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Simple Summary: For the treatment of high-grade gliomas, radiolabeled amino acid PET/CT could
allow for a better tumor delineation for radiotherapy planning and to target aggressive tumor areas
for radiotherapy dose escalation guiding. The aim of this ancillary study from the IMAGG prospective
trial is to demonstrate a spatial similarity between the areas of high uptake on 18F-FET PET/CT before
radio-chemotherapy (MTV), the residual tumor on post-therapy NADIR MRI (GTV 2), and the area of
recurrence on MRI (GTV 3). These results on 23 patients showed modest similarity indices between
MTV, GTV 2, and GTV 3. Nevertheless, their similarities improved in patients who underwent only
biopsy or partial surgery. Delineation methods based on TBR ≥ 1.6 and 80–90% SUVmax showing a
good agreement in the hotspot concept for targeting standard dose and radiation boost.

Abstract: The standard therapy strategy for high-grade glioma (HGG) is based on the maximal surgery
followed by radio-chemotherapy (RT-CT) with insufficient control of the disease. Recurrences are
mainly localized in the radiation field, suggesting an interest in radiotherapy dose escalation to better
control the disease locally. We aimed to identify a similarity between the areas of high uptake on O-(2-
[18F]-fluoroethyl)-L-tyrosine (FET) positron emission tomography/computed tomography (PET) before
RT-CT, the residual tumor on post-therapy NADIR magnetic resonance imaging (MRI) and the area of
recurrence on MRI. This is an ancillary study from the IMAGG prospective trial assessing the interest
of FET PET imaging in RT target volume definition of HGG. We included patients with diagnoses of
HGG obtained by biopsy or tumor resection. These patients underwent FET PET and brain MRIs, both
after diagnosis and before RT-CT. The follow-up consisted of sequential brain MRIs performed every 3
months until recurrence. Tumor delineation on the initial MRI 1 (GTV 1), post-RT-CT NADIR MRI 2
(GTV 2), and progression MRI 3 (GTV 3) were performed semi-automatically and manually adjusted by
a neuroradiologist specialist in neuro-oncology. GTV 2 and GTV 3 were then co-registered on FET PET
data. Tumor volumes on FET PET (MTV) were delineated using a tumor to background ratio (TBR)≥ 1.6
and different % SUVmax PET thresholds. Spatial similarity between different volumes was performed
using the dice (DICE), Jaccard (JSC), and overlap fraction (OV) indices and compared together in the
biopsy or partial surgery group (G1) and the total or subtotal surgery group (G2). Another overlap
index (OV’) was calculated to determine the threshold with the highest probability of being included in
the residual volume after RT-CT on MRI 2 and in MRI 3 (called “hotspot”). A total of 23 patients were
included, of whom 22% (n = 5) did not have a NADIR MRI 2 due to a disease progression diagnosed
on the first post-RT-CT MRI evaluation. Among the 18 patients who underwent a NADIR MRI 2, the
average residual tumor was approximately 71.6% of the GTV 1. A total of 22% of patients (5/23) showed
an increase in GTV 2 without diagnosis of true progression by the multidisciplinary team (MDT). Spatial
similarity between MTV and GTV 2 and between MTV and GTV 3 were higher using a TBR ≥ 1.6
threshold. These indices were significantly better in the G1 group than the G2 group. In the FET hotspot
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analysis, the best similarity (good agreement) with GTV 2 was found in the G1 group using a 90%
SUVmax delineation method and showed a trend of statistical difference with those (poor agreement) in
the G2 group (OV’ = 0.67 vs. 0.38, respectively, p = 0.068); whereas the best similarity (good agreement)
with GTV 3 was found in the G1 group using a 80% SUVmax delineation method and was significantly
higher than those (poor agreement) in the G2 group (OV’= 0.72 vs. 0.35, respectively, p = 0.014). These
results showed modest spatial similarity indices between MTV, GTV 2, and GTV 3 of HGG. Nevertheless,
the results were significantly improved in patients who underwent only biopsy or partial surgery.
TBR ≥ 1.6 and 80–90% SUVmax FET delineation methods showing a good agreement in the hotspot
concept for targeting standard dose and radiation boost. These findings need to be tested in a larger
randomized prospective study.

Keywords: PET/CT; 18F-FET; high grade glioma; hotspot; radiation boost

1. Introduction

High-grade glioma (HGG) has a poor prognosis, especially glioblastoma with a me-
dian survival of less than 10 months [1,2]. The standard first-line therapy is a maximal
safe tumor resection followed by radio-chemotherapy (RT-CT) according to the STUPP
protocol [3]. Despite recent advances in diagnostic imaging, molecular biology, surgical
and radiotherapy techniques, 5-year glioblastoma survival has only increased from 4% to
7% since 1975 [4].

To preserve healthy brain parenchyma and reduce the risk of radionecrosis [5], radia-
tion doses must be limited. These dose constraints could explain why recurrence occurs
most often within the radiation field [6]. Recent advances in treatment such as stereotactic
RT, intensity modulated radiation therapy (IMRT) or radiosurgery make it possible to
deliver a high radiation dose to a localized target. Even the interest of a RT dose escala-
tion beyond 60 Gy has not been proven on large cohorts, studies show interesting results
on small series [7–13]. The use of conventional magnetic resonance imaging (MRI) in
radiotherapy planning with gadolinium-enhanced T1-weighted (T1-Gd) and T2-weighted
fluid-attenuated inversion recovery (T2-FLAIR) sequences provide only partial information
on tumor extension [14].

The hotspot concept in positron emission tomography/computed tomography (PET)
has already been studied in other solid cancers, showing a significant spatial similarity
between high 18-Fluorodesoxyglucose (FDG) uptake area on pre-RT and tumor recurrence
scans, mainly in lung, esophagus, and rectal cancers and, less frequently in head and neck
squamous cell carcinoma [15]. However, FDG is less used in neuro-oncology because
of its physiological uptake by healthy brain parenchyma. In this context, radiolabeled
amino acids such as 18F-fluoro-ethyl-L-tyrosine (FET) have been developed, showing better
performances in the diagnosis of HGG. The main advantages of FET are a half-life well
suited to clinical use, an uptake based predominantly on increased transport via both LAT1
and 2 system without metabolism into the cells neither incorporation into proteins [16], a
high in vivo stability, and a high uptake in tumor cells and a low uptake in healthy and
inflammatory areas [17–19]. Thus, molecular imaging could help define a more specific
volume at high risk of recurrence for a modified radiotherapy protocol. The objective
would be to guide a radiation boost based on high FET uptake area called a “hotspot”.

The aim of this study was to assess the spatial similarity between the FET hotspot on
pre-RT-CT PET and both residual disease or recurrence tumor volumes.

2. Materials and Methods
2.1. Population

This is an ancillary study of the single-center prospective IMAGG trial assessing the
interest of FET PET imaging in RT target volume definition of HGG (NCT03370926) [20].
We included patients with diagnosis of HGG obtained by biopsy or tumor resection.
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These patients underwent both FET PET and brain MRI after diagnosis and before RT-
CT, according to the STUPP protocol. Post-treatment follow-up of patients consisted of
sequential MRI every 3 months.

This study was approved by the institutional review board of the University Hospital
of Brest (N◦2016.CE14). Written informed consent was obtained from all patients.

Patients older than 18 years old with HGG (grade 3 or 4 according to 2016 World
Health Organization [21]) and a performance status score ≤ 2 were considered eligible for
enrollment. The main exclusion criteria included pregnancy or breastfeeding, contraindica-
tions to FET PET and/or MRI, and previous encephalic radiotherapy. Exclusive and/or
adjuvant therapy was determined by a multidisciplinary team (MDT).

2.2. Imaging Protocol
2.2.1. MRI

MRI scans were performed on a 3T Achieva dStream (Philips healthcare©, Milano,
Italia), a 1.5 T Magnetom Avanto Fit (Siemens healthineers©, Erlangen, Germany) or a 1.5 T
Optima (General Electric Medical Systems©, Chicago, IL, USA) system. MRI sequences
included T1-weighted post-contrast agent T1-Gd (Gd-DTPA; 0.1 mmol/kg body weight) and
T2-FLAIR images.

The first MRI (MRI 1) corresponded to the one performed after biopsy/surgery and
before RT-CT. The NADIR MRI (MRI 2), determined by a neuro-oncology radiologist,
corresponded to the one with the lowest contrast-enhancement (CE) volume in the post-
treatment follow-up. The MRI 3 corresponded to diagnosis of progression validated by a
MDT according to the RANO criteria [22]. The design of the study is shown in Figure 1.
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Figure 1. 1: Study design. 2: Diagram of the MRI timeline. A. An example with a smaller tumor
volume on MRI 2 than on MRI 1. B: An example with a higher tumor volume on MRI 2 than on MRI 1
(MRI 2 represent the smallest tumor volume in the post-RT-CT follow-up).

2.2.2. FET PET

PET imaging was performed on a Biograph mCT PET system (Siemens Healthineers©,
Knoxville, TN, USA).

For attenuation correction, a low-dose CT scan was performed without iodine contrast.
CT acquisition parameters were 16 × 1.2 mm, pitch 0.55 with automatic kVp and mAs
modulation. CT reconstruction parameters were slice thickness 3/3 mm, convolution
kernel H31s, field of view 500 mm for attenuation correction, and slice thickness 2/1.2 mm,
convolution kernel J30s, safire 3, field of view 300 mm for reading. After CT examination,
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the acquisition was centered on the head and consisted of 40 min dynamic acquisition after
the intravenous injection of 3 MBq/kg. PET dynamic reconstructions were performed with
10 × 4 min frames, the reconstruction algorithm was 3DOSEM + TOF + PSF (TrueX) with
2002 matrix, zoom2, 2 iterations, 21 subsets, gaussian post filter 2 mm. A single static FET
PET frame was obtained by sum 20–40 min.

All patients fasted for at least 4 h before PET, as per the European Association of
Nuclear Medicine (EANM) guidelines for brain tumor imaging using labelled amino acid
analogues [23].

The delay between neuropathological confirmation obtained by biopsy or tumor
resection and RT-CT initiation should not exceed 1 month, and the delay between MRI 1
and FET PET should not exceed 14 days.

2.3. Target Volume Delineation on MRI

Tumor volumes delineation was performed using T1-Gd sequences on MRI 1 (GTV 1),
on MRI 2 (GTV 2) to avoid pseudoprogression phenomena, and on MRI 3 (GTV 3).

Residual tumor on MRI 2 represented the percentage of tumor volume persisting after
RT-CT and was calculated according to the following formula:

GTV 2
GTV 1

× 100 (1)

These contours were made semi-automatically using the MIM software (MiM software
Inc. Cleveland, OH, USA) in positioning a volume of interest (VOI) upon the tumor to
be segmented. A segmentation tool allowing to include only CE volumes and to exclude
necrosis areas and resection cavities was then applied for the tumor delineation, visually
adjusted by the neuro-oncology radiologist. An explanatory diagram is shown in Figure 2.

Figure 2. Simplified schematic representation of tumor delineation on pre-RT-CT MRI (GTV 1),
post-therapy NADIR MRI (GTV 2) and progression MRI (GTV 3) and the different thresholds of the
tumor lesion on FET PET before RT-CT (MTV).
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2.4. Target Volume Delineation on FET PET

Tumor volumes delineation on FET PET was made using two different methods based
on a semi-quantitative index called standard uptake value (SUV):

SUVmax represents the highest radiotracer uptake in one voxel of a volume of interest (VOI).
% SUVmax method = Application of several relative SUVmax thresholds, defined as a

three-dimensional contour around voxels equal to or greater than x% (x = 30, 40, 50, 60, 70,
80, and 90) of tumor SUVmax. The 10 and 20% SUVmax thresholds were not included in
the data analysis due to outlier results (Figure 3).
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Figure 3. A 68-year-old patient with multifocal glioblastoma in the right frontal area and corpus
callosum. (A). FET PET after surgical biopsy and before RT-CT. (B): NADIR MRI (MRI 2) after
RT-CT in T1-GD sequence 3 months after FET PET. (C): Different SUVmax thresholds on MRI 2 after
co-registration.

Tumor to Background Ratio (TBR) ≥ 1.6 method = TBR ≥ 1.6 threshold, as already
recommended in the literature to define gross tumor volume in FET PET studies [23,24].
The TBR was defined as the tumor SUVmax corrected by the mean background SUV
contained in the contralateral normal brain tissue, including white and grey matter, in a
crescent-shaped VOI (called “banana”) resulting from the summation of 6 consecutive ROIs
of 20 mm diameter [25].

2.5. Co-Registration

T1-Gd MRI 1, T1-Gd MRI 3, and FET PET images were elastically co-registered to
the T1-Gd MRI 2 and considered as the reference. In absence of MRI 2, T1-Gd MRI 3 was
elastically co-registered to T1-Gd MRI 1.

The MRI–MRI co-registrations were performed in two steps: the first step consisted of
a rigid co-registration using an algorithm constrained in a VOI that included the tumor and
where the similarity measure was performed. The second step consisted of a deformable
co-registration, performed using the VoxAlign Deformation Engine, a constrained intensity
based free-form deformable registration algorithm [26].

Because the MRI-PET deformable registration was not allowed, PET was first co-
registered to MRI 1 (rigid registration), assuming that the delay between MRI 1 and PET
was short enough to avoid a spatial decorrelation. Then, the MRI 1 to MRI 2 deformable
registration matrix was applied on PET images.
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2.6. Spatial Similarity Coefficients

The different SUVmax thresholds and the TBR ≥ 1.6 of FET PET were compared with
the GTV 2 (Figure 4) and GTV 3 (Figure 5).
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To assess spatial similarities of the different volumes, the dice similarity coefficient
(DICE), the Jaccard similarity coefficient (JSC), and the overlap fraction (OV) were calcu-
lated [27].

Their indices are widely used to compare delineated volumes obtained with different
methods or by multiple investigators. Their values vary between 0, if the volumes are com-
pletely disjointed, and 1, if the volumes match perfectly in size, shape, and location (Figure 6).
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Figure 6. Simplified schematic representation of the different spatial similarity indices (DICE, JSC
and OV) modified from Lohmann et al. [28].

DICE was defined as followed:

DICE =
2(MTV∩GTV)

MTV + GTV

JSC was calculated as followed:

JSC =
MTV∩GTV
MTV∪GTV

OV was defined as followed:

OV =
MTV∩GTV

min(MTV×GTV)

2.7. Hotspot Concept

To assess the best spatial similarity rate of the MTV before RT-CT with GTV 2 and
GTV 3, the index (OV’) defined as follow was used:

OV′ =
MTV∩GTV

MTV

The goal was to have the “hotspot” fully included in the persistent volume after RT-CT
(GTV 2) and the progression volume (GTV 3) to guide a radiation boost (Figure 7).
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Figure 7. Simplified schematic representation of the hotspot concept using the 70% SUVmax threshold
with GTV 2.

2.8. Statistical Test

The analysis of spatial similarity indices obtained between PET and MRI volumes
was performed according to two groups. The first group (G1) included patients who
underwent biopsy alone or partial surgery. The second group (G2) included patients who
had undergone total or subtotal surgery. The resection was termed partial, subtotal, and
total if <90%, ≥90%, and 100% of CE, respectively, was resected.

The differences between the respective DICE, JSC, OV, and OV’ indices for these two
groups were tested using a Student t-test with the hypothesis that the spatial similarity was
better in G1. All statistical analyses were performed with XLStat 2019 software (Addinsoft©,
Paris, France). A p value ≤ 0.05 was considered statistically significant.

The Landis and Koch scale was used to classify the quality of overlap: 0–0.2, poor
agreement; 0.21–0.40, fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80, good
agreement; and 0.81–1.00, very good agreement [29].

3. Results
3.1. Patient Characteristics

Among the 30 patients with newly diagnosed HGG prospectively included between
November 2016 and December 2018 in the IMAGG study [20], 7 were excluded from our
analysis for different reasons listed in the flowchart (Figure 8).
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Figure 8. Flowchart.

Finally, 23 patients (sex ratio 14M/9F) with mean age at diagnosis of 59y (range
38 to 74) were analyzed. All HGGs were astrocytomas with a majority of grade IV (87%).
The distribution in the G1 and G2 groups was globally equivalent (52% versus 48%, re-
spectively). Molecular biology revealed MGMT methylation in 13 patients. All patient
characteristics are summarized in Table 1.

Table 1. Patient characteristics.

Mean/Number Percentage/
Range

Age at diagnosis 59 38–74

Sex

Male
Female

14
9

60.9%
39.1%

Cell origin

Astrocytoma
Oligodendroglioma

23
0

100%
0%

Histology

Grade III
Grade IV

3
20

13%
87%

Neurosurgical intervention before inclusion:

Total surgery (G2)
Subtotal surgery (G2)
Partial surgery (G1)
Biopsy alone (G1)

8
3
3
9

34.8%
13%
13%
39.1%

Time between MRI 1 and MRI 2 255 71–938

Time between MRI 1 and MRI 3 330 48–1033

Molecular biology:

IDH mutation
Co-deletion 1p/19q
MGMT methylation

0
0
13

0%
0%
57%

3.2. Impact of Radio-Chemotherapy

In our population, five patients did not have MRI 2 due to a disease progression on
MRI performed after RT-CT. Among the remaining 18 patients, 13 reached a reduction
in CE between MRI 1 and MRI 2. A mean decrease of −28.4% (range −98.4% to +100%)
was found.

The variations between GTV 1 and GTV 2 are presented in Table 2 for each patient
according to their characteristics.
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Table 2. Population characteristics and variation in tumor volumes between MRI 1 (GTV 1) and
MRI 2 (GTV 2).

N◦ Age Gender Surgery * (Group) Histology Ki67 GTV 1
mL

GTV 2
Ml

Residual tumor
(%)

Variation
(%)

1 45 M 3 (G2) IV 20% 6.6 3.8 57.6 −42.4

2 65 M 3 (G2) IV 0.1% 21.7 NA NA NA

3 56 M 1 (G1) IV 30% 23.6 2.2 9.3 −90.7

4 70 M 0 (G1) IV 30% 53.0 51.7 97.5 −2.5

5 49 M 0 (G1) IV 20% 62.5 NA NA NA

6 70 F 3 (G2) IV 15% 11.4 5.4 47,4 −52.6

7 57 F 2 (G2) IV 30% 3.0 0.1 3.3 −96.7

8 63 M 3 (G2) IV 0.7% 13.7 12.1 88.3 −11.7

9 70 M 0 (G1) IV 20% 38.8 NA NA NA

10 64 M 1 (G1) III 10% 0.9 0.95 105.6 +5.6

11 61 F 3 (G2) IV 0.3% 6.4 0.1 1.6 −98.4

12 74 M 0 (G1) IV 20% 18.6 5.4 29.0 −71.0

13 53 F 3 (G2) IV 5% 5.9 3.1 52.5 −47.5

14 61 F 3 (G2) IV 20% 10.5 21.0 200.0 +100.0

15 64 M 0 (G1) IV 10% 31.6 32.3 102.2 +2.2

16 47 F 3 (G2) IV 15% 0.5 0.3 60.0 −40.0

17 44 M 1 (G1) IV 0.2% 2.0 NA NA NA

18 49 M 0 (G1) III 20% 37.9 26.0 68.6 −31.4

19 68 M 0 (G1) IV 10% 7.5 8.5 113.3 +13.3

20 38 M 2 (G2) IV 30% 6.5 10.1 155.4 +55.4

21 63 F 2 (G2) IV 60% 16.5 1.1 6.7 −93.3

22 58 F 0 (G1) III 35% 1.4 NA NA NA

23 69 F 0 (G1) IV 40% 38.7 37.3 96.4 −3.6

* 0: Biopsy only/1: Partial surgery/2: Subtotal surgery/3 Total surgery. NA: Not Applicable.

3.3. Spatial Similarity between PET (MTV) and MRI Tumor Volumes (GTV)

All results of the mean spatial similarity indices (DICE, JSC, and OV) between MTV
according to different delineation methods and respective GTV 2 and GTV 3 are summa-
rized in Tables 3 and 4. Six patients had distant recurrences (out of field) without local
recurrence and these patients were excluded from the analysis of spatial similarity between
MTV and GTV 3.

The best similarity between MTV and GTV 2 (good agreement) was found in group
G1 using a 30% SUVmax delineation method (OV = 0.781). The best compromise in indices
comparison between the G1 and G2 groups was found with the TBR ≥ 1.6 method (DICE
0.418 vs. 0.207, JSC 0.287 vs. 0.127, and OV 0.735 vs. 0.477, p < 0.05, respectively).

The best similarity between MTV and GTV 3 (good agreement) was found in group G1
using a TBR ≥ 1.6 threshold delineation method (OV = 0.757). The best compromise in in-
dices comparison between the G1 and G2 groups was also found with the TBR≥ 1.6 method
(DICE 0.488 vs. 0.233, JSC 0.339 vs. 0.144, and OV 0.757 vs. 0.434, p< 0.05, respectively).



Cancers 2023, 15, 98 11 of 17

Table 3. Mean spatial similarity indices between MRI 2 according to different pre-therapy PET
thresholds (5 patients excluded due to none MRI 2).

G1 = Biopsy or Partial Surgery
(n = 8)

G2 = Total or Subtotal Surgery
(n = 10) Difference between G1 and G2 (p=)

DICE JSC OV DICE JSC OV DICE JSC OV

30% SUVmax 0.362 0.243 0.781 0.138 0.079 0.684 0.01 * 0.008 * 0.223
40% SUVmax 0.397 0.270 0.722 0.173 0.103 0.570 0.015 * 0.013 * 0.120
50% SUVmax 0.368 0.246 0.676 0.193 0.125 0.462 0.057 0.076 0.047 *
60% SUVmax 0.288 0.181 0.632 0.176 0.114 0.358 0.131 0.188 0.028 *
70% SUVmax 0.196 0.114 0.596 0.136 0.083 0.344 0.225 0.270 0.051
80% SUVmax 0.114 0.068 0.592 0.100 0.060 0.325 0.428 0.432 0.059
90% SUVmax 0.032 0.026 0.670 0.019 0.017 0.379 0.644 0.658 0.068

TBR ≥ 1.6 0.418 0.287 0.735 0.207 0.127 0.477 0.024 * 0.019 * 0.012 *

* Statistically significant (Student T test). Bold: Best spatial similarity indices.

Table 4. Mean spatial similarity indices between MRI 3 according to different thresholds on pre-
therapy PET (6 patients excluded for distant recurrence (out of field) without local recurrence).

G1 = Biopsy or Partial Surgery
(n = 10)

G2 = Total or Subtotal Surgery
(n = 7) Difference between G1 and G2 (p=)

DICE JSC OV DICE JSC OV DICE JSC OV

30% SUVmax 0.465 0.321 0.755 0.215 0.132 0.551 0.009 * 0.010 * 0.046 *
40% SUVmax 0.483 0.331 0.707 0.199 0.126 0.451 0.004 * 0.006 * 0.019 *
50% SUVmax 0.445 0.300 0.670 0.173 0.112 0.400 0.006 * 0.012 * 0.022 *
60% SUVmax 0.338 0.213 0.670 0.141 0.087 0.370 0.018 * 0.028 * 0.021 *
70% SUVmax 0.196 0.113 0.701 0.105 0.061 0.353 0.094 0.113 0.012 *
80% SUVmax 0.078 0.045 0.717 0.078 0.042 0.362 0.503 0.545 0.016 *
90% SUVmax 0.019 0.010 0.681 0.018 0.009 0.367 0.470 0.473 0.061

TBR ≥ 1.6 0.488 0.339 0.757 0.233 0.144 0.434 0.008 * 0.007 * 0.003 *

* Statistically significant (Student T test). Bold: Best spatial similarity indices.

3.4. Hotspot Concept

All results of the mean similarity indices (OV’) for FET hotspot analysis according to
different delineation methods are summarized in Table 5.

Table 5. Mean ratios of the intersection of MRIs and FET volumes to the FET volume (OV’).

OV’ (MTV; GTV 2) OV’ (MTV; GTV 3)

G1 (n = 8) G2 (n = 10) Difference
(p=) G1 (n = 10) G2 (n = 7) Difference

(p=)

30% SUVmax 0.31 0.09 0.019 * 0.41 0.17 0.017 *
40% SUVmax 0.4 0.14 0.014 * 0.51 0.21 0.007 *
50% SUVmax 0.46 0.19 0.021 * 0.60 0.24 0.004 *
60% SUVmax 0.5 0.23 0.034 * 0.66 0.25 0.003 *
70% SUVmax 0.54 0.26 0.043 * 0.70 0.28 0.003 *
80% SUVmax 0.59 0.31 0.053 0.72 0.35 0.014 *
90% SUVmax 0.67 0.38 0.068 0.68 0.37 0.061

TBR ≥ 1.6 0.33 0.153 0.027 * 0.41 0.21 0.022 *
* Statistically significant (Student T test). Bold: Best spatial similarity indices.

The maximal similarity (good agreement) between the FET hotspot and the GTV 2
was found in the G1 group using a 90% SUVmax delineation method and higher than those
of the G2 group with a trend of statistical significance (OV’ = 0.67 vs. 0.38, respectively,
p = 0.068). The maximal similarity (good agreement) between the FET hotspot and the
GTV 3 was found in the G1 group using a 80% SUVmax delineation method and was
significantly higher than those in the G2 group (OV’= 0.72 vs. 0.35, respectively, p= 0.014).
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4. Discussion

Our study aimed to prove that FET hotspot on initial PET could identify tumor areas
at high risk for relapse in HGG in comparing with tumor volumes on both MRI NADIR
(MRI 2) and MRI at progression (MRI 3).

First-line treatment currently based on maximal surgery followed by concomitant
RT-CT and adjuvant CT is always insufficient with an incomplete control of disease and
majority recurrences occurring within the treated high-dose volume [6]. With such a back-
ground, the key issue is improving patient management and one of the challenges relies on
RT dose escalation. Beyond MRI-based gross tumor volume (GTV) delineation, a metabolic
tumor volume (MTV) may be also defined by functional PET imaging. Histopathological
and postmortem series demonstrated the limitations of conventional MRI in defining the
extent of glioma [30,31]. Thus, guidelines published by RANO/EANO group confirmed
the interest of molecular imaging [23]. To the best of our knowledge, our study is one of
the first using this PET tracer to demonstrate such objective.

This is an ancillary study from the IMAGG prospective trial assessing the interest of FET
PET imaging in RT target volume definition of HGG. Two different classes of PET radiotracers
have been used in neuro-oncology, historically the FDG to explore glucose metabolism and
recently amino-acid tracers; however, due to a high physiological uptake in normal brain, a
lower signal-to-noise ratio of brain tumors and a risk of false positive with post-therapeutic
inflammatory sequelae, the use of FDG has decreased. The use of radiolabeled amino acids,
especially FET or 18F-DOPA (DOPA), has grown in recent years. Thereby, FET provides
metabolic data for brain tumor management [32] with a higher specificity than FDG [33]. The
main advantages of FET over DOPA are its high in vivo stability and its uptake based mainly
on increased transport through the L-amino acid transport system without metabolism into the
cells or incorporation into the proteins [34]. Moreover, by using dynamic data, the diagnostic
performances for FET can be improved [35–37] and are currently studied for DOPA [23]
whereas kinetic analyses are difficult to achieve for 11C-MET due to its short radioactive
half-life [17].

As suggested by previous articles, MTV delineated on amino-acid radiolabeled PET
imaging are different, mostly larger and more pertinent regarding neuropathological find-
ings than GTV realized on MRIs, especially in newly diagnosed glioblastoma [38,39]. Girard
et al. confirmed that the combination of DOPA PET imaging with multimodal MRI enlarged
the delineation volumes and enhanced overall accuracy to detect high-grade areas in a
series of 16 patients (4 grade II, 6 grade III, 6 grade IV) with 38 biopsy samples. They
underlined for three patients an intra-tumoral heterogeneity with coexisting low and high
grade tumor subregions [40]. Song et al. demonstrated that MTV FET PETs were signifi-
cantly larger than GTV MRI (77.84 ± 51.74 mL vs. 34.59 ± 27.07 mL, p < 0.05) with a higher
similarity in histopathology in 31 gliomas. Thus, of 21 biopsy samples targeted on areas
with increased FET uptake, all were neuropathologically confirmed as tumor tissue, only
13 revealed a contrast enhancement on MRI [41]. In the same way, Filss et al. revealed
that in 56 WHO grades II/IV gliomas that metabolically active tumor volume delineated
on FET PET was significantly larger than cerebral blood tumor volume calculated on
perfusion-weighted MRI (24.3 ± 26.5 mL vs. 8.9 ± 13.9 mL, p < 0.001) [42]. So, GTV being
underestimated by MRI, the capability to better define tumor extent with functional PET
imaging may be useful to modify the radiation therapy. Actually, studies focused on radio-
labeled amino acids PET-based radiotherapy planning with a standard dose demonstrated
a predominance of local relapse within the high-dose-treated volume [11,12]. This suggests
that the radiation dose delivered is insufficient for local tumor control and justifies moving
towards a dose-escalation approach; however, dose escalation is limited by the tolerance
of surrounding tissues and the radiation-induced toxicity as necrosis. The possibility to
define a more specific volume with a high risk of residual or recurrent disease may be
useful to guide radiotherapy with the rising of innovative techniques such as stereotactic
radiotherapy or IMRT.
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Thus, some authors also previously suggested that pre-treatment FET PET may be useful
to predict tumor recurrence in HGG. Indeed, in a series of 44 glioblastomas, Piroth et al.
showed that postoperative pre-RT tumor volume in FET PET was an independent prognostic
factor of overall survival (OS) and disease free survival (DFS) (OS 20.0 vs. 6.9 months; DFS 9.6
vs. 5.1 months, p < 0.001) using a cut-off of 25 mL [43]. Lundemann et al. developed from an
analysis of 16 glioblastomas a predictive model of recurrence including both FDG and FET
tumor volumes and radiomic features with an AUC of 0.77 [44]. These emphasized again that
FET PET may be appropriate to guide dose escalation.

Based on the previous data, many studies aimed to predict the location of residual
or relapsed tumors using FDG PET functional imaging. In a systematic review including
nine studies, Abgral et al. identified all articles reporting on a similarity between high
FDG uptake called “hotspot” on pretreatment PETs (PETA) and sites of local recurrence of
several solid tumors on PETs after radiotherapy (PETR) [15]. The authors concluded that
similarity between FDG hotspot on PETA and areas of local recurrence on PETR showed
good to excellent agreement (ranging from 0.60 to 0.93) for lung, esophageal, and rectal
carcinomas. They highlighted lower agreement for head and neck cancer, weight loss and
tissue distortion after RT-CT affecting the anatomical landmarks and increasing the risk
of mis-registrations [45], even if PETA and PETB were acquired in the same position and
registered with an elastic method [46]. Nevertheless, no studies were reported on HGG.

As widely used in such FDG hotspot pre-radiotherapy PET studies, we have chosen
dice, Jaccard, and overlap fraction indices to compare different volumes extracted from
the PET and MRI data. We also arbitrary tested another index that we called overlap
fraction’ (OV’) defined as the intersection between GTV and MTV divided by the MTV. In
our opinion, it makes more sense to report MRI/PET intersection systematically to the PET
volume, in this perspective of PET-based RT dose escalation. We found modest similarity
indices between pre-treatment MTV on FET PET and both residual/recurrent disease GTV
on MRI with dice and Jaccard coefficients, but their results are good for the overlap fraction
indices. There was a significant improvement in our G1 group of patients who underwent
only biopsy or partial surgery. This underlines that there are postoperative tissue distortions
in the braincase within the porencephalic cavity, altering the anatomical andmarks.

We applied a SUV-based method by testing different SUVmax thresholds to delineate
MTV. This is a simple, semi-automated, and routinely used measurement with a high
reproducibility [47]. In addition, we chose to test a TBR threshold ≥ 1.6 as it was also
validated by a previous HGG biopsy-controlled study in FET PET. Similarly, one of its
advantage is the high inter-observer agreement for tumor volume delineation [48]. In
our series, these two approaches finally proved to be complementary in that the highest
spatial similarity was achieved with a TBR threshold ≥ 1.6 (OV = 0.735) and the best
intersection with the FET hotspot was achieved with 90% SUVmax and 80% SUVmax
thresholds on MRI 2 (OV’ = 0.67) and MRI 3 (OV’ = 0.72), respectively, in the biopsy or
partial surgery group.

Our study has some limitations. Firstly, our population was relatively low (n = 23) but
all demographic characteristics were quite similar to the literature excepted for a lower
percentage of maximal surgery [49]. Secondly, for this study, the WHO 2016 classification
was used instead of the updated WHO 2021 classification, as it is an ancillary study
of the prospective IMAGG study conducted in 2016 and all the elements to update the
tumor grades weren’t available. Then, we used the RANO criteria to make the diagnosis
of progression disease (PD). Some patients could have been declared in PD due to a
deterioration in performance status, a decision to introduce corticosteroid therapy, or a
change in the T2 FLAIR hypersignal on MRI. However, of the 23 patients, only 1 achieved
a PD without a CE increase on MRI, which probably has a limited impact on our tumor
volume similarity analysis based on T1-weighted sequences. Thirdly, we chose to delineate
tumors using a high reproducible semi-automated method on a single MRI sequence [48].
We decided to exclude T2-FLAIR-weighted tumor volumes in our analysis because this
sequence does not allow differentiation between tumor infiltration and perilesional edema
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and therefore lacks specificity. For this reason, some authors of the RANO criteria also
suggest to abandon this sequence for HGG treatment response assessment [50,51]. However,
other MRI sequences such as T2 FLAIR may be evaluated, especially for non-enhancing
tumors. Finally, our method of MRI-PET co-registration may be criticized but it underlines
the potential difficulty of such process even for brain imaging despite appropriate restraint
system during both imaging. We proved in a previous hotspot study of head and neck
cancers in FDG PET that the use of this step by step deformable registration method limited
the impact of post-RT-CT remodeling and improved the similarity indices of studied
volumes [46]. In a future perspective, combined PET/MRI systems, which provide an
interesting way in dedicated brain imaging, may optimize this co-registration and thus
improve spatial similarity indices [41,42,52,53]. Finally, FET may be expensive and is not
available in all countries. The radio-labelled amino acids (FET, DOPA, and MET) seem to
have equivalent performances in neuro-oncology and the therapeutic strategy proposed in
this study could be applied to DOPA and MET depending on the availability and use of
the centers [17].

Thus, radio-labeled amino acid PET could be used in the future in radiotherapy plan-
ning to guide dose escalation on at-risk subpopulations. The interest of dose escalation in
HGG has not yet been clearly demonstrated. Dose-escalation studies with high doses to
regions of MRI contrast enhancement were unsuccessful in improving survival in glioblas-
toma [54,55]. Dose-escalation studies in HGG used conventional MRI sequences (T1-GD
and T2-FLAIR) for radiotherapy planning, which could explain in part the disappointing
results. Amino acid PET/CT could allow better targeting of tumor limits as the tracer trans-
port is independent from the blood-brain barrier breakdown especially for non-enhancing
tumor and it’s correlated with grade and cellularity [56]. Recently, Laack et al. in a phase-2
trial studied the safety and efficacy of biologically guided dose-escalated radiation therapy
using DOPA in patients with glioblastoma. In this study, a boost radiation of 76 Gy was
performed in areas with a TBR ≥ 2. A TBR of 1.2 to 2.0 was used to guide the delineation of
51 Gy metabolic target volume. This study showed that dose escalation guided by DOPA
PET appeared to be safe, and it significantly improved progression free survival in MGMT
un-methylated glioblastoma and overall survival in MGMT methylated patients [11].

Our study reveals that FET PET before RT-CT is better at predicting areas at risk in
patients who have not undergone maximalist surgery (biopsy alone or partial surgery).
This may be explained by a non-specific uptake of FET on areas of inflammation and
parenchymal remodeling after neurosurgical intervention. The hotspot could then be
located both on the inflammation zone and on the residual tumor. Therefore, in our
opinion, this therapy approach of dose escalation guided by FET PET in HGG seems much
more appropriate in patients whose total or subtotal surgery is not possible due to an
altered general condition or a difficult-to-access tumor location. These patients usually
have a severe prognosis with limited therapeutic proposals. This study aims to introduce a
novel therapeutic perspective for these patients.

5. Conclusions

In conclusion, FET PET-guided RT dose-escalation approach in high-grade gliomas
may be more appropriate for patients for whom total or subtotal surgery is not possible. In
this case, our results suggested using a TBR threshold≥ 1.6 to determine the MTV in which
the standard RT dose will be delivered before applying a 80% or 90% SUVmax threshold to
the defined hotspot at risk of residual/recurrence disease in which the irradiation boost
will be delivered.

Author Contributions: Conceptualization, B.A., D.B. and S.Q.; methodology, B.A. and D.B.; valida-
tion, S.Q. and R.A.; formal analysis, B.A. and B.D.; investigation, U.S. and G.D.; data curation, G.D.
and U.S.; writing original draft B.A.; writing review and editing, P.-Y.S., S.Q. and R.A.; supervision,
S.Q. All authors have read and agreed to the published version of the manuscript.

Funding: No funding.



Cancers 2023, 15, 98 15 of 17

Institutional Review Board Statement: This is an ancillary study of the single-center prospective
IMAGG trial (NCT03370926) [16]. This study was approved by the institutional review board of the
University Hospital of Brest (N◦2016.CE14).

Informed Consent Statement: Written informed consent was obtained from all patients.

Data Availability Statement: The data are not publicly available due to the facility’s privacy policy.

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

References
1. Woehrer, A.; Bauchet, L.; Barnholtz-Sloan, J.S. Glioblastoma survival: Has it improved? Evidence from population-based studies.

Curr. Opin. Neurol. 2014, 27, 666–674. [CrossRef] [PubMed]
2. Ostrom, Q.T.; Cioffi, G.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary Brain and Other Central

Nervous System Tumors Diagnosed in the United States in 2014–2018. Neuro Oncol. 2021, 23, iii1–iii105. [CrossRef]
3. 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]

4. Miller, K.D.; Ostrom, Q.T.; Kruchko, C.; Patil, N.; Tihan, T.; Cioffi, G.; Fuchs, H.E.; Waite, K.A.; Jemal, A.; Siegel, R.L.; et al. Brain
and other central nervous system tumor statistics, 2021. CA Cancer J. Clin. 2021, 71, 381–406. [CrossRef] [PubMed]

5. Lawrence, Y.R.; Li, X.A.; el Naqa, I.; Hahn, C.A.; Marks, L.B.; Merchant, T.E.; Dicker, A.P. Radiation dose-volume effects in the
brain. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76, S20–S27. [CrossRef] [PubMed]

6. Minniti, G.; Amelio, D.; Amichetti, M.; Salvati, M.; Muni, R.; Bozzao, A.; Lanzetta, G.; Scarpino, S.; Arcella, A.; Enrici, R.M.
Patterns of failure and comparison of different target volume delineations in patients with glioblastoma treated with conformal
radiotherapy plus concomitant and adjuvant temozolomide. Radiother. Oncol. 2010, 97, 377–381. [CrossRef]

7. Tanaka, M.; Ino, Y.; Nakagawa, K.; Tago, M.; Todo, T. High-dose conformal radiotherapy for supratentorial malignant glioma: A
historical comparison. Lancet Oncol. 2005, 6, 953–960. [CrossRef]

8. Iuchi, T.; Hatano, K.; Narita, Y.; Kodama, T.; Yamaki, T.; Osato, K. Hypofractionated high-dose irradiation for the treatment
of malignant astrocytomas using simultaneous integrated boost technique by IMRT. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64,
1317–1324. [CrossRef]

9. Fitzek, M.M.; Thornton, A.F.; Rabinov, J.D.; Lev, M.H.; Pardo, F.S.; Munzenrider, J.E.; Okunieff, P.; Bussière, M.; Braun, I.; Hochberg,
F.H.; et al. Accelerated fractionated proton/photon irradiation to 90 cobalt gray equivalent for glioblastoma multiforme: Results
of a phase II prospective trial. J. Neurosurg. 1999, 91, 251–260. [CrossRef]

10. Shieh, L.-T.; Guo, H.-R.; Ho, C.-H.; Lin, L.-C.; Chang, C.-H.; Ho, S.-Y. Survival of glioblastoma treated with a moderately escalated
radiation dose-Results of a retrospective analysis. PLoS ONE 2020, 15, e0233188. [CrossRef]

11. Laack, N.N.; Pafundi, D.; Anderson, S.K.; Kaufmann, T.; Lowe, V.; Hunt, C.; Vogen, D.; Yan, E.; Sarkaria, J.; Brown, P.; et al. Initial
Results of a Phase 2 Trial of 18F-DOPA PET-Guided Dose-Escalated Radiation Therapy for Glioblastoma. Int. J. Radiat. Oncol. Biol.
Phys. 2021, 110, 1383–1395. [CrossRef] [PubMed]

12. Miwa, K.; Matsuo, M.; Ogawa, S.; Shinoda, J.; Asano, Y.; Ito, T.; Yokoyama, K.; Yamada, J.; Yano, H.; Iwama, T. Hypofractionated
High-Dose Irradiation with Positron Emission Tomography Data for the Treatment of Glioblastoma Multiforme. Biomed. Res. Int.
2014, 2014, 407026. [CrossRef]

13. Matsuda, M.; Yamamoto, T.; Ishikawa, E.; Nakai, K.; Zaboronok, A.; Takano, S.; Matsumura, A. Prognostic factors in glioblastoma
multiforme patients receiving high-dose particle radiotherapy or conventional radiotherapy. Br. J. Radiol. 2011, 84, S54–S60.
[CrossRef]

14. Claes, A.; Idema, A.J.; Wesseling, P. Diffuse glioma growth: A guerilla war. Acta Neuropathol. 2007, 114, 443–458. [CrossRef]
[PubMed]

15. Abgral, R.; Bourhis, D.; Calais, J.; Lucia, F.; Leclère, J.-C.; Salaün, P.-Y.; Vera, P.; Schick, U. Correlation between fluorodeoxyglucose
hotspots on preradiotherapy PET/CT and areas of cancer local relapse: Systematic review of literature. Cancer Radiother. 2020, 24,
444–452. [CrossRef] [PubMed]

16. Langen, K.-J.; Hamacher, K.; Weckesser, M.; Floeth, F.; Stoffels, G.; Bauer, D.; Coenen, H.H.; Pauleit, D. O-(2-[18F]fluoroethyl)-L-
tyrosine: Uptake mechanisms and clinical applications. Nucl. Med. Biol. 2006, 33, 287–294. [CrossRef]

17. Verger, A.; Arbizu, J.; Law, I. Role of amino-acid PET in high-grade gliomas: Limitations and perspectives. Q. J. Nucl. Med. Mol.
Imaging 2018, 62, 254–266. [CrossRef]

18. Galldiks, N.; Law, I.; Pope, W.B.; Arbizu, J.; Langen, K.-J. The use of amino acid PET and conventional MRI for monitoring of
brain tumor therapy. Neuroimage Clin. 2017, 13, 386–394. [CrossRef]

19. Langen, K.-J.; Stoffels, G.; Filss, C.; Heinzel, A.; Stegmayr, C.; Lohmann, P.; Willuweit, A.; Neumaier, B.; Mottaghy, F.M.; Galldiks,
N. Imaging of amino acid transport in brain tumours: Positron emission tomography with O-(2-[18F]fluoroethyl)-L-tyrosine
(FET). Methods 2017, 130, 124–134. [CrossRef]

http://doi.org/10.1097/WCO.0000000000000144
http://www.ncbi.nlm.nih.gov/pubmed/25364955
http://doi.org/10.1093/neuonc/noab200
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.3322/caac.21693
http://www.ncbi.nlm.nih.gov/pubmed/34427324
http://doi.org/10.1016/j.ijrobp.2009.02.091
http://www.ncbi.nlm.nih.gov/pubmed/20171513
http://doi.org/10.1016/j.radonc.2010.08.020
http://doi.org/10.1016/S1470-2045(05)70395-8
http://doi.org/10.1016/j.ijrobp.2005.12.005
http://doi.org/10.3171/jns.1999.91.2.0251
http://doi.org/10.1371/journal.pone.0233188
http://doi.org/10.1016/j.ijrobp.2021.03.032
http://www.ncbi.nlm.nih.gov/pubmed/33771703
http://doi.org/10.1155/2014/407026
http://doi.org/10.1259/bjr/29022270
http://doi.org/10.1007/s00401-007-0293-7
http://www.ncbi.nlm.nih.gov/pubmed/17805551
http://doi.org/10.1016/j.canrad.2020.04.010
http://www.ncbi.nlm.nih.gov/pubmed/32620457
http://doi.org/10.1016/j.nucmedbio.2006.01.002
http://doi.org/10.23736/S1824-4785.18.03092-3
http://doi.org/10.1016/j.nicl.2016.12.020
http://doi.org/10.1016/j.ymeth.2017.05.019


Cancers 2023, 15, 98 16 of 17

20. Dissaux, G.; Dissaux, B.; Kabbaj, O.E.; Gujral, D.M.; Pradier, O.; Salaün, P.-Y.; Seizeur, R.; Bourhis, D.; Ben Salem, D.; Querellou,
S.; et al. Radiotherapy target volume definition in newly diagnosed high grade glioma using 18F-FET PET imaging and
multiparametric perfusion MRI: A prospective study (IMAGG). Radiother. Oncol. 2020, 150, 164–171. [CrossRef]

21. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef] [PubMed]

22. 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] [PubMed]

23. 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. Nucl. Med. Mol. Imaging 2019, 46, 540–557. [CrossRef] [PubMed]

24. Pauleit, D.; Floeth, F.; Hamacher, K.; Riemenschneider, M.J.; Reifenberger, G.; Müller, H.-W.; Zilles, K.; Coenen, H.H.; Langen, K.-J.
O-(2-[18F]fluoroethyl)-L-tyrosine PET combined with MRI improves the diagnostic assessment of cerebral gliomas. Brain 2005,
128, 678–687. [CrossRef]

25. Unterrainer, M.; Vettermann, F.; Brendel, M.; Holzgreve, A.; Lifschitz, M.; Zähringer, M.; Suchorska, B.; Wenter, V.; Illigens, B.M.;
Bartenstein, P.; et al. Towards standardization of 18F-FET PET imaging: Do we need a consistent method of background activity
assessment? EJNMMI Res. 2017, 7, 48. [CrossRef]

26. Nelson, A.; Duchateau, M.; Piper, J.; Verellen, D.; Ridder, M.D. SU-E-J-198: Evaluation of a Free-Form Intensity-Based Deformable
Registration Method Using the POPI Model. Med. Phys. 2014, 41, 202. [CrossRef]

27. Hanna, G.G.; Hounsell, A.R.; O’Sullivan, J.M. Geometrical analysis of radiotherapy target volume delineation: A systematic
review of reported comparison methods. Clin. Oncol. (R. Coll. Radiol.) 2010, 22, 515–525. [CrossRef]

28. Lohmann, P.; Stavrinou, P.; Lipke, K.; Bauer, E.K.; Ceccon, G.; Werner, J.-M.; Neumaier, B.; Fink, G.R.; Shah, N.J.; Langen, K.-J.;
et al. FET PET reveals considerable spatial differences in tumour burden compared to conventional MRI in newly diagnosed
glioblastoma. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 591–602. [CrossRef]

29. Thureau, S.; Chaumet-Riffaud, P.; Modzelewski, R.; Fernandez, P.; Tessonnier, L.; Vervueren, L.; Cachin, F.; Berriolo-Riedinger,
A.; Olivier, P.; Kolesnikov-Gauthier, H.; et al. Interobserver agreement of qualitative analysis and tumor delineation of 18F-
fluoromisonidazole and 3′-deoxy-3′-18F-fluorothymidine PET images in lung cancer. J. Nucl. Med. 2013, 54, 1543–1550. [CrossRef]

30. Jansen, E.P.; Dewit, L.G.; van Herk, M.; Bartelink, H. Target volumes in radiotherapy for high-grade malignant glioma of the
brain. Radiother. Oncol. 2000, 56, 151–156. [CrossRef]

31. Lemée, J.-M.; Clavreul, A.; Aubry, M.; Com, E.; de Tayrac, M.; Eliat, P.-A.; Henry, C.; Rousseau, A.; Mosser, J.; Menei, P.
Characterizing the peritumoral brain zone in glioblastoma: A multidisciplinary analysis. J. Neurooncol. 2015, 122, 53–61.
[CrossRef] [PubMed]

32. Stegmayr, C.; Stoffels, G.; Filß, C.; Heinzel, A.; Lohmann, P.; Willuweit, A.; Ermert, J.; Coenen, H.H.; Mottaghy, F.M.; Galldiks, N.;
et al. Current trends in the use of O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET) in neurooncology. Nucl. Med. Biol. 2021, 92, 78–84.
[CrossRef] [PubMed]

33. Dunet, V.; Pomoni, A.; Hottinger, A.; Nicod-Lalonde, M.; Prior, J.O. Performance of 18F-FET versus 18F-FDG-PET for the diagnosis
and grading of brain tumors: Systematic review and meta-analysis. Neuro. Oncol. 2016, 18, 426–434. [CrossRef] [PubMed]

34. Schiepers, C.; Chen, W.; Cloughesy, T.; Dahlbom, M.; Huang, S.-C. 18F-FDOPA kinetics in brain tumors. J. Nucl. Med. 2007, 48,
1651–1661. [CrossRef]

35. Lapa, C.; Linsenmann, T.; Monoranu, C.M.; Samnick, S.; Buck, A.K.; Bluemel, C.; Czernin, J.; Kessler, A.F.; Homola, G.A.; Ernestus,
R.-I.; et al. Comparison of the amino acid tracers 18F-FET and 18F-DOPA in high-grade glioma patients. J. Nucl. Med. 2014, 55,
1611–1616. [CrossRef]

36. Nioche, C.; Soret, M.; Gontier, E.; Lahutte, M.; Dutertre, G.; Dulou, R.; Capelle, L.; Guillevin, R.; Foehrenbach, H.; Buvat, I.
Evaluation of quantitative criteria for glioma grading with static and dynamic 18F-FDopa PET/CT. Clin. Nucl. Med. 2013, 38,
81–87. [CrossRef]

37. Cicone, F.; Filss, C.P.; Minniti, G.; Rossi-Espagnet, C.; Papa, A.; Scaringi, C.; Galldiks, N.; Bozzao, A.; Shah, N.J.; Scopinaro, F.; et al.
Volumetric assessment of recurrent or progressive gliomas: Comparison between F-DOPA PET and perfusion-weighted MRI. Eur.
J. Nucl. Med. Mol. Imaging 2015, 42, 905–915. [CrossRef] [PubMed]

38. Suchorska, B.; Jansen, N.L.; Linn, J.; Kretzschmar, H.; Janssen, H.; Eigenbrod, S.; Simon, M.; Pöpperl, G.; Kreth, F.W.; la Fougere,
C.; et al. Biological tumor volume in 18FET-PET before radiochemotherapy correlates with survival in GBM. Neurology 2015, 84,
710–719. [CrossRef]

39. Piroth, M.D.; Galldiks, N.; Pinkawa, M.; Holy, R.; Stoffels, G.; Ermert, J.; Mottaghy, F.M.; Shah, N.J.; Langen, K.-J.; Eble, M.J.
Relapse patterns after radiochemotherapy of glioblastoma with FET PET-guided boost irradiation and simulation to optimize
radiation target volume. Radiat. Oncol. 2016, 11, 87. [CrossRef]

40. Girard, A.; Le Reste, P.-J.; Metais, A.; Carsin Nicol, B.; Chiforeanu, D.C.; Bannier, E.; Campillo-Gimenez, B.; Devillers, A.;
Palard-Novello, X.; Le Jeune, F. Combining 18F-DOPA PET and MRI with perfusion-weighted imaging improves delineation of
high-grade subregions in enhancing and non-enhancing gliomas prior treatment: A biopsy-controlled study. J. Neurooncol. 2021,
155, 287–295. [CrossRef]

http://doi.org/10.1016/j.radonc.2020.06.025
http://doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://doi.org/10.1200/JCO.2009.26.3541
http://www.ncbi.nlm.nih.gov/pubmed/20231676
http://doi.org/10.1007/s00259-018-4207-9
http://www.ncbi.nlm.nih.gov/pubmed/30519867
http://doi.org/10.1093/brain/awh399
http://doi.org/10.1186/s13550-017-0295-y
http://doi.org/10.1118/1.4888251
http://doi.org/10.1016/j.clon.2010.05.006
http://doi.org/10.1007/s00259-018-4188-8
http://doi.org/10.2967/jnumed.112.118083
http://doi.org/10.1016/S0167-8140(00)00216-4
http://doi.org/10.1007/s11060-014-1695-8
http://www.ncbi.nlm.nih.gov/pubmed/25559687
http://doi.org/10.1016/j.nucmedbio.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32113820
http://doi.org/10.1093/neuonc/nov148
http://www.ncbi.nlm.nih.gov/pubmed/26243791
http://doi.org/10.2967/jnumed.106.039321
http://doi.org/10.2967/jnumed.114.140608
http://doi.org/10.1097/RLU.0b013e318279fd5a
http://doi.org/10.1007/s00259-015-3018-5
http://www.ncbi.nlm.nih.gov/pubmed/25750084
http://doi.org/10.1212/WNL.0000000000001262
http://doi.org/10.1186/s13014-016-0665-z
http://doi.org/10.1007/s11060-021-03873-w


Cancers 2023, 15, 98 17 of 17

41. Song, S.; Cheng, Y.; Ma, J.; Wang, L.; Dong, C.; Wei, Y.; Xu, G.; An, Y.; Qi, Z.; Lin, Q.; et al. Simultaneous FET-PET and
contrast-enhanced MRI based on hybrid PET/MR improves delineation of tumor spatial biodistribution in gliomas: A biopsy
validation study. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 1458–1467. [CrossRef] [PubMed]

42. Filss, C.P.; Galldiks, N.; Stoffels, G.; Sabel, M.; Wittsack, H.J.; Turowski, B.; Antoch, G.; Zhang, K.; Fink, G.R.; Coenen, H.H.; et al.
Comparison of 18F-FET PET and perfusion-weighted MR imaging: A PET/MR imaging hybrid study in patients with brain
tumors. J. Nucl. Med. 2014, 55, 540–545. [CrossRef] [PubMed]

43. Piroth, M.D.; Holy, R.; Pinkawa, M.; Stoffels, G.; Kaiser, H.J.; Galldiks, N.; Herzog, H.; Coenen, H.H.; Eble, M.J.; Langen, K.J.
Prognostic impact of postoperative, pre-irradiation (18)F-fluoroethyl-l-tyrosine uptake in glioblastoma patients treated with
radiochemotherapy. Radiother. Oncol. 2011, 99, 218–224. [CrossRef] [PubMed]

44. Lundemann, M.; Munck Af Rosenschöld, P.; Muhic, A.; Larsen, V.A.; Poulsen, H.S.; Engelholm, S.-A.; Andersen, F.L.; Kjær, A.;
Larsson, H.B.W.; Law, I.; et al. Feasibility of multi-parametric PET and MRI for prediction of tumour recurrence in patients with
glioblastoma. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 603–613. [CrossRef]

45. Chaput, A.; Calais, J.; Robin, P.; Thureau, S.; Bourhis, D.; Modzelewski, R.; Schick, U.; Vera, P.; Salaün, P.-Y.; Abgral, R. Correlation
between fluorodeoxyglucose hotspots on pretreatment positron emission tomography/CT and preferential sites of local relapse
after chemoradiotherapy for head and neck squamous cell carcinoma. Head Neck 2017, 39, 1155–1165. [CrossRef]

46. Truffault, B.; Bourhis, D.; Chaput, A.; Calais, J.; Robin, P.; Le Pennec, R.; Lucia, F.; Leclère, J.-C.; Gujral, D.M.; Vera, P.; et al.
Correlation Between FDG Hotspots on Pre-radiotherapy PET/CT and Areas of HNSCC Local Relapse: Impact of Treatment
Position and Images Registration Method. Front. Med. 2020, 7, 218. [CrossRef]

47. Guezennec, C.; Bourhis, D.; Orlhac, F.; Robin, P.; Corre, J.-B.; Delcroix, O.; Gobel, Y.; Schick, U.; Salaün, P.-Y.; Abgral, R. Inter-
observer and segmentation method variability of textural analysis in pre-therapeutic FDG PET/CT in head and neck cancer. PLoS
ONE 2019, 14, e0214299. [CrossRef]

48. Dissaux, B.; Mazouz Fatmi, D.; Ognard, J.; Allard, B.; Keromnes, N.; Latreche, A.; Lepeuve, A.; Schick, U.; Bourbonne, V.; Ben
Salem, D.; et al. Radiotherapy Target Volume Definition in Newly Diagnosed High-Grade Glioma Using 18F-FET PET Imaging
and Multiparametric MRI: An Inter Observer Agreement Study. Tomography 2022, 8, 2030–2041. [CrossRef]

49. Byun, J.; Kim, Y.-H.; Nam, S.J.; Park, J.E.; Cho, Y.H.; Kim, H.S.; Hong, S.H.; Kim, J.H.; Kim, S.J.; Kim, C.J. Comparison of Survival
Outcomes Between Partial Resection and Biopsy for Primary Glioblastoma: A Propensity Score-Matched Study. World Neurosurg.
2019, 121, e858–e866. [CrossRef]

50. Ellingson, B.M.; Wen, P.Y.; Cloughesy, T.F. Modified Criteria for Radiographic Response Assessment in Glioblastoma Clinical
Trials. Neurotherapeutics 2017, 14, 307–320. [CrossRef]

51. Wen, P.Y.; Chang, S.M.; Van den Bent, M.J.; Vogelbaum, M.A.; Macdonald, D.R.; Lee, E.Q. Response Assessment in Neuro-
Oncology Clinical Trials. J. Clin. Oncol. 2017, 35, 2439–2449. [CrossRef] [PubMed]

52. Smeraldo, A.; Ponsiglione, A.M.; Soricelli, A.; Netti, P.A.; Torino, E. Update on the Use of PET/MRI Contrast Agents and Tracers
in Brain Oncology: A Systematic Review. Int. J. Nanomed. 2022, 17, 3343–3359. [CrossRef] [PubMed]

53. Verger, A.; Filss, C.P.; Lohmann, P.; Stoffels, G.; Sabel, M.; Wittsack, H.J.; Kops, E.R.; Galldiks, N.; Fink, G.R.; Shah, N.J.; et al.
Comparison of 18F-FET PET and perfusion-weighted MRI for glioma grading: A hybrid PET/MR study. Eur. J. Nucl. Med. Mol.
Imaging 2017, 44, 2257–2265. [CrossRef]

54. Souhami, L.; Seiferheld, W.; Brachman, D.; Podgorsak, E.B.; Werner-Wasik, M.; Lustig, R.; Schultz, C.J.; Sause, W.; Okunieff, P.;
Buckner, J.; et al. Randomized comparison of stereotactic radiosurgery followed by conventional radiotherapy with carmustine to
conventional radiotherapy with carmustine for patients with glioblastoma multiforme: Report of Radiation Therapy Oncology
Group 93-05 protocol. Int. J. Radiat. Oncol. Biol. Phys. 2004, 60, 853–860. [CrossRef]

55. Chan, J.L.; Lee, S.W.; Fraass, B.A.; Normolle, D.P.; Greenberg, H.S.; Junck, L.R.; Gebarski, S.S.; Sandler, H.M. Survival and failure
patterns of high-grade gliomas after three-dimensional conformal radiotherapy. J. Clin. Oncol. 2002, 20, 1635–1642. [CrossRef]

56. Pafundi, D.H.; Laack, N.N.; Youland, R.S.; Parney, I.F.; Lowe, V.J.; Giannini, C.; Kemp, B.J.; Grams, M.P.; Morris, J.M.; Hoover,
J.M.; et al. Biopsy validation of 18F-DOPA PET and biodistribution in gliomas for neurosurgical planning and radiotherapy target
delineation: Results of a prospective pilot study. Neuro. Oncol. 2013, 15, 1058–1067. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00259-019-04656-2
http://www.ncbi.nlm.nih.gov/pubmed/31919633
http://doi.org/10.2967/jnumed.113.129007
http://www.ncbi.nlm.nih.gov/pubmed/24578243
http://doi.org/10.1016/j.radonc.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21497925
http://doi.org/10.1007/s00259-018-4180-3
http://doi.org/10.1002/hed.24738
http://doi.org/10.3389/fmed.2020.00218
http://doi.org/10.1371/journal.pone.0214299
http://doi.org/10.3390/tomography8040170
http://doi.org/10.1016/j.wneu.2018.09.237
http://doi.org/10.1007/s13311-016-0507-6
http://doi.org/10.1200/JCO.2017.72.7511
http://www.ncbi.nlm.nih.gov/pubmed/28640707
http://doi.org/10.2147/IJN.S362192
http://www.ncbi.nlm.nih.gov/pubmed/35937076
http://doi.org/10.1007/s00259-017-3812-3
http://doi.org/10.1016/j.ijrobp.2004.04.011
http://doi.org/10.1200/JCO.2002.20.6.1635
http://doi.org/10.1093/neuonc/not002

	Introduction 
	Materials and Methods 
	Population 
	Imaging Protocol 
	MRI 
	FET PET 

	Target Volume Delineation on MRI 
	Target Volume Delineation on FET PET 
	Co-Registration 
	Spatial Similarity Coefficients 
	Hotspot Concept 
	Statistical Test 

	Results 
	Patient Characteristics 
	Impact of Radio-Chemotherapy 
	Spatial Similarity between PET (MTV) and MRI Tumor Volumes (GTV) 
	Hotspot Concept 

	Discussion 
	Conclusions 
	References

