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ABSTRACT  

In the recent years, many studies in patients with brain tumors evaluating innovative 

PET tracers have been published, and the initial results are promising. Here, the 

Response Assessment in Neuro-Oncology (RANO) PET working group provides an 

overview of the literature on novel investigational PET tracers for brain tumor patients. 

Furthermore, newer indications of more established PET tracers for the evaluation of 

glucose metabolism, amino acid transport, hypoxia, cell proliferation, and others are 

also discussed. Based on the preliminary findings, these novel investigational PET 

tracers should be further evaluated considering their promising potential. In particular, 

novel PET probes for imaging of translocator protein and somatostatin receptor 

overexpression as well as for immune system reactions appear to be of additional 

clinical value for tumor delineation and therapy monitoring. Progress in developing 

these radiotracers may contribute to improving brain tumor diagnostics and advancing 

clinical translational research.   
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INTRODUCTION  

In the last years, there has been a significant increase in the use of PET in the field of 

Neuro-Oncology, also highlighted by the substantial increase of published studies. On 

this basis, the RANO (Response Assessment in Neuro-Oncology) PET working group 

provided clinical practice guidelines and recommendations for the use of PET imaging 

in patients with the most common brain tumor entities such as gliomas, brain 

metastases, and meningiomas1-3. Recently, the PET/RANO group also provided 

evidence-based recommendations for PET-based radiotherapy planning and 

monitoring in glioma patients4. In addition, the RANO group has published in close 

collaboration with major American and European societies for Neuro-Oncology 

(EANO) and Nuclear Medicine - the Society of Nuclear Medicine and Molecular 

Imaging (SNMMI) and the European Association of Nuclear Medicine (EANM) - joint 

practice guidelines for PET procedure standards in patients with brain tumors5. 

Notably, these technical guidelines are of utmost importance to ensure comparability 

of study results and to reach consensus across studies and institutions regarding 

acquisition parameters. 

 

PET imaging enables the non-invasive evaluation of molecular and metabolic 

processes in numerous neurological diseases including brain tumors. The 

continuously growing landscape of PET tracers enables the evaluation of many 

biochemical processes in this group of patients. Currently, radiolabeled amino acids 

and somatostatin receptor ligands are the PET tracers of choice to supplement 

conventional MR imaging for brain tumor diagnostics and frequently used in many 

neurooncological centers (especially in Europe)6. Radiolabeled amino acids have the 

main advantage that tracer uptake is independent of a blood-brain barrier (BBB) 

disruption, which is highly helpful to delineate the tumor extent, particularly the non-
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enhancing parts in gliomas (e.g., for biopsy guidance). Further important indications 

for amino acid PET in glioma patients are the differential diagnosis of treatment-related 

changes (e.g., pseudoprogression, radionecrosis), and the assessment of response to 

brain cancer treatment (e.g., radiotherapy, alkylating chemotherapy, immune 

checkpoint inhibitors, targeted therapies). The latter two indications are also of great 

clinical value for patients with brain metastases7. In patients with meningioma, one of 

the most important indications for PET using somatostatin receptor ligands is the 

assessment of tumor extent, especially at the skull base with bony involvement and in 

meningiomas with complex geometry3. 

  

With the advent of newer treatment options in neuro-oncology such various 

immunotherapy options, the needs for additional information derived from 

neuroimaging in terms of characterization of the tumor environment, the evaluation of 

tumoral drug accumulation, immune cell infiltration, and the diagnosis of treatment-

related changes are steadily increasing. Some of these requirements may be met by 

already existing PET tracers, while others can be addressed by novel ones. Currently, 

several other promising and innovative radiopharmaceuticals are under investigation, 

and this review aims to discuss the clinical value of these new PET probes in patients 

with brain tumors. Furthermore, newer indications of more established “standard” PET 

tracers for the evaluation of the glucose metabolism, amino acid transport, hypoxia, 

cell proliferation, and others are also addressed in this article. In addition, the role of 

PET tracers in evaluating the ability of novel agents to cross the blood-brain barrier 

and produce adequate pharmacodynamic effects will be discussed. 
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SEARCH STRATEGY, SELECTION CRITERIA  

A PubMed search of the published literature with the combination of the search terms 

“glioma”, “glioblastoma”, “astrocytoma”, “brain metastases”, “meningioma”, “PET”, 

“positron”, “immunotherapy”, “checkpoint inhibitor”, “pseudoprogression”, “treatment-

related changes”, “treatment monitoring”, “treatment response”, and combinations 

thereof prior to and inclusive of December 2021 was performed. Additionally, articles 

identified through searches of the authors’ own files were included in the search. 

 

METABOLIC PET IMAGING  

Amino Acid Metabolism and Transport  

Today, radiolabeled amino acids are the preferred PET tracers in neuro-oncology8. 

These tracers are helpful in clinical decision-making regarding differential diagnosis, 

prognostication, delineation of brain tumor extent for diagnostic and treatment planning 

(i.e., stereotactic biopsy-guidance, resection, and radiotherapy), the assessment of 

response to radiotherapy, alkylating chemotherapy, and other antitumoral agents), and 

the differentiation of tumor relapse from treatment-related changes such as 

pseudoprogression or radiation necrosis6,8. For the diagnosis of treatment-related 

changes in patients either with glioma or brain metastases, the diagnostic performance 

was described as high (range of sensitivity and specificity, 80-90%) and allows 

therefore meaningful clinical decision-making9-11. In clinical routine, the most 

established amino acid tracers are [11C]-methyl-L-methionine (MET), O-(2-

[18F]fluoroethyl)-L-tyrosine (FET), and 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine 

(FDOPA) whose benefits have been documented in previous publications of the 

PET/RANO Group1,2. It is assumed that uptake of these tracers is mainly based on the 

increased expression and functionality of large neutral amino acid transporters of the 

L-type (LAT) in gliomas and brain metastases (i.e., subtypes LAT1 and LAT2)8. Beside 
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these tracers, a wide range of natural and non-natural amino acids have been labeled 

with positron emitters and investigated for PET in humans in the last two decades12,13. 

Intensive research in this field is further stimulated by recent insights into the role of 

amino acid transporters and amino acid metabolism in brain tumors12,13.  

 

It is beyond the scope of this chapter to provide a complete overview of all amino acid 

tracers developed. This review focus on a few selected tracers that are currently of 

particular interest. For a more detailed overview, we refer to a recent review article13. 

 

Fluciclovine (FACBC) 

The synthetic amino acid analog anti-1-amino-3-[18F]fluorocyclobutane-1-carboxylic 

acid (FACBC or Fluciclovine) was first used for brain tumor imaging in 199914. This 

tracer initially gained clinical interest particularly for the diagnosis of recurrence of 

prostate cancer15. Fluciclovine has been approved in the USA and Europe for 

evaluation of recurrent prostate cancer16 and has also orphan drug status for glioma 

imaging in the USA. Transport of Fluciclovine is mediated to some extent by LAT1 but 

predominantly by another neutral amino acid transporter, ASCT2, which is not 

expressed at the luminal side of the BBB17. In general, a significantly higher tumor-to-

brain contrast is observed with Fluciclovine compared to the established amino acid 

tracers18, which is primarily due to the low transport of Fluciclovine through the intact 

BBB compared with MET, FET, and FDOPA (Figure 1). In relation to these tracers, 

initial studies suggest that Fluciclovine PET is of clinical value for the differentiation of 

tumor relapse from treatment-related changes16,19, and is also currently evaluated a in 

phase III clinical trial for this indication in patients with brain metastases after 

radiotherapy (NCT04410133; RELEVATE trial). Other studies suggest that 

Fluciclovine accumulates in non-enhancing gliomas and identified infiltrating tumor 
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areas without contrast enhancement on MRI20,21. These observations are promising 

and warrant a further clinical evaluation of Fluciclovine especially in comparison with 

the clinically established amino acid tracers.  

 

Tryptophan derivates 

Another amino acid tracer of considerable interest is the L-tryptophan analogue [11C]-

methyl-L-tryptophan (AMT). AMT is transported via the LAT1 system and not 

incorporated intracellularly into proteins but metabolized via different pathways22. In 

particular, AMT is converted to α-methyl-serotonin in serotonin synthesizing neurons 

and trapped in serotoninergic terminals23. The potential role of AMT for tumor diagnosis 

was stimulated by a report on high expression of indoleamine 2,3-dioxygenase, the 

initial and rate-limiting enzyme of the kynurenine pathway, which is upregulated in 

various cancers including gliomas24. The first clinical results using AMT PET to 

delineate the extent of non-enhancing gliomas25 are comparable to the results with 

established amino acid tracers26. Furthermore, AMT kinetics allowed differentiation 

between glioblastomas and metastatic brain tumors27, which has not yet been reported 

using MET, FET, or FDOPA PET. One study reported a poor prognosis in pretreated 

gliomas with high AMT uptake28, which is line with other amino acid tracers. In newly 

diagnosed glioblastoma, however, an inverse relationship was observed, i.e., a longer 

survival in contrast-enhancing tumors with increased AMT uptake29, which is an 

unusual finding.  

 

Nevertheless, the clinical applicability of AMT is hampered by labeling with the short 

half-life of C-11 (i.e., 20 minutes), which limits is application to centers with an on-site 

cyclotron. To solve this problem, several 18F-labeled tryptophan derivatives are 
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currently under development and may facilitate the clinical use of tryptophan 

analogues30.  

 

Glutamine derivates  

The development of the PET tracer 4-(2S,4R)-[18F]fluoroglutamine (FGln) was driven 

by the fact that glutamine is one of the major nutrients for tumor cells. Experimental 

studies have shown that FGln is predominantly transported through the ASC system, 

particularly subtype ASCT231. First studies in animals and humans have demonstrated 

a high tumor-to-brain contrast with FGln similar to that observed with FACBC but it 

remains unclear whether FGln detects tumor parts in non-enhancing glioma 

subregions32,33.  

 

Cell Proliferation 

The most widely used PET tracer for tumor proliferation assessment is 3’-deoxy-3’-

[18F]fluorothymidine (FLT)13. FLT enters the cells by both active transport through 

nucleoside transporters and by passive diffusion34. The tracer is not incorporated into 

DNA but is trapped after monophosphorylation by thymidine kinase-1, which is 

exclusively expressed in the cytoplasm during S-phase of DNA synthesis35. 

Controversially, other studies suggested that FLT uptake in brain tumors depends 

predominantly on increased permeability and increased influx via the disrupted BBB 

while intracellular trapping appears to be less important36. Correspondingly, increased 

FLT uptake has also been reported in non-tumoral lesions with BBB disruption such 

as subacute infarction, multiple sclerosis, and radionecrosis37. 

 

The relationship between FLT uptake and prognosis in glioma patients has been 

demonstrated in several studies38,39. In contrast, the value of FLT PET in differentiating 
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between glioma relapse and treatment-related changes remains controversial. A meta-

analysis yielded a sensitivity and specificity of 82% and 76%, which is lower than that 

of radiolabeled amino acids40. In addition, a study in glioblastoma patients reported 

that serial FLT PET imaging was not helpful to discriminate between progression and 

pseudoprogression41.  

 

Regarding the delineation of glioma extent, the value of FLT PET remains 

controversial. Despite a reported strong relationship between FLT uptake and contrast 

enhancement on MRI (i.e., tumor portions with intact BBB are not detected)42, several 

studies observed that FLT uptake volumes may be larger than gadolinium-enhanced 

volumes on MRI35,43 suggesting that an increased transport of FLT into glioma tissue 

occurs even before BBB disruption. This finding is also supported by the observation 

that only a small number of glioma cells may damage the integrity of the BBB44. Despite 

efforts to improve FLT tracer accumulation in the brain45, it appears that FLT PET has 

limited capacity to accurately define the gliomas extent although tracer uptake beyond 

contrast enhancement is possible under certain circumstances. Furthermore, several 

studies have reported a considerable value of FLT PET for the assessment of 

response to antiangiogenic therapy in patients with recurrent malignant glioma46,47. In 

patients with brain metastases, a pilot study suggested that FLT PET is also of value 

for the evaluation response to checkpoint inhibitors and targeted therapy48. 

Nevertheless, the number of studies is small and further studies are warranted.  

 

The blood supply to meningioma is predominantly from the external carotid circulation 

and tracer permeability is not limited by the BBB making these tumors more available 

for imaging with a larger variety of PET tracers. FLT uptake in meningioma correlates 

with biomarkers of proliferation, such as the Ki-67 index, that is used to assess tumor 
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grade and growth potential49. Initial clinical evaluation has also suggested that FLT 

uptake could be a promising surrogate imaging biomarker for predicting subsequent 

tumor progression in treatment-naive and asymptomatic patients with residual 

meningioma50. 

 

Cell Membrane Biosynthesis 

Choline is an essential nutrient needed for the biosynthesis of phosphatidylcholine and 

an important component of the cell membrane13. The choline derivatives [11C]choline 

(Cho), [18F]methylcholine, and [18F]fluoroethyl-choline exhibit similar properties and 

have been evaluated for brain tumor diagnostics13. However, in newly diagnosed brain 

tumors, choline tracers play only a minor role as the tracer accumulation has only low 

specificity51.   

 

More meaningful results were achieved for the differentiation of tumor relapse and 

treatment-related changes in patients with gliomas or brain metastases13,51. Of note, 

the accuracy of this group of tracers appears to be lower than that of radiolabeled 

amino acids52 suggesting that these tracers are not the first choice for this indication51. 

 

PET IMAGING OF RECEPTOR EXPRESSION AND OTHER TARGETS 

Somatostatin Receptor Expression  

Meningiomas of all WHO grades abundantly express somatostatin receptor subtype 2 

(SSTR2)53. The somatostatin receptor analogs [68Ga]DOTA-Tyr3-octreotide 

(DOTATOC) and [68Ga]DOTA-D-Phe1-Tyr3-octreotate (DOTATATE) have a high 

affinity for SSTR254. Labeled with the positron-emitting nuclide Ga-68, DOTATATE has 

been increasingly used for PET imaging of meningioma patients with a high tumor-to-

background ratio, particularly for differential diagnosis and target volume definition for 
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treatment planning55,56. It also proved helpful in the differentiation of meningiomas from 

other pathologies and to specifically delineate tumor remnants57-59. 

SSTR overexpression in meningiomas have also been proposed as a therapeutic 

target for systemic treatment3. DOTATOC and DOTATATE are agents with a chelator 

site (DOTA) and a binding site for somatostatin receptors (e.g., octreotide, octreotate). 

It is feasible to label the chelator site with β+-emitting Ga-68 for PET diagnostic 

purposes, or with β--emitting radioisotopes such as Y-90 and Lu-177 for therapeutic 

purposes60,61. These therapeutic radionuclides deliver SSTR-targeted β--radiation 

within a few millimeters distance of the binding site, in contrast to biochemical receptor 

interference as proposed for somatostatin analogs (e.g., octreotide, pasireotide). 

Radionuclides with SSTR-targeted β--radiation have shown efficacy in small series of 

patients with recurrent, heavily pretreated meningiomas60,62. 

 

[18F]SiTATE (formerly known as [18F]SiFAlin-TATE) is a novel 18F-labeled SSTR 

targeting peptide and provides remarkable tumor-to-background ratio at a higher 

resolution. Of note, due to the labeling with F-18, a cost-intensive Ge-68/Ga-68 

generator is no longer required for tracer synthesis. In addition, the lower spatial 

resolution, and the shorter half-life of 68Ga-labeled peptides (i.e., 68 minutes) are 

further shortcomings compared with F-18 (Figure 2). Thus, [18F]SiTATE might be a 

promising PET tracer for meningioma imaging63. 

 

EGFR Expression  

A number of PET tracers have been synthesized to non-invasively detect the 

mutational status of the tyrosine kinase epidermal growth factor receptor (EGFR) some 

of which are based on radiolabeling of existing tyrosine kinase inhibitors (TKI) such as 

[11C]erlotinib64 or [11C]osimertinib65. This would allow a “precision medicine” approach 
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identifying molecular heterogeneity between or within tumours in the same patient over 

space and time useful for the selection, therapy prediction, and response monitoring 

before and during TKI treatment. There is some preliminary clinical evidence to support 

this use in systemic NSCLC using [11C]erlotinib64, 11C-labeled 4-N-(3-bromoanilino)-

6,7-dimethoxyquinazoline ([11C]PD153035)66, and N-(3-chloro-4-fluorophenyl)-7-(2-(2-

(2-(2-18F-fluoroethoxy) ethoxy) ethoxy) ethoxy)-6-methoxyquinazolin-4-amine 

([18F]MPG)67. In patients with NSCLC brain metastases68 and glioblastoma69, PET 

tracer accumulation of EGFR-targeted ligands has been shown. There are ongoing 

clinical studies addressing the pharmacokinetic properties of [11C]osimertinib in brain 

metastases (NCT03463525), and future clinical studies will determine whether this 

tracer may play a role in patient selection as a trial enrichment tool or in treatment 

prediction. Nevertheless, it should be considered the heterogeneous expression of 

EGFR poses a substantial challenge for the effective use of EGFR-targeted 

therapies70. 

 

Chemokine Receptor Expression for Lymphoma Imaging  

The PET tracer [68Ga]pentixafor binds to the C-X-C chemokine receptor type 4 

(CXCR4) which is overexpressed in several human cancer types, including glioma, 

and may be involved in glioma initiation and renewal71. However, a pilot study using 

[68Ga]pentixafor in glioblastoma showed highly variant inter- and intratumor 

accumulation that was high in only a subset of patients72 possibly owing to limited BBB 

penetration of this relatively high molecular weight tracer. For primary and secondary 

CNS lymphoma, the results with [68Ga]pentixafor are more encouraging with several 

studies showing high lesion uptake and diagnostic accuracy73,74 outperforming 2-

deoxy-2-[18F]fluoro-D-glucose (FDG) owing to the superior tumor-to-background 

contrast due to the lack of uptake in healthy brain. Initial results suggested that lower 
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[68Ga]pentixafor uptake at baseline is associated with a better response to treatment74. 

Furthermore, [68Ga]pentixafor can potentially be used as a companion diagnostics for 

targeted radionuclide therapy using [177Lu]pentixather75. 

 

Translocator Protein (TSPO)  

The translocator protein (TSPO) is a mitochondrial membrane protein which is 

overexpressed in gliomas and represents an interesting target for glioma imaging. 

TSPO expression levels have been reported to correlate with malignancy and inversely 

with patient outcome, but the exact role and function of TSPO in glioma genesis, 

progression, and resistance to treatment is not yet fully clarified76. There is evidence 

that TSPO is critically involved in mitochondrial energy metabolism and indirectly in 

angiogenesis and glioma growth77. As TSPO is not only overexpressed by tumor cells 

but also by tumor-associated microglia and macrophages, TSPO-directed PET tracers 

are considered to image gliomas including their inflammatory microenvironment78. 

Although the first TSPO PET scans in glioma patients have been performed more than 

30 years ago using the first-generation TSPO ligand [11C]PK1119579, the interest 

remained low over decades due to high levels of non-specific tracer binding. With the 

advent of new generation high-affinity TSPO radioligands such as [18F]DPA-714 or 

[18F]GE-180, improved signal-to-noise ratios were reported and led to first TSPO PET 

studies with encouraging results for the preclinical and clinical glioma setting80-82.  

 

In glioblastoma patients, TSPO PET showed high tumor-to background contrast with 

intense tracer signal even in areas without contrast enhancement on MRI82,83. 

Interestingly, when spatially compared to conventional amino acid PET using FET, 

TSPO-directed imaging showed only partial overlap82,83, pointing to the 

complementary character of both imaging modalities (Figure 3).   
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The relative contribution of each cell type to the TSPO PET signal and the influence of 

glioblastoma subtypes on TSPO expression is still under investigation84. While 

preclinical studies reported a high range of contributing TSPO-positive myeloid cells, 

a first pilot study in glioma patients suggested that TSPO PET may assess the 

individual profile of immunosuppressive myeloid cell infiltration in gliomas82. More data 

is needed to elucidate the cellular source of tracer signal in glioma patients, which may 

depend on additional factors such as tumor subtype, previous treatments, or individual 

state of the immune system. 

 

Prostate-specific Membrane Antigen (PSMA)  

Due to its strong expression in prostate cancer, the prostate-specific membrane 

antigen (PSMA) has been the most intensively studied target in Nuclear Medicine 

during the past 5 years. However, PSMA is not only overexpressed in prostate cancer 

cells, but also in the neovasculature of non-prostatic, highly vascularized tumor entities 

such as breast cancer or gastrointestinal cancer85,86. In gliomas, studies with 

histological validation investigating the level of PSMA expression observed a positive 

correlation with WHO tumor grade87,88.  

 

Recently, first case reports and pilot studies have reported the general feasibility of 

PSMA PET imaging in gliomas, showing absent uptake in healthy brain tissue and 

variable tracer signal in tumor tissue, with highest uptake in WHO grade IV tumors89,90. 

On the other hand, an experimental study reported increased uptake of 68Ga- and 18F-

labeled PSMA ligands in the peritumoral area of different glioma models, indicating 

uptake of these ligands in activated astrocytes91. This may represent a limitation for 

the clinical application of these tracers in glioma patients. 
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Furthermore, 177Lu-labeled PSMA is considered as a theranostic agent with 

considerable response and low toxicity in prostate cancer patients. In view of the short 

range of β− particles and the lack of evidence on PSMA penetration beyond the 

contrast enhancement, this approach seems to be more promising for brain 

metastases than for infiltrating gliomas. Of note, theranostic data on glioma patients 

are still comparatively low. So far, only two case reports provided data in terms of 

dosimetry92 and response assessment93.  

 

Integrins  

Integrins are a family of cell-cell and cell-extracellular matrix adhesion molecules 

contributing to migration, invasion, cell survival, proliferation, and angiogenesis94. In 

particular, αvβ3 and αvβ5 integrins are overexpressed in glioblastoma cells, and 

vasculature hereby being involved in tumor-host interaction95,96. Targeting integrins 

and the tumor microenvironment has been considered as therapeutic strategy in 

malignant gliomas97. PET using the 18F-labeled glycosylated arginine-glycine- aspartic 

acid tripeptide (Galacto-RGD) has been shown to be suitable for noninvasive 

assessment of αvβ3 expression in both murine tumor models and in patients with 

extracranial cancer98,99. In glioblastoma patients, a correlation between Galacto-RGD 

uptake and immunohistochemical αvβ3 integrin expression in corresponding tumor 

samples could be demonstrated100. New RGD peptide analogs have been developed 

for PET imaging of αvβ3 integrins which might gain further importance once integrin-

related treatment decisions or therapies will be relevant for glioma patients101. 

 

PET IMAGING OF HYPOXIA  

Hypoxia of the tumor and tumor microenvironment has long been investigated in brain 

tumors as a potential mediator of treatment resistance, whose presence has been 



N-O-D-22-00220R1 

 17 

associated with worse tumor control and survival102. Its non-invasive characterization 

with advanced PET tracers coupled with technologic advances offers a possible 

avenue to direct therapy to putative treatment-resistant niches in a biology-driven 

manner.  

 

The most extensively investigated radiotracer for the assessment of hypoxia is 

[18F]fluoromisonidazole (FMISO), initially by Spence et al. and by others103. In a recent 

study, FMISO PET and oxygen-saturation-mapping MRI were carried out in the lung 

cancer brain metastases models to further characterize tumor hypoxia and evaluate 

the potential of hypoxia image-guided radiotherapy104. The effect of radiotherapy on 

tumor volume, survival, and proliferation evaluated by FLT PET was determined. 

Control of both non-hypoxic and hypoxic brain metastases and a significant decrease 

in tumor cell proliferation as measured by FLT PET could be achieved, whereas tumor 

control of hypoxic cortical brain metastases with standard radiation was suboptimal104. 

 

In glioblastoma, hypoxic, low oxygen tension niches harbor glioma stem cells, and 

stimulate cellular plasticity towards a stem-like phenotype associated with treatment 

resistance105. Moreover, the hypoxic microenvironment particularly in glioblastoma 

patients evaluated using FMISO PET seems to stimulate aberrant neo-angiogenesis 

and was associated with worse prognosis106. Additional studies also demonstrate the 

association of FMISO PET uptake and earlier tumor progression107.  

 

While several factors (e.g., slow clearance of unbound tracer from normoxic tissue, 

low tumor-to-background ratio) have limited the clinical translation of FMISO, additional 

radiotracers such as [18F]flouroazomycin arabinoside (FAZA) may provide enhanced 

tumor-to-background ratio and offer an avenue for tailoring radiotherapy to hypoxic 
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tumor regions in glioma patients108. Novel hypoxia tracers such as 2-(2-Nitro-1H-

imidazol-1-yl)-N-(2,2,3,3,3-[18F]pentafluoropropyl)-acetamide ([18F]EF5) and 1-(2-

[18F]fluoro-1[hydroxymethyl]ethoxy)methyl-2-nitroimidazole ([18F]FRP170), evaluated 

in preclinical and limited clinical studies to date108, should be incorporated in studies of 

hypoxia modulators or biologically tailored radiotherapy approaches with the potential 

to improve therapeutic outcomes in patients with brain tumors.  

 

PET IMAGING OF THE IMMUNE SYSTEM  

There is increasing interest in understanding the effects of novel therapies on the 

immune response in brain tumors to identify promising agents for further development. 

Various strategies are being evaluated including in vivo imaging of T-cells by targeting 

indicators of metabolic reprogramming (e.g., deoxycytidine kinase, deoxyguanosine 

kinase, thymidine kinase 1), cell-surface activation markers (e.g., interleukin-2, 

CXCR4), cell surface lineage markers (e.g., CD3, CD4, CD8, T-cell receptor), and 

immune checkpoints (e.g., PD-L1, PD1)109-111. 

 

So-called ImmunoPET probes are being developed to image the immune response as 

they have the advantages of high specificity and affinity towards their target, generating 

high signal-to-noise ratios and high-contrast images111. However, the large size of 

intact antibodies limit tissue penetration and are slowly cleared. In addition, the Fc 

regions can bind to other cells such as macrophages. To overcome these issues, 

smaller minibodies, diabodies, and nanobodies which can penetrate tissue better and 

are cleared faster are being evaluated for radiolabeling with PET isotopes109,111. 

 

In the following paragraphs, the most relevant approaches of PET imaging of immune 

system reactions for patients with brain tumors are summarized. 
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PET Imaging of T-Cell Metabolic Reprogramming  

Since activated T-cells undergo metabolic reprogramming (i.e., engaging distinct 

metabolic pathways such as glycolysis, oxidative phosphorylation, and fatty acid 

synthesis to meet their bioenergetic needs), adaptive metabolic pathways may serve 

as potential targets of PET tracers to distinguish active from nonactive T-cells110. In 

particular, deoxycytidine kinase, the key enzyme in the cytosolic deoxyribonucleoside 

salvage pathway, can be targeted by 18F-labeled clofarabine. This probe has been 

used in glioblastoma patients vaccinated with tumor lysate-pulsed dendritic cells and 

anti-PD-1 therapy to show increased immune response in both the tumors and 

secondary lymphoid organs112.  

 

Deoxyguanosine kinase is a rate-limiting enzyme in the deoxyribonucleoside salvage 

pathway, which is being targeted for PET imaging in cancer. A PET tracer targeting 

deoxyguanosine kinase, 2’-deoxy-2’-[18F]fluoro-9-b-D-arabinofuranosylguanine 

([18F]F-AraG), showed preferential accumulation in activated T-cells110,111, and its utility 

in monitoring T-cell responses is being evaluated in some glioblastoma trials. 

 

PET Imaging of Cell-Surface Lineage Markers  

There is particular interest in imaging specific T-cell populations by targeting cell-

surface lineage markers such as CD3, CD4, and CD8. A recent report showed that a 

humanized CD8-targeted antibody fragment, IAB22M2C, radiolabeled with Zr-89 as a 

PET probe was able to successfully target CD8+ T-cells in tumors113. This probe has 

the potential to image T-cell infiltration and is being evaluated in glioblastoma patients. 

 

 

 



N-O-D-22-00220R1 

 20 

PET Imaging of Immune Checkpoints  

The advent of immune checkpoint inhibitors for cancer treatment has prompted the 

development of PET tracers to image PD-1 or PD-L1 immune checkpoint 

expression114. A first-in-human study115 suggests that Immuno-PET using nivolumab 

labeled with Zr-89 may be valuable for response assessment. In that study, patients 

exhibited increased uptake in non-small cell lung cancers and in brain metastases115. 

A subsequent study confirmed these initial results using [89Zr]pembrolizumab116.  

 

In contrast to PET with a Zr-89-linked antibody tracer, Nienhuis et al. used an adnectin-

based PD-L1 ligand labeled with F-18 (BMS986192)117. An adnectin is an engineered 

protein, designed to bind with high affinity and specificity to therapeutically relevant 

targets such as PD-L1. In comparison to a Zr-89-linked antibody tracer, adnectin-

based PET labeled with F-18 exposes the patients to a much lower radiation dose, 

which allows the acquisition of multiple follow-up PET scans in the same patient within 

a short time frame. A pilot study  suggested that baseline BMS986192 uptake was able 

to predict an immune checkpoint inhibitor-induced reduction in tumor volume in 

patients with melanoma brain metastases117. 

 

PET Imaging of Adoptively transferred T-Cell Therapy  

There is increasing interest in adoptively transferred T-cell therapies (including CAR-T 

therapy). Development of these therapies for brain tumors would be significantly 

enhanced by an improved understanding of the distribution and fate of these cells. This 

can be achieved either by in vivo imaging of directly labeled T-cell therapeutics or by 

using reporter genes. An example of the latter is a pilot study using the herpes simplex 

virus type 1 thymidine kinase (HSV1-tk) system to track engineered immune cells in 

patients with gliomas. CD8+ cytotoxic T lymphocytes were engineered to express both 
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HSV1-tk and interleukin-13 zetakine chimeric antigen receptor, and then adoptively 

transferred into recurrent high-grade glioma patients. PET imaging with 9-[4-

[18F]fluoro-3-(hydroxymethyl)butyl]guanine (FHBG) was used to successfully track 

HSV1-tk reporter gene expression present in CAR-T cells118 (Figure 4). This type of 

approach, if optimized, provides the potential for monitoring in vivo cell trafficking, and 

help optimize cell-based therapies, including CAR T-cell therapies, for brain tumors. 

 

SPECIAL CONSIDERATIONS FOR FDG PET  

FDG is the most utilized PET agent in oncology. This widely available and commonly 

used radiotracer has a couple critical limitations to its application in neuro-oncology. 

First, since glucose is the main energy source of the brain, there is marked background 

uptake hindering delineation of the lesion of interest. Efforts to address low lesion-to-

background ratios such as delayed timepoint have shown to be useful but may be less 

appealing in routine clinical practice due to the added patient wait time. Second, the 

lack of specificity for distinguishing brain tumors from non-neoplastic lesions remains 

a major limitation to the widespread adoption of FDG PET in neuro-oncology1. 

 

Recent work suggests a niche application of FDG PET in settings where glucose 

metabolism of brain tumors is the specific target of therapy. For example, Mai et al. 

leveraged inhibition of EGFR-driven glucose metabolism with the erlotinib, to prime 

glioblastoma for apoptosis via p53 signaling119. Following erlotinib administration, the 

MDM2 inhibitor Idasanutlin, a p53 stabilizer, was used to promote synthetic lethality in 

preclinical models. Interestingly, FDG PET showed differences in glioblastoma uptake 

shortly after erlotinib administration between metabolic responders and non-

responders to Idasanutlin. Another special consideration for FDG PET is the evaluation 

of drugs targeting the glycolytic Pi3K/mTOR pathway (e.g., GDC-0084) in terms of 
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brain pharmacokinetics and -dynamics120. In that study, FDG PET and concentration 

data from brain tumor tissue suggested that these agents are able to penetrate the 

BBB. The ability to use FDG PET to noninvasively predict sensitivity to combination 

therapy is promising for future clinical trials with agents targeting these glycolytic 

pathways due to the benefit of availability and technical expertise using this radiotracer. 

 

CONCLUSIONS AND LIMITATIONS  

Advanced PET imaging for brain tumors is a rapidly emerging field. Yet, the 

implementation of PET imaging needs to address major challenges including half-life 

and availability of tracers and general access for brain tumor patients to these 

modalities. Many of these challenges are currently still driven by cost and 

reimbursement issues. 

 

On a scientific level, it is important that the value of new PET imaging approaches is 

accompanied by appropriate preclinical research, correlative studies with MR imaging 

and ideally pathological confirmation of target expression. This all needs to be done in 

a tumor-specific manner, that hopefully should allow to implement PET imaging into 

future clinical trials for validation of benefits for patients affected by brain tumors. 

Moreover, it would be beneficial if groups working with new tracers could try to 

harmonize the technical procedure of tracer application, imaging, and read-outs at an 

early stage of clinical testing. This has already been done for amino acid tracers and 

would help to obtain meaningful results for new tracer systems quicker and would also 

ease to establish validated tracer in the field of neurooncology. 
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OUTLOOK  

Currently, PET imaging is being integrated into clinical neurooncology for diagnosis, 

depicting tumor volume, and for follow-up. In addition, new tracers might identify 

different biological components within the tumor reflecting either cellular diversity or 

even molecular signatures. This could serve as a potent tool to study tumor-host-

interaction and the microenvironment (e.g., relation of tumor and tumor-associated 

macrophages) and help to identify potentially druggable targets (e.g., integrins in 

glioma, other targets in brain metastases). Radiolabeled drugs can be imaged within 

their target tissue helping to perform “in situ pharmacokinetics”, even in a more 

personalized way. 

 

With the concept of theranostics, the same ligand can be used either for imaging or for 

therapeutic short-range irradiation. This radiopeptide therapy has been successfully 

performed in meningiomas (using SSTR2 ligands) and is currently considered for 

gliomas expressing PSMA. With more ligands being explored and validated in brain 

tumors, this could pave the way to an additional treatment concept in the future. Thus, 

the spectrum for personalized precision neurooncology could be enlarged.  

 

Consortia with shared expertise and mutually stipulated imaging protocols are 

warranted to validate these concepts and to introduce into the field what has proven to 

be useful.  
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FIGURE LEGENDS 

Figure 1: Patient with multifocal relapse of a glioblastoma after surgery and 

temozolomide chemoradiation on contrast-enhanced (CE) MRI. A significantly higher 

tumor-to-brain contrast is observed with PET using the tracer anti-1-amino-3-

[18F]fluorocyclobutane-1-carboxylic acid (Fluciclovine) compared to [11C]-methyl-L-

methionine (MET). Modified, with permission, from Michaud and co-workers19. 

 

Figure 2: 18F-SiTATE (top row) and 68Ga-DOTATATE PET/CT (bottom row) of a 

patient with a newly diagnosed WHO grade I sphenoid wing meningioma. Visually, 

somatostatin receptor (SSTR) expression on 18F-SiTATE PET was highly comparable 

to 68Ga-DOTATATE PET. Note the lower spatial resolution of PET using the 68Ga-

labeled peptide DOTATATE compared to 18F-SiTATE PET. 

 

Figure 3: Multimodal imaging including contrast-enhanced (CE) MRI, O-(2-

[18F]fluoroethyl)-L-tyrosine (FET) PET, and translocator protein (TSPO) PET using the 

tracer [18F]GE-180 of patient with a newly diagnosed WHO CNS grade 4 glioblastoma 

(IDH-wildtype, TERT promoter mutant, MGMT promoter not methylated). In 

comparison to FET PET, the spatial distribution of [18F]GE-180 uptake is moderate, 

additionally showing [18F]GE-180 uptake in tumor regions which are without increased 

FET uptake. 

 

Figure 4: Serial contrast-enhanced (CE) MRI and 9-[4-[18F]fluoro-3-

(hydroxymethyl)butyl]guanine (FHBG)  PET imaging of a glioblastoma patient at 

relapse. The patient was treated with engineered cytotoxic T lymphocytes (CTL), which 

express both HSV1-tymidine kinase and interleukin-13 zetakine chimeric antigen 

receptor. These CTLs specifically targeted tumor cells in an IL-13 zetakine-dependent 
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manner and allowed molecular PET imaging because these T cells expressed HSV1-

tymidine kinase which mediated increased FHBG uptake one week after intratumoral 

CTL injection compared to baseline. In addition, the volume of contrast enhancement 

decreased after injection. Modified, with permission, from Keu and colleagues118. 
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