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Introduction

Gliomas represent the most common histological subtype
originating from neuroepithelial cells, that is, astrocytes and
oligodendrocytes. Based on their histological and
clinicoradiological features, these tumors are graded from
low-grade tumors to highly aggressive subtypes.1 Despite
advances in the management of high-grade glial tumors, the
overall survival remains poor.2 Hence, accurate diagnosis
with advanced imaging modalities remains the mainstay of
management. As it is a well-established fact, multiparametric
magnetic resonance imaging (MRI) is the investigation of
choice for the initial diagnosis and during further treatment.
It has high spatial resolution and better soft tissue delineation,
compared with computed tomographic (CT) scan.3 However,
its specificity drops significantly in post-treatment setting
(post-surgery and radiotherapy) as there is permanent
breach in the blood–brain barrier.4 Surrogate markers of
disease progression on MRI, that is, fluid attenuated
inversion recovery hyperintensities and pattern of contrast
enhancement, can be influenced by inflammation, infarction,
reactive changes, or due to antiangiogenic drugs.5 Neuro-
oncologists often come across such treatment related

changes, for example, pseudoprogression, that is
characterized by transient increase in the contrast
enhancement occurring within 3 to 6 months of treatment,
without clinical deterioration, which disappears over a
period.6 Often, features of pseudoprogression overlap with
true disease progression onmultiparametric MRI and need to
be accurately differentiated.7 To overcome this diagnostic
challenge, imaging methods with high accuracy are needed.
Positron emission tomography/computed tomography
(PET/CT) with various radiopharmaceuticals has been
evaluated and has shown definite incremental value in
neuro-oncology, since it reflects the true metabolic/
molecular feature of brain tumors.8

Variousprospective studies havehighlighted the role of PET
imaging. Currently Response Assessment in Neuro-Oncology
(RANO) working group recommends the addition of PET
imaging with amino acid tracers in the management of
high-grade glial tumors.9 With advent of newer treatment
options like targeted therapies and immunotherapy, need for
additional information derived from neuroimaging regarding
tumor microenvironment is steadily increasing. This review
summarizes the role of PET imaging with established tracers
which are currently being used in neuro-oncology practices.

Keywords

► FDG
► FET
► FDOPA
► PET/CT
► glioma

Abstract Various positron emission tomography (PET) tracers have been developed and
extensively studied in the field of neuro-oncology imaging. In the management of
brain tumors, accurate delineation of tumor extent, assessment of treatment response,
and detection of early recurrence are the most important factors. At present,
conventional anatomical imaging paired with amino acid tracer PET imaging is the
recommended imaging modality for glial tumor evaluation. Newer PET tracers
targeting various structures in the tumor microenvironment have been extensively
studied. This review summarizes the established and emerging PET tracers having
potential impact on neuro-oncology practice.
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Furthermore, few emerging and unique but promising PET
tracers are discussed.

Established Tracers and Indications
PET imaging serves as a noninvasive imaging technique that
provides information about the metabolic and molecular
processes occurring inside the tumor cells. Till date,
various tracers have been used clinically, particularly in
patients with brain tumors or metastases, with focus on
glucose metabolism, amino acid transports, hypoxia,
proliferation, angiogenesis, etc. Brief description of
radiotracers has been given in ►Table 1.

Glucose Metabolism
F-fluorodeoxyglucose (FDG), a fluorinated analogue of
glucose, is the most used radiotracer in staging work up of
most of the malignancies.10

Mechanism of Localization
It enters the tumor cells through GLUT receptors (►Fig. 1)
and gets metabolized through the glycolysis pathway.
Glucose-6-phosphatase is the deficient enzyme in tumor
cells, due to which FDG-6-phosphate gets trapped inside
the tumor cells, referred to as metabolic trapping (Warburg
effect). FDG labeled with PET radioligand, that is, fluorine-18
(F-18) serves as an excellent diagnostic tool.11,12 High
physiological uptake in the gray matter hampers the
diagnostic accuracy of FDG PET in differential diagnosis of
primary brain tumor from other high-grade intracranial
lesions like metastases.9,13 Various studies and meta-
analysis have concluded that FDG PET/CT has high
accuracy for the detection of primary central nervous
system lymphoma (PCNSL) due to its inherent property of
high metabolic activity.14–16 In patients with index MRI,
features suggestive of brain metastases and whole body
FDG PET/CT scan can impact therapeutic decision making
by detection of primary malignancy on whole body
imaging.17 Uptake patterns on FDG PET have been
described in ►Fig. 2.

As a tracer, FDG has poor accuracy in detection of glial
tumors due to variable uptake by glial cells. It has been
concluded that intensity of FDG uptake does not correlate
with grade of glial tumor. In post-treatment settings,
diagnostic accuracy of FDG is relatively poor compared
with multiparametric MRI and amino acid PET.18 Few
retrospective studies have documented the prognostic role
of baseline FDG PET/CT in high-grade gliomas (HGGs). It has
been shown that lower grade uptake and low value of
metabolic parameters on FDG PET/CT are associated with
better outcome.19,20 To conclude, FDG PET/CT can be used in
the diagnostic algorithm for high-grade intracranial lesions
which have a strong clinico-radiological suspicion of PCNSL
or metastases, as it can guide further therapeutic
management.

Amino Acid Tracers
There is upregulation of the L-type of amino acid transporter
1 (LAT1) on glial cell surface. Amino acids like DOPA
(dihydroxy-phenylalanine), tyrosine, and methionine are
transported through LAT1 in spite of an intact blood–brain

Table 1 Currently used PET tracers in neuro-oncology

PET tracers Tumor
extent

RIN VS
Recurrence

T/t
Response

Glucose
metabolism

F18-FDG – þ –

Amino acid transport

F18-FET þ þþ þþ
C11-MET þþ þ þþ
F18-DOPA þþ þþ þþ
C11-AMT þ þ –

F18-FACBC þ � –

Cellular proliferation

FLT3 � þ þþ
Hypoxia

F18-FMISO Limited data – –

F18-FAZA Available – –

Membrane biosynthesis

F18 choline – – –

Fig. 1 Mechanism of localization of F-fluorodeoxyglucose (FDG). Courtesy Miele et al, Journal of Experimental & Clinical Cancer Research
2008;27:52 (available via Creative Commons Attribution 2.0 Generic).
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barrier.21–25 Hence these are labeled with positron emitting
radionuclides like F-18 and gallium-68 for diagnosis for
utility in neuro oncological imaging. Following are the
commonly used amino acid tracers, which have shown
relevance in clinical practice. ►Table 1 describes amino
acid tracers.

Amino Acid Tracers in Current
Neuro-oncology Practice

Differentiation of Neoplasm from Non-Neoplastic
Etiologies
In general, neoplastic lesions such as glioblastoma or brain
metastases exhibit a considerably higher uptake of
radiolabeled amino acids than do non-neoplastic lesions,
which makes it suitable for differentiation. A meta-analysis
including more than 450 patients from 13 O-(2- [18F]
fluoroethyl)-L-tyrosine (18F-FET) PET studies yielded a
pooled sensitivity of 82% and specificity of 76% for
diagnosing primary brain tumors.26 In that study, 350
patients had gliomas (84%) of various central nervous
system (CNS) World Health Organization (WHO) grades.
Eighteen patients had a nonglial brain tumor (5%). Across
all tumor types, a mean tumor-to-brain ratio of 1.6 and a
maximum tumor-to-brain ratio of 2.1 best separated
primary neoplastic lesions from non-neoplastic lesions.
Our own institutional experience27 included 27 patients
with radiological differentials HGG and PCNSL in 9
patients, HGG and metastases in 5 patients, and all three
differentials (HGG, PCNSL, metastases) in 13 patients, who
were referred for FET PET. Tumor to contralateral white
mater ratio (T/Wm) was used as a semiquantitative
parameter. Most of the patients underwent stereotactic
biopsy, while the rest had a follow-up MRI. All high-grade
nonglial tumors showed a mean T/Wm of 1.59, which was
significantly lower comparedwith high-grade tumors of glial
origin. T/Wm cutoff of 1.9 at showed 93.8% sensitivity and
91% specificity to diagnose HGGs. Thus, FET PET can be
reliably used as a problem-solving tool in patients with
high-grade brain lesions, in whom MR shows equivocal
features.

Delineation of Tumor Extent
Aminoacid tracer localization inglial neoplasms is independent
of integrity of blood–brain barrier. In terms of volumetric
comparison of contrast enhancement with the tumor volume
obtained by amino acid PET, there are significant differences in
the size, overlap, and spatial correlation of tumor volumes,27–29

indicating that conventional contrast-enhanced MRI
considerably underestimates the active tumor volume.
Multiple centers across the world are moving toward FET
PET-based radiotherapy planning or adding boost to the FET
avid portion of the tumor. Initial studies suggested that amino
acid PET-based radiotherapy significantly affects patient
survival.30,31

Differentiation of Tumor Relapse from
Treatment-Related Changes

The current standard-of-care treatment for patients with
HGGs (WHO Grade 3 and 4) includes maximal surgical
resection followed by radiation therapy with concurrent
and adjuvant temozolomide-based chemotherapy, which
has shown improved survival.32,33 At our institution, these
patients are routinely followed up in a neuro-oncology clinic
at 3 months and then at 1 year with MRI of the brain. We
followBrainTumor Reporting andData System (BT-RADS) for
response assessment on MRI in gliomas. Patients with MR
findings of BT-RADS 3a and 3b are further discussed in a
multidisciplinary joint clinic, following which FET PET is
done for those with clinicoradiological diagnostic dilemma.
We, so far, used a T/Wm cutoff value of 2.5 for differentiating
tumor recurrence frompost-treatment changes on FET PET.15

Sincewehave a regular referral for FET PET, this studyaimedat
deriving an optimum institutional cutoff reference value for
HGGs. Experimental and clinical studies have shown that 18F-
FETuptake is highly specific for tumor tissue and is a result of
increased LAT expression leading to a carrier-mediated
facilitated transport in the glioblastoma tissue, and is thus
independent of disruption of the blood–brain barrier.34 This
makes FET an appropriate imaging modality for mapping
proliferating glial tissue. The published literature on
diagnostic accuracy of 18F-FET PET for distinguishing tumor

Fig. 2 Imaging patterns of FDG uptake in brain Intense FDG uptake seen in primary CNS lymphoma (A-arrow). Peripheral FDG uptake seen in
glioma with increased background uptake in rest of the brain (B-arrow). Focal FDG uptake in ring enhancing lesion with associated perilesional
oedema favours metastasis (C-arrow).
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recurrence from post-treatment changes is not scarce, but
suffers from lack of standardization of protocol, improper
patient selection, and fixed imaging time-points.35–38 Few
studies include patients with a variety of grades (II-IV),
predominantly astrocytic and oligodendroglial histology, with
very fewglioblastoma. Variable time-pointspost-treatment also
affect the performance of radiotracers, which is seen is some
studies, whereas we focused on those with a follow-up time
period of more than 6 months after standard treatment
(RT-TMZ) completion to exclude the cases with pseu-
doprogression. The rationale being pseudoprogression is a
vascular phenomenon39 wherein there is vessel dilatation,
platelet-fibrin thrombi, reduced numbers of endothelial cell
nuclei and blood–brain barrier leakage, whereas amino acid
tracers do not localize through any of these mechanisms. We
retrospectively analyzed 72 patients40 with post-treatment
grade 3 or 4 brain gliomas. T/Wm cut-off of 2.5 was used for
image interpretation. Imagingfindingswereconfirmedbyeither
histopathologic diagnosis in a multidisciplinary joint clinic or
basedon follow-upof clinical andneuroimagingfindings. Forty-
one of 72 patients (57%) showed recurrent disease on FET PET.
Thirty-five of them were confirmed to have tumor recurrence;
six patients showed post-treatment changes. Thirty-one of 72
patients (43%) showed post-treatment changes on FET PET; 27
were confirmed aspost-treatment change and four patients had
tumor recurrenceonsubsequentMRI.AnoptimumT/Wmcutoff
of 2.65 was derived based on receiver operating characteristic
analysis with a sensitivity of 80% and specificity of 87.5%. We
need to understand the inherent limitation of neuroimaging
study is the lack of robust “gold standard,” mainly because
clinical or radiological progression in glioblastomas can occur
within weeks; also, “false positive” results are not always
confirmed with biopsy; hence a “multidisciplinary clinic
decision” becomes crucial.

Whereas majority of literature on amino acid PET is based
on FET PET, DOPA PET is also extensively used. Comparative
studies have shown equal accuracy of FET and DOPA PET in
assessing treatment-related changes from disease recurrence
(►Fig. 3).

Other Radiopharmaceuticals

Apart from the conventionally used tracers, there have been
multiple other tracers that are being used in practice;
however, they find limited utility (►Table 2).

F18-choline: Metabolic demand for choline uptake
increases in tumor progression, as it is required for cell
membrane biosynthesis. As such, choline uptake has been
used as a major target for PET imaging.41 There is extremely
low uptake of choline by normal brain parenchyma; hence,
there is excellent tumor to background clearance.42 F-18
choline has shown a high diagnostic accuracy, sensitivity,
and specificitywith a cutoff of 1.42 for tumor to normal brain
uptake ratio in recurrent HGG. It can also be used to predict
survival in patients with HGG; however, prospective studies
are lacking.43

F18-FLT: F-18 Fluoro-thymidine (FLT) has been developed
to measure thymidine kinase-1 activity that is involved in
DNA synthesis and is a marker of cellular proliferation.44 It
has proven to be an excellent tracer for the assessment of
treatment response in patients who have received
antiangiogenic drugs like bevacizumab.45 Prerequisite of
disruption of blood–brain barrier is the major
disadvantage and other factors, which increase the blood–
brain barrier permeability such as radiotherapy and
chemotherapy, falsely increase uptake.46

Hypoxia Agents
Presence of hypoxia in tumor microenvironment increases
risk of tumor growth and metastatic potential. Various PET
tracers like F-18 FMISO, FAZA, and FETNIM that target
areas of hypoxia have been developed.47 These traces
freely diffuse inside the cells and get reduced to free
radicals. In a well-oxygenated state, they can diffuse
back. But in hypoxic cells, reduction process continues,
leading to accumulation of these tracers. Major advantage
of using hypoxia tracers is that it can provide early
assessment of tumor progression as hypoxic changes
occur relatively early.48

Fig. 3 Representative Case 48/M treated case of High-grade glioma,
presented with suspected recurrence. MRI brain revealed thick
peripheral contrast enhancement on T1 post contrast in right
temporal lobe (A), FDOPA PET/CT fused transaxial images show
intense FDOPA uptake (higher than striatum- White arrow) in right
temporal lobe (B).

Table 2 Newer PET tracers in neuro-oncology

PET tracer Target/mechanism of localization

Ga68-FAPI Cancer-associated fibroblast (CAFs)

F18-GE 180
(TSPO)

Mitochondrial translocator protein

F18-FBY
F18-FBPA
F18-FGIn

Amino acid transport

Ga68-RGD avB3 Integrin family/angiogenesis
marker

Ga68-PSMA Glioma neovasculature

Zr89 labeled
EGFR/PD-L1/
VEGFR targeting
drugs

Antibody mediated theranostic
potential
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FAPI: Fibroblast activation protein inhibitor is a serine
protease that is overexpressed in cancer associated
fibroblasts (►Fig. 4). Radiotracers that bind to these
proteins (like FAP inhibitors) can be of diagnostic and
therapeutic use.49,50 Further clinical studies are required
for establishing their role.

PSMA-11: Prostate-specific membrane antigen, also
known as glutamate carboxypeptidase II, is overexpressed
in prostate cancer cells. PSMA radioligands have shown
diagnostic and therapeutic benefits in prostate cancer. It is
documented that PSMA is overexpressed in glial cell
neovasculature and hence it can be a potential target of
interest for diagnostic and therapeutic purposes in high-
grade glial tumors.51–53

Conclusion

Multiparametric MRI remains the investigation of choice in
the management of glial tumors. However, PET imaging
provides additional biological and functional information
that cannot be obtained from MRI alone. At present, the
algorithm for approach to brain lesions in treatment-naïve
patientswith indeterminateMRI features involvesperforming
FDGPET/CT, to locate the site of primaryor for the detection of
primary CNS lymphoma. There is enough evidence to use
amino acid PETwhenMRfindings are overlapping or there is a
high-index of suspicion of glial neoplasm. PET/CTwith amino
acid tracers is a preferred imagingmodality in post-treatment
settings for the detection of glial tumor recurrence and for

assessmentof treatment response andasprognosticmarker. It
has also been increasingly used for radiotherapy planning
with emerging trials in the pipeline. Newer tracers targeting
different components of tumor microenvironment are
emerging that needs further validation through large
prospective studies and clinical trials in the fields of neuro-
oncology.
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