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KEY POINTS

o ["®F]FDG positron emission tomography/computed tomography scanning is a valuable tool for
characterizing suspicious MRI lesions, and identifying recurrence/persistence of high-grade

gliomas.

o ['8F]FET better defines gliomas boundaries within the normal brain than with ['®F]JFDG, including
low-grade gliomas, although it can be falsely negative in up to 30% of World Health Organization

grade 2 gliomas.

e The specificity of amino acids positron emission tomography is not perfect. False- positive results
occur in a wide variety of nontumor pathologic conditions.

o Both ['®F]JFDG and radiolabeled amino acids positron emission tomography performances should
be further assessed, integrating gliomas molecular profile presented in the latest World Health

Organization CNS5 classification.

INTRODUCTION

Brain metastases are the most common malignant
brain tumor in adults, most frequently related to
lung cancer, breast cancer, and melanoma." Brain
metastases incidence is distinctly higher than that
of primary malignant brain tumors. Overall, the
latter account for less than 1% of all invasive cancer
cases in the United States, but they are the second

most common cancer in children and adolescents
and the leading cause of cancer death among
males aged less than 40 years and females aged
less than 20 years.? The fifth edition of the World
Health Organization (WHO) classification of tumors
of the central nervous system (WHO CNS5) pub-
lished in 2021 increasingly incorporates molecular
diagnostic markers to histology and immunohisto-
chemistry.® Such evolution complexifies the
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distinction between low-grade and high-grade gli-
omas. For example, the presence of 1p/19qg code-
letion and IDH mutation in patients with WHO grade
2 diffuse gliomas is associated with a more favor-
able outcome. By contrast, patients with IDH-
mutant astrocytoma and a CDKN2A/B homozy-
gous deletion are doomed with a poor prognosis,
regardless of the WHO glioma grade.*® In the pre-
sent review, we avoided using the terms low-grade
and high-grade gliomas and replaced these terms
by WHO grade 2 (and 1) versus WHO grade 3 and
4 gliomas, respectively, unless otherwise stated.
MRI is the first-choice imaging technique for
brain tumors.®>® The T2-weighted and/or T2
fluid-attenuated inversion recovery is performed
for tumor detection and delineation, but cannot
reliably differentiate tumor from other conditions,
such as demyelination, ischemic injury, and
edema, especially once treatment, for example,
radiation therapy and/or chemotherapy, has
been initiated.® Moreover, inflammation induced
by immunotherapies can alter T2 signal intensity.®
Diffusion-weighted imaging sequence and
apparent diffusion coefficient (ADC) measure-
ments are used to characterize brain lesions and
assess tumor response to treatments but similarly
high ADC values can be observed in high-grade
gliomas as well as in necrotic areas and ab-
scesses.®'" Thin-section 3D T1-weighted se-
quences before and after injection of a
gadolinium-based contrast agent identifies brain
areas with blood-brain barrier (BBB) disruption.
The latter is usually present in WHO grade 3 and
4 gliomas but also in WHO grade 2 oligodendro-
gliomas, lymphomas, and other non-neoplastic
conditions.®'? Treatments, including radiation
therapy, antiangiogenic therapies and immuno-
therapies can induce transient changes in contrast
enhancement that can be misleading in assessing
response to treatment.® The MR spectroscopy can
contribute to lesion characterization, including
distinction of tumor from non-neoplastic condi-
tions, for example, post-therapy changes, but it
lacks both sensitivity and specificity.'® Perfusion
MRI, dynamic contrast enhanced and dynamic
susceptibility contrast MRI, allows distinction be-
tween WHO grade 3 and 4 gliomas and WHO
grade 2 gliomas at diagnosis using relative cere-
bral blood volume (rCBV) values measured using
dynamic susceptibility contrast MRI with high
sensitivity (95%), but low specificity (57%), mainly
due to WHO grade 2 oligodendrogliomas with
elevated rCBV.'2-'% At diagnosis, perfusion MRI
can guide biopsy to areas of higher WHO grade tu-
mor. Within 24 to 48 hours after surgery, the extent
of resection can be assessed by MRI. Advanced
MRI techniques (eg, diffusion-weighted imaging

and ADC values; dynamic susceptibility contrast/
dynamic contrast enhanced MRI and rCBV values;
and MR spectroscopy) showed high diagnostic
accuracy in the differentiation between
treatment-induced changes (eg, pseupdoprogres-
sion and radiation necrosis) and true progression,
with both sensitivity and specificity of more than
85%.6'15_17

Even when multiple MRI sequences are per-
formed, MR still has limitations.? 8 Positron emis-
sion tomography (PET) combined with computed
tomography (CT) scan (or MRI) is not recommen-
ded routinely but contributes to the management
of brain tumors from diagnosis to follow-up, in
particular when recurrence is suspected.!'®?!
Brain tumor cells metabolic adaptation is driven
by tumor’s phenotype (eg, mutation of the gene
IDH1 coding for isocitrate dehydrogenase 1,
component involved in the tricarboxylic acid cycle)
and microenvironment changes (eg, frequent hyp-
oxic environment).?? The brain is a special environ-
ment restricted by the BBB; gliomas and cancer
cells take up nutrients from the extracellular envi-
ronment, including glucose, acetate, glutamine
and other amino acids (AAs) and fatty acids, to
ensure tumor growth.?2

Borja and colleagues®® recently presented the
use of PET tracers for brain tumor imaging for tu-
mor grading, delineation, and treatment response
assessment. The present work aims at further dis-
cussing the role of 2-['®F]fluoro-2-deoxy-D-
glucose (['®F]FDG) and alternative PET tracers in
the management of brain tumors.

2-["3F]JFLUORO-2-DEOXY-D-GLUCOSE

2-['8Flfluoro-2-deoxy-D-glucose  (['®F]FDG) is
transported across the intact BBB by glucose
transporters (GLUT), mainly GLUT1 and GLUTS,
and ["®F]FDG accumulation in brain tumors does
not depend on BBB disruption.?425 Glucose is a
major energy substrate of cancer cells in brain,
even in the presence of oxygen (aerobic glycolysis;
Warburg effect). GLUT1 and GLUT3 are upregu-
lated in tumors, especially in aggressive tumors,
and GLUTS3 upregulation has been correlated with
poor survival.?#2® The glucose metabolic rate cor-
relates with both GLUT expression and the cell pro-
liferation rate.?® Various methods have been used
to quantify glucose metabolic rate of brain lesions
using ['®F]FDG PET/CT scans, but none of them
have been validated and there is no role for such
measurements in routine clinical practice.’” As a
rule of thumb, the WHO grade 3 andand 4 gliomas
are more likely to show high ['®F]FDG uptake,
higher or similar to gray matter, whereas ['®F]FDG
uptake of WHO grade 2 glioma tends to be similar
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Fig. 1. Brain images of a 39-year-old patient with a left frontal lesion with mild enhancement after gadolinium
injection in MR images (A, postgadolinium T1-weighted MRI; red arrow) and increased perfusion described by
multiparametric MRI (not shown). The CT images of the PET/CT scans showed calcifications (B, CT scan of PET/CT
scan; red arrows), characteristic of oligodendrioglial tumors. The lesion seemed to be hypometabolic in ['8F]
FDG PET images (C, fused PET/CT scan; E, PET image, SUV scale of 0-8; red arrows) with ['®F]FDG uptake
(maximum SUV 5.6) slightly higher than white matter and lower than gray matter. The ['®FIFDG TBRmax
(maximum tumoral SUV/maximum SUV in the contralateral healthy hemisphere) estimated at 0.5 suggested
a WHO grade 2 glioma.?° The ['®FIFET PET images (D, fused PET/CT scan; F, PET image, SUV scale 0-5; red arrows)
allowed to better estimate the extent of the lesion; the ['8F]FET TBRmax (maximum tumoral SUV/mean SUV in
the contralateral healthy hemisphere), estimated at 4.5, suggested a WHO grade 3 andand 4 glioma.”®
The pathologic diagnosis was an oligodendroglioma WHO grade 2, IDH-mutant (IDH1 p.R132 mutation),
and 1p/19g-codeleted. The ['®F]JFDG TBRma.x correctly predicted the WHO grade 2 glioma whereas ['8F]FET

TBRnax Overestimated it.

to white matter. As a result, they are most of the
time not seen, or present as cortical hypometabolic
areas. One method helpful to differentiate those le-
sions is to calculate the tumor to contralateral
normal brain standardized uptake value (SUV) ra-
tios (TBRs). TBR cutoff values help to differentiate
WHO grade 3 and 4 from WHO grade 1 to 2 gliomas
(eg, a TBR cutoff value of 0.6 for tumor-to-cortex
maximum SUV ratio is often used).2’2° Although
the ["®F]FDG TBR is usually higher in WHO grade
3 andand 4 gliomas, it could also be similarly
increased in WHO grade 1 pilocytic astrocytoma
and WHO grade 2 gliomas with oligodendroglial
component, which somehow limits the accuracy
of ["®FFDG PET/CT scans to predict glioma
grade at diagnosis (Fig. 1).2%3' Moreover, in the dif-
ferential diagnosis between neoplastic and non-

neoplastic lesions, ['®F]FDG PET/CT scans can be
falsely negative in WHO grade 2 gliomas or metas-
tases, and it can be falsely positive in inflammatory
brain lesions.'93%32 Nonetheless, the combination
of metabolic and MRI features is usually quite effi-
cient for characterizing those lesions. Furthermore,
['®FIFDG uptake is an independent prognostic
marker in primary central nervous system lym-
phoma and in WHO grade 4 gliomas at diagnosis
and after treatment initiation.?®34-36 Environmental
conditions influence ['®F]FDG transport at the
BBB and in brain tumors, for example, hyperglyce-
mia associated with diabetes or hypoxia.?* The
major drawback of ['®F]FDG is the uptake in
brain cells, including astrocytes, microglia and
neurons, and hampering precise tumor
delineation.?*
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Fig. 2. ["®F]FDG PET and MR images of a 34-year-old patient who presented with neurologic deficits related to a
left frontoparietal brain lesion. The postgadolinium T1-weighted MR images demonstrated peripheral contrast
enhancement (A, white arrow), whereas the T2/fluid-attenuated inversion recovery (FLAIR) sequence allowed
visualization of the lesion with better contrast (B, white arrow). The perfusion MR images showed increased
rCBV (C, white arrow). The ['®F]FDG PET images highlighted a tumor area with high ['®F]FDG uptake in the
most anterior part of the lesion (D, E, fused PET/MRI, white arrows; F, PET image, SUV scale 0-10; lesion maximum
SUV, 6.1; TBRmax 0.6; red arrow), which therefore was suggested as the best biopsy site to neurosurgeon. The

pathologic diagnosis was a WHO grade 4 glioma.

Even though ['®F]JFDG PET/CT alone has limited
accuracy in the diagnosis of a suspected brain tu-
mor, it can be a reliable imaging technique to guide
stereotactic brain biopsy to tumor areas with the
highest ['®FJFDG uptake, more likely to corre-
spond with WHO grade 3 and 4 gliomas, avoiding
sampling errors and undergrading gliomas based
on MRI only (Fig. 2).3%° Pirotte and col-
leagues,®”*° in a work published in 2004 when
more advanced MRI techniques such as perfusion
were in its infancy, were able to use ['®F]FDG PET
for guiding stereotactic biopsy in almost one-half
of patients (n = 14/32). The combination of ['®F]
FDG PET and multiparametric MRI might signifi-
cantly increase the performance of ['8F]FDG PET
for stereotactic biopsy target definition but this
has not been addressed in the era of multipara-
metric MRI."®Note that in case of suspected pri-
mary central nervous system lymphoma,

additional whole-body ['8F]JFDG PET/CT scanning
is recommended for staging.*’

['8F]FDG PET/CT scanning can be considered in
combination with multiparametric MRI for WHO
grade 3 and 4 gliomas or ['®F]FDG-avid metasta-
ses for differentiating tumor recurrence from
treatment-induced changes induced by BBB
breakdown and edema, including pseudoprogres-
sion and radiation necrosis.”1927:3642 | the
follow-up MRI, the extent of contrast enhance-
ment in T1-weighted sequence or T2/fluid-
attenuated inversion recovery-weighted MR signal
can temporarily increase within the first 3 months
after radiation therapy completion in up to two-
third of patients with WHO grade 4 gliomas,
mimicking progression. And, there is an increased
likelihood of pseudoprogression in WHO grade 4
gliomas with O%-methylguanine-DNA methyltrans-
ferase (MGMT) promoter methylation.”-36:43
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Beyond 6 months and up to several years after ra-
diation therapy for metastases or gliomas, radia-
tion necrosis can occur within the irradiated field
in up to one-quarter of cases, with the risk
increasing with total radiation dose, irradiated vol-
ume, and additional chemotherapy.”*® ['®F]FDG
PET/CT scanning can help to differentiate tumor
progression or recurrence from tumor pseudo-
progression or radiation injuries.** Meta-analyses
showed that sensitivity and specificity of ['8F]
FDG PET scans for distinction between WHO
grade 3 and 4 gliomas progression versus
treatment-related changes are 78% to 84% and
70% to 87%, respectively, with wide 95% confi-
dence intervals (Cl), especially in term of speci-
ficity.*4*6 The sensitivity of ['®FJFDG PET/CT
scanning is limited by the high ['®F]FDG back-
ground uptake, especially when lesions are small
(<20 mm in diameter) and located in the gray mat-
ter.#” The specificity might be limited by inflamma-
tion, especially early after surgery and/or radiation
therapy. Again, the combined use of multipara-
metric MRI and ['®F]FDG provides higher accu-
racy, in particular when including information
provided by perfusion MRI.48:4°

RADIOLABELED AMINO ACIDS

An alternate metabolic pathway was investigated
when the radiolabeled AA, L-methyl-[''C]methio-
nine ([''CIMET) was developed in the 1980s.%°
L-type AAs are actively transported from systemic
circulation across the BBB into the brain by L-type
AA transporter 1 (LAT1) expressed in luminal and
abluminal sides of the BBB endothelial cells.%’
The L-type AAs are, therefore, transported in
normal brain and brain lesions without BBB
disruption such as WHO grade 2 gliomas.®? By
contrast with ['®FJFDG PET scans, the radiola-
beled [''"CIMET PET images show a low back-
ground activity in normal brain, providing higher
tumor-to-background contrast, even in low-
grade gliomas.®® LAT1 is expressed by endothelial
cells and tumor cells, and the high AAs transport in
higher grade gliomas and brain metastases might
be related to increased microvessel density
(angiogenesis) and/or increased tumor cell density
and/or LAT1 overexpression and transport activ-
ity, ultimately reflecting tumor cells proliferation
activity.>*®® The sensitivity and specificity of
['"C]MET PET for the diagnosis of suspected gli-
oma are variable, at 76% to 100% and 75% to
100%, respectively.®® Some WHO grade 2 gli-
omas show no [''CIMET uptake, resulting in
false-negative results.®%” Similar to ['®F]FDG,
false-positive cases have been reported using
[""CIMET PET due to uptake in inflammatory

processes and treatment-related changes owing
to BBB disruption and vascular proliferation,
including leucoencephalitis, brain abscesses, mul-
tiple sclerosis, hematoma, necrosis, acute demye-
lination, and ischemia.®®%%-¢! The WHO grade 3
and 4 gliomas are more likely to show higher
[""C]MET uptake than WHO grade 2 gliomas.%®
Various TBR cutoff values, ranging from 1.3 to
2.05, have been used to predict glioma grade us-
ing ['"CJMET PET, providing limited accuracy as
a consequence ofas large TBR values overlaps be-
tween WHO grade 2, 3, and 4 gliomas.%® Similar to
['®F]FDG, high [''CIMET TBR have been reported
in oligodendrogliomas with 1p/19q codeletion, as
high as in WHO grade 3 and 4 gliomas.3'®3 Over-
all, areas of highest ['®F]FDG uptake and [''C]MET
uptake are concordant in gliomas; however, owing
to the low background activity using [''"CJMET PET
scans, the latter is preferred for guiding biopsy, but
also to better delineate tumor extent for radiation
therapy planning.37-62

The drawbacks of PET imaging using [''CIMET
are many, including the short half-life of [''C] (20
minutes) requiring on-site cyclotron, and the rapid
incorporation after a few minutes of [''CIMET into
proteins and tracer metabolization into radiola-
beled metabolites.®® Therefore, in the 1990s, the
['®F]-labeled artificial AA, O-(2-['®F]fluoroethyl)-L-
tyrosine (['®F]FET), was developed with the advan-
tages of the longer half-life of ['®F] (110 minutes)
and of not being incorporated into proteins, result-
ing in the absence of radiolabeled metabo-
lites.5+®% Owing to its low lipophilicity, brain ['8F]
FET uptake by diffusion through the BBB is not
significant.®* Another advantage of ['®F]FET is its
lower uptake in inflammatory cells compared
with [''CIMET.58%° Similar clinical performances
are reported for [''CIMET and ['®F]FET in the man-
agement of gliomas and metastases.® In a meta-
analysis assessing the diagnostic performance of
['8F]FET and ['®F]FDG PET in suspected brain tu-
mors, Dunet and coIIeagues32 demonstrated a
significantly higher sensitivity of ['®FJFET PET
(0.94; 95% ClI, 0.79-0.98) compared with ['3F]
FDG (0.38; 95% CI, 0.27-0.50) for the diagnosis
of brain tumor versus nontumoral lesions, with
comparable specificity (0.88; 95% CI, 0.37-0.99,
and 0.86; 95% CI, 0.31-0.99, respectively). Even
though ['8F]FET is transported in gliomas irrespec-
tive of BBB disruption, passive tracer influx
through disrupted BBB disruption, passive tracer
influx through disrupted BBB and in non-
neoplastic brain lesions limits the specificity of
['®FIFET.®” As with ['"®F]FDG and [''C]MET PET,
['8F]FET PET can be falsely positive in brain ab-
scesses, intracerebral acute hematomas, acute in-
farctions, demyelinating inflammatory central
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Fig. 3. Brain images of a 73-year-old patient with clinical presentation of new-onset epilepsy. The MRI showed a
right temporal lesion with mild enhancement (A, postgadolinium T1-weighted sequence; B, T2-weighted/fluid-
attenuated inversion recovery [FLAIR] MR image; white arrows). The ['®FIFDG PET scan showed tumoral uptake
lower than gray matter (C, fused PET/MRI; E, PET image SUV scale 0-8; TBRyax 0.7; red arrows). The ['8FIFET
PET scan showed a heterogeneous lesion with foci of higher ['F]FET uptake (D, fused PET/MRI; F, PET image
SUV scale 0-5; TBRyax 2.8; red arrows). The pathologic analyses showed a WHO grade 4 glioma, IDH wild type.

nervous system lesions (eg, multiple sclerosis),
meningoencephalitis, and other conditions with
acute inflammation and/or reactive astroglio-
sis33:59:67.68 Both ['8FJFDG and radiolabeled AAs
PET can also be falsely positive in (neuro)sarcoid-
osis.57-%° In addition, high ['®F]FET activity can be
observed in vascular malformations, including
cavernoma.’” ['CIMET and ['®F]FET uptake
mimicking tumor activity has been reported in
(subclinical) epileptic activity associated with brain
tumors, radiation necrosis, focal cortical
dysplasia, or arteriovenous malformations.”®"® In
contrast, the negative predictive value of ['8F]
FET PET to exclude gliomas is limited because
['8F]JFET PET scans can be negative in about
30% of WHO grade 2 gliomas.”®"® Nevertheless,
a negative ['®FJFET PET scans excludes WHO
grade 3 and 4 gliomas with a high probability

(with the exception for small lesions).”®"5 ['8F]
FET PET scans actually identify WHO grade 3
and 4 gliomas in up to one-third of the patients
whose preoperative MRI suspected WHO grade
2 glioma, with a sensitivity of 95%, specificity of
72%, positive predictive value of 74%, and nega-
tive predictive value of 95%.527677 The radiola-
beled AAs PET, thanks to the lower background
activity compared with ['®F]FDG, can better iden-
tify the most appropriate site of biopsy in hetero-
geneous lesions, detecting foci of higher grade
gliomas with no or mild contrast enhancement in
MR images, avoiding biopsy undersampling
(Fig. 3)."° Similar to ['C]MET, there are large over-
laps in TBR values across WHO grade 2, 3, and 4
gliomas (see Fig. 1).”> However, the accuracy to
distinguish WHO grade 2 from WHO grade 3 and
4 gliomas is improved when evaluating the kinetics
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Fig. 4. Brain images of a 25-year-old patient with the initial diagnosis of WHO grade 2 diffuse astrocytoma
located in the right frontal lobe, who underwent maximal surgical resection. Five years later, a follow-up MRI
showed the appearance of a focal area of gadolinium enhancement in T1-weighted sequence (A, T1-weighted
sequence, white arrow; B, T2/fluid-attenuated inversion recovery [FLAIR] sequence). The ['®F]FDG PET images
(C, fused PET/MRI; E, PET image SUV scale 0-8; red arrows) showed a focal high uptake corresponding to the gad-
olinium enhancement with TBR,,.x estimated at 0.6, suggesting malignant transformation. The ['8F]FET PET im-
ages (D, fused PET/MRI; F, PET image SUV scale 0-5; red arrows) showed larger extent of uptake and a slightly
higher uptake in the same region as ['®F]JFDG PET scan and MRI with a TBRy.x estimated at 2.6. Note that 2-
["®F]fluoro-t-tyrosine (['®F]TYR) did not show tumoral uptake at diagnosis (image not showed). Pathology

confirmed transformation into WHO grade 3 glioma.

of ['®F]FET uptake. Indeed, the time-activity
curves increase for WHO grade 2 gliomas, and
decrease for WHO grade 3 and 4 gliomas, with
the early timeframe (5-15 minutes) showing the
greater difference.?”:52.7578.7° The biological pro-
cesses underlying ['8F]FET time-activity curve
patterns are not yet elucidated and the contribu-
tion of ['8F]FET transport activity, blood volume
and perfusion (related to increased angiogenesis
in WHO grade 4 gliomas), possible passive diffu-
sion in disrupted BBB in WHO grade 3 and 4 gli-
omas and ['®F]FET efflux, respectively, is not
known.8%8! Even if the kinetic parameters are
taken into account, ['®F]JFET PET scanning has
limited accuracy to predict glioma grade at diag-
nosis, as well as detecting malignant transforma-
tion of WHO grade 2 gliomas.?2® Fig. 4
illustrates a case for which both ['®FJFET PET
and ['®F]FDG PET scans were performed for a

suspected malignant transformation of a WHO
grade 2 diffuse astrocytoma; the ['®F]FDG PET
scan alone correctly detected malignant transfor-
mation to WHO grade 3 glioma. However, the
['8F]FET PET scan allowed better delineation of tu-
mor recurrence extent, which might be a valuable
complementary information for surgical planning.

The undisputed advantage of radiolabeled AAs
over ['®F]FDG is the better contrast between tu-
mor uptake and cortical background, making
possible the delineation of tumor extent, helping
radiation oncologist for tumor delineation, espe-
cially beyond contrast-enhanced areas for which
MRI has a limited ability to differentiate nonen-
hancing infiltrating tumor from edema or
treatment-related changes in cases of recur-
rence.36848% A |arge retrospective multicenter
study showed an association between overall
survival and maximal resection of both contrast-
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enhanced and non-contrast-enhanced tumor us-
ing MRI in patients with newly diagnosed WHO
grade 4 glioma regardless of IDH status, and
methylation status of the MGMT promoter in pa-
tients with IDH wild-type WHO grade 4 glioma.®®
Baseline tumor volume based on ['8F]FET PET
scans in patients with newly diagnosed WHO
grade 4 glioma before radiotherapy plus concom-
itant and adjuvant temozolomide was inversely
correlated with progression-free survival and
overall survival.®" ["®F]FET PET scanning might
be of interest for surgical resection planning
with the aim to increase the chances of maximal
resection, in combination with preoperative MRI
and using 5-aminolevulinic acid for the intraoper-
ative  visualization of areas of tumor
infiltration.92-94

During the first 3 months after chemoradiother-
apy completion in case WHO grade 4 gliomas,
when pseudoprogression is suspected, radiola-
beled AAs PET has an added value when perfusion
MRI is not conclusive.*® The accuracy of ['®F]JFET
PET scanning in differentiating recurrent WHO
grade 4 gliomas from post-treatment changes is
high, with sensitivities ranging from 82% to
100% and specificities from 86% to 94%.%57%° In
a recent study including patients with WHO grade
4 gliomas treated with lomustine-temozolomide
chemoradiation and for which MRI was equivocal
after radiotherapy inside the radiation field (median
time interval, 10 weeks; range, 5-34 weeks), ['®F]
FET PET imaging proved highly performant using
a TBRmean cutoff of less than 1.95 (sensitivity,
82%; specificity, 92%; positive predictive value,
90%; negative predictive value, 85%; accuracy,
87%; area under the curve =+ standard error,
0.77 + 0.12).°°> When radiation necrosis is sus-
pected in case of gliomas or metastases, radiola-
beled AAs PET may help when perfusion MRI is
uncertain.®®%2 However, the accuracy varies
across studies (sensitivity of 74%-90%; specificity
of 73%-100%); false-positive and false-negative
results can occur, depending on tumor cell type
and LAT activity, tracer activity related to passive
diffusion across disrupted BBB and vascular vol-
ume and density associated with angiogenesis
(Flg. 5)_42,100

The AA 3, 4-dihydroxy-6-['8F]-fluoro-L-phenylal-
anine (['®F]DOPA) has also been used for imaging
brain tumors; it is also transported across the BBB
and in tumor cells by LAT and ['®F]DOPA PET
showed comparable performances to ['®F]FET
and ["'"C]JMET PET scanning.#564% One limitation
of ['®F]DOPA s that it is rapidly metabolized in
the periphery and in the striatum, and released
['8F]-labeled metabolites can be transported again
and cross the BBB.'°"-'% Tatekawa and

colleagues'®* recently showed a relationship be-
tween ['®F]DOPA uptake and ADC and rCBV mea-
surements, respectively, in different molecular
subtypes of gliomas. The ['®F]DOPA SUV normal-
ized to the median uptake value of the striatum
was positively correlated with rCBV and negatively
correlated with ADC in IDH wild-type and IDH
mutant 1p/19q noncodeleted gliomas, whereas a
significant positive correlation was observed be-
tween the SUV normalized to the median uptake
value of the striatum and the ADC only in the sub-
group of oligodendrogliomas with IDH mutant and
1p/19q codeletion. %4

For the distinction between true recurrence and
radiation necrosis in a small patients sample, Jena
and colleagues'®® recently showed that the com-
bination ['®FJDOPA PET imaging of multiparamet-
ric MRI (perfusion, diffusion, and spectroscopy)
achieved 95% accuracy with greater than 95%
sensitivity and specificity.

The non-natural AA anti—1-amino-3-[18F]fluoro-
cyclobutane-1-carboxylic acid (['®FJFACBC), orig-
inally developed for brain tumor imaging has been
less investigated.'®® By contrast with [''C]MET,
['®F]FET, and ['®F]DOPA, the transport of ['®F]
FACBC across the BBB and in tumor cells is medi-
ated mainly by the alanine, serine, cysteine trans-
porter 2 (ASCT2; SLC1A5)."” Michaud and
colleagues'®” showed lower and slower uptake
of ['"8F]JFACBC than [''C]MET in brain lesions sus-
pected of glioma recurrence or progression,
although the ['®FJFACBC normal brain back-
ground was lower.

NON-AMINO ACID POSITRON EMISSION
TOMOGRAPHY RADIOTRACERS

Similar to AAs, non-AAs unconventional tracers
providing low or no background activity in brain
compared with ['®F]FDG and better contrast, are
being investigated for glioma imaging.'®® The de-
livery of an imaging agent into the brain is chal-
lenged by highly restricted BBB.'°° After
intravenous injection, for the tracer to reach brain
tumor cells, when the BBB is intact, it must first
be recognized by a receptor on the BBB (the imag-
ing agent should mimic the structure of transporter
substrate), be transported in luminal and abluminal
sides of the BBB endothelial cells and reach the
tumor cell target after entering into the brain pa-
renchyma, and, ultimately, in a sufficient amount
to obtain a detectable imaging signal.''® For
example, the promising radiolabeled ligand target-
ing fibroblast activation protein [f3Ga]FAPI, shows
high accumulation in IDH-wildtype WHO 4 gliomas
and WHO grade 3 and 4 gliomas, with a disrupted
BBB, but not in WHO grade Il gliomas. It is highly
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Fig. 5. Brain Images of a 65-year-old patient with a WHO grade 4 glioma with MGMT promotor methylation and
suspected recurrence 4 months after the end of concomitant radiochemotherapy based on follow-up multipara-
metric MRI (A, postgadolinium T1-weighted sequence; B, T2/fluid-attenuated inversion recovery [FLAIR] MRI;
white arrows) showing an area of gadolinium enhancement with increased rCBV (perfusion MRI not shown)
next to surgical resection site in the right frontal lobe. The ['8F]FDG PET/CT scan did not show ['®FIFDG uptake
higher than gray matter (C, fused PET/MR; E, PET image, SUV scale 0-8; red arrows). The ['8F]FET PET images
(D, fused PET/MR; F, PET image, SUV scale 0-5; red arrows) showed ['®F]FET uptake with the TBR., estimated
at 3.2 suggesting glioma recurrence. The lesion was resected, and the pathologic analyses showed radiation

necrosis.

probable that it is not transported across an intact
BBB, which in all likelihood will limit its clinical use
for brain tumors.""" Moreover, the BBB expresses
efflux transporters, such as P-glycoprotein, to pre-
vent drugs entering into the brain parenchyma,
exporting them from endothelial cells back into
circulating blood.’® This efflux can occur with
radiolabeled AAs such as ['®F]FET and [''CJMET
and [''C]-labeled metabolites, being responsible
for the decrease of PET signal with time.&°

Many non-AAs PET tracers showed uptake in
gliomas, but the PET signal is often not related
solely to the glioma tumor cells. The mitochondrial
translocator protein 18 kDa (TSPO) is upregulated
in glioma cells and might be a target of interest for
gliomas imaging; however, radiolabeled ligands of
TSPO were originally developed for neuroinflam-
mation imaging, because TSPO is upregulated in

activated microglia and macrophages, thereby
limiting the specificity of PET signal in glioma im-
aging."'? Radiolabeled ligands of the prostate-
specific membrane antigen PET/CT scans showed
a high uptake in WHO grade 3 and 4 gliomas and
might be used to differentiate WHO grade 3 and
4 from grade 2 gliomas, but the signal is mainly
related to prostate-specific membrane antigen
overexpression by activated endothelial cells of
angiogenesis.''®-116 Similarly, WHO grade 4 gli-
omas showed uptake of the radiolabeled
glycine-aspartic acid peptide ['®F]FPPRGD, tar-
geting integrin a, B3, not only owing to overexpres-
sion by glioma cells, but mainly related to integrin
ayB3 upregulation in activated endothelial cells of
glioma neovasculature."”” The radiolabeled li-
gands of the chemokine receptor 4 allows for im-
aging of glioma cells as well as-tumor associated
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neovasculature and immune cells of tumor
microenvironment." '8

Even though non-AA tracers are not specific for
tumor cells imaging, they might still be used to bet-
ter delineate tumor extent and, more importantly,
being used as radiotheranostic agents.™®

DISCUSSION

Radiolabeled AAs and singularly ['8F]FET, devel-
oped more recently than ['®F]JFDG, have gained
wider clinical acceptance, and this was translated
into official recommendations by the Response
Assessment in Neuro-Oncology working group
and European Association for Neuro-Oncology,
who concluded in 2016 regarding the “superiority
of AA PET over glucose PET.”'° It is obvious that
['8F]FET brings highly valuable information in
several indications, but, in our opinion, it is more
a matter of when to combine ['8F]FET with ['®F]
FDG, rather than replacing one with another.

When it comes to distinguish neoplastic from
non-neoplastic brain lesions, as well as predict
glioma WHO grade, both ['®F]FDG and radiola-
beled AAs present clinical limitations. In both
cases, there are overlaps in the tracer uptake
intensity across WHO grades 2, 3 and 4,
especially in gliomas with an oligodendroglial
component,31:32:61.67.73 A ghijft toward using AAs
has been advocated, notably based on a meta-
analysis performed by Dunet and colleagues® in
2016. It compared the diagnostic performances
of ['8F]FDG and ['®F]FET, based on a direct com-
parison of both tracers in the all patients and
with histology as reference standard.®? The perfor-
mance of ['8F]FDG PET scanning for the diagnosis
of brain tumor was significantly lower than ['®F]
FET PET scanning (area under the curve, 0.56
[95% CI, 0.47-0.66] and 0.85 [95% CI, 0.77-
0.93], respectively; P<.0001). Concluding to the
definite superiority of ['®F]JFET over ['®F]FDG in
this setting would be misleading, however, consid-
ering the small number of studies (5 papers pub-
lished between 2006 and 2010) and patients
(n = 119 patients: n = 82 gliomas; n = 8 nonglioma
tumors, and n = 29 nontumoral lesions). In
addition to the sample size, variations in patient
selection and imaging procedures are such as it
would not be reasonable to generalize the
conclusions.32:120

Several meta-analyses looked at the perfor-
mances of the various radiotracers to assess tu-
mor recurrence and progression after treatment,
including radiation therapy. Nihashi and col-
leagues** showed in 2013 for ['®F]FDG and [''C]
MET a pooled sensitivity of 0.79 (0.67-0.88) and
0.70 (0.50-0.84), respectively, and a specificity of

0.70 (0.50-0.84) and 0.93 (0.44-1.0), respectively.
More recently, de Zwart and colleagues*® showed
for ['®F]FDG, ['®F]FET, and [''C]MET sensitivities
of 0.82 (0.64-0.92), 0.90 (0.81-0.95), and 0.91
(0.78-0.97), respectively, and specificities of 0.79
(0.61-0.90), 0.85 (0.71-0.93), and 0.83 (0.68-
0.92), respectively. Cui and colleagues, evaluated
all 4 available tracers in 2021, and found a some-
what lower sensitivity of ['®F]FDG PET scanning
with a pooled value of 0.76 (0.68-0.83) compared
with radiolabeled AAs (['®F]FET: 0.88, ['F]DOPA:
0.85, and [''CIMET: 0.92). However, ['®F]FDG
PET scanning recorded the highest specificity
with a pooled value of 0.87 (0.70-0.90), compared
with 0.78, 0.70, and 0.78 for the 3 AAs, respec-
tively.*® A systematic review by Furuse and col-
leagues'®' further suggests that ['®F]JFDG PET
provides higher accuracy to differentiate radiation
necrosis from tumor progression in patients with
metastatic brain tumors than in patients with
gliomas.

In this indication, and similar to the initial diag-
nosis setting, the picture as to which radiotracer
should be preferred as a first-line PET is not as
clear cut as it may seem. At the very least, ['®F]
FDG is not thoroughly outperformed and surely
cannot be discarded altogether.

Prognostic factors associated with progression-
free survival and overall survival of patients with
gliomas include age, tumor diameter, tumor
crossing midline, performance status, and the mo-
lecular subgroup (eg, among patients with WHO
grade 2 and 3 gliomas, IDH wild-type group is
associated with the worst prognosis), and the
extent of tumor debulking when maximal resection
is possible.” Both ['®F]JFDG and radiolabeled AA
PET scans might provide independent prognostic
information, such as the baseline metabolic tumor
volume assessed using AAs PET scans and the
extent of residual tumor early after surgery before
radiation therapy.35:88.91,122-126

Despite the vastness of the available literature
dealing with PET/CT scans or PET/MRI in brain tu-
mors, these studies are often limited by the retro-
spective design and/or the small patient sample.
Moreover, patients’ selection criteria including
the acquired sequences and results of multipara-
metric MRI may vary; the population of interest
might also be heterogeneous as studies were per-
formed before the latest updates of WHO CNS5
molecular classification published in 2021.% Even-
tually, the reference standard is most of the time
based on imaging follow-up. Furthermore, despite
valuable attempts by the European Association of
Nuclear Medicine, the Society of Nuclear Medicine
and Molecular Imaging, the European Association
of Neuro-oncology, and the working group for
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Response Assessment in Neuro-oncology with
PET (PET-Response Assessment in Neuro-
Oncology working group), there is not a single
well-defined method that would consistently pro-
vide high diagnostic accuracy in the clinical setting
(eg, various TBRyax and TBRean cutoff values
based on early static vs kinetic parameters are
proposed for ['8F]FET PET depending on clinical
question).?” Harmonization and prospective vali-
dation of PET image interpretation criteria should
improve the interobserver agreement and facilitate
comparison of studies results in literature. Future
prospective studies should clarify the performance
of ['®F]JFDG PET scans and radiolabeled AA PET
scans (and the combination) not in abstracto, but
as a complementary tool to brain multiparametric
MR, taking into account the molecular profile of
gliomas presented in the WHO CNS5 classifica-
tion.® The past few years have witnessed major im-
provements in PET/CT  detectors and
reconstruction algorithms, which have further
improved image resolution and lesion detectability
with reduced image noise. This should positively
impact the diagnostic performances of PET scan-
ning, especially using ['®F]FDG as those images in
which normal background is high.'?” Radiomics
and artificial intelligence will certainly further
enhance multimodality imaging performances; a
recent review by Lohmann and colleagues'®®
gives an overview of feature-based radiomics in
neuro-oncology and examples of clinical
applications.

The advantage of ['®F]FDG over radiolabeled
AAs is its wide availability and low cost. Therefore,
when multiparametric MRI is not conclusive, ['8F]
FDG might be the first-choice PET tracer in cases
of WHO grade 3 and 4 gliomas or ['®F]FDG-avid tu-
mors, avoiding the use of more expensive and less
available radiolabeled AAs (eg, [''CIMET, ['F]FET,
or ['®FIDOPA). Radiolabeled AAs PET scans should
be preferred in cases of WHO grade 2 gliomas or
non ['®FFDG-avid tumors. Ultimately, ['®F]FDG
PET scans and radiolabeled AA PET scans can
be combined together with multiparametric MRI
to increase diagnostic confidence.'®12°

CLINICS CARE POINTS

o ["®F]FDG PET/CT scanning is a widely acces-
sible imaging method that may be helpful
for characterizing suspicious MRI lesions.

o ["8F]FDG PET/CT scanning performs fairly well
for assessing the recurrence or persistence of
high-grade gliomas.

e Tumor limits are more precisely delineated
with ["8FIFET and ['®FIFDOPA than with ['®F]
FDG, including low-grade gliomas.

o ["8FIFET PET scans can be falsely negative in
up to 30% of WHO grade 2 gliomas.

e The specificity of AA PET scans is not perfect.
Non-neoplastic  brain  conditions  with
increased blood flow and/or microvessel den-
sity, (sub-)acute inflammation or BBB disrup-
tion may all lead to false-positive results.

e Both ['®F]FDG and radiolabeled AA PET scan
performances should be further assessed,
integrating gliomas molecular profile pre-
sented in the latest WHO CNS5 classification.
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