines suggest relying on FLAIR–MRI imaging modal-
ity in tumor burden delineation [5]. More recently, different reports suggest that the use of
carbon-11-methionine positron emission tomography ([11C]-methionine PET ([11C]MET
PET) improves diagnostic accuracy for both diagnosis and treatment planning of brain
tumors [6–16]. A high uptake by the glioma cells compared to the healthy brain tissue
characterizes this tracer. While MRI gives a morphological tumor delineation, [11C]MET
PET provides complementary metabolic information, allowing more precise viable tumor
cell identification. Evidence regarding the predictive and prognostic value is still lacking,
and its use in planning local treatments, such as surgery and radiation therapy, is debated.
In 2013, we designed a Phase II trial to evaluate the role of a short RT course in newly
diagnosed GBM patients, and results are already published [17]. All patients underwent
a hypofractionated RT (HFRT) scheme following different entities of surgical resection. The
extent of surgical resection (EOR) was defined based on MRI, while [11C]MET PET along
with MRI was employed to identify residual biological tumor volume (BTV). In this second
analysis, we investigated the role of [11C]MET PET in this cohort of newly diagnosed
GBM patients enrolled in a phase II clinical study. The aims were to evaluate whether the
employment of metabolic imaging ([11C]MET PET) along with morphological ones (MRI),
could provide additional information to maximize the EOR and/or to improve the target
volume delineation for RT planning.

2. Materials and Methods
2.1. Patients

Newly diagnosed GBM patients, ages 18–70 years, with a Karnofsky performance
scale (KPS) ≥ 70, a residual tumor or surgical cavity with a maximum diameter of 10 cm,
normal liver, kidney and bone marrow functions with available MRI and MET PET, were
included in the present analysis. All patients provided written informed consent to the
treatment and the use of their data for scientific purposes. The trial was registered at the
ClinicalTrials.gov site with the number NCT00006353.

2.2. Surgery

Surgery was performed in all patients to remove tumors according to functional
boundaries. Tumor removal was achieved with the aid of brain-mapping techniques and
imaging neuro-navigation (post-contrast T1 weighted images, FLAIR, functional MRI,
DTI) coupled with intraoperative ultrasounds to afford maximal resection and mainte-
nance of full patient functional integrity. The extent of resection (EOR) was determined
by comparing preoperative post-contrast T1 weighted MRI with postoperative MRI study,
acquired within 48 h after surgery, and were calculated as follows: preoperative tumor
volume—postoperative tumor volume/preoperative tumor volume %. Gross total re-
section (GTR) was defined as amount of surgical resection 95–100%, subtotal resection
(STR) 78–94%, partial resection (PR) 30–77%, and biopsy < 30%. The contrast-enhanced
residual tumor volume (CERTV) was also identified on postoperative MRI. The tumor
molecular profile was available in all cases. Immunohistochemical staining for isocitrate
dehydrogenase (IDH1/2) was performed on BenchMark XT automated tissue staining
systems (Ventana Medical Systems, Inc., Tucson, AZ, USA), using validated protocols.
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O-6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status was
determined by pyrosequencing (Diatech Pharmacogenetics, Jesi, Ancona, Italy; MGMT
plus, valid CE/IVD).

2.3. Radiation Therapy

For the radiation therapy planning CT scan, T1-weighted FLAIR (fluid-attenuated
inversion recovery images) and T2-weighted 3D-FLAIR followed by T1-weighted MPRAGE
MRI and [11C]MET PET were acquired within 1 month from surgery. Images were co-
registered with each other. A total amount of 300–500 MBq carrier-free L-(methyl-11C)
methionine was administered to patients who had been fasting for at least four hours
and images were acquired 10–15 min later. CT attenuation-corrected 3D images were
acquired for 10 min, and the images were subsequently reconstructed using an iterative
reconstruction algorithm (OSEM) and displayed on GE Xeleris Workstation. The definition
of the pathologic uptake was determined based on visual assessment and semi-quantitative
evaluation with a standardized uptake value (SUVmax) by applying a reference tumor-to-
background (TBR) ratio of 1.5. We used healthy appearing reference brain tissue uptake
values as the background, calculated within a crescent-shaped volume of interest in the
contralateral parenchyma. The maximum TBR (TBRmax) was calculated by dividing the
SUVmax of the lesion by the mean SUV of healthy appearing brain parenchyma [18,19].

The biological tumor volume (BTV) was defined as the volume and the uptake area
(SUVmax) on the [11C]MET PET. We dichotomized the SUV max in increments of 0.1 to
eventually obtain the maximum significance in the difference between the two groups’
outcomes. Two different clinical target volume (CTV) were outlined: CTV1 corresponded
to the entire surgical cavity plus the residual tumor after surgery or the abnormality on the
T1-weighted post-contrast MPRAGE and MET PET in the case of biopsy; in cases of uptake
on 11CMETPET outside of the surgical cavity or residual tumor, it was included in CTV1.
CTV2 corresponded to the abnormality on FLAIR MRI images after surgery and included,
in all cases, CTV1 and 11CMETPET uptake.

Planning target volumes 1 and 2 (PTV1/PTV2) were generated, adding an isotropic
margin of 5 mm from CTV1 and CTV2, respectively. Intensity-modulated radiation therapy
was performed within 4–6 weeks after surgery, using volumetric modulated arc therapy
(VMAT). The dose prescribed was 60 Gy with a daily fraction of 4 Gy on PTV1, and
42 Gy with a daily fraction of 2.8 Gy on PTV2 for 15 consecutive days, using a simultaneous
integrated boost (SIB). Organs at risk (OARs) outlined were optic nerves and chiasm, lens,
brainstem and cochlea without additional margins, and the recommended maximal doses
were ≤ 40 Gy, ≤ 10 Gy, ≤ 30 Gy, and ≤ 30 Gy, respectively. The dose was prescribed to
an isodose line that ensured that more than 98% of PTV1-2 received 95% of the prescribed
dose. In each session, a patient position check was performed, using the ExacTrac (Brainlab,
Feldkirchen, Germany) system and cone-beam computer tomography (CBCT).

Correlation between postoperative CERTV and BTV was performed. Additionally,
modifications of CTV1 and CTV2 due to the MET PET uptake were recorded.

2.4. Chemotherapy

All patients received TMZ concurrently with HFRT. TMZ was administered orally,
once daily, at 75 mg/m2, starting on the first day of HFRT and continuing for the whole
treatment. After a 4 week break, adjuvant TMZ was administered at 150 to 200 mg/m2

orally, once daily, for five consecutive days every 28 days up to 12 cycles, or until disease
progression occurred.

2.5. Supportive Care

Corticosteroids were administered during the whole HFRT treatment and were pro-
gressively reduced at the end of RT. Antiepileptic drugs (AEDs) were prescribed only
in patients with a history of at least one seizure. The most frequently used AEDs were
levetiracetam as a first-line instance followed by topiramate, lamotrigine or lacosamide.
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2.6. Outcome Evaluation

The clinical outcome was evaluated by neurological examination and MRI imaging
one month after concurrent CHT–HFRT and every four months after that. The MET
PET was performed at 4 and 12 months during maintenance CHT or to rule out pseudo-
progression. According to the Response Assessment in Neuro-Oncology (RANO) working
group [20], tumor progression was defined. Thirty-days postoperative morbidity and
mortality were registered. The appearance of new neurological deficits lasting for more
than 30 days after surgery, or the worsening of preoperative ones, were defined as ma-
jor complications. All other complications were defined as minor. Neuropsychological
assessment was performed through a shortened version of the “Milano Bicocca Battery”,
evaluating language, memory, apraxia, visuo–constructional abilities, and attentive and
executive functions [21]. Patients were evaluated one week before the start of HFRT and
1, 6, and 12 months thereafter.

2.7. Statistical Analysis

The original study design was previously published [17]. In the present analysis,
we evaluated MET PET’s role in eventually integrating the EOR definition by MRI, the
correlation between CERTV and BTV, and the variation of RT target volume delineation
concerning the BTV. A threshold of SUVmax was searched, using 0.1 increments. The
influence of these factors in the outcome prediction was evaluated. Survival and recurrence
time observations were evaluated according to the Kaplan–Meier method, starting from the
date of diagnosis. The median survival time was evaluated, obtaining from Ŝ(t) the Kaplan–
Meier product-limit estimate of the survivor function. Confidence bounds of the survivor
function were calculated based on the asymptotic variance of ln[−ln Ŝ(t), as described in
Kalbfleisch and Prentice. The upper (lower) confidence limits for the median survival times
are defined as the first time at which the upper (lower) confidence limit for Ŝ(t) is less than
or equal to 0.5. A not reached indicator (nr) was specified if the survival estimate resulted
above the 50% level in the considered observation time. The upper confidence bound
of median survival time was labeled as one if not evaluable with the above method for
a specific group of patients in the considered time of observation. The log–rank test was
used to assess the prognostic role of the different individual variables for dichotomous
variables gender, MGMT, IDH, presence of CERTV, BTV, SUVmax, and TBRmax. The
univariate Cox model was applied for the remaining variables. A multivariate Cox re-
gression model was used to estimate our variable’s independent association with overall
survival [22]. A statistical analysis was performed using the Medical software, version 17.7
(MedCalc Software, Ostend, Belgium).

3. Results

From August 2013 to April 2016, out of 97 newly diagnosed GBM patients enrolled
on trial, 93 had MRI and MET PET imaging available and were included in the present
analysis. The median age was 61 years (range 23–77 years), and a large part of them had
KPS 90–100. Surgery followed by HFRT was performed in all 93 patients. Concurrent
and adjuvant TMZ was performed in 91 (97.8%) patients and omitted in 2 (2.2%) for liver
disorders or hematologic toxicity. Patients, tumor, and treatments characteristics are shown
in Table 1.

Regarding the amount of surgical resection, the GTR of the enhanced tumor was
obtained in 45 (48.3%) patients, STR in 18 (19.4%) patients, and PR in 16 (17.2%). CERTV
detected on post-contrast postoperative MRI was observed in 63 (67.7%) patients, with
a median volume of 4.23 cm3 (range 0.17–35.33 cm3). The BTV was recorded on [11C]MET
PET in 78 (83.9%) cases and the median BTV was 8.47 cm3 (0.11–62.20 cm3). In relation
to the EOR, in all 48 patients who received biopsy, subtotal or partial resection, the BTV
was located in the residual tumor. In patients who underwent GTR, the BTV was placed
both along the margin of the surgical cavity, and in FLAIR abnormalities in 15/45 patients
(33.3%). An uptake outside the surgical cavity into the FLAIR abnormalities region without
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a CERTV was observed in 15 (33.3%) patients, up to a distance of 30 mm (range 11–30 mm)
(Tables 2 and 3).

Table 1. Patient, tumor and treatment characteristics.

n %

Patients 93 100
Gender
Female 33 35.5
Male 60 64.5

Median age (range years) 61 (23–77)
KPS
70 6 6.4
80 20 21.6

90–100 67 72
Histology

Glioblastoma 93 100
Tumor molecular profile

IDH wild type 93 100
MGMT methylated 53 57

MGMT unmethylated 40 43
Treatments

Surgical resection 93 100
HFRT 93 100

Total doses/dose per fraction Gy
CTV1/PTV1 60/4 100
CTV2/PTV2 42/2.8 100

Number of fractions 15 100
Median duration weeks (range weeks) 3 (2.6–4.1)

Chemotheraphy
Concomitant temozolomide 91 97.8

Never started concomitant temozolomide 2 2.2
Adjuvant temozolomide 91 97.8

Median number of cycles (range) 6 (1–12)
Never started adjuvant temozolomide 2 2.2

KPS—Karnofsky performance scale; IDH1—Isocitrate dehydrogenase; MGMT—O-6 methylguanine-DNA methyl-
transferase; HFRT—hypofractionated radiation therapy; CTV—clinical target volume.

Table 2. Extent of resection (EOR), contrast-enhanced residual tumor volume (CERTV) on postopera-
tive MRI and on simulation [11C]METPET characteristics for the whole cohort.

n %

Patients 93 100
EOR
GTR 45 48.3
STR 18 19.4
PR 16 17.2
B 14 15.1

CERTV on postoperative MRI
Yes 63 67.7
No 30 32.3

Median CE RTV on postoperative MRI 4.23 (0.17–35.33)
BTV on [11C]METPET

Yes 78 83.9
No 15 16.1

Median BTV on [11C]MET PET 8.47 (0.11–62.20)
Median SUVmax [11C]MET PET 4.03 (2.30–13.90)

Median TBRmax 4.34 (2.36–12.00)
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Table 2. Cont.

n %

Location of BTV 78 100
CE + FLAIR abnormalities 63 80.8
Only FLAIR abnormalities 15 19.2

EOR—extent of resection; GTR—gross total resection 95–100%; STR—subtotal resection 78–94%; PR—partial
resection 30–77%; B—biopsy < 30%; CE RTV—contrast enhanced residual tumor volume; MRI—magnetic
resonance imaging; BTV—biological tumor volume; [11C]METPET—11 carbonione methionine-positron emission
tomography; TBRmax—maximum tumor-to-background ratio; SUVmax—maximum standardized uptake value.

Table 3. Extent of resection (EOR), contrast enhanced residual tumor volume (CERTV), biological
tumor volume (BTV), and SUVmax correlations.

GTR STR PR

No patients 45 18 16
Residual Tumor NO (CERTV/BTV) 15 0 0

Residual Tumor YES
CERTV + BTV 15 18 16

BTV only 15 0 0
Median SUVmax (range) 3.70 (2.20–9.54) 3.25 (2.3–7.5) 4.7 (2.96–9.30)

Median PFS months (range) 10 (6–22) 11 (2–28) 10 (2–35)
GTR—gross total resection: 95–100%; STR—subtotal resection: 78–95%; PR—partial resection: 30–77%; CERTV—
contrast enhanced residual tumor volume; BTV—biological tumor volume.

Concerning HFRT, the median CTV1, corresponding to the entire surgical cavity plus
the contrast enhancing residual tumor after surgery, was 76.65 cm3 (range 23.98–190 cm3);
the median CTV2, corresponding to the abnormality on FLAIR MRI images after surgery
was 119.5 cm3 (range 23.98–321 cm3). In all cases, the CTV1 was fully included in the CTV2.
In all cases, the whole BTV was inside the CTV1, while in 10 (11%) patients, part of the
BTV was outside the CTV1 in the FLAIR abnormalities area, and the CTV1 was modified in
relation to the 11CMETPET uptake. An example of CERTV, BTV, CTV1 and CTV2 volume
definition is shown in Figure 1.

J. Clin. Med. 2021, 10, 2313  7 of 13 
 

 

Figure 1. Volumes definition on post‐contrast MRI, FLAIR, MRI and 11CMETPET. Clinical target 

volume 1 (CTV1)—yellow line; clinical target volume 2 (CTV2)—light blue; contrast‐enhanced re‐

sidual tumor volume (CERTV)—red; 11METPET uptake—green. 

3.1. Progression‐Free Survival (PFS) and Overall Survival (OS) Analysis 

The median follow‐up time was 72 months (range 58–90 months). Recurrences oc‐

curred  in 91 (97.8%) patients;  it was  local  in 74  (81.3%),  local and distant  in 13  (14.3%) 

and only distant in 4 (4.4%). The median PFS time and the 1, 2, 3 year PFS rates were 10 

months (95%CI 9–11), 36.6 ± 4.9%, 10.8 ± 3.2%, and 2.1 ± 1.5%, respectively, as shown in 

Figure 2. 

 

Figure 2. Progression free survival (PFS). 

At  the  final observation  time, 91 patients were dead and 2 alive. The median OS 

time and the 1, 2, 3 year OS rates were 16 months (95%CI 14–19), 63.4 ± 4.9%, 25.8 ± 4.5%, 

and 10.8 ± 3.2%, respectively, as shown in Figure 3. 

Figure 1. Volumes definition on post-contrast MRI, FLAIR, MRI and 11CMETPET. Clinical target
volume 1 (CTV1)—yellow line; clinical target volume 2 (CTV2)—light blue; contrast-enhanced
residual tumor volume (CERTV)—red; 11METPET uptake—green.
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3.1. Progression-Free Survival (PFS) and Overall Survival (OS) Analysis

The median follow-up time was 72 months (range 58–90 months). Recurrences oc-
curred in 91 (97.8%) patients; it was local in 74 (81.3%), local and distant in 13 (14.3%) and
only distant in 4 (4.4%). The median PFS time and the 1, 2, 3 year PFS rates were 10 months
(95%CI 9–11), 36.6 ± 4.9%, 10.8 ± 3.2%, and 2.1 ± 1.5%, respectively, as shown in Figure 2.
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Figure 2. Progression free survival (PFS).

At the final observation time, 91 patients were dead and 2 alive. The median OS time
and the 1, 2, 3 year OS rates were 16 months (95%CI 14–19), 63.4 ± 4.9%, 25.8 ± 4.5%, and
10.8 ± 3.2%, respectively, as shown in Figure 3.
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Figure 3. Overall survival (OS).

3.2. Prognostic Factors Analysis

Outcomes according to prognostic factors, including age, MGMT status, evidence
of CERTV and BTV, the correlation between BTV and CERTV, SUVmax, and TBRmax
were analyzed. The highest benefit was observed in treated patients with age ≤ 60 years
and MGMT methylated tumor, having undergone GTR resection without any evidence of
CERTV and BTV. The threshold of SUVmax conditioning survival was 5 (range 4.7–5.1).
Patients with a TBRmax higher than 4.5 showed a significant worse prognosis than those
with TBRmax ≤ 4.5 with a negative trend from 1 to 3 year survival.
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Regarding PFS, a favorable trend was recorded in cases of younger patients with
methylated MGMT and without residual tumor volume but without statistically significant
values. EOR was the only factor impacting PFS both on univariate (p = 0.0002) and multi-
variate analyses (p = 0.0352 HR 1.4554). Details concerning prognostic factors influencing
OS are shown in Table 4 and Figure 4.

Table 4. Kaplan–Meyer overall survival (OS) according to subgroup analyses.

Pts Median OS Months
(Months 95% CI)

1 Year OS %
(SE)

2 Year OS %
(SE)

3 Year OS %
(SE)

p Value
Univariate

HR
Multivariate

(95% CI)

p Value
Multivariate

Overall
survival 93 16 (14–19) 63.4 (±4.9) 25.8 (±4.5) 10.8 (±3.2)

Age
≤60
>60

44
49

19 (16–24)
13 (10–16)

77.3 (±6.3)
51.0 (±7.1)

34.1 (±6.4)
18.4 (±5.5)

15.9 (±5.5)
6.1 (±3.4) 0.0050

2.6038
(1.5578–
4.3524)

0.0003

EOR
GTR
STR
PR
B

46
17
16
14

21 (18–25)
14 (9–24)
13 (12–18)
7 (6–12)

76.1 (±6.2)
64.7 (±11.6)
62.5 (±12.1)
21.4 (±11.0)

37.0 (±7.1)
23.5 (±10.3)
18.8 (±9.7)

0

15.2 (±5.3)
5.8 (±5.7)
6.2 (±6.0)

0

<0.0001
160.2776
(20.3294–

1263.6345)
<0.0001

MGMT
Methylated
Unmethylated

53
40

18 (14–23)
15 (12–18)

66.0 (±6.5)
60.0 (±7.7)

34.0 (±6.5)
15.0 (±5.6)

15.1 (±4.9)
5.0 (±3.4) 0.14

0.4626
(0.2776–
0.7711)

0.0031

CERTV
absent
present

30
63

23 (19–27)
13 (11-16)

85.2 (±6.5)
54.5 (±6.1)

44.4 (±9.5)
18.2 (±4.7)

22.2 (±8.0)
6.0 (±2.9) 0.0040

4.1696
(2.3985–
7.2485)

<0.0001

BTV
absent
present

15
78

25 (20–34)
14 (12–18)

100
56.4 (±5.6)

60.0
(±12.6)

19.2 (±4.4)

26.7
(±11.4)

7.6 (±3.0)
0.0020

0.4800
(0.3772–
0.6109)

<0.0001

CERTV/BTV
CERTV
absent
BTV

absent
CERTV
absent
BTV

present
CERTV
present

BTV
present

15
15
63

25 (20–34)
21 (15–26)
13 (11–16)

100
73.3 (±11.4)
52.4 (±6.2)

60.0
(±12.6)

33.3
(±12.2)

15.9 (±4.6)

26.7
(±11.4)

13.3 (±8.7)
6.3 (±3.0)

0.0029
1.0728

(0.6131–
1.8770)

0.856

SUVmax *
>5

2.2–5

18
46

13 (12–16)
19 (12–24)

66.7 (±11.1)
63.0 (±7.1)

5.5 (±5.4)
30.4 (±6.7)

0
13.0 (±4.9) 0.0059 2.1071

(1.135–3.909) 0.0181

TBRmax *
≤4.5
>4.5

36
28

21 (13–24)
13 (10–16)

70.6(±7.8)
57.1(±9.3)

32.4(±8.0)
10.7(±5.8)

14.7(±4.0)
3.5 (±3.5) 0.0077

2.0273
(1.1419–
3.5991)

0.0158

OS—overall survival; SE—standard error; EOR—extent of resection; GTR—gross total resection: 95–100%; STR—subtotal resection: 78–95%;
PR—partial resection: 30–77%; Biopsy: <30%; MGMT—O-6-methylguanine-DNAmethyltransferase; nr—not reached; CERTV—contrast-
enhanced residual tumor volume; BTV—residual biological tumor volume; TBR—tumor-to-background ratio; * except biopsy and BTV = 0;
bolded numbers—highlight the statistical significance.
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Figure 4. Prognostic factors impacting overall survival. GTR—gross total resection; STR—subtotal resection; PR—partial
resection; CERTV—contrast enhances residual tumor volume; BTV—biological tumor volume.

3.3. Postoperative Assessment and Neuropsychological Evaluation

No mortality or major peri-operative morbidity occurred. Postoperative new neu-
rological deficits were observed in six (6.5%) patients (in two cases recovered during RT
treatment): motor deficit in two, hemianopsia in two, aphasia in one, and motor deficit plus
hemianopsia in one patient. Neuropsychological scores before and after HFRT remained
unchanged. The analysis showed no detrimental effect of HFRT on cognitive functions (lan-
guage, short and long term verbal and visuo-spatial memory, working memory, attentive
and executive functions).

4. Discussion

The infiltrative behavior of GBM carries a high risk of recurrence, resulting in a short
life expectancy [23]. Among the prognostic factors investigated, the extent of surgical
resection has proven to influence survival in newly diagnosed GBM patients [23–25]. Pub-
lished data regarding the value of EOR are based on the amount of mass removal only
of the contrast-enhancing component. Different authors supposed that FLAIR altered
areas could express non-enhancing normal brain pathological invasion and eventually sites
of recurrences [26–28]. A way forward in improving outcomes might be a more precise
identification of the volume at the most significant risk of relapse. The precise definition
of the amount of surgical resection, and maybe even more of the residual tumor volume
(RTV), is a crucial issue, though, to date, it is a matter of debate. Emerging molecular
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imaging techniques offer the potential to assess the metabolic tumor status. Positron
emission tomography imaging with [11C]-methionine has shown promise for delineating
tumor margins, localizing residual tumor sites, and differentiating the residual tumor from
reactive changes [29,30]. While MRI gives a morphological tumor delineation, [11C]MET
PET provides complementary metabolic information, allowing more precise viable tu-
mor cell identification [6,7]. Evidence regarding the predictive and prognostic value of
[11C]MET PET is still lacking, and indications to plan treatments are unclear. In addition,
few data regarding the relationship between contrast-enhanced MRI alterations, FLAIR
abnormalities and PET uptake are recorded and available regarding newly diagnosed
GBMs [8,15,16]. Based on this background, we investigated whether the employment of
[11C]MET PET and MRI could provide additional information influencing surgical and RT
strategies. Newly diagnosed GBMs patients enrolled in the phase II clinical study received
a different amount of surgical resection followed by HFRT with concomitant and adjuvant
temozolomide chemotherapy. Considering that the primary aim was to evaluate the benefit
of a short course of RT, the results obtained were highly satisfactory with a low rate of side
effects [17]. Indeed, although an extensive surgical resection was performed in the largest
number of patients treated, no major perioperative morbidity occurred, and adjuvant treat-
ments were started without delays. In addition, notwithstanding, a higher dose on large
tumor volume was delivered, including [11C]MET PET uptake, all patients completed the
HFRT treatment, no neurological deterioration was observed, and neurocognitive functions
remained stable, or in some cases improved. All patients underwent [11C]MET PET for
HFRT tumor delineation. A modification of the target volume was recorded in about 11%
of patients for [11C]MET PET uptake for up to 30 mm from resections margins included
in the FLAIR abnormalities. In this context, further analysis was performed focused on
the relationship between the different extents of surgical resection, presence of CERTV on
postoperative MRI and [11C]MET PET uptake in terms of biological tumor volume (BTV)
and SUVmax. This evaluation aims to define the higher risk areas better and improve
surgical and RT planning. As stated by the literature data, the EOR was confirmed as
strongly influencing survival when major resections were obtained. Indeed, the median
OS time, and the 1 and 2 years OS were 20 months, 73% and 33% for GTR/STR, 13 months,
62.5% and 18.8% for PR and 7 months, 21% and 0 for B (p < 0.0001). The presence of CERTV,
also in cases of GTR, significantly affected survival with a 3 year OS of 6%, compared
to 22% for patients without CERTV. Concerning the use of [11C]MET PET, the following
points have to be raised. Firstly, the absence of both RTV and BTV has proven to be a
prognostic factor impacting outcomes, with 60% of patients alive at 2 years. Notwith-
standing the GTR performed and the absence of CERTV on MRI, 16% of patients had BTV
located in FLAIR abnormalities beyond the surgical cavity. In this group, the outcome
was worse, compared to the absence of CERTV and BTV, with a 2 year OS of 33% and
60%, respectively. These data underline the importance of metabolic imaging and their
influence on patients’ outcomes, suggesting that the FLAIR abnormalities should be, when
feasible, included in the surgical resection planning. Considering the risk of morbidity
related to the complete resection of FLAIR abnormalities, above all for lesions located
near eloquent areas, the MET PET uptake could select the site at greater risk of recurrence
and eventually guide neurosurgeons. It is clear that to plan more aggressive resection
results, it is pivotal to employ advanced brain mapping. These techniques, eventually to
be applied to awake procedures with neuropsychological attendance, if needed, could
provide maximal resection with maintenance of full patient functional integrity. Secondly,
little data are available regarding the relationship between SUVmax and outcomes. In our
analysis, we found that a SUVmax of 5 significantly influenced survival, both on univariate
and multivariate analyses (p = 0.0059; p = 0.0181). However, several studies identified
SUVmax limitations, and the calculation of TBR with reproducible methods should be
preferred [18,19,31]. Our data showed that the higher the TBRmax, the worse the patients’
outcomes. Specifically, patients with a TBRmax higher than 4.5 showed a significantly
worse prognosis than those with TBRmax ≤ 4.5, with a negative trend from 1, 2 and 3 year
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survival (57.1(±9.3) vs. 70.6(±7.8) months, 10.7(±5.8) vs. 32.4(±8.0) months, 3.5 (±3.5) vs.
14.7(±4.0) months, respectively).

Finally, [11C]MET PET was performed during the follow-up time at 6 and 12 months,
or before in doubtful cases of disease progression. Relapse was recorded in BTV in
a significant number of cases treated with correspondence between MRI and [11C]MET
PET. We are aware that our study’s limits are the low number of patients included, the
lack of MET PET in large parts of patients before surgery, the comparison between post-
operative MRI performed within 72 h from surgery and [11C]MET PET 1 month after,
and the possibility of false positive METPET uptake due to coexistent inflammatory pro-
cesses. Notwithstanding, our analysis showed that the presence of relivable [11C]MET
PET uptake, even in cases of CERTV = 0, was proven to be an unfavorable factor influ-
encing outcome. Our data suggest that 1[11C]MET PET could be an adequate imaging
method for tumor volume definition compared to T1-MRI sequences, only. This greater
accuracy warrants a reduction in the applied margins and a consequent normal brain tissue
sparing for RT planning. Regarding EOR, the use of [11C]MET PET uptake could help
identify the area at higher risk of recurrence located in the FLAIR abnormalities, confirming
the need to perform surgical resection beyond the enhanced boundaries where uptake is
visible. We believe that a correct target volume definition requires different diagnostic
complementary modalities, which should be integrated with the clinical evaluation in
a multidisciplinary approach.

5. Conclusions

In our experience, the use of [11C]MET PET and contrast-enhanced T1 and FLAIR MRI
proved to be effective in tumor volume definition for RT planning. This metabolic imaging
allowed to detect areas at higher risk of recurrence located in the FLAIR abnormalities,
confirming the need to perform surgical resection beyond the enhanced boundaries where
uptake is visible. A challenging issue is represented by integrating morphological and
functional imaging to better define the actual extent of the surgical resection to perform.
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