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PET imaging is being increasingly used to supplement MRI in the clinical management of brain tumors. The main
radiotracers implemented in clinical practice include [18F]FDG, radiolabeled amino acids ([11C]MET, [18F]FDOPA,
[18F]FET) and [68Ga]Ga-DOTA-SSTR, targeting glucose metabolism, L-amino-acid transport and somatostatin

receptors expression, respectively.

glioma brain metastases

| 1. Glioma

Amino acid PET tracers have relatively high sensitivity for gliomas as the LAT system transporters is
overexpressed in most of them [, with a good tumor-to-background contrast in the brain [&. Thus, their use has
been recommended by the Response Assessment Neuro-Oncology group (RANO) for the assessment of glioma in
many situations &,

1.1. Diagnostic and Characterization

['IC]JMET is chemically equivalent to natural methionine it is incorporated into proteins and could therefore
accumulate over time within tumors [, Nevertheless, 11C short physical half-life limits its availability and does not
allow for delayed imaging. [*1C]MET has good performance to diagnose brain tumors as highlighted in a meta-
analysis including more than 400 patients by Zhao et al. . In their study, [*!1CJMET had a high pooled sensitivity
and specificity of 91% and 86% for neoplastic tissue, whereas those of ®F-FDG were only moderate with

sensitivity and specificity of 71% and 77%, respectively.

Nowadays, the emergence of 18F radiolabeled amino acid tracers such as [*8FJFDOPA and [*8F]FET enabled a
wide use of amino acid PET in clinical practice in many centers. In general, they have comparable diagnostic value
compared to [LIC]MET &I,

[18F]JFDOPA PET has a good accuracy for the diagnosis of primary brain tumors, with a sensitivity of 96% and a
specificity of 86% B, It is more specific than [18F]FDG & and performs as well as 11C-MET &, The visual and semi-
guantitative analyses can both be used. In the visual analysis, the positivity can be defined by a lesion’s uptake
greater than or equal to striatum uptake. In the semi-quantitative analysis, the only pathology-controlled thresholds
to detect brain tumors is a ratio of 1.0 for tumor-to-striatum and 1.3 for tumor-to-brain B9 (Figure 1). It can also
be used to differentiate high- and low-grade gliomas as the uptake is significantly higher in high-grade gliomas 11,

A recent meta-analysis found a pooled sensitivity of 0.88 and a pooled specificity and 0.73 for glioma grading 12,
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making it a valuable clinical tool 18, The dynamic analysis also seems to be an interesting tool to integrate 2411131

[161 At diagnosis [18F]FDOPA uptake also has an independent prognostic value 71,

Figure 1. Characterization of a left temporo-fronto-insular brain lesion in a 60-year-old woman. This lesion was
considered suggestive of grade Il or Il glioma according T2-FLAIR (a) and post-enhancement T1-weighted MRI
(b). [18F]FDOPA PET images (fused with T2-FLAIR MRI (¢) and PET only (d)) showed an uptake more intense
than twice the normal cortex, predictive of high-grade tumor. Moreover, the lesion visualized with PET was much
more extended than with MRI, particularly in the contralateral frontal lobe. Pathological analysis of biopsy samples

revealed a WHO grade IV glioblastoma.

In the same line, [*8F]FET is another very performant tracer as a meta-analysis of 13 [*®F]JFET PET studies,
including more than 450 patients, showed pooled sensitivity and specificity both around 80% for the diagnosis of
primary brain tumors [2&. More recently, a second meta-analysis, including 119 patients, reported pooled sensitivity
and specificity of 0.94 and 0.88, respectively 19, A mean tumor-to-background uptake threshold ratio of at least 1.6
and a maximum TBR of at least 2.1 seems to be the best cutoff. Nevertheless, the same authors, in another

previous study, have found some contradictory results, especially a relatively low specificity of 62% for a good
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sensitivity of 84% 18, The threshold is 2.1 for tumor-to-brain (TBR) max et 1.7 for TBR mean to distinguish glioma
versus non-glioma 28, |t allows the biopsy guidance 22 and differentiate efficiently high- and low-grade gliomas,

especially thanks to parameters derived from dynamic acquisition (211,

It is particularly important to rule out false positivity, as increased amino acid tracer uptake may also occur in
nonneoplastic lesions or inflammatory processes such for [18F]JFET and for [18F]JFDOPA [2223]24] hyt uptake

intensity is generally low or moderate, below the intensity of high-grade gliomas’ uptake.

Regarding false negativity, it is mainly related to isocitrate dehydrogenase (IDH)-mutated gliomas. Up to 30% of
WHO grade Il IDH-mutated gliomas do not show significant amino acid uptake; thus, negative amino acid PET is

not sufficient to rule-out low-grade glioma (2311261271,

1.2. Defining Tumor Extent

Delineating glioma extent is important for further diagnostic and therapeutic management, such as biopsy,
resection, or radiotherapy planning (Figure 1). To do so [*®F]JFDOPA and [8F]FET can complement mpMRI.
Indeed, conventional mpMRI is particularly limited in its ability to identify non-enhancing glioma subregions 28],
whereas [*FJFDOPA PET could discriminate glioma from benign brain lesions such as dysembryoplastic
neuroepithelial tumor, and high- from low-grade gliomas, with no contrast enhancement on mpMRI 111, |n a recent
biopsy-validated study, molecular information obtained from [*8F]JFET would reveal a more accurate glioma extent,

which is critical for individualized treatment planning 22,

As there is a significant difference in evaluating tumor volume between amino acid PET and mpMRI, it suggests
that the latter could substantially underestimate the metabolically active tumor volume BYBI  Another recent
evidence-based article suggested that amino acid PET could improve the delineation of high-grade gliomas
compared to standard mpMRI 22, However, till today, only one study has demonstrated that the management

based on amino acid PET-guided benefits a better patient outcome 23],

1.3. Defining Tumor Heterogeneity

The extent of tumor resection is one of the most important prognostic factors in gliomas. Nevertheless, often these
tumors are highly heterogeneous with a possible coexistence of high- and low-grade subregions. Thus, presurgical
identification of high-grade subregions extent is of major importance. In this very recent biopsy validation study,
Girard et al. found that the addition of ['FJFDOPA PET to mpMRI enlarged the delineation volumes and enhanced
overall accuracy for detection of high-grade subregions. Thus, combining [*8FJFDOPA PET with advanced mpMRI
may improve treatment planning in newly diagnosed gliomas B4l In another clinical trial, better defining tumor
heterogeneity seems to have a high impact on radiation therapy. Indeed, [\8FJFDOPA PET-guided dose-escalated
radiation therapy significantly improved the overall survival in the subgroup of O8-methylguanine-DNA
methyltransferase (MGMT) methylated glioblastoma patients and the progression-free survival in MGMT

unmethylated glioblastoma patients (231,
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1.4. Monitoring Therapy

In gliomas, frequently used systemic treatment options are alkylating chemotherapy and antiangiogenic therapy,
associated with radiotherapy (protocol STUPP). The mpMRI method remains the standard tool for assessment of

response but it often lacks specificity [2],

18F]FET can provide a reliable response assessment after chemotherapy (temozolomide and nitrosourea-based
p p py
in patients with high-grade glioma at recurrence B4 It also can predict patients’ outcomes as metabolic responders

have better survival 837,

An early [*8F]FET uptake change, seen 6 weeks after chemoradiotherapy using temozolomide, could already have
prognostic information. A decrease in metabolic activity of more than 10% can be a cutoff for predicting better

patients’ survival 8],

Contrary to [8F]FET, there is less evidence for [8F]JFDOPA. There are two studies on assessment after anti-
angiogenic treatments, and they concluded that [18F]JFDOPA PET could monitor response and identify responders

after 2 weeks of treatment with bevacizumab 32149,

1.5. Recurrence vs. Radionecrosis

Differentiating TRC from disease progression is of critical importance for patients’ management and prognosis and
it can often be challenging 1. In some countries such as France, suspected recurrent or progressive glioma after
treatment is the most common indication for [18FJFDOPA PET in brain tumors. The mpMRI method has some
limitations in the case of pseudo-progression in the first 12 weeks after treatment, as in the case of radio-necrosis
after 12 weeks of treatment 4142l These TRC can appear like a new or increasing contrast enhancement that

cannot be distinguished from tumor recurrence.

The [*8F]FDOPA PET has an accuracy from 82% to 96% to distinguish TRC vs. a progressive tumor 43441 The
visual criteria, using the striatum contralateral to the tumor as the reference, or semi-quantitatively, with a tumor-to-
striatum ratio of 1.4 for SUVmax and 1.2 for SUV mean, could both be effective 43 (Figure 2).
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Figure 2. Differential diagnosis between recurrence versus radiation necrosis in a 70-year-old man who suffered
from a right frontal glioblastoma IDH1-wt and was treated with surgery then chemoradiation with Temodal. Nine
months later, there is an increase in edema in the site of the initial tumor. Post-enhancement T1-weighted MRI (a)
revealed an increasing contrast enhancement which could correspond to a recurrence or a radionecrosis.
['8F]JFDOPA PET images (fused with T1-weighted MRI (b) and PET only (c)) showed an intense uptake of this

lesion, with tumor/striata ratio = 1.5, suggesting tumor recurrence.

The ['8F]FET has a similar performance 49, whereas the [IC]JMET encounters a slightly lower accuracy of

approximately 75% (2! as MET has more affinity for inflammatory processes 48,

| 2. Metastases

Brain metastases (BM) are the most common malignant brain tumors, as they are part of the natural course of
several types of cancer, especially breast and lung cancer, as well as melanomas. Contrast-enhanced mpMRI is
the cornerstone of metastatic brain tumor evaluation. It has widespread availability and excellent spatial resolution,
but its specificity can be low, especially in distinguishing TRC from progression, resulting in substantial diagnostic
challenges 4. Amino acid PET tracers can be useful because, as gliomas, metastatic brain tumors overexpress

LAT, independently of the primitive tumor. However, [*8F]JFDG has also a role to play.

2.1. Diagnostic and Characterization

For the detection of BM, the [*8F]JFDG has poor accuracy, as highlighted in a recent meta-analysis including more
than 900 lung cancer patients with brain metastases and comparing contrast-enhanced mpMRI to [18F]FDG PET. It
was found that mpMRI has a substantially higher cumulative sensitivity (77%) than [18F]JFDG PET (21%) 48],

Amino acid PET tracers are substantially more performant than [*8F]JFDG, especially for lesions more than 1 cm.
Unterrainer et al. reported that ['F]JFET were positive for approximately 90% BM, using a ratio > 1.6 for
tumor/brain 42, For lesions smaller than 1 cm, the detection rate by mpMRI remains the best, nearly 100% 22, So,

mpMRI is the reference imaging modality for the detection of brain metastases.

There is limited evidence to support the use of PET to distinguish between BM and other brain tumors, especially
high-grade glioma 8. Some authors reported that [18F]FDG is generally lower in metastases than in PCNSL and

amino acid PET tracers could identify aggressive tumor features and thus predict a worse prognosis 2J51],

2.2. Detecting Occult Primary Extracerebral Malignancy Revealed by Brain
Metastases

In the case of newly discovered BM in patients with no history of cancer, primary lesion and other extracerebral

metastases must be sought. Several studies investigating [\8FJFDG PET revealed its good performance.
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Roh et al. showed that the sensitivity of [\8FJFDG PET (87.5%) was significantly higher than that of CT (43.7%) in
the detection of the primary tumor in patients with BM 22, The main sites of other extracerebral metastases are in
lymph nodes, especially mediastinal, hilar and retroperitoneal ones 2354 and the lung was the most frequent
primary tumor in patients with brain metastases 2433, Moreover, [*8F]FDG PET detected additional extracerebral
metastatic sites in 42% to 63% of patients [23I241[55](56]

2.3. Recurrence vs. Radionecrosis

Among irradiated patients, brain radionecrosis is a common complication, mainly depending on irradiation
technique B2, which occurs with an incidence up to 25% (8. Most of the brain radionecroses are diagnosed during
the year after the end of radiotherapy and in 80% within 3 years 59, Differentiating brain metastases recurrence

from radionecrosis can be challenging during mpMRI follow-up after stereotactic radiotherapy.

According to the RANO/PET working group, amino acids PET tracer should be preferred in this indication (42169,
Reported diagnostic performance of amino acids PET is high and reproducible with sensitivity ranging between 74
and 90% and specificity between 75 and 100% [6LI[62][63][64]65][66][67](68]

Reported sensitivity of standard [*F]JFDG ranges from 40% to 83% and specificity between 50% and 94%,
respectively BABATIL This limited diagnostic performance is mainly due to low tumor-to-brain on standard
images. To overcome this issue, some authors performed additional delayed PET images 4 to 5 h after [\8F]FDG
injection. With such protocols, [18F]JFDG PET reached sensitivity of 93-95% and specificity of 94-100% 273l
(Figure 3).

Figure 3. Differential diagnosis between recurrence versus radionecrosis in a 73-year-old woman who was treated
with stereotactic radiation therapy 2 years earlier for a cerebellar metastasis (red arrow) of breast cancer. Post-
enhancement T1l-weighted MRI (a) revealed an increasing contrast enhancement. While standard [18F]FDG PET
imaging performed 60 min (b) displayed no significant uptake, delayed images performed 4 h post-injection (c)

revealed uptake higher than the background activity, suggesting tumor recurrence.
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