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Abstract

Background PET represents a valuable tool for glioma imaging. In addition to amino acid tracers such as '*F-FET, PET targeting
the 18-kDa mitochondrial translocator-protein (TSPO) is of high interest for high-grade glioma (HGG) imaging due to its upreg-
ulation in HGG cells. '®F-GE-180, a novel TSPO ligand, has shown a high target-to-background contrast in HGG. Therefore, we
intra-individually compared its uptake characteristics to dynamic '*F-FET PET and contrast-enhanced MRI in patients with HGG.
Methods Twenty HGG patients (nine /DH-wildtype, 11 /DH-mutant) at initial diagnosis (n =8) or recurrence (n=12) were
consecutively included and underwent '*F-GE-180 PET, dynamic '*F-FET PET, and MRI. The maximal tumour-to-background
ratios (TBR,.x) and biological tumour volumes (BTV) were evaluated in 8F_GE-180 and '®F-FET PET. Dynamic 8E_FET PET
analysis included the evaluation of minimal time-to-peak (TTP,,;,). In MRI, the volume of contrast-enhancement was delineated
(VOLcEg). Volumes were spatially correlated using the Serensen—Dice coefficient.

Results The median TBR,,,,, tended to be higher in '*F-GE-180 PET compared to '*F-FET PET [4.58 (2.33-8.95) vs 3.89 (1.56—
7.15); p =0.062] in the overall group. In subgroup analyses, /DH-wildtype gliomas showed a significantly higher median TBR . in
'F_GE-180 PET compared to '*F-FET PET [5.45 (2.56-8.95) vs 4.06 (1.56-4.48); p = 0.008]; by contrast, no significant difference
was observed in /DH-mutant gliomas [3.97 (2.33—6.81) vs 3.79 (2.01-7.15) p = 1.000]. Only 5/20 cases showed higher TBR,, in
'"E_FET PET compared to '®F-GE-180 PET, all of them being /DH-mutant gliomas. No parameter in '*F-GE-180 PET correlated
with TTP,,,;, (p > 0.05 each). There was a tendency towards higher median BTV g1 [32.1 (0.4-236.0) ml] compared to BT Vgt
[19.3 (0.7-150.2) ml; p =0.062] with a moderate spatial overlap [median Serensen—Dice coefficient 0.55 (0.07-0.85)]. In MRI,
median VOLcg [9.7 (0.1-72.5) ml] was significantly smaller than both BTVggrand BTV g5 (p < 0.001 each), leading to a poor
spatial correlation with BTV gg_1g0 [0.29 (0.01-0.48)] and BT Vgt [0.38 (0.01-0.68)].

Conclusion PET with '®F-GE-180 and '®F-FET provides differing imaging information in HGG dependent on the /DH-muta-
tional status, with diverging spatial overlap and vast exceedance of contrast-enhancement in MRI. Combined PET imaging might
reveal new insights regarding non-invasive characterization of tumour heterogeneity and might influence patients’ management.
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Introduction

The diagnostic gold standard for high-grade glioma (HGG)
imaging is represented by magnetic resonance imaging
(MRI), with contrast-enhancement indicating blood—brain-bar-
rier (BBB) breakdown in MRI [1]. A major challenge during
planning of local treatments such as radiotherapy or surgical
resection is the delineation of the tumour extent beyond contrast
enhancement (CE) in MRI, as the ‘real tumour extent’ know-
ingly exceeds the areas of CE in MRI [2, 3]. Therefore, positron
emission tomography (PET) using a variety of radiotracers, in
particular radiolabeled amino acids such as
O-(2-["*F]fluoroethyl)-L-tyrosine (‘**F-FET), is increasingly
used for glioma imaging in clinical routine as a valuable com-
plementary tool to conventional MRI images [4, 5]. On a mo-
lecular level, an increased expression of system-L-amino acid
transporters (LAT) is responsible for tumoral '*F-FET-uptake
[6]. Although '"*F-FET PET is considered a reliable modality for
delineating tumour tissue, parts of a glioma or an entire glioma
canbe '*F-FET-negative, which is observed in one third of low-
grade gliomas and can even occur in high-grade gliomas [7].

In addition to the uptake of amino acids, the 18-kDa mi-
tochondrial translocator protein (TSPO) represents a promis-
ing target for PET imaging. Being located at the outer mito-
chondrial membrane, TSPO is expressed by activated mi-
croglia and macrophages in neuroinflammatory processes.
In addition, TSPO is also expressed in HGG cells themselves,
enabling PET-ligands to visualize the TSPO in high-grade
gliomas non-invasively. Although the role of TSPO in HGG
is not fully understood, it has been reported to be attributable
to aggressive tumour features [8]. By contrast, there is only a
low expression in cells of low-grade gliomas (LGG) [9].
Within recent years, first preclinical studies have been pub-
lished testing TSPO PET tracers for in-vivo imaging of glio-
mas [10-13] and have indicated promising results, whereas
only a limited number of TSPO PET studies have been per-
formed in humans so far [9, 14-16]. In these studies, TSPO
ligands of the previous generation such as ''C-(R)PK11195
were used, but harbored major disadvantages such as a low
binding affinity or short half-life of [''C]. Recently, '*F-GE-
180, a novel tricyclic indole TSPO ligand of the latest gener-
ation with high binding affinity [17-19], has shown superior
imaging properties compared to other previous tracers [18,
20]. Moreover, TSPO imaging in healthy humans [21, 22]
and patients suffering from relapsing-remitting multiple scle-
rosis [23, 24] showed high feasibility. In gliomas, we showed
that '*F-GE-180 PET in patients with glioblastoma provides a
high tumour-to-background contrast and a distinct exceed-
ance of contrast-enhancing tumour parts in MRI [25].

As a recent study with limited sample size indicated a con-
siderable discrepancy of tumoral TSPO expression, as
assessed with '?*I-CLINDE SPECT, and amino acid uptake
using the clinically established amino acid tracer '"*F-FET in a
set of three glioblastoma patients [26], we hypothesized that
TSPO expression, amino acid uptake, and CE do visualize
partially different tumour parts, possibly depending on the
tumour grade and molecular genetic features. Therefore, we
intra-individually compared and spatially correlated the tu-
moral TSPO expression, dynamic amino acid uptake, and
contrast enhancement in patients with newly diagnosed and
recurrent HGG using the novel PET-ligand '*F-GE-180, dy-
namic '8F-FET PET, and contrast-enhanced MRI, and corre-
lated these findings with the individual tumour grading and
molecular genetic profile.

Materials and methods
Patients

Patients with HGG at initial diagnosis or recurrence prior to
any further therapy were consecutively included in this pilot
study. Newly diagnosed brain tumours were verified by his-
tology; HGG recurrence was evaluated by histology or, in
cases of missing clinical indication for stereotactic biopsy or
resection, according to Response Assessment in Neuro-
Oncology (RANO) working group criteria for HGG [1] with-
out any suspicion of treatment-related changes. Prior to further
therapies, the included patients underwent '*F-GE-180 PET
and dynamic 'SF-FET PET. Additionally, all individuals
underwent genotyping for polymorphism of the TSPO gene.
This study was approved by the local ethics committee, and all
patients gave written informed consent (IRB no. 17-769).

Histological confirmation, tumour grading,
and molecular genetic analysis

Stereotactic biopsy procedures and microsurgical resections
were performed at the Department of Neurosurgery, LMU
Munich, Germany. As part of the clinical routine, histopatho-
logical and molecular genetic evaluations (/DH-mutation, 1p/
19q-codeletion) were performed at the Institute of
Neuropathology, LMU Munich, Germany, and were classified
according to the updated WHO 2016 classification of brain
tumours [27]. For further specifications regarding the histo-
pathological workup, see also [28, 29].
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DNA extraction and polymorphism genotyping

Due to the known dependency on a genetic polymorphism of
the TSPO gene of binding properties of the TSPO ligands of the
previous generation [30-32], all patients underwent genotyp-
ing and were consequently evaluated as low-, medium- or high-
affinity binders (LAB, MAB, and HAB respectively). For this
purpose, whole blood samples were sent to the Department of
Psychiatry and Psychotherapy, University of Regensburg,
Germany, for polymorphism genotyping. For further specifica-
tions, see also [23, 24].

PET acquisition

All patients were scanned at the Department of Nuclear
Medicine, LMU Munich, with a Biograph 64 PET/CT scanner
(Siemens, Erlangen, Germany). A low-dose CT scan preceded
the PET acquisition and served for attenuation correction.
Images of both tracers were reconstructed using OSEM3D
algorithm (eight iterations, four subsets, 4 mm Gauss) with a
matrix size of 336 x 336 x 109, a voxel size of 1.018 x

1.018 x 2.027 mm3, and a slice thickness of 2.027 mm. For
each scan, standard corrections for attenuation, scatter, decay,
and random counts were applied. Automated production of
E_GE-180 was performed as published previously [23, 33].
After injection of 178 + 12 MBq '*F-GE-180 as intravenous
bolus, data were acquired 60—80 min p.i.; the respective sum-
mation images were used for image analysis [25]. After injec-
tion of 174 +£23 MBq I8F_FET as intravenous bolus, data were
acquired 0—40 min p.i. Summation images 20—40 min p.i. were
used for static and 0—40 min data were used for dynamic
analysis.

Magnetic resonance imaging

As part of the clinical routine, patients underwent MRI scans
with aslice thickness of 1 mm. In all patients, axial T2-weighted
sequences as well as T1-weighted sequences before and after
intravenous administration of 0.1 mmol/kg gadobenate
dimeglumine contrast agent (Gd-BOPTA, MultiHance®;
Braccolmaging, Milan, Italy) were acquired. Volumes of
contrast-enhancement (CE) excluding necrosis (VOL¢g) were
manually delineated in the fused T1 images using the PMOD
Neuro tool (v3.5, PMOD Technologies, Zurich, Switzerland)
after consensus reading.

Image evaluation

'8F-FET PET The mean background activity (BG) was assessed
in the healthy contralateral hemisphere as previously published
[34]. The biological tumour volume (BTV) was estimated by a
semiautomatic threshold-based delineation of a volume of in-
terest (VOI), using a standardized uptake value (SUV)
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threshold of 1.8 x BG [3], resulting in BT Vggr. For the assess-
ment of the maximal tumour-to-background ratio (TBR.),
the maximal SUV was divided by the BG. As described previ-
ously [35], dynamic PET data were evaluated using the soft-
ware PET Display Dynamic implemented in the Hermes work-
station (Hermes Medical Solutions, Stockholm, Sweden); the
time—activity curves were evaluated on a slice-by-slice basis,
the time to peak (TTP) was assessed in each slice within the
tumour; the shortest TTP in at least two consecutive slices was
defined as minimal TTP (TTP,;,), see also [36].

'8F-GE-180 PET BG and TBR,,,, were assessed analogously to
"E-FET PET. The TSPO-positive PET volumes were semi-
automatically delineated using the commonly applied thresh-
old SUVpg % 1.8 (BTVGE-180), as no histologically verified
threshold exists for TSPO PET so far [25].

Moreover, the relative TBR,,,,x as defined as the individual
ratio of both tracers was assessed, i.e., relative TBR, . =
TBR oy ' °F-GE180 / '*F-FET. Image analysis was performed
using PMOD Neuro tool (v3.5, PMOD Technologies, Zurich,
Switzerland). '®F-GE-180 and '*F-FET PET images were au-
tomatically coregistered with contrast-enhanced, T1-weighted
MRI images, and visually screened for correct positioning.
Volumes of CE, '°F-GE-180 PET, and '*F-FET PET were then
spatially correlated using the Serensen—Dice coefficient, as de-
fined as two times the ratio between the respective intersection
volume and the sum of both volumes, i.e., 2 X | Volume; N
Volume,| / (| Volume, | + | Volume,|) [37, 38].

Statistical analysis

Statistical analysis was performed with IBM® SPSS®
Statistics, Version 24. Descriptive statistics were used for pa-
tients’ characteristics and PET parameters. Normal distribution
was assessed by Shapiro—Wilk test. Descriptive statistics are
displayed as median (range). Comparing continuous non-
parametric parameters, Mann—Whitney U test was used for in-
dependent variables and Wilcoxon signed-rank test for depen-
dentpaired variables. Kruskal-Wallis test was used for compar-
isons of non-parametric and unpaired parameters within more
than two groups. Non-parametric continuous variables were
correlated using Spearman’s rank correlation coefficient.
Statistical significance was defined as two-tailed p-values
<0.05. In cases of low p-values not reaching the level of signif-
icance (i.e., p-values 0.05-0.065), the term “tended” was used.

Results
Patients

Twenty HGG patients [11 female, nine male; median age
49.8 years (range, 29.1-69.8 years)] were consecutively
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included in 2017. Of these, 8/20 patients (40.0%) presented
with newly-diagnosed and 12/20 (60%) with recurrent glioma.
IDH-mutation was present in 11/20 of the included gliomas
(55%; 8/11 WHO grade 111, 3/11 WHO grade 1V); 9/20 cases
were IDH-wildtype gliomas (45%; 2/9 WHO grade 111, 7/9
WHO grade IV). Histological validation was performed in all
newly diagnosed (7/8 stereotactic biopsy, 1/8 resection after
imaging) and in 8/12 recurrent HGG (7/8 stereotactic biopsy,
1/8 resection afterimaging). Four further recurrent gliomas with
progressive disease according to RANO criteria [ 1] withoutany
suspicion of treatment-related changes were included; these
cases had undergone histological and molecular genetic work-
up in the previous disease course (four WHO grade 111, /DH-
mutant). Genotyping for the TSPO-polymorphismrevealed 12/
20 (60%) patients with HAB, 5/20 (25%) with MAB, and 3/20
(15%) with LAB status. The median interval between '*F-GE-
180 and '*F-FET PET was 3 days (range, 1-15 days), between
"®F_GE-180 PET and MRI 15 days (range, 0-30 days) and
between 'SF-FET PET and MRI 14 days (range, 0-30 days).
See Tables 1 and 2.

18F_GE-180 PET parameters

Overall, the median TBR,,,x was 4.58 (range, 2.33-8.95) and
the median BTV gg.1g0 32.1 ml (range, 0.4-236.0 ml). In

subgroup analyses, IDH-wildtype gliomas showed a higher
TBRax (median 5.44 (range, 2.56-8.95) vs 3.97 (range,
2.33-6.81) compared to /DH-mutant gliomas without
reaching the level of significance (p = 0.080). Moreover, there
were no significantly different 'F-GE-180 PET TBR,pn. Or
BTVgEg.180 values comparing newly diagnosed and recurrent
glioma (p > 0.05 each). See Tables 2 and 3.

8F-FET PET parameters

In the overall group, the median TBR,,,, was 3.83 (range,
1.56-7.15) and the median BT Vg was 19.3 ml (range,
0.7-150.2 ml). In one patient, the tumoral uptake did not ex-
ceed the background activity (i.e., < 1.8 x BG); thus, no
BTVggr was delineated (anaplastic astrocytoma, /DH-
wildtype). The dynamic evaluation revealed a median
TTPyin of 17.5 min (4.0-35.0 min) in the overall group; in
one patient, TTP,,;, could not be evaluated due to technical
reasons.

In contrast to '*F-GE-180 PET, '®F-FET PET analyses re-
vealed no different median TBR,,x in /DH-wildtype com-
pared to /DH-mutant gliomas [4.06 (range, 1.56—4.49) vs
3.79 (range, 2.01-7.14); p=0.776]. Also, there were no sig-
nificantly different 'F-FET PET parameters comparing

Table 1  Overview of patients’ characteristics

Patient Diagnosis WHO grade IDH- 1p/19¢q- MGMT- Stage Evaluation
mutation codeletion methylation

1 GBM v No No No Recurrence Biopsy

2 GBM v Yes No Yes Recurrence Biopsy

3 GBM v Yes No Yes Recurrence Biopsy

4 AA 11 Yes No Yes Initial diagnosis Biopsy

5 AA 11 Yes No Yes Recurrence RANO

6 AA I Yes No Yes Recurrence RANO

7 AOD I Yes Yes Yes Recurrence RANO

8 GBM v No No No Initial diagnosis Biopsy

9 AOD it Yes Yes Yes Initial diagnosis Biopsy

10 AOD ar Yes Yes Yes Recurrence Biopsy

11 GBM v No No Yes Initial diagnosis Biopsy

12 AA 111 Yes No Yes Recurrence RANO

13 GBM v Yes No Yes Recurrence Resection

14 AOD ar Yes Yes Yes Recurrence Biopsy

15 AA I No No No Initial diagnosis Biopsy

16 GBM v No No Yes Initial diagnosis Resection

17 GBM v No No No Recurrence Biopsy

18 GBM v No No Yes Recurrence Biopsy

19 AA I No No No Initial diagnosis Biopsy

20 GBM v No No No Initial diagnosis Biopsy

GBM = glioblastoma; AA = anaplastic astrocytoma; AOD = anaplastic oligodendroglioma; RANO = response assessment in neurooncology
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newly diagnosed and recurrent glioma (p >0.05 each). See
Tables 2 and 3.

Comparison of uptake intensity in '°F-GE-180
and "F-FET PET

Overall, the median TBR,,, in "*F-GE-180 PET tended to be
higher compared to '*F-FET PET [4.58 (range, 2.33-8.95) vs
3.83 (range, 1.56-7.15); p = 0.062], without reaching the level
of significance. In the subgroup of /DH-wildtype gliomas, the
median TBR ., Was significantly higher in '"*F-GE-180 PET
compared to '*F-FET PET [5.44 (2.56-8.95) vs 4.06 (range,
1.56-4.49); p=0.008]. In contrast, in the subgroup of IDH-
mutant gliomas, the median TBR,,,.x Was statistically indiffer-
ent comparing '*F-GE-180 and '®F-FET PET (p > 0.05); see
also Table 3.

In the majority of patients (15/20 cases), the uptake in-
tensity was higher in '®F-GE-180 PET compared to '*F-
FET PET; all the remaining five cases with higher uptake
in '"F-FET PET were /DH-mutant gliomas. None of the
parameters in ""E_GE-180 PET correlated with TTP,yin
(p>0.05 each), as derived in dynamic '*F-FET PET.

Comparable results could be obtained in subgroup analyses
with regard to WHO grades with higher uptake of '*F-GE-180
compared to '*F-FET in the more aggressive WHO grade IV
gliomas and no significant differences in the subgroup of
WHO grade III gliomas; see Tables 2 and 3.

Overall, a median relative TBR, 4 (i.€., TBR,x ratio '3F-
GE-180 / '®F-FET) of 1.23 (range, 0.44-2.05) was observed,
i.e., a 1.23-fold higher TBR . could be observed in '*F-GE-
180 compared to '*F-FET PET in median. In the subgroup
analysis, /[DH-wildtype gliomas showed a median relative
TBR,,ax Of 1.55 (range, 1.04-2.05), which was significantly
higher than in /DH-mutant gliomas with a median relative
TBR,ax of 1.05 (range, 0.44—1.60; p =0.012). This could
not be shown in the subgroup analyses of WHO grades
[WHO IV: median 1.46 (range, 0.95-2.05), WHO III: median
1.12 (0.44-2.05), p=0.218].

For the comparison of plain SUV values, please see sup-
plementary Tab. 1.

Spatial correlation of PET derived BTVs

Evaluating absolute volumes, median BTVgg.1g0 [32.1 ml
(range, 0.4-236.0 ml)] was higher than BT Vggr [19.3 ml

Table 2 Overview patients’ PET specifications
Patient MRI '®F.GE-180 PET '®F_FET PET Serensen-Dice coefficients

CE VOLcg Binding SUVgg TBRpux BTVGriso TBRuax BTVeer TTPhin  BTVgeisovs  VOLcg vs VOLcE vs

[ml] status [ml] [ml] [min] BTVEggr BTVEer BTVGE-130

1 Yes 43.2 HAB 0.41 4.05 52.1 3.23 19.3 n.a. 0.67 0.46 0.38
2 Yes 50.5 MAB 0.36 4.58 1359 2.96 65.3 17.5 0.31 0.37 0.18
3 Yes 1.5 MAB 0.36 6.81 31.6 7.15 26.2 7.5 0.74 0.07 0.09
4 No - HAB 0.37 2.38 0.4 2.01 0.7 17.5 0.11 - -
5 Yes 9.5 HAB 0.39 3.97 99.0 3.79 45.6 17.5 0.67 0.15 0.23
6 Yes 22.1 LAB 0.47 447 71.2 3.69 19.0 17.5 0.65 0.54 0.45
7 Yes 2.1 HAB 0.4 2.33 2.0 5.29 12.7 7.5 0.09 0.09 0.06
8 Yes 2.2 HAB 0.32 6.38 13.0 4.10 7.1 4.0 0.85 0.31 0.28
9 Yes 0.4 HAB 0.35 2.77 0.8 3.87 16.0 35.0 0.04 0.03 0.32
10 Yes 6.7 HAB 0.46 2.74 3.1 3.74 73 25.0 0.18 0.27 0.26
11 Yes 9.9 LAB 0.37 8.95 59.0 437 31.5 25.0 0.66 0.34 0.31
12 Yes 39.6 MAB 0.54 343 27.0 5.64 117.9 7.5 0.26 0.12 0.05
13 Yes 15.7 MAB 0.47 457 52.4 3.15 20.0 25 0.67 0.36 0.43
14 Yes 12.2 MAB 0.36 6.81 32.7 425 13.4 4.0 0.69 0.66 0.53
15 No - HAB 0.34 2.56 1.0 1.56 - 17.5 - - -
16 Yes 72.5 HAB 0.40 6.55 236.0 447 150.2 12.5 0.83 0.54 0.44
17 Yes 2.6 HAB 0.49 4.78 15.6 4.06 8.8 12.5 0.54 0.23 0.31
18 Yes 14.7 LAB 0.45 6.27 121.1 3.34 253 25.0 0.41 0.50 0.22
19 Yes 0.0 HAB 0.39 5.44 3.8 2.65 25 75 0.28 0.01 0.01
20 Yes 0.5 HAB 0.43 4.67 156.8 4.49 101.2 7.5 0.59 0.57 0.34

HAB = high-affinity binder; MAB = medium-affinity binder; LAB = low-affinity binder; CE = contrast enhancement; n.a. = not available
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Table 3  Distribution of TBR.y in '*F-GE180 and '8F-FET PET
[median (range)]

'SE_GE180 PET  'SF-FET PET Significance
Total 458 (2.33-8.95) 3.83(1.56-7.15) p=0.062
IDH-mutant 3.97(233-6.81) 3.79 (2.01-7.15) p=1.000
IDH-wildtype ~ 5.45(2.56-8.95)  4.06 (1.56-4.48) p=0.008
Significance p=0.080 p=0.766
WHO grade T~ 3.10 (2.334.48)  3.65 (1.56-5.64) p=0.959
WHO grade IV~ 5.52 (4.05-8.95)  4.08 (2.96-7.15)  p=0.009
Significance p=0.005 p=0.481

(range, 0.7-150.2 ml)], without reaching the level of signifi-
cance (p = 0.062). In the intra-individual spatial comparison of
tumour volumes, there was only a moderate spatial overlap of
the BTVs (BTVGgE.180 VS BT Vggr), with a median Serensen—
Dice coefficient of 0.55 (range, 0.07-0.85). In the subgroups,
IDH-wildtype and /DH-mutant gliomas showed a comparable
degree of spatial overlap of BTVgg.150 and BTVggr (median
Serensen—Dice coefficient 0.53 [range, 0.07-0.76) vs 0.59
(range, 0.32-0.85), p =0.206], whereas the spatial overlap
was lower in the group of WHO grade III gliomas compared
to WHO grade IV gliomas [0.33 (range, 0.07-0.63) vs 0.62
(range, 0.20-0.85); p =0.065], without reaching the level of
significance. For further specifications see Table 4.

Correlation of PET with contrast-enhancement in MRI

In MRI, CE was present in 18/20 patients (90.0%); in two
patients with newly diagnosed /DH-mutant and /DH-wildtype
anaplastic astrocytoma (patients 4 and 15) no CE could be
detected; both patients showed uptake in 'F-GE-180 PET,
but only one of them showed '*F-FET uptake significantly
exceeding the background activity. In patients with CE,
VOLcg [median 9.7 ml (range, 0.1-72.5 ml)] was significant-
ly smaller than the PET-derived BT Vs, i.e., BT Vgt [median
19.3 ml (range, 0.7-150.2 ml), p=0.001] and BTV gg.150
[median 32.1 ml (range, 0.4-236.0 ml), p = 0.001]. Thus, only
a low spatial correlation between CE and the PET-derived
BTVs could be detected with a median Serensen—Dice coef-
ficient of 0.29 (range, 0.01-0.48) compared to BTV gg.150 and

Table 4 Spatial
correlation of '8F-GE-
180 and "8F-FET PET

BTVgE-180 vs BTVEgr

derived BTVs [median Total 0.55 (0.07-0.85)
Serensen-Dice- IDH-mutant 0.53 (0.07-0.76)
coefficient (range)] [DH-wildtype  0.59 (0.32-0.85)
Significance p=0.206
WHO grade III  0.33 (0.07-0.63)
WHO grade IV 0.62 (0.20-0.85)
Significance p=0.065

0.38 (range, 0.01-0.68) compared to BTVggr. See also
Table 5.

Correlation to TSPO-polymorphism

In the current cohort, patients with all three types of binding
status (including three patients with LAB) were evaluated.
Comparing '®F-GE-180 PET parameters of LAB, MAB, and
HAB patients, there were no significant differences in back-
ground activity [median background activity: 0.45 (range,
0.37-0.47) vs 0.36 (range, 0.36-0.54) vs 0.40 (range, 0.32—
0.49), p = 0.649] or tumoral uptake intensity [median TBR .
6.27 (range, 4.47-8.95) vs 4.58 (range, 3.43-6.81) vs 4.01
(range, 2.33-6.55); p = 0.164]; see also supplementary Fig. 1.

Discussion

Recently, PET imaging using '*F-GE-180, a novel high-
affinity TSPO ligand, has shown high tumour-to-background
contrast and tracer uptake exceeding the areas of CE in MRI in
glioblastoma patients [25]. This is the first study to compare
its uptake characteristics to the amino acid tracer '*F-FET and
contrast-enhanced MRI of the brain in patients with HGG.

In the current cohort of newly diagnosed and recurrent
HGG patients, all cases (100%) showed elevated uptake in
"®F_GE-180 PET. Interestingly, IDH-wildtype gliomas
showed higher uptake intensity than those with
IDH-mutation, which is in line with the current literature
linking TSPO expression with more aggressive tumour fea-
tures and poor prognosis [8]. Conversely, less aggressive tu-
mour parts and low-grade gliomas have been reported to show
no or only low TSPO expression [9].

In 'SF-FET PET, all but one patient (95%) showed uptake
significantly exceeding the background activity. The single
®F_FET-negative case was a newly diagnosed anaplastic as-
trocytoma (JDH-wildtype, WHO grade III). Although '®F-
FET negativity is a feature predominantly linked to /DH-mu-
tant gliomas/LGG, it has been reported to occur in 5% of
HGG cases [7, 28]. Interestingly, the uptake intensity of '*F-
FET did not differ in relation to the /DH-mutational status at
all, a direct contrast to 'F-GE-180 PET.

When directly comparing the uptake intensity of both
tracers, HGG seem to have higher uptake of '"*F-GE-180 com-
pared to '®F-FET (without reaching the level of significance).

Table 5 Spatial correlation of "®F-GE-180 and '8F-FET PET derived
BTVs and CE in MRT [median Serensen—Dice coefficient (range)]

VOLCE V§ BTVFET VOLCE A BTVGE—]SO

Serensen—Dice coefficient 0.38 (0.01-0.68) 0.29 (0.01-0.48)
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However, in the subgroups, IDH-wildtype gliomas showed
significantly higher uptake intensity in '*F-GE-180 compared
to '"F-FET PET, while the uptake intensities of both tracers
seem to be comparable in /DH-mutant gliomas. Notably,
when looking at the individual scans, only 5/20 patients
(25.0%) showed higher TBR . in '*F-FET PET compared
to '®F-GE-180 PET: interestingly, all five cases were IDH-
mutant gliomas. By analogy, higher uptake in '*F-GE-180
PET compared to '*F-FET PET was observed in WHO grade
IV gliomas as well, but not in WHO grade III gliomas; this
might be explained by the high inter-correlation of /DH-mu-
tational status and WHO grades.

Moreover, the comparison of relative TBR,,,x values
showed a significantly higher relative TBR,.x in IDH-
wildtype gliomas (i.e., median 1.55-fold higher TBR,,x in
'E-GE-180 PET, up to 2.05-fold higher TBR,,) compared
to IDH-mutant gliomas (i.e., median 1.05-fold higher TBR .«
in "8F-GE-180 PET), with ratios < 1 in IDH-mutant gliomas
only.

Comparing plain SUV values without background refer-
ence, similar results could be obtained to those using
TBR,ax Values with regard to the /DH-mutational status and
WHO grades using both tracers, although plain SUV values
are distinctly higher in '*F-FET PET compared to '*F-GE-180
PET overall and in subgroup analyses. Nonetheless, assess-
ment of TBR values is common sense in neurooncological
PET imaging, as recently emphasized in the joint
RANO/EANO/EANM/SNMMI procedure guidelines [39].

Our findings lead to the assumption that '*F-GE-180 PET
might be particularly valuable for the depiction of tumour
features attributed to poor prognosis (i.e., IDH-wildtype),
while "SF-FET, which has also proven itself capable in the
evaluation of less aggressive tumours such as LGG [35],
might show favorable imaging characteristics compared to
"8E_GE-180 for the depiction of tumours (or tumour parts)
with less aggressive biological behaviour. In particular, '*F-
FET shows a very high uptake intensity in gliomas with /DH-
mutation and additional 1p/19g-codeletion (i.e., oligoden-
droglial tumours) [40], which knowingly present with best
prognosis among the distinct molecular genetic subtypes
[27]; in the current study, four cases of anaplastic
oligodendroglioma were included; in three of the four cases,
a distinctly higher uptake in PET with "E_FET compared to
'E_-GE-180 was detected.

In the analysis of dynamic "8E_FET PET, TTP,y;, 1S con-
sidered an important prognostic factor in gliomas [28, 36, 41].
In the current set of patients, TTP,;,, in dynamic 8E_FET PET
did not correlate with the uptake intensity or BTV in '*F-GE-
180 PET, which is an interesting finding, as one might have
expected an association between both prognostically relevant
factors TTP,,;, and TSPO expression.

Jensen et al. spatially correlated amino acid uptake and
TSPO expression using '*I-CLINDE SPECT and '*F-FET
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PET in a first small set of three glioblastoma patients, and
described a diverging overlap of these modalities [26].
These preliminary results are in line with our findings: al-
though the absolute volumes derived in both PET modalities
were statistically indifferent, there was only a moderate spatial
correlation of these volumes, with a spatial overlap of around
50%, which is a surprisingly low percentage. When
subdivided into WHO grades, there was a higher, but still only
moderate overlap of around 60% in WHO grade IV, but an
even lower overlap of around 30% in WHO grade 111 gliomas
(see Table 4). This indicates that both PET modalities do sub-
stantially differ regarding their imaging information, in partic-
ular taking into account the underlying /DH-mutational status
and WHO grades. Keeping in mind the low expression of
LGG and less aggressive tumour parts, combined imaging
might therefore non-invasively enable characterization of tu-
mour heterogeneity. Here, combined imaging might, for ex-
ample, permit improved tumour grading, identification of the
most aggressive areas within gliomas and the underlying mo-
lecular genetic features, as dynamic '*F-FET PET so far seems
to be associated with the individual /DH-mutation status, irre-
spective of an additional 1p/19g-codeletion [42, 43].

In clinical routine, MRI represents the diagnostic gold stan-
dard, with CE representing the target of local therapies.
Hence, we correlated the PET-based BTVs with the volumes
of CE in MRI. VOL g was significantly smaller compared to
the BT Vs in both PET modalities. Consequently, a low spatial
correlation of VOLcg and the respective BTVs with a mean
spatial overlap of around 30% only could be detected. These
values are even lower than in the first study evaluating '*F-
GE-180 PET in /DH-wildtype glioblastomas [25], possibly
due to the currently more heterogeneous cohort including dif-
ferent molecular genetic features. As both PET-derived BT Vs
have shown a mean spatial overlap of around 50% them-
selves, only, this indicates a high diagnostic potential of dual
PET imaging targeting amino acid uptake and TSPO expres-
sion in HGG, in addition to the clinical gold standard MRI of
the brain. Patient examples are displayed in Figs. 1 and 2.

As seen in a previous '*F-GE-180 PET study in pa-
tients with relapsing-remitting multiple sclerosis [24],
the current 20 scans did not provide a major association
of '"®F-GE-180 binding characteristics with the individual
binding status, as all patients with LAB status showed
extraordinary high uptake and TBR,,,x even beyond CE
in MRI, although, of course, no statistically valid conclu-
sion can be drawn with only three included LAB. Using
kinetic modeling, no major dependencies between HAB
and MAB patients were observed in healthy subjects [22].
Moreover, using SUVR images, even patients classified as
LAB suffering multiple sclerosis showed high focal up-
take [24], indicating that LAB patients should not be ex-
cluded from studies in general. However, additional stud-
ies evaluating different quantification approaches are



Eur J Nucl Med Mol Imaging (2019) 46:580-590

587

18F-GE180 PET 8F-FET PET

‘,.- 0& I Q
| /

°
. O . 0.0

ce-T1 MRI

Spatial correlation

Fig. 1 Ina case of newly diagnosed, /DH-wildtype glioblastoma (patient 11) there is a moderate spatial correlation of BTV k.50 (red line) and BT Vgt
(green line) and just a low spatial correlation of VOLcg (vellow line) with the PET-based BTV

warranted in patients with LAB status. Moreover, there is
no data regarding non-specific binding and potential off-
target binding in humans so far. Although preclinical
studies using microglial staining, evaluation of TSPO-
expression with polymerase-chain-reaction, and blocking
in rodents do indicate specific binding and do not speak

18F-GE180 PET 8F-FET PET

©

Fig. 2 Ina case of newly diagnosed anaplastic oligodendroglioma (/DH-
mutant, 1p/19g-codeletion, patient 9) BTVggr (green line) shows a poor
spatial correlation with BTVggg0 (red line) and VOLcg (vellow line),

ce-T1 MRI

for off-target binding [44—46], further studies in humans
have to address these issues and correlate them with the
individual binding status.

Interestingly, two patients did not show CE — as surrogate
for BBB breakdown — in MRI, but showed distinct uptake in
'"8F_GE-180 PET, which also indicates that binding of '*F-

Spatial correlation

whereas there is a higher, but still just moderate spatial correlation of
BTVGE-ISO and VOLCE
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GE-180 is not caused by a mere breakdown of the BBB, as
also seen in non-CE lesions in patients with multiple sclerosis
[24]. Nonetheless, a certain “micro leakage” of the BBB fa-
cilitating the crossing of '®*F-GE-180 in the brain, but not
enabling the crossing of the larger molecules of gadolinium,
has to be considered in this context, as '*F-GE-180 does not
seem to easily penetrate the healthy brain as represented by a
relatively low background activity. As discussed previously
[23], the high binding to plasma proteins needs to be consid-
ered as a factor influencing the penetration of "*F-GE-180 in
the healthy brain tissue. Also, this high plasma binding might
contribute to the rather high signal in blood vessels. In sum, in
humans no data is available with regard to the exact contribu-
tion of the BBB integrity to '*F-GE-180 uptake in gliomas.
Therefore, further studies in humans have to address this issue
of the exact contribution of plasma binding and BBB integrity
with regard to the particular '*F-GE-180 uptake.

Nonetheless, for translation of TSPO PET in the clin-
ical setting, further studies are needed elucidating the
relation of TSPO expression of tumour-associated
neuroinflammatory and neoplastic cells. Although studies
have reported that TSPO expression in gliomas is pre-
dominantly related to neoplastic cells [9, 12], further
studies using step-wise stereotactic biopsies in spatial
correlation to the PET information are warranted. As part
of this process, specific thresholds for TSPO uptake
quantification in '8E_GE-180 PET have to be evaluated,
as the currently used threshold of SUVgg X 1.8 repre-
sents an arbitrary cut-off for approximate estimation and
comparisons of BTVs, which, however, allows an objec-
tive, reader-independent, and uniform estimation of the
tumour volume and, consequently, a spatial comparison
of the patterns of distribution with further modalities. As
approaches using tentative thresholds allow only an ap-
proximate estimation of spatial overlaps in comparison to
CE and amino acid uptake, with further dependencies of
the chose cut-off value, a histologically verified thresh-
old, as available for '*F-FET PET [47], is urgently need-
ed for further comprehensive studies focusing on '*F-GE-
180 PET in patients with brain tumours.

Conclusion

PET with '®F-GE-180 and '®F-FET provides differing imag-
ing information in HGG dependent on the /DH-mutational
status, with a diverging spatial overlap and a high exceedance
of contrast-enhancing tumour parts in MRI. Combined imag-
ing might reveal new insights with regard to non-invasive
characterization of tumour heterogeneity, and might influence
the patients’ management in terms of treatment planning and
response assessment.
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