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Abstract: Our aim was to provide a comprehensive overview of the existing literature concerning the
clinical applications of positron emission computed tomography (PET) with radiopharmaceuticals
targeting the translocator protein (TSPO) in gliomas. A literature search for studies about TSPO
PET in the last 10 years (from 2013 to February 2023) was carried out on PubMed, Scopus, and
Web of Science using the following keywords: “PET” AND “Gliomas” AND “TSPO”. The Critical
Appraisal Skills Program checklist for diagnostic test studies was used for testing the quality of
selected papers. Ten articles were selected, encompassing 314 glioma patients submitted to PET/CT
(9/10) or PET/MRI (1/10) with TSPO ligands. Among the various available TSPO tracers, the most
frequently used was the third-generation ligand, ['F]-GE-180. TSPO PET results were useful to
identify anaplastic transformation in gliomas and for the prognostic stratification of patients bearing
homogeneous genetic alterations. When compared to amino-acid PET, TSPO PET with ['®F]-GE-180
presented superior image quality and provided larger and only partially overlapping PET-based
volumes. Although biased by some issues (i.e., small sample size, most of the studies coming from the
same country), preliminary applications of TSPO PET were encouraging. Further studies are needed
to define implications in clinical practice and shape the role of TSPO PET for patients’ selection for
potential TSPO-targeted molecular therapies.
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1. Introduction

Gliomas are the most frequent primary malignant tumors: in spite of the many ad-
vances in diagnosis, their mortality and recurrence rate still remain high and the prognosis
is dismal, which is also due to the limited therapeutic options [1].

Conventional magnetic resonance imaging (MRI) is the gold standard for diagnosis
and follow-up, although it presents some limitations for the pre-operative characterization
of tumor grade (high- vs. low-grade gliomas) and for the differentiation of treatment-related
changes from tumor recurrences (i.e., radionecrosis and pseudoprogression) [2]. Although
the aforementioned limitations have been partially overcome by the implementation of
magnetic resonance spectroscopy (MRS), a valuable tool to quantify tumor-associated
metabolites, there is still an unmet need for imaging biomarkers suitable for improving
glioma in vivo pre-operative characterization and for monitoring the response to therapy [3].

Positron emission tomography (PET/CT) with radiolabeled amino acids, such as
11C—methyl—l—me’chionine (("CIMET), O—(2—[18F]ﬂuoroethyl)—l—tyrosine (['8F]FET), and
3,4-dihydroxy-6-['8F]-fluoro-l-phenylalanine (['®F]-FDOPA), has been successfully imple-
mented in neuro-oncology, particularly to discriminate radionecrosis/pseudoprogression
and tumor recurrence after surgery and radiochemotherapy [4-9]. Notably, the World
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Health Organization (WHO) Classification of Tumors of the Central Nervous System
has further highlighted the relevance of molecular profiling, especially methylation of
O°-methylguanine-DNA methyltransferase promoter (MGMTp) and isocitrate dehydroge-
nase 1 (IDH 1) mutations, for categorization and prognostication of brain tumors [10].

In recent years, the translocator protein (TSPO), an 18 kDa protein mainly expressed
on the outer mitochondrial membranes of microglia, astrocytes, and endothelial cells,
has been catalyzing attention as a relevant biomarker of neuroinflammation. Although
its role is still not completely understood, TSPO seems to be involved in transporting
cholesterol into mitochondria, in steroid synthesis, and in other bioenergetics reactions [11].
Notably, TSPO has been found strongly up-regulated when microglia are activated as a
response to injury, therefore, it has been emerging as an interesting biomarker for several
neuroinflammatory and neurodegenerative conditions (e.g., multiple sclerosis, Alzheimer’s
disease, etc.) [12-14]. On the other hand, aside from being overexpressed on activated
microglia, an increased TSPO expression has been reported on glioma tumor cells, with
a positive correlation with tumor grade and biological aggressiveness [15,16]. In this
perspective, TSPO might represent a valuable biomarker for simultaneously assessing
glioma biological characteristics as well as having insight into the glioma-associated tumor
microenvironment (TME).

Several efforts have been made to synthesize TSPO ligands suitable for PET imaging.
['!C]-PK11195, a selective antagonist for TSPO, has been first investigated as an imaging
agent with encouraging results, although its strong binding to plasma protein and relatively
low brain permeability led to a sub-optimal signal-to-background ratio. In addition, the
11C short half-life restricted its employment in clinical centers equipped with an in situ
cyclotron. Subsequently, second-generation TSPO ligands, such as [!!C]-DPA-713 and
the 18F-derivative [\8F]-DPA-714, have been introduced with meaningful improvement of
image quality, and, even more recently, the third-generation TSPO ligand, ['®F]-GE-180
was developed and exhibited superior imaging properties [17]. Nevertheless, the affinity
of TSPO ligands to the target is deeply influenced by a single polymorphism (rs6971) in
exon 4 of the TSPO gene, according to which patients can be stratified into high-affinity;,
medium-affinity, and low-affinity binders [13].

The aim of this present systematic review is to provide a comprehensive overview
of the existing literature concerning the clinical applications of PET with TSPO ligands
(i.e., TSPO PET) for glioma imaging, also trying to delineate the next steps for its imple-
mentation in clinical practice.

2. Materials and Methods
2.1. Search Strategy

A literature search until February 2023 was performed in PubMed, Web of Science, and
Scopus databases in order to retrieve papers related to the topic, according to the Preferred
Reporting Items for Systematic reviews and Meta-analyses (PRISMA) guidelines [18]. The
terms used were: “PET” AND “Gliomas” AND “TSPO”. The following types of studies
were considered: head-to-head comparative series, matched-pair studies, clinical trials,
case series, prospective studies, and retrospective cohorts. Case reports, review papers,
conference proceedings, editorial commentaries, interesting images, and letters to the editor
were excluded. Only studies published from 2013 up to February 2023, limited to humans,
and in the English language were selected.

Two reviewers (L.F, L.E.) conducted the literature search and independently appraised
each article using a standard protocol and data extraction. The reference lists of the selected
studies were carefully checked to identify any additional relevant literature.

From each study extracted data were, respectively: type of the study (prospective,
retrospective, etc.); year and location of the study; sample size; clinical setting; utilized
tracer and administered activity; utilized device (PET/CT or PET/MRI); standard of truth
(i-e., histopathology, clinical follow-up, or other). Studies with incomplete technical or
clinical data were considered ineligible.
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2.2. Quality of the Selected Studies

Selected imaging studies were analyzed using a modified version of the Critical Ap-
praisal Skills Programme (CASP) (https:/ /casp-uk.net/aboutus, accessed on 1 January 2023)
checklist for diagnostic test studies. Critical appraisal was performed by 2 reviewers (L.F.
and L.E.), and discrepancies, if any, were solved by discussion with the other authors
(G.D.V,, 0S5, and VEE).

3. Results
3.1. Analysis of the Evidence

The resulting PRISMA search strategy is shown in Figure 1. From the systematic
literature search, 10 papers were selected, for an overall number of 314 patients affected by
gliomas and submitted to PET with various TSPO ligands. Table 1 summarizes the main
findings of the selected manuscripts.

Records identified through database Additional records identified through
searching otherssources
[n=111) (n=0)

A J

Duplicatesremaoved
(n=60)

Records screened Records excluded [review, case
{n=51) # reports, editorials conference
meetings, notinhumans
[n=38)

Fulltext artides assesed for Fulltext artides excluded

eligibiliry [notinherent, n=2)
(n=13) {notinhumans n=1)

L

Studies included
{n=10)

Figure 1. Schematic representation of PRISMA workflow for manuscripts’ selection.

From the analysis of the selected papers, we identified three main thematic areas:
(1) correlative studies between TSPO PET findings and glioma tumor grading, molecular
profiling, or post-recurrence survival; (2) comparative studies between TSPO PET and
amino-acid PET and/or MRI (3) kinetics, methodological, or feasibility studies.

In the majority of the selected papers, ['8F]-GE-180 was employed, ['!C]-(R)PK11195
was utilized in two studies and ['®F]-DPA-714 was reported in one manuscript. As far as it
concerns the various employed tomographs, in seven studies PET/CT was utilized, in two
papers an emissive research-dedicated PET was employed, and a 122Cs-source was used
for scatter and attenuation correction, only one paper utilized a PET/MRI tomograph. PET
was carried out both through dynamic and static acquisition modalities; for ['®F]-GE-180
tracer a time window of 60-90 min post-injection (p.i.) was the optimal timing for obtaining
high-quality images.

The quality appraisal of the selected studies is represented in Figure 2. The majority of
studies had neuropathology as a reference, also encompassing histochemical analysis for
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determining TSPO expression on glioma and glioma-infiltrating cells. The most relevant
limitations in the selected studies were the following: (1) small sample size, exceeding the
threshold of 50 patients only in two studies (20%); (2) the majority (80%) of the selected
studies were carried out in Germany and 70% of the papers were performed by the same
group of researchers. In this regard, in one manuscript, the authors specified that they
included in their cohort patients collected from previously published reports (5 out of
34 enrolled subjects, 14.7%) [19].

The findings of the selected papers for each thematic area are described in the follow-
ing paragraphs.

Table 1. Main findings of the selected papers on TSPO PET applications in gliomas.

References

Year/Location

Sample

Size SoT

Study Setting Tracer Methodology

Su et al. [20]

Suetal. [21]

Albert et al. [22]

Unterrainer et al. [23]

Unterrainer et al. [24]

Zinnhardt et al. [25]

Kaiser et al. [19]

Vettermann et al. [26]

Zounek et al. [27]

Quach et al. [28]

2013/UK

2015/UK

2017/ Germany

2019/Germany

2020/ Germany

2020/ Germany

2021/Germany

2021/Germany

2022/Germany

Activity: 517 £ 127
Device: PET
Scan modality: dynamic
(60 min in list mode as
18 time-frames)
Activity: 509.6 & 123 MBq
Device: PET
Scan modality: dynamic
(60 min in list mode as
18 time-frames)
Activity: 187 + 13 MBq
Device: PET/CT
Scan modality: dynamic
in 1 case, static with a
20-minute duration at
60 min p.i. in 10 pts
Activity: 178 + 12 MBq
Device: PET/CT
Scan modality: data
acquired at 60-80 min p.i.
Activity: 185 + 14 MBq
Device: PET/CT
Scan modality: data
acquired at 60-80 min p.i.
Activity: 247.3 & 27.3 MBq
Device: PET/MRI
Scan modality: dynamic
acquisition in 60 min
Activity: 185 & 14 MBq
Device: PET/CT
Scan modality: data
acquired at 60-80 min p.i.
Activity: 189 & 12 MBq
Device: PET/CT
Scan modality: data
acquired at 60-80 min p.i.
Activity: 172 & 11 MBq
Device: PET/CT
Scan modality: dynamic
acquisition in 90 min, the
60-90 min summed
image used for analysis

Therapy

Feasibility aive” 23 ["'CJ-(R)PK11195 NPath

Prognostic

stratification NPath

Prospective 22 ["'C]<(R)PK11195

NPath
or
follow-up

Pre-operative
characterization 11
of recurrence

Pilot Study [18F]-GE-180

NPath
or
follow-up

Pre-operative or

Pilot study recurrence

20 ['F]-GE-180

Pre-operative or

Pilot study recurrence

58 ['F]-GE-180

Pre-operative or
recurrence

Npath and

18
9 [PFl-DPA-714 immunophenotyping

Prospective

Pre-operative
(newly 34
diagnosed)

Prospective ['8F]-GE-180 NPath

Feasibility Ti‘sfvagy 30 [1F]-GE-180 NA.

Pre-operative or

N.A.
recurrence

Feasibility 19 ['8F]-GE-180

2023/Germany

Retrospective,
observational

Recurrence

88

[8F]-GE-180

Activity: 180 MBq
Device: PET/CT
Scan modality: data
acquired at 60-80 min p.i.

Follow-up
(post-recurrence
survival and time to
treatment failure).

SoT: standard of truth; NPath: neuropathology; N.A. = not available.

3.2. Correlation with Tumor Grading, Molecular Profiling, and Post-Recurrence Survival

Su et al. investigated the potential usefulness of TSPO PET with [MCJ-(R)PK11195 to
differentiate low-grade (LGGs) from high-grade gliomas (HGGs), also in the perspective
of eventual TSPO-targeted therapies [21]. The authors enrolled patients affected by brain
lesions with MRI features typical for grade II or III gliomas according to the WHO classi-
fication. In addition, two subjects with MRI features typical for GBM were also included
in the study, for comparison. In all cases, both MRI and PET scans were acquired. In
particular, PET was carried out through dynamic acquisition, each summed PET image was
co-registered with the corresponding MRI image. Parametric maps representing the tracer
binding potential (BPNp = ratio of specifically bound radioligand over the non-displaceable
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one, using cerebellum as a reference region) were generated. Image analysis was correlated
with post-surgical neuropathological findings: 13 astrocytomas (6 grade II, 4 grade III,
3 grade IV) and 9 oligodendrogliomas (7 grade II, 2 grade III) were identified. At MRI,
contrast-enhancing was observed in the two GBM, while it was almost absent in other
tumors, while perfusion analysis (rCBV) showed substantial heterogeneity among the
various lesions. On PET imaging, LGGs were characterized by significantly lower tracer
BPnp with respect to HGGs. Notably, histochemical examination demonstrated that TSPO
was expressed predominantly on the tumor cell surface and only in a lesser extension on
the glioma-associated microglia/macrophages (GAMs), with a positive correlation between
BPnp gauged on PET images and TSPO density on histological specimens. The aforemen-
tioned results supported the potential employment of TSPO PET for the pre-operative
detection of anaplastic transformation in gliomas. In addition, since initially performed
studies seemed to suggest that the uptake of TSPO ligands might depend more on the
blood-brain barrier (BBB) disruption than on the specific tracer binding to the target, the
authors underlined how, in their cohort, [11C]—(R)PK11195 was detected also in HGGs
characterized by no or minimal BBB damage.

Albert etal. (2017) [22]
Unterrainer et al. (2019) [23]
Unterrainer et al. (2020) [24]
Zinnhardt et al. (2020) [25]
Kaiser et aal. (2021) [19]
Vettermann et al. (2021) [26]
Zouneket al. (2022) [27]
Quach etal. (2023) [28]

Suetal. (2013) [20]
Su etal. (2015) [21]

Was there a clear question for the study to address?

Was there a comparison with an appropriate reference standard?

Did all patients get the diagnostic test and reference standard?

Were the test and reference standard performed independently?

Is the disease status of the tested population clearly described?

Were the methods for performing the test described in sufficient detail?

Can the results be applied to your patients/the population of interest?

Can the test be applied to the patient or population of interest?

Were all outcomes important to the individual or population considered?

Green: yes; Yellow: can’t tell; Red: no
Figure 2. Quality appraisal of selected articles using CASP checklist for diagnostic studies [20-28].

Unterrainer and collaborators investigated the correlation between TSPO PET with
['8F]-GE-180 PET and glioma biological characteristics in 58 patients affected by newly
diagnosed (n = 33) or recurrent (n = 25) brain tumors [24]. After injection of 180 MBq of
tracer, PET/CT acquisition was obtained at 60-80 min p.i. The following PET-derived
parameters were calculated: standardized uptake value (SUV) of background activity
(SUV3pG); maximum and mean tumor-to-background ratio (TBRmax and TBRmean); and
PET-volumes semi-automatically delineated using a threshold of SUVpg X 1.8. At histolog-
ical examination, the majority of the brain lesions (1 = 36, 62.1%) were classified as WHO
grade IV and 67.2% were IDH wild-type. At the visual examination, almost all patients
(n = 54, 93.1%) showed increased tracer uptake, while four patients were negative and
resulting in diffuse astrocytomas at neuropathology. Overall median TBRpax in the whole
group was 4.51 and the median PET volume was 31.8 mL. Notably, WHO grade IV gliomas
showed higher TBRyax and PET volumes as compared with WHO grade III and II lesions,
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as well as a trend towards a higher TBRmay, although not at a statistically significant level,
was observed in IDH wild-type gliomas with respect to IDH-mutant ones in the overall
group. However, by stratifying patients according to each WHO grade, no significant
differences in uptake (SUV, TBR) among wild-type and mutant gliomas were identified. In
addition, no correlation was registered between ['8F]-GE-180-related uptake parameters
and other investigated molecular biomarkers (i.e., MGMT methylation status and TERT
promoter mutation).

Quach and collaborators assessed the relationship between ['8F]-GE-180 PET TSPO
PET-derived parameters and survival in 88 patients affected by recurrent gliomas [28]. In
particular, the authors assessed whether or not the intensity of the TSPO signal at recurrence
was associated with post-recurrence survival (PRS) and time-to-treatment failure (TTF).
The authors found a correlation between TSPO ligand uptake (SUVmax) at recurrence and
tumor grade, with no significant difference between IDH wild-type and mutant lesions.
Notably, in the sub-group of IDH-mutant gliomas, a lower SUVmax was associated with a
more favorable outcome (i.e., longer PRS and TTP), thus suggesting a potential of the tracer
to stratify patients with homogeneous molecular profiling. In the multivariate analysis,
including imaging and clinical variables (e.g. WHO grade, IDH status, age, etc.), TSPO
SUVmax remained an independent predictor of PRS. PET-derived volumes measured on
['8F]-GE-180 images poorly correlated with volumes delineated on contrast-enhanced
(ce)-MRI and, when available, on ['8F]-FET PET.

3.3. Comparative Studies

Some studies compared the diagnostic performance of TSPO PET in gliomas with
respect to that of other imaging modalities (MRI or amino-acid PET). Quantitative results
of TSPO vs. amino-acid PET, when available, are reported in Table 2. In a first pilot study,
Albert et al. compared the diagnostic accuracy of TSPO PET with ['8F]-GE-180 with respect
to that of MRI for the delineation of both newly diagnosed (n = 7) and post-therapy recurrent
(n = 4) IDH wild-type GBM [22]. All the participants were first selected for TSPO-affinity
status by DNA sequencing. In all cases, both MRI and PET/CT were carried out within a
median time interval of 14 days. Several PET-derived parameters were calculated (SUV
and TBRnax), and tumor volumes of TSPO-positive lesions were measured by applying
various SUV-based thresholds (SUVgg x 1.6, SUVpg x 1.8, SUVpg x 2.0), thus generating
corresponding volumes V¢, Vi3, and V;o. Afterward, MRI-based volumes were obtained
using dedicated software (Oncentra MasterPlan®, Elekta Ltd., Crawley, UK) and compared
with those obtained by using PET analysis. In all GBM patients, TSPO PET results were
positive with high tumor-to-background contrast (median TBRmax = 6.61), while a very low
signal was found in the normal brain. Although ['8F]-GE-180 was found less sensitive to the
genetic polymorphism with respect to the first- and second-generation TSPO ligands, the
TBRmax value was greater in high-affinity and medium-affinity binders but not statistically
significant. In PET-based volumes, regardless of the employed segmentation threshold,
results were meaningfully greater than the corresponding MRI-based volumes. As a matter
of fact, TSPO tracer uptake was also found in the GBM area with no CE on MRL

Unterrainer and coworkers compared ['8F]-GE-180 TSPO PET, ['8F]-FET PET, and
ce-MRI in 20 consecutively enrolled patients with newly diagnosed (n = 8) or recurrent
(n = 12) HGGs and correlated imaging findings with both the histological tumor grade
(according to the WHO 2016 classification) and molecular profiling [23]. After having tested
all participants for genetic polymorphism, TSPO PET was carried out 60-80 min p.i. and the
respective summed images were used for data analysis. In addition, PET/CT with ['®F]-FET
was obtained by a dynamic acquisition (0—40 min p.i.) and MRI was performed as a part of
patients’ standard diagnostic work-up. On both TSPO and amino-acid PET images, several
parameters were calculated: mean background activity (BG); TBRmax; and biological tumor
volume (BTV) applying a threshold of 1.8 x BG. In addition, minimal time-to-peak (TTPmin)
was calculated on ['®F]-FET PET/CT, and volume of contrast-enhancement (VOLcE) was
measured on MRI. Histology was obtained in all newly diagnosed and in eight out of twelve



Diagnostics 2023, 13, 1813

7 of 13

HGGs, while in four cases with recurrent lesions, the standard of truth was represented
by response evaluation according to Response Assessment in Neuro-Oncology (RANO)
working group criteria [29]. Median TBRuax results were higher on ['®F]-GE-180 PET than
in ['8F]-FET (i.e., 4.58 vs. 3.89), although not significantly different (p = 0.062). Notably, at
subgroup analysis IDH wild-type HGGs showed meaningfully (p = 0.008) higher TBRmax on
TSPO PET than on amino-acid PET, while no relevant difference in tracer uptake among the
two PET-imaging modalities was found in the case of IDH-mutant HGGs. No correlation
was registered among ['®F]-GE-180 PET-derived parameters and TTPmin obtained on
['8F]-FET PET. BTV delineated both on ['8F]-GE-180 and ['8F]-FET images was greater than
the VOLcg drawn on MRI.

Table 2. Semiquantitative analysis in comparative studies between TSPO and amino-acid PET.

Amino- Amino-Acid PET
References C(}Z\Pe;;)ifson I:I;S:I% TSP&l’e]fi"fa\rsalues Acid Uptake Values p Value * Findings
P 8 PET Tracer (Median)
TSPO and amino-acid
PET provided
TSPO vs. 'diéf[ecreGnt parar;eters
Unterrainer  amino-acid TBRmax = 4.58 TBRmax = 3.89 0.062 in HGGs according to
etal. [23] PET and [*FI-GE-180 BTV =311 mL ["FI-FET BTV = 19.3 mL 0.062 IDH mutational
MRI status, w_1th partially
overlapping volumes,
greater than those
obtained with MRL
TSPO and amino-acid
PET provided
complementary
TSPO vs. information in
Zinnhardt amino-acid SUVmax/SUVmean = 2.5 SUVmax/SUVmean = 2.8 grome.
etal. [25] PET and [*FI-DPA-714 SUVmean/SUVmean = 1.4 ["FI-FET SUVmean/SUVmean = 2.1 na. PET-derived
MRI parameters correlated

with the amount of
glioma-infiltrating
immunosuppres-
sive cells.

TBR: tumor-to-background ratio; SUV: standardized uptake value; IDH: isocitrate dehydrogenase; *: statistical
significance was defined as two-tailed p-values < 0.05; n.a.: not available.

The potential of TSPO PET for the in vivo imaging of glioma TME was investigated
by Zinnhardt and colleagues [25]. In particular, the authors correlated the results of TSPO
PET/MRI performed by employing the second-generation tracer ['8F]-DPA-714 with in-
depth immunophenotyping carried out in specimens obtained from glioma stereotactic
biopsies. In addition, all the nine included patients (newly diagnosed glioma, n = 7;
recurrence, n = 2) underwent, as a part of their diagnostic routine examination, both
MRI and PET/MRI with ['8F]-FET. All patients were screened for TSPO-associated gene
polymorphism by DNA sequence and low-affinity binders were not included in the study.
At histological examination, four cases were LGGs and five results were HGGs. PET was
acquired through a hybrid PET/MRI tomograph by dynamic acquisition in 40 min for
['8F]-FET and in 60 min for [!8F]-DPA-714, respectively. All patients with newly onset
HGGs were positive for both ['8F]-FET and ['8F]-DPA-714 uptake, both TSPO and amino-
acid PET were negative in one case, and the ['8F]-FET result was positive and [\8F]-DPA-714
negative in two cases (i.e., one grade IIl and one grade II oligodendroglioma). Notably,
the intensity of the TSPO signal was slightly lower than that obtained with amino-acid
PET at quantitative analysis. Concerning the capability of TSPO-PET to image glioma
TME, a significant and strong correlation was identified between [18F]-DPA-714 uptake and
the number and activation level of glioma-associated myeloid cells (GAMs), particularly
in regards to tumor-infiltrating immunosuppressive myeloid-derived cell populations.
Notably, PET volumes calculated on [18F]-DPA-714 image exceeded the corresponding
volumes obtained on [*8F]-FET images, with differential spatial distribution.

Kaiser and colleagues combined dual-tracer PET with ['8F]GE-180/['8F]-FET and
ce-MRI to investigate their correlation in 34 patients with newly diagnosed GBM [19].
TSPO and amino-acid PET were acquired and analyzed as described in the previously
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cited paper [30]. Contrast-enhanced images were normalized voxel-by-voxel with the
pre-contrast T1-weighted MRI to generate relative CE values (rCE), used as a surrogate
biomarker for BBB leakage. Concerning tumor molecular profiling, the majority of glioma
results were IDH1/2 wild-type. A voxel-by-voxel correlation was carried out in TSPO
PET, amino-acid PET, and T1-weighted MRI to assess differences in PET-signal intensity
(i.e., TBR) within the tumor and to establish whether or not ["*F]GE-180 uptake was
correlated with BBB leakage and therefore partially or completely attributable to non-
specific tracer accumulation. In this regard, the authors found an absent to moderate
correlation between TBR measured on PET images (both TSPO and amino-acid) with
respect to MRI-based rCE value. In particular, some areas with no CE at the MRI image
showed intensely increased TSPO tracer incorporation (hotspots), thus supporting the
assumption that ['®F]GE-180 is incorporated even in areas with intact BBB. Notably, in 53%
of cases, no overlap among ['®F]JGE-180 hotspots and MRI hotspots was registered. On the
contrary, the voxel-wise correlation between the two PET-imaging modalities was strong,
with a moderate overlap of hotspots.

3.4. Kinetics, Methodological, or Feasibility Studies

Su et al. assessed the kinetics of ['!C]-(R)PK11195 in gliomas and surrounding brain
structures in 22 patients, in comparison with 10 age-matched healthy controls [20]. Glioma
patients were “therapy-naive”: a high-resolution research tomograph was used for image
acquisition, employing a 13’Cs point source for scatter and attenuation correction. After
i.v. tracer injection, a dynamic scan was acquired over 60 min in list mode as 18 time-frames.
Lesions were drawn both on PET and MRI images and then reciprocally compared, further-
more, tissue time-activity curves (TACs) were extracted from tumor regions as well as grey
matter (GM) and white matter (WM) of the brains. Notably, BPNp parametric maps were
obtained through supervised cluster and cerebellar input function both in glioma patients
and controls. Imaging results were correlated with glioma neuropathological assessment,
encompassing the histochemical determination of TSPO expression on glial and tumor
cells in specimens obtained after surgery or stereotactic biopsy. From the analysis of tracer
kinetics within tumors, three distinct types were identified: (1) GM-like (lesion kinetics
similar to that observed in cerebellar GM; (2) WM-like (lesion kinetics comparable to that of
cerebral WM; (3) mixed kinetics. While low-grade astrocytomas mainly showed WM-like
kinetics, oligodendrogliomas presented both GM-like and mixed kinetics; however, kinetics
results were independent of tumor grade. BPyp parametric maps generated with super-
vised cluster input results were smaller than those obtained with cerebellar input. Notably,
TSPO expression in tumor cells positively correlated with tumor grade.

An interesting methodological study was performed by Vettermann and coworkers
with the aim of establishing the impact of rs6971 polymorphism on the in vivo binding
of ['8F]-GE-180 with the aim of identifying the most adequate pseudo-reference tissue for
quantification studies [26]. In a mixed population of patients affected by both neurodegen-
erative and neuro-oncological disease, the authors included 30 glioma patients, of which
11 were genotypically high-affinity binders (HAB, 36.6%), 14 were medium-affinity binders
(MAB, 45.6%) and 5 were low-affinity binders (LAB, 16.6%). Regions of interest were
manually delineated on the frontoparietal and cerebellar areas, subsequently, the respective
SUVs were calculated. The authors found that LABs showed lower uptake values with
respect to MAB and HAB but no significant differences were identified among MAB and
HAB. In addition, the authors validated both frontoparietal and cerebellar hemispheres as
reference regions for the quantification of ['¥F]-GE-180.

Radiomics is an interesting emerging discipline, based on artificial-intelligence-derived
algorithms, aimed to extract from images potentially useful data, namely “feature” data,
undetectable to the naked eye and employed to build predictive models [31]. In a recently
published paper, Zounek and collaborators investigated the use of harmonization tech-
niques aimed to integrate data extracted from ['8F]-FET and ['8F]-GE-180 images obtained
from different centers (i.e., different tomographs, reconstruction methods, tumor segmen-
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tations, etc.), preserving clinical relevant information. For each acquisition, the authors
emulated a multicentric data collection by employing 10 reconstruction settings and 9 seg-
mentation methods. The authors calculated the statistical robustness of extracted features
before and after applying the ComBat harmonization algorithm. It is worth mentioning
that the majority of image-extracted data presented relevant differences when the various
methods of reconstruction and segmentation were applied. Notably, ['8F]-GE-180-extracted
features were found more sensitive to the applied reconstruction methods with respect to
['8F]-FET. The use of ComBat harmonization successfully aligned feature distribution in
87% of cases.

4. Discussion

Tumors of the central nervous system represent a complex and heterogeneous category,
encompassing numerous hystotypes graded and classified according to their biological
and molecular characteristics [32]. Neuroimaging with MRI and amino-acid PET has a
well-established role in clinical practice, as shown in Figure 3; nevertheless, it presents
some limitations for the biological characterization of glioma and its TME.

Figure 3. An 8-year-old female, diagnosed with diffuse intrinsic pontine glioma (DIPG), previously
submitted to chemo-immunotherapy and radiotherapy. Amino-acid PET/MRI (post-processing
co-registration) with ['®F]-DOPA (upper row), carried out 8 months after RT demonstrated a rim of
residual viable tumor tissue (arrow), evident on the axial (left) and sagittal (right) slices, within the
posterior portion of the hypointense area revealed by MRI (lower row; axial on the left, sagittal on
the right).

TSPO has been found up-regulated in several cancer cells including glioblastoma but
its role in promoting tumor growth and proliferation is still not clear. Pre-clinical studies
have shown that increased TSPO levels are associated with enhanced tumorigenicity and
cell proliferation rate [33]. Remarkably, emerging data are underlining the important
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role of mitochondria in cancer, as mutations in mitochondrial genes are frequently found
in tumor cells, altering the mitochondrial bioenergetic and biosynthetic state [34]. As a
matter of fact, in past years, ®™Tc-sestamibi has been widely used in clinical practice as a
mitochondria-targeting imaging agent [35,36].

In this perspective, it might be plausible hypothesizing TSPO as a hallmark of glioma
aggressiveness and propensity to evolve towards an anaplastic form. Although very
preliminary, some of the cited studies [21,24] seem to point in this direction. In particular,
a trend towards a higher grade of tracer uptake was found in gliomas characterized by
the most aggressive molecular profiling (IDH wild-type). It has to be underlined, in this
regard, that high-grade gliomas present a relevant recurrence rate after surgery and radio-
chemotherapy. In such cases, as suggested by the report by Quach et al. [28], TSPO PET
might be applied as a prognostic tool to identify patients with a less favorable prognosis,
therefore requiring more careful monitoring or deserving further therapeutic options
(i.e., second-line chemotherapy with regorafenib).

Another relevant issue is represented by the role of TSPO PET with respect to amino-
acid PET in the different clinical settings of glioma patients (diagnosis, recurrence, radiother-
apy planning). First of all, it has to be highlighted that, although in the comparative study
carried out by Zinnhardt’s group [25] the second-generation TSPO ligand ['8F]-DPA-714
showed an inferior diagnostic performance in terms of signal-to-noise ratio with respect
to [8F]-FET, the third-generation tracer ['8F]-GE-180 presented excellent kinetics and im-
age contrast, with superior TBR value in comparison to amino-acid PET [23,25]. Most
interestingly, tumor volumes drawn on TSPO PET were greater, with only a moderate
correlation of the “hot spots”, than those delineated on amino-acid PET. These last findings
suggest a complementary role of the two PET imaging modalities (TSPO and amino-acid)
for glioma characterization and are in agreement with previously published preclinical
data. Cai and coworkers, in fact, found that the amino acid transporter light chain L system
(LAT1) and TSPO are both overexpressed in glioblastoma preclinical models but the LAT1
expression was restricted to tumor cells, while TSPO was also expressed on microglia,
tumor-associated macrophages, endothelial cells, and pericytes [37]. However, the clinical
impact of volumes delineated on TSPO PET with respect to those drawn on amino-acid
PET in radiotherapy planning and patients” outcome is still unclear and will be a topic of
future investigation. Figure 4 shows the different locations of biomarkers associated with
amino-acid and TSPO PET.

TSPO PET provides the unique opportunity to explore glioma and its TME, thus paving
the ground for patients’ selection for molecularly targeted therapies. Since an increased
amount of tumor-infiltrating immunosuppressive cells (i.e., GAMs) were found to correlate
with a more intense TSPO signal, this imaging modality might be applied to select patients
suitable for GAMs-targeted immunotherapies, currently under investigation [38]. On the
other hand, TSPO might be exploited for theranostic approaches, employing a couple
of radiopharmaceuticals with similar or identical chemical properties and both directed
towards a tumor-associated biomarker, the first labeled with radionuclide-emitting energy
suitable for imaging and the other one conjugated with radioisotope-emitting particles to
exert anti-tumor effects [39-41].

In spite of the aforementioned encouraging results, some issues concerning TSPO
PET for imaging gliomas remain to be solved. First, the specificity of third-generation
['®F]-GE-180 binding to glioma cells has been questioned, since it has been postulated
that its incorporation might be mainly dependent on the grade of BBB disruption, more
pronounced in HGGs [42]. However, the recently published paper by Kaiser et al. [19]
seems to point in the opposite direction, indicating minimal or no correlation between
MRI-based contrast enhancement and the areas of ['®F]-GE-180 uptake in tumors, thus
supporting a specific mechanism for the incorporation of the aforementioned tracer.
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Figure 4. Schematic representation of the different locations in cells of the distinct targets for amino-
acid and TSPO PET, respectively (figure created with BioRender.com).

Second, although PET/MRI has been emerging as the most promising hybrid imaging
modality in brain tumors [43], only one among the selected studies [25] employed a
PET/MRI tomograph. Thus, the potential impact of PET/MRI with respect to PET/CT in
this specific field is worthy of further study.

Finally, it has to be underlined that the majority of the selected studies have been
carried out in Germany by a unique group of researchers and included cohorts with small
sample sizes. From the perspective of widespread clinical use of TSPO PET, radiopharma-
ceutical availability, cost, and supplementation will play essential roles.

5. Conclusions

Initial clinical applications of TSPO PET in gliomas are interesting, particularly con-
cerning the potential for its following applications: (1) in vivo assessment of glioma bio-
logical aggressiveness; (2) evaluation of glioma-associated TME, potentially amenable to
molecularly targeted therapies; (3) prediction of survival after recurrence. Further studies,
entailing multi-national cooperation and encompassing larger series, are needed to further
investigate and support these encouraging preliminary findings.

Author Contributions: Conceptualization, L.E. and L.F.; methodology, L.E., L.F. and V.F,; formal
analysis, L.E., L.F. and V.F; investigation, L.E. and L.F,; data curation, G.D.V.; writing—original draft
preparation, L.E., L.F. and V.F,; writing—review and editing, L.F. and G.D.V,; supervision, O.S. and
L.E. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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


BioRender.com

Diagnostics 2023, 13, 1813 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Pellerino, A.; Caccese, M.; Padovan, M.; Cerretti, G.; Lombardi, G. Epidemiology, Risk Factors, and Prognostic Factors of Gliomas.
Clin. Transl. Imaging 2022, 10, 467-475. [CrossRef]

Padelli, F;; Mazzi, F,; Erbetta, A.; Chiapparini, L.; Doniselli, EM.; Palermo, S.; Aquino, D.; Bruzzone, M.G.; Cuccarini, V. In Vivo
Brain MR Spectroscopy in Gliomas: Clinical and Pre-Clinical Chances. Clin. Transl. Imaging 2022, 10, 495-515. [CrossRef]

van Dijken, B.RJ.; van Laar, PJ.; Holtman, G.A.; van der Hoorn, A. Diagnostic Accuracy of Magnetic Resonance Imaging
Techniques for Treatment Response Evaluation in Patients with High-Grade Glioma, a Systematic Review and Meta-Analysis.
Eur. Radiol. 2017, 27, 4129-4144. [CrossRef] [PubMed]

Castello, A.; Castellani, M.; Florimonte, L.; Ciccariello, G.; Mansi, L.; Lopci, E. PET Radiotracers in Glioma: A Review of Clinical
Indications and Evidence. Clin. Transl. Imaging 2022, 10, 535-551. [CrossRef]

Chiaravalloti, A.; Fiorentini, A.; Villani, V.; Carapella, C.; Pace, A.; Di Pietro, B.; Di Russo, C.; Palumbo, B.; Floris, R.; Schillaci, O.
Factors Affecting 18F FDOPA Standardized Uptake Value in Patients with Primary Brain Tumors after Treatment. Nucl. Med. Biol.
2015, 42, 355-359. [CrossRef]

Lombardi, G.; Spimpolo, A.; Berti, S.; Campi, C.; Anglani, M.G.; Simeone, R.; Evangelista, L.; Causin, F,; Zorzi, G.; Gorgoni, G.;
etal. PET/MR in Recurrent Glioblastoma Patients Treated with Regorafenib: [ '® FJFET and DWI-ADC for Response Assessment
and Survival Prediction. BJR 2022, 95, 20211018. [CrossRef] [PubMed]

Law, I; Albert, N.L.; Arbizu, J.; Boellaard, R.; Drzezga, A.; Galldiks, N.; la Fougere, 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. |. Nucl. Med. Mol. Imaging 2019, 46, 540-557. [CrossRef]

Laudicella, R.; Quartuccio, N.; Argiroffi, G.; Alongi, P; Baratto, L.; Califaretti, E.; Frantellizzi, V.; De Vincentis, G.; Del Sole, A.;
Evangelista, L.; et al. Unconventional Non-Amino Acidic PET Radiotracers for Molecular Imaging in Gliomas. Eur. ]. Nucl. Med.
Mol. Imaging 2021, 48, 3925-3939. [CrossRef]

Cistaro, A.; Albano, D.; Alongi, P; Laudicella, R.; Pizzuto, D.A.; Formica, G.; Romagnolo, C.; Stracuzzi, F.; Frantellizzi, V.,
Piccardo, A.; et al. The Role of PET in Supratentorial and Infratentorial Pediatric Brain Tumors. Curr. Oncol. 2021, 28, 2481-2495.
[CrossRef]

Osborn, A.G.; Louis, D.N.; Poussaint, T.Y.; Linscott, L.L.; Salzman, K.L. The 2021 World Health Organization Classification of
Tumors of the Central Nervous System: What Neuroradiologists Need to Know. AJNR Am. ]. Neuroradiol. 2022, 43, 928-937.
[CrossRef]

Vivash, L.; O’'Brien, T.J. Imaging Microglial Activation with TSPO PET: Lighting Up Neurologic Diseases? |. Nucl. Med. 2016,
57,165-168. [CrossRef] [PubMed]

Kang, Y.; Pandya, S.; Zinger, N.; Michaelson, N.; Gauthier, S.A. Longitudinal Change in TSPO PET Imaging in Progressive
Multiple Sclerosis. Ann. Clin. Transl. Neurol. 2021, 8, 1755-1759. [CrossRef] [PubMed]

Filippi, L.; Schillaci, O.; Palumbo, B. Neuroimaging with PET/CT in Chronic Traumatic Encephalopathy: What Nuclear Medicine
Can Do to Move the Field Forward. Expert Rev. Mol. Diagn. 2022, 22, 149-156. [CrossRef] [PubMed]

Ricci, M.; Cimini, A.; Chiaravalloti, A.; Filippi, L.; Schillaci, O. Positron Emission Tomography (PET) and Neuroimaging in the
Personalized Approach to Neurodegenerative Causes of Dementia. IJMS 2020, 21, 7481. [CrossRef] [PubMed]

Vlodavsky, E.; Soustiel, ].F. Immunohistochemical Expression of Peripheral Benzodiazepine Receptors in Human Astrocytomas
and Its Correlation with Grade of Malignancy, Proliferation, Apoptosis and Survival. J. Neurooncol. 2006, 81, 1-7. [CrossRef]
Ammer, L.-M.; Vollmann-Zwerenz, A.; Ruf, V.; Wetzel, C.H.; Riemenschneider, M.].; Albert, N.L.; Beckhove, P.; Hau, P. The Role
of Translocator Protein TSPO in Hallmarks of Glioblastoma. Cancers 2020, 12, 2973. [CrossRef]

Chen, Z.; Haider, A.; Chen, J.; Xiao, Z.; Gobbi, L.; Honer, M.; Grether, U.; Arnold, S.E.; Josephson, L.; Liang, S.H. The Repertoire of
Small-Molecule PET Probes for Neuroinflammation Imaging: Challenges and Opportunities beyond TSPO. J. Med. Chem. 2021,
64, 17656-17689. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Kaiser, L.; Holzgreve, A.; Quach, S.; Ingrisch, M.; Unterrainer, M.; Dekorsy, EJ.; Lindner, S.; Ruf, V.; Brosch-Lenz, J.; Delker, A.; et al.
Differential Spatial Distribution of TSPO or Amino Acid PET Signal and MRI Contrast Enhancement in Gliomas. Cancers 2021, 14, 53.
[CrossRef]

Su, Z.; Herholz, K.; Gerhard, A.; Roncaroli, F.; Du Plessis, D.; Jackson, A.; Turkheimer, E; Hinz, R. [11C]-(R)PK11195 Tracer
Kinetics in the Brain of Glioma Patients and a Comparison of Two Referencing Approaches. Eur. J. Nucl. Med. Mol. Imaging 2013,
40, 1406-1419. [CrossRef]

Su, Z.; Roncaroli, F.; Durrenberger, P.E; Coope, D.J.; Karabatsou, K.; Hinz, R.; Thompson, G.; Turkheimer, EE.; Janczar, K,;
Du Plessis, D.; et al. The 18-KDa Mitochondrial Translocator Protein in Human Gliomas: An ' C-(R)PK11195 PET Imaging and
Neuropathology Study. J. Nucl. Med. 2015, 56, 512-517. [CrossRef] [PubMed]

Albert, N.L.; Unterrainer, M.; Fleischmann, D.E; Lindner, S.; Vettermann, F,; Brunegraf, A.; Vomacka, L.; Brendel, M.; Wenter, V.;
Wetzel, C.; et al. TSPO PET for Glioma Imaging Using the Novel Ligand 18F-GE-180: First Results in Patients with Glioblastoma.
Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 2230-2238. [CrossRef] [PubMed]


https://doi.org/10.1007/s40336-022-00489-6
https://doi.org/10.1007/s40336-022-00502-y
https://doi.org/10.1007/s00330-017-4789-9
https://www.ncbi.nlm.nih.gov/pubmed/28332014
https://doi.org/10.1007/s40336-022-00523-7
https://doi.org/10.1016/j.nucmedbio.2015.01.002
https://doi.org/10.1259/bjr.20211018
https://www.ncbi.nlm.nih.gov/pubmed/34762492
https://doi.org/10.1007/s00259-018-4207-9
https://doi.org/10.1007/s00259-021-05352-w
https://doi.org/10.3390/curroncol28040226
https://doi.org/10.3174/ajnr.A7462
https://doi.org/10.2967/jnumed.114.141713
https://www.ncbi.nlm.nih.gov/pubmed/26697963
https://doi.org/10.1002/acn3.51431
https://www.ncbi.nlm.nih.gov/pubmed/34310086
https://doi.org/10.1080/14737159.2022.2035723
https://www.ncbi.nlm.nih.gov/pubmed/35086415
https://doi.org/10.3390/ijms21207481
https://www.ncbi.nlm.nih.gov/pubmed/33050556
https://doi.org/10.1007/s11060-006-9199-9
https://doi.org/10.3390/cancers12102973
https://doi.org/10.1021/acs.jmedchem.1c01571
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3390/cancers14010053
https://doi.org/10.1007/s00259-013-2447-2
https://doi.org/10.2967/jnumed.114.151621
https://www.ncbi.nlm.nih.gov/pubmed/25722450
https://doi.org/10.1007/s00259-017-3799-9
https://www.ncbi.nlm.nih.gov/pubmed/28821920

Diagnostics 2023, 13, 1813 13 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Unterrainer, M.; Fleischmann, D.E; Diekmann, C.; Vomacka, L.; Lindner, S.; Vettermann, F.; Brendel, M.; Wenter, V.;
Ertl-Wagner, B.; Herms, J.; et al. Comparison of 18F-GE-180 and Dynamic 18F-FET PET in High Grade Glioma: A Double-Tracer
Pilot Study. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 580-590. [CrossRef] [PubMed]

Unterrainer, M.; Fleischmann, D.F; Vettermann, F.; Ruf, V.; Kaiser, L.; Nelwan, D.; Lindner, S.; Brendel, M.; Wenter, V.;
Stocklein, S.; et al. TSPO PET, Tumour Grading and Molecular Genetics in Histologically Verified Glioma: A Correlative 18F-GE-
180 PET Study. Eur. |. Nucl. Med. Mol. Imaging 2020, 47, 1368-1380. [CrossRef]

Zinnhardt, B.; Miither, M.; Roll, W.; Backhaus, P; Jeibmann, A.; Foray, C.; Barca, C.; Doring, C.; Tavitian, B.; Doll¢, F.; et al. TSPO
Imaging-Guided Characterization of the Inmunosuppressive Myeloid Tumor Microenvironment in Patients with Malignant
Glioma. Neuro-Oncology 2020, 22, 1030-1043. [CrossRef]

Vettermann, FJ.; Harris, S.; Schmitt, J.; Unterrainer, M.; Lindner, S.; Rauchmann, B.-S.; Palleis, C.; Weidinger, E.; Beyer, L.;
Eckenweber, F,; et al. Impact of TSPO Receptor Polymorphism on [18F]GE-180 Binding in Healthy Brain and Pseudo-Reference
Regions of Neurooncological and Neurodegenerative Disorders. Life 2021, 11, 484. [CrossRef]

Zounek, AlJ.; Albert, N.L.; Holzgreve, A.; Unterrainer, M.; Brosch-Lenz, J.; Lindner, S.; Bollenbacher, A.; Boening, G.;
Rupprecht, R.; Brendel, M.; et al. Feasibility of Radiomic Feature Harmonization for Pooling of [18F]FET or [18F]GE-180 PET
Images of Gliomas. Z. Fiir Med. Phys. 2023, 33, 50939388922001386. [CrossRef]

Quach, S.; Holzgreve, A.; Kaiser, L.; Unterrainer, M.; Dekorsy, FJ.; Nelwan, D.V.; Bartos, L.M.; Kirchleitner, S.V.; Weller, J.;
Weidner, L.; et al. TSPO PET Signal Using [18F]GE180 Is Associated with Survival in Recurrent Gliomas. Eur. J. Nucl. Med. Mol.
Imaging 2023, 50, 859-869. [CrossRef]

Wen, P.Y.; Macdonald, D.R.; Reardon, D.A.; Cloughesy, T.E.; 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. JCO 2010, 28, 1963-1972. [CrossRef]

Unterrainer, M.; Ruf, V,; Ilhan, H.; Vettermann, EJ.; Cyran, C.C.; Niyazi, M.; Bartenstein, P.; Tonn, J.-C.; Albert, N.L. 68Ga-
DOTATOC PET/CT Differentiates Meningioma From Dural Metastases. Clin. Nucl. Med. 2019, 44, 412-413. [CrossRef]
Palumbo, B.; Bianconi, F.; Nuvoli, S.; Spanu, A.; Fravolini, M.L. Artificial Intelligence Techniques Support Nuclear Medicine
Modalities to Improve the Diagnosis of Parkinson’s Disease and Parkinsonian Syndromes. Clin. Transl. Imaging 2021, 9, 19-35.
[CrossRef]

Roncaroli, E; Su, Z.; Herholz, K.; Gerhard, A.; Turkheimer, FE. TSPO Expression in Brain Tumours: Is TSPO a Target for Brain
Tumour Imaging? Clin. Transl. Imaging 2016, 4, 145-156. [CrossRef] [PubMed]

Veenman, L.; Levin, E.; Weisinger, G.; Leschiner, S.; Spanier, I.; Snyder, S.H.; Weizman, A.; Gavish, M. Peripheral-Type
Benzodiazepine Receptor Density and in Vitro Tumorigenicity of Glioma Cell Lines. Biochem. Pharmacol. 2004, 68, 689—698.
[CrossRef] [PubMed]

Wallace, D.C. Mitochondria and Cancer. Nat. Rev. Cancer 2012, 12, 685-698. [CrossRef]

Evangelista, L.; Cervino, A.R.; Michieletto, S.; Saibene, T.; Orvieto, E.; Bozza, F.; Ghiotto, C. Staging of Locally Advanced Breast
Cancer and the Prediction of Response to Neoadjuvant Chemotherapy: Complementary Role of Scintimammography and
18F-FDG PET/CT. Q J. Nucl. Med. Mol. Imaging 2017, 61. [CrossRef]

Schillaci, O.; Danieli, R.; Filippi, L.; Romano, P.; Cossu, E.; Manni, C.; Simonetti, G. Scintimammography with a Hybrid SPECT/CT
Imaging System. Anticancer. Res. 2007, 27, 557-562.

Cai, L.; Kirchleitner, S.V.; Zhao, D.; Li, M.; Tonn, J.-C.; Glass, R.; Kélin, R.E. Glioblastoma Exhibits Inter-Individual Heterogeneity
of TSPO and LAT1 Expression in Neoplastic and Parenchymal Cells. IJMS 2020, 21, 612. [CrossRef]

Kamran, N.; Alghamri, M.S.; Nunez, EJ.; Shah, D.; Asad, A.S.; Candolfi, M.; Altshuler, D.; Lowenstein, P.R.; Castro, M.G. Current
State and Future Prospects of Immunotherapy for Glioma. Immunotherapy 2018, 10, 317-339. [CrossRef]

Cimini, A.; Ricci, M.; Chiaravalloti, A.; Filippi, L.; Schillaci, O. Theragnostic Aspects and Radioimmunotherapy in Pediatric
Tumors. IJMS 2020, 21, 3849. [CrossRef]

Filippi, L.; Bagni, O.; Nervi, C. Aptamer-Based Technology for Radionuclide Targeted Imaging and Therapy: A Promising
Weapon against Cancer. Expert Rev. Med. Devices 2020, 17, 751-758. [CrossRef]

Li, P; Wang, C.; Wang, W.; Duan, X.; Li, J. Preliminary Evaluation of a 64Cu-Labeled DNA Aptamer for PET Imaging of
Glioblastoma. . Radioanal. Nucl. Chem. 2023. [CrossRef]

Zanotti-Fregonara, P.; Pascual, B.; Rostomily, R.C.; Rizzo, G.; Veronese, M.; Masdeu, ].C.; Turkheimer, F. Anatomy of 18F-GE180, a
Failed Radioligand for the TSPO Protein. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 2233-2236. [CrossRef] [PubMed]

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. IJN 2022, 17, 3343-3359. [CrossRef] [PubMed]

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.


https://doi.org/10.1007/s00259-018-4166-1
https://www.ncbi.nlm.nih.gov/pubmed/30244386
https://doi.org/10.1007/s00259-019-04491-5
https://doi.org/10.1093/neuonc/noaa023
https://doi.org/10.3390/life11060484
https://doi.org/10.1016/j.zemedi.2022.12.005
https://doi.org/10.1007/s00259-022-06006-1
https://doi.org/10.1200/JCO.2009.26.3541
https://doi.org/10.1097/RLU.0000000000002513
https://doi.org/10.1007/s40336-020-00404-x
https://doi.org/10.1007/s40336-016-0168-9
https://www.ncbi.nlm.nih.gov/pubmed/27077069
https://doi.org/10.1016/j.bcp.2004.05.011
https://www.ncbi.nlm.nih.gov/pubmed/15276076
https://doi.org/10.1038/nrc3365
https://doi.org/10.23736/S1824-4785.16.02741-2
https://doi.org/10.3390/ijms21020612
https://doi.org/10.2217/imt-2017-0122
https://doi.org/10.3390/ijms21113849
https://doi.org/10.1080/17434440.2020.1796633
https://doi.org/10.1007/s10967-023-08835-2
https://doi.org/10.1007/s00259-020-04732-y
https://www.ncbi.nlm.nih.gov/pubmed/32088848
https://doi.org/10.2147/IJN.S362192
https://www.ncbi.nlm.nih.gov/pubmed/35937076

	Introduction 
	Materials and Methods 
	Search Strategy 
	Quality of the Selected Studies 

	Results 
	Analysis of the Evidence 
	Correlation with Tumor Grading, Molecular Profiling, and Post-Recurrence Survival 
	Comparative Studies 
	Kinetics, Methodological, or Feasibility Studies 

	Discussion 
	Conclusions 
	References

