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Purpose: The aim of this study was to assess the value of the FDOPA PET kinetic
parameters extracted using full kinetic analysis for tumor grading with neuronavigation-
guided biopsies as reference in patients with newly-diagnosed gliomas.

Methods: Fourteen patients with untreated gliomas were investigated. Twenty minutes
of dynamic positron-emission tomography (PET) imaging and a 20-min static image
10 min after injection were reconstructed from a 40-min list-mode acquisition immediately
after FDOPA injection. Tumors volume-of-interest (VOI) were generated based on the
MRI-guided brain biopsies. Static parameters (TBRmax and TBRmean) and kinetic
parameters [K1 and k2 using full kinetic analysis with the reversible single-tissue
compartment model with blood volume parameter and the time-to-peak (TTP)] were
extracted. Performances of each parameter for differentiating low-grade gliomas (LGG)
from high-grade gliomas (HGG) were evaluated by receiver-operating characteristic
analyses (area under the curve; AUC).

Results: Thirty-two tumoral VOI were analyzed. K1, k2, and TTP were significantly higher
for HGG than for LGG (median K1-value = 0.124 vs. 0.074 ml/ccm/min, p = 0.025,
median k2-value = 0.093 vs. 0.063 min~—', p = 0.025, and median TTP-value = 10.0
vs. 15.0min, p = 0.025). No significant difference was observed for the static parameters.
The AUC for the kinetic parameters was higher than the AUC for the static parameters
(respectively, AUCK1 = 0.787, AUCkg = 0.785, AUCTrp = 0.775, AUCTBRmax = 0.551,
AUCTRmean = 0.575), significantly compared to TBRmax (respectively, p = 0.001 for
K1, p = 0.031 for k2, and p = 0.029 for TTP).

Conclusion: The present study suggests an additive value of FDOPA PET/CT kinetic
parameters for newly-diagnosed gliomas grading.

Keywords: FDOPA, positron-emission tomography, gliomas grading, dynamic, quantification

INTRODUCTION

Gliomas are the most commonly occurring primary malignant brain tumor in adults (1). Patient
outcome and treatment strategy are still mainly defined by tumor grade according to the World
Health Organization (WHO) classification (2). Furthermore, the main goal of the gliomas surgical
resection is to remove as much of the tumor as safely achievable (2, 3). So, in order to determine
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the extent of tumor resection, presurgical identification of
high-grade subregions is needed. Currently, magnetic resonance
imaging (MRI) with contrast-enhanced (CE), diffusion, and
perfusion sequences is the imaging method of reference for
gliomas grading (2). However, around one quarter of low-
grade gliomas (LGG) present contrast-enhancement (4) and
one-third of non-enhancing tumors are high-grade gliomas
(HGG) (5). In order to improve gliomas grading, amino-acid
(AA) positron-emission tomography (PET) tracers including
O-(2-[18F]-fluoroethyl)-L-tyrosine (FET), [11C]-methionine
(MET), and 3,4-dihydroxy-6-[18F]fluoro-L-phenylalanine
(FDOPA) have been increasingly investigated (6). To date, FET
is the most studied AA PET tracer. However, FDOPA is the
only AA PET tracer widely available in several countries (7).
FDOPA is transported into the cells mainly by L-type amino
acid transporter 1 (LAT 1), which is overexpressed in gliomas
(6). Regarding performances of FDOPA PET/CT for gliomas
grading, previous studies have provided conflicting results (8-
18). However, almost all of these studies used static parameters
for FDOPA uptake quantification. Advanced pharmacokinetic
analysis of time-activity curves (TAC) from dynamic PET scans
using compartment models enables the extraction of direct
physiological parameters and could add further information
concerning tumor aggressiveness for several cancers (19, 20).
Positron-emission tomography kinetic analysis has recently
increased with newly developed PET systems that offer higher
count rate capabilities than previous scanners. For gliomas
assessment, studies shown that FET PET kinetic analysis can
provide useful information about the tumor characteristics
(21, 22), so dynamic analysis has been recommended in recent
guidelines (6).

The aim of the present study was to assess the value of the
FDOPA PET kinetic parameters parameters extracted using full
kinetic analysis for tumor grading with neuronavigation-guided
biopsies as reference in patients with newly-diagnosed gliomas.

MATERIALS AND METHODS

Participants

From June 2018 to September 2019, 19 patients with suspected
supratentorial diffuse gliomas were prospectively included in
the “GLIROPA” clinical trial (NCT03525080). All patients
were newly diagnosed for gliomas and selected for resective
surgery. Included patients had to be at least 18 years-old
and covered by national health insurance; and neither be
pregnant, nor in an emergency situation, nor be treated by
carbidopa, catechol-O-methyl transferase inhibitor, haloperidol,
or reserpine medication. All patients provided their written
informed consent. This study has been performed in accordance
with the Declaration of Helsinki and approved by an independent
national research ethics committee (CPPIDF1-2018-ND27-
cat.2).

PET/CT Imaging Protocol

The patients were required to fast at least 4 h before undergoing
the imaging protocol. Unenhanced CT (2mm reconstructed
section thickness using iterative method, 512 x 512 matrix;

pitch index, 0.55) was performed with automated tube current
modulation (CARE Dose4D) and automated tube voltage
selection (CARE kV) followed by a PET acquisition using
list-mode acquisition with a single field of view centered on
the brain (Siemens Healthcare Biograph mCT Flow, Erlangen,
Germany). Hundred and forty-nine MBq (range 122-192)
of FDOPA were slowly administered intravenously, without
carbidopa premedication. Positron-emission tomography images
were reconstructed with attenuation correction, without point-
spread function correction, using a fully 3D ordered-subset
expectation maximization algorithm (8 iterations and 21 subsets)
with a 400 x 400, matrix and 4mm kernel convolution
filter. Voxel size (XYZ) was 1 x 1 x 2 mm>. A 20-min
static image 10 min after injection in accordance with current
recommendations (23) and an optimal dynamic time sampling
of 8 x 15 s-—2 x 30 s-—2 x 60 s-—3 x 300s from the bolus
arrival time (24) were reconstructed from a 40-min list-mode
acquisition immediately after FDOPA injection.

Surgical Biopsies

Surgeries were performed under general anesthesia, with the aid
of neuronavigation from StealthStation S7 (Medtronic, Dublin,
Ireland). Up to three neuronavigation-guided biopsies of 1
cm® were performed per patient, depending on the tumor
size. Biopsy targets were located on 3D-T2 fluid-attenuated
inversion recovery (FLAIR) weighted MR imaging, prospectively
and previously defined with all of MRI sequences and FDOPA
PET/CT imaging. Each resection specimen and biopsy sample
was collected, prepared, and analyzed blind to imaging. Samples
were prepared using standard histopathological techniques.
Diagnosis and grading were performed on formalin-fixed
paraffin-embedded tissue sections stained by hematoxylin and
eosin, using complementary techniques to detect isocitrate
dehydrogenase (IDH) mutation and 1p19q codeletion, in
accordance with the World Health Organization (WHO) 2016
Classification of Tumors of the Central Nervous System (25).
Each biopsy sample was graded independently. Grade biopsy
results were grouped into LGG and HGG, including grade II for
LGG, and grade III-IV for HGG, respectively. For each patient,
the IDH genotype of the whole specimen was applied for each
individual biopsy sample.

Image Analysis

Volume-of-interest (VOI) of 1 cm® were drawn on each biopsy
site using the Syngo.via software (Siemens Healthcare), after
registration with the FLAIR weighted images used for the
neuronavigation-guided brain biopsies (Figure1). For each
voxel, the standardized uptake value (SUV) was calculated
using the following formula: SUV = tissue radioactivity
concentration/[injected activity/patient weight]. SUVmax and
SUVmean were, respectively, the maximum and the mean of
the SUVs of each VOI. A reference area was drawn on one
slice including the whole normal contralateral hemisphere at
the centrum semiovale level, for the computing of Tumor-
to-normal brain (TBR) ratios. Tumor-to-normal brain ratio
were computed as SUVmax or SUVmean of the VOI of each
biopsy site by the SUVmean of the normal brain (TBRmax
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FIGURE 1 | Axial T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence from surgical navigation software with the locations of three
neuronavigation-guided biopsies in a 59-year-old man with a left temporal diffuse IDH1-wild-type glioblastoma (A). Corresponding axial images of FDOPA PET (B),
T2-weighted FLAIR sequence (C), and fused FDOPA PET/T2-weighted FLAIR sequence (D) are displayed. The pathology grading of the neuronavigation-guided
biopsies revealed WHO grade |l for the red VOI and WHO grade lll for the green and blue VOlIs.

T 5,00 SUv-bw
B8 0,00 Suv-bw

and TBRmean). Volume-of-interests of each biopsy site were
projected onto each frame of the dynamic reconstruction. Time-
to-peak (T'TP), corresponding to the delay between the beginning
of the acquisition and the timepoint of the maximal mean activity
concentration for each VOL On the early PET image with the
maximum blood pool activity, a VOI was manually drawn into
the middle cerebral artery to estimate an imaging-derived input
function (IDIF). For each patient, FDOPA plasma input function
was obtained after corrections for metabolites and hematocrit.
Imaging-derived input function was fitted to the measured
fractions of metabolites taken from the publication of Huang
etal. (26). To extract kinetic parameters (PMOD software version
3.8; PMOD Technologies; Ziirich, Switzerland), the reversible
single-tissue compartment model with blood volume parameter
(1T2k+VB, with K1 = rate constant from blood to tissue, k2 =
rate constant from the tissue compartment to the arterial blood)

was selected on the basis of the Akaike information criterion for
small sample sizes (27).

Statistical Analysis

To compare quantitative kinetic and static FDOPA PET
parameters between LGG and HGG, to compare kinetic
parameters between CE and non-contrast lesions, and to
compare FDOPA PET parameters with gender, a Mann-Whitney
U-test was performed. The diagnostic performances of these
parameters to discriminate LGG from HGG were assessed
by receiver-operator characteristic (ROC) curve analyses using
histological grading as reference. The optimal thresholds were
defined based on maximization of Youden’s index. The area
under the ROC curve (AUC) was also determined for each
quantitative parameter. Accuracy for grading of the kinetic
parameters and CE MRI were compared pairwise with the
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TABLE 1 | Summary of patient characteristics and imaging findings.

Characteristic Value
Age (years), median (range) 40 (23-66)
Gender (N = 14)
Male 9 (64%)
Female 5 (36%)
Tumor types (N = 14)
Astrocytomas-IDH mutant 6 (43%)
Oligodendrogliomas/1p19g-codeleted-IDH mutant 2 (14%)
IDH-wild-type glioblastomas 6 (43%)
WHO grading of each biopsy sites (N = 32)
Il 9 (28%)
Il 18 (56%)
vV 5 (16%)

K1 (ml/ccm/min), median (range) 0.103 (0.055-0.578)

k2 (min~"), median (range) 0.082 (0.027-0.180)

TTP (min), median (range) 15.0 (1.25-20.0)
TBR max, median (range) 2.3(1.4-6.2)
TBRmean, median (range) 1.6 (0.8-5.0)

McNemar t-test. A Spearman rank correlation test was used for
correlation analysis between FDOPA PET parameters and the
age of the participants. A p-value < 0.05 with false discovery
rate adjustement for multiple comparisons was considered as
significant. Statistical analysis was performed using MedCalc®
version 12.5.0.0 (Medcalc Software bvba).

RESULTS

Patients

Two patients were excluded because surgeries were performed in
other hospitals. Another patient was also excluded because no
surgical resection was performed. The dynamic acquisition was
unsuccessful for two patients. Thirty-two biopsy sites from 14
patients were finally analyzed. Patient and tumor characteristics
are set out in Table 1. There were eight men and six women,
with a median age of 40 years (range 23-66). The distribution
of the 14 cases was as follows: six astrocytomas-IDH-mutant;
two oligodendrogliomas/1p19q-codeleted-IDH-mutant; and six
IDH-wild-type glioblastomas. The MRI was performed within
a median time of 3 days (range 1-23) after FDOPA PET/CT.
Surgery was performed within a median time of 14 days (range
6-110) after FDOPA PET/CT.

Among the 32 biopsy samples analyzed, nine (28%) were
grade II, eighteen (56%) were grade III, and five (16%) were
grade IV. The CE-MR sequence revealed that eight biopsy sites
in five participants were CE and 24 biopsy sites in the other nine
participants were not CE. Using a tumor-to-brain ratio higher
than 1.7, in accordance with previously published data (17), 11
biopsy sites in seven participants were considered as increased
FDOPA uptake and 21 biopsy sites in the other seven participants
were not considered as FDOPA increased uptake.

TABLE 2 | Comparison of imaging parameters and WHO grade of each biopsy
site.

Parameters WHO Grade p-value
LGG (n=9) HGG (n = 23)

median K1 0.074,0.055-0.131  0.124, 0.056-0.578  0.025*

(ml/ccm/min), range

median k2 (min~7), 0.063, 0.027-0.085  0.093, 0.043-0.180  0.025*

range

median TTP (min), 15.0, 10.0-20.0 10.0, 1.25-20.0 0.025*

range

median TBRmax, range 2.2,1.7-3.7 2.4,1.4-6.2 0.681

median TBRmean, 1.7,1.2-2.7 1.6,0.8-5.0 0.670

range

*p-value < 0.05 with false discovery rate adjustment = statistically significant.

Comparison of Quantitative FDOPA

PET/CT Parameters and Gliomas Grading
All quantitative FDOPA PET parameters are given in Table 1.
K1 and k2 were significantly higher for HGG than for LGG and
TTP was significantly lower for HGG than for LGG (Table 2).
Examples of TAC extracted from a HGG VOI and TAC extracted
from a LGG VOl in a 27-year-old man with a left temporal WHO
grade III astrocytoma IDH1-mutant are shown in Figure 2. The
AUC for the kinetic parameters was higher than the AUC for
the static parameters, significantly compared to TBRmax (AUCk;
= 0.787 vs. AUCTBRmax = 0.551, p = 0.001; AUCy, = 0.785 vs.
AUCTBRmax> p = 0.031 and AUCTtp vs. AUCTBRmax, p = 0.029)
(Table 3). K1, k2, and TBRmax were significantly higher for IDH-
wildtype than for IDH-mutant and TTP was significantly lower
for IDH-wildtype than for IDH-mutant (Table 4). Diagnostic
accuracy of k2 was significantly higher than these with CE
(accuracy for k2 = 0.63 vs. 0.47 for CE, p = 0.042). There was
a trend toward greater K1 for CE biopsy sites than for non-CE
(median K1-value was, respectively, 0.266 vs. 0.098 ml/ccm/min,
p = 0.06). TBRmax, TBRmean, K1, and k2 were positively
correlated with age (respectively, r = 0.54, p = 0.003; r = 0.41,
p=0.024; r = 0.38, p = 0.033; r = 0.54, p = 0.003) and TTP
was negatively correlated with age (respectively r = —0.53, p =
0.003). There were no differences in static and kinetic parameters
between female and male participants.

DISCUSSION

Parameters extracted from FDOPA PET full kinetic analysis are
well-associated with tumoral aggressiveness. To the best of our
knowledge, this is the first study comparing FDOPA uptake
kinetic parameters and pathology grading with biopsy validation.
The characterization of gliomas with full kinetic analysis using
compartmental modeling has been reported in two previous
studies but serial biopsies were not performed. Schiepers et al.
showed that K1 was higher in HGG than LGG in a pilot
study including nine patients with newly diagnosed gliomas
(18). Nioche et al. also displayed that the use of K1 enables
differentiation between LGG and HGG in a study including
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FIGURE 2 | Examples of time-activity curves extracted from a HGG VOI (red line) and extracted from a LGG VOI (blue line) in a 27-year-old man with a left temporal

Time (s)
600 800 1000 1200

TABLE 3 | Diagnostic performances of FDOPA parameters for discrimination of LGG and HGG.

Parameters AUC p-value Threshold Youden’s index Sensitivity Specificity Accuracy
(Cl1 95%) (C1 95%) (C1 95%) (C1 95%)
K1 0.787 0.028* 0.131 0.48 0.48 1 0.63
(ml/ccm/min) (0.607-0.911) (0.27-0.69) (0.66-1) (0.44-0.79)
ko** 0.785 0.028* 0.085 0.61 0.61 1 0.72
(min —1) (0.604-0.910) (0.39-0.80) (0.66-1) (0.53-0.86)
TTP** 0.775 0.028* 13.3 0.50 0.61 0.89 0.69
(min) (0.594-0.903) (0.39-0.80) (0.52-1) (0.50-0.84)
TBRmax 0.551 0.104 2.7 0.32 0.43 0.89 0.56
(0.366-0.726) (0.20-0.59) (0.52-1) (0.38-0.74)
TBRmean 0.575 0.104 2.0 0.19 0.30 0.89 0.47
(0.388-0.747) (0.13-0.53) (0.52-1) (0.29-0.65)

*p-value < 0.05 with false discovery rate adjustment = statistically significant for AUC compared to 0.500.
**p-value < 0.05 with false discovery rate adjustment = statistically significant for pairwise comparison of ROC curves with TBRmax.

20 patients with newly diagnosed gliomas (15). The findings
of our prospective biopsy-controlled study are consistent with
these two previous researches. More recently, using simplified
kinetic analysis with determination of SUV at different time
points, Ginet et al. showed that IDH-wildtype gliomas, which
are associated with a poorer outcome (28), have a shorter TTP
than IDH-mutant gliomas (13). In that study, authors also
reported that IDH-wildtype gliomas have a higher negative slope
(linear regression applied on the 10th to 30th minute interval of
SUVmean-based curve) than IDH-mutant gliomas. Our results
support that higher FDOPA uptake rate constant and FDOPA
clearance rate constant might serve as non-invasive markers of

aggressiveness. Moreover, we found that accuracy for glioma
grading of k2 was higher than accuracy of CE sequence. Our
findings indicate a trend toward greater K1 for CE biopsy sites
than for non-CE biopsy sites. It is known that a higher regional
blood volume linked to a higher intratumoral microvessel density
due to neoangiogesesis might be responsible for the higher
AA PET tracers uptake in HGG compared to LGG (29, 30).
Furthermore, the disruption of the blood-brain barrier is the
mechanism suggested for the higher FET washout in HGG
compared to LGG (31). However, the tumor accumulation of
FDOPA in gliomas is also mediated through the specific LAT
transport system, a tight bidirectional coupling of influx and
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TABLE 4 | Comparison of imaging parameters and IDH mutation status of each
biopsy site.

Parameters IDH mutation status p-value
IDH-mutant (n = 16) IDH-wildtype (n = 16)

median K1 0.088, 0.055-0.578 0.154, 0.067-0.452 0.049*

(ml/ccm/min),

range

median k2 (min~'),  0.064, 0.027-0.155 0.091, 0.046-0.180 0.038*

range

median TTP (min), 15.0, 3.0-20.0 7.5,1.25-20.0 0.003*

range

median TBRmax, 2.1,1.4-6.2 3.0, 1.5-56.1 0.049*

range

median TBRmean, 1.5,0.8-5.0 1.7,1.0-4.0 0.160

range

"p-value < 0.05 with false discovery rate adjustment = statistically significant.

efflux with obligatory exchange (32, 33). The estimates for the
contribution of blood-brain barrier disruption and the specific
LAT transport system contribution to the FDOPA uptake and
washout in gliomas are not fully understood (34).

In our study, static parameters did not significantly
differ between LGG and HGG. Regarding FDOPA uptake
quantification using static parameters, conflicting results have
been provided. While some authors found no association
between FDOPA uptake and grading (8, 10, 11), others found
higher FDOPA uptake values in HGG than in LGG (9, 12, 14, 16-
18). Xiao et al. recently exhibited in a meta-analysis a pooled
sensitivity of 0.71 and specificity of 0.86 for newly diagnosed
gliomas grading using FDOPA PET static parameters (35). Our
results confirmed that simplified quantification parameters
have high specificity for gliomas grading. However, the current
study showed that kinetic analysis provided a higher accuracy
compared to static parameters for gliomas grading. These
results are consistent with recent studies revealing that kinetic
analysis markedly improved diagnostic performances for
gliomas grading using FET PET imaging (21, 22), confirming
that kinetic parameters provide different metabolic informations
from that of static PET parameters. Regarding FET PET/CT,
guidelines recently suggested that the standard method should
be supplemented by the dynamic approach for non-invasive
tumor grading of newly diagnosed gliomas with (23).

Our results showed that static and dynamic parameters were
correlated with age. Carideo et al. already exhibited that age has
an impact on FDOPA uptake (36).

The current study has several limitations. Only 14 patients
were analyzed and only 9/32 samples were classified as LGG. The
time range between FDOPA PET/CT and surgery was up to 110

REFERENCES

1. Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas:
a clinical review. JAMA. (2013) 310:1842-50. doi: 10.1001/jama.2013.2
80319

days. However, only two patients had surgery more than 6 weeks
after the FDOPA PET/CT and the pathological analysis revealed
astrocytoma-IDH mutant for both patients. An IDIF was used for
the PET kinetic modeling. However, recent studies also used an
IDIF for quantifying FDOPA gliomas uptake (10, 15, 18, 37, 38).
The information on dexamethasone or on medications with other
steroids at the time of FDOPA PET/CT was not available (39).
No partial volume correction was performed for the middle
cerebral artery VOI. We compared FDOPA uptake parameters
with IDH mutational status applying the IDH genotype of
the whole specimen for each individual sample. Finally, the
spatial accuracy of the neuronavigation-guided biopsies may
have been impacted by brain shift after craniotomy, which
could lead to brain shift. However, the biopsies were performed
at the beginning of the surgical procedure before durotomy
with Sedan needles, thus limiting the consequences of any
such shift.

CONCLUSIONS

The present study suggests an additive value of FDOPA PET/CT
kinetic parameters for newly-diagnosed gliomas grading.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by ethics committee of Ile de France 1. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

All authors made substantial contributions to the conception of
the work, acquisition, interpretation of data, in drafting the work,
and approved the submitted version.

ACKNOWLEDGMENTS

The content of this manuscript has been presented at the
EANM20 Annual Congress of the European Association of
Nuclear Medicine, European Journal of Nuclear Medicine
and Molecular Imaging (2020) 47 (Suppl 1): S1-S753,
doi: 10.1007/s00259-020-04988-4.

2. Weller M, van den Bent M, Tonn JC, Stupp R, Preusser M, Cohen-Jonathan-
Moyal E, et al. European Association for Neuro-Oncology (EANO) Task Force
on Gliomas. European Association for Neuro-Oncology (EANO) guideline on
the diagnosis and treatment of adult astrocytic and oligodendroglial gliomas.
Lancet Oncol. (2017) 18:€315-29. doi: 10.1016/S1470-2045(17)30194-8

Frontiers in Medicine | www.frontiersin.org

July 2021 | Volume 8 | Article 705996


https://doi.org/10.1007/s00259-020-04988-4
https://doi.org/10.1001/jama.2013.280319
https://doi.org/10.1016/S1470-2045(17)30194-8
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Girard et al. Dynamic FDOPA PET/CT and Glioma
3. Almenawer SA, Badhiwala JH, Alhazzani W, Greenspoon J, Farrokhyar 19. Palard-Novello X, Blin AL, Bourhis D, Garin E, Salaiin PY, Devillers
E Yarascavitch B, et al. Biopsy versus partial versus gross total resection A, et al. Comparison of choline influx from dynamic 18F-Choline
in older patients with high-grade glioma: a systematic review and PET/CT and clinicopathological parameters in prostate cancer initial
meta-analysis. Neuro Oncol. (2015) 17:868-81. doi: 10.1093/neuonc/ assessment. Ann Nucl Med. (2018) 32:281-7. doi: 10.1007/s12149-018-
nou349 1246-z
4. Castet F Alanya E, Vidal N, Izquierdo C, Mesia C, Ducray F et al. 20. Takesh M. The potential benefit by application of kinetic analysis of PET in
Contrast-enhancement in supratentorial low-grade gliomas: a classic the clinical oncology. ISRN Oncol. (2012) 2012:349351. doi: 10.5402/2012/3
prognostic factor in the molecular age. J Neurooncol. (2019) 143:515- 49351
23. doi: 10.1007/s11060-019-03183-2 21. Popperl G, Kreth FW, Mehrkens JH, Herms J, Seelos K, Koch W, et al. FET
5. Scott JN, Brasher PM, Sevick RJ], Rewcastle NB, Forsyth PA. PET for the evaluation of untreated gliomas: correlation of FET uptake and
How often are nonenhancing supratentorial gliomas malignant? A uptake kinetics with tumour grading. Eur | Nucl Med Mol Imaging. (2007)
population  study. Neurology. (2002) 59:947-9. doi: 10.1212/wnl.5 34:1933-42. doi: 10.1007/s00259-007-0534-y
9.6.947 22. Verger A, Stoffels G, Bauer EK, Lohmann P, Blau T, Fink GR, et al. Static
6. Albert NL, Weller M, Suchorska B, Galldiks N, Soffietti R, Kim MM, and dynamic 18F-FET PET for the characterization of gliomas defined
et al. Response Assessment in Neuro-Oncology working group and by IDH and 1p/19q status. Eur ] Nucl Med Mol Imaging. (2018) 45:443-
European Association for Neuro-Oncology recommendations for the 51. doi: 10.1007/s00259-017-3846-6
clinical use of PET imaging in gliomas. Neuro Oncol. (2016) 18:1199- 23. Law I, Albert NL, Arbizu J, Boellaard R, Drzezga A, Galldiks N. let al.
208. doi: 10.1093/neuonc/now058 Joint EANM/EANO/RANO practice guidelines/SNMMI procedure standards
7. Muoio B, Giovanella L, Treglia G. Recent developments of for imaging of gliomas using PET with radiolabelled amino acids and
18F-FET PET in neuro-oncology. Curr Med Chem. (2018) [18F]FDG: version 10. Eur ] Nucl Med Mol Imaging. (2019) 46:540-
25:3061-73. doi: 10.2174/0929867325666171123202644 57. doi: 10.1007/s00259-018-4207-9
8. Becherer A, Karanikas G, Szab6é M, Zettinig G, Asenbaum S, Marosi C, et al. 24. Girard A, Saint-Jalmes H, Chaboub N, Le Reste PJ, Metais A, Devillers A,
Brain tumour imaging with PET: a comparison between [18F]fluorodopa et al. Optimization of time frame binning for FDOPA uptake quantification
and [11C]methionine. Eur ] Nucl Med Mol Imaging. (2003) 30:1561- in glioma. PLoS ONE. (2020) 15:€0232141. doi: 10.1371/journal.pone.02
7. doi: 10.1007/500259-003-1259-1 32141
9. Bund C, Heimburger C, Imperiale A, Lhermitte B, Chenard MP, Lefebvre F, 25. Wesseling P, Capper D, WHO. (2016). Classification of gliomas. Neuropathol
et al. FDOPA PET-CT of nonenhancing brain tumors. Clin Nucl Med. (2017) Appl Neurobiol. (2018) 44:139-50. doi: 10.1111/nan.12432
42:250-7. doi: 10.1097/RLU.0000000000001540 26. Huang SC, Barrio JR Yu DC, Chen B, Grafton S, Melega
10. Chen W, Silverman DH, Delaloye S, Czernin ], Kamdar N, Pope W, et al. WP, et al. Modelling approach for separating blood time-
18F-FDOPA PET imaging of brain tumors: comparison study with 18F-FDG activity ~ curves in  positron  emission  tomographic  studies.
PET and evaluation of diagnostic accuracy. J Nucl Med. (2006) 47:904-11. Phys  Med Biol. (1991) 36:749-61. doi:  10.1088/0031-9155/3
doi: 10.3410/£.30526.487028 6/6/004
11. Cicone F Carideo L, Scaringi C, Arcella A, Giangaspero F. Scopinaro 27. Glatting G, Kletting P, Reske SN, Hohl K, Ring C. Choosing the optimal fit
Eet al. 18F-DOPA uptake does not correlate with IDH mutation status function: comparison of the Akaike information criterion and the F-test. Med
and 1p/19q co-deletion in glioma. Ann Nucl Med. (2019) 33:295- Phys. (2007) 34:4285-92. doi: 10.1118/1.2794176
302. doi: 10.1007/s12149-018-01328-3 28. Cancer Genome Atlas Research Network, Brat DJ, Verhaak RG, Aldape
12. Fueger BJ, Czernin J, Cloughesy T, Silverman DH, Geist CL, Walter MA, KD, Yung WK, Salama SR, etal. Comprehensive, integrative genomic
et al. Correlation of 6-18F-fluoro-L-dopa PET uptake with proliferation and analysis of diffuse lower-grade gliomas. N Engl ] Med. (2015). 372:2481-
tumor grade in newly diagnosed and recurrent gliomas. ] Nucl Med. (2010) 98. doi: 10.1056/NEJMo0al1402121
51:1532-8. doi: 10.2967/jnumed.110.078592 29. Gupta K, Radotra BD, Banerjee AK, Nijhawan R. Quantitation of
13. Ginet M, Zaragori T, Marie PY, Roch V, Gauchotte G, Rech F, et al. Integration angiogenesis and its correlation with vascular endothelial growth
of dynamic parameters in the analysis of 18F-FDopa PET imaging improves factor expression in astrocytic tumors. Anal Quant Cytol Histol. (2004)
the prediction of molecular features of gliomas. Eur ] Nucl Med Mol Imaging. 26:223-9.
(2020) 47:1381-90. doi: 10.1007/500259-019-04509-y 30. Popperl G, Kreth FW, Herms J, Koch W, Mehrkens JH, Gildehaus FJ, et al.
14. Janvier L, Olivier P, Blonski M, Morel O, Vignaud JM, Karcher G, Analysis of 18F-FET PET for grading of recurrent gliomas: is evaluation
et al. Correlation of SUV-derived indices with tumoral aggressiveness of uptake kinetics superior to standard methods? J Nucl Med. (2006)
of gliomas in static 18F-FDOPA PET: use in clinical practice. 47:393-403.
Clin  Nucl Med. (2015) 40:e429-35. doi: 10.1097/RLU.0000000000 31. Weckesser M, Langen K], Rickert CH, Kloska S, Straeter R, Hamacher
000897 K, et al. O-(2-[18F]fluorethyl)-L-tyrosine PET in the clinical evaluation
15. Nioche C, Soret M, Gontier E, Lahutte M, Dutertre G, of primary brain tumours. Eur ] Nucl Med Mol Imaging. (2005) 32:422-
Dulou R, et al. Evaluation of quantitative criteria for glioma 9. doi: 10.1007/s00259-004-1705-8
grading with static and dynamic 18F-FDopa PET/CT. Clin 32. Meier C, Ristic Z, Klauser S, Verrey F. Activation of system L heterodimeric
Nucl ~ Med. (2013) 38:81-7.  doi: 10.1097/RLU.0b013e3182 amino acid exchangers by intracellular substrates. EMBO J. (2002) 21:580-
79fd5a 9. doi: 10.1093/emboj/21.4.580
16. Pafundi DH, Laack NN, Youland RS, Parney IEF, Lowe V], Giannini 33. Yee RE, Cheng DW, Huang SC, Namavari M, Satyamurthy N, Barrio JR.
C, et al. Biopsy validation of 18F-DOPA PET and biodistribution in Blood-brain barrier and neuronal membrane transport of 6-[18F]fluoro-L-
gliomas for neurosurgical planning and radiotherapy target delineation: DOPA. Biochem Pharmacol. (2001) 62:1409-15. doi: 10.1016/s0006-2952(01)0
results of a prospective pilot study. Neuro Oncol. (2013) 15:1058- 0787-0
67. doi: 10.1093/neuonc/not002 34. Dadone-Montaudié B, Ambrosetti D, Dufour M, Darcourt ], Almairac
17. Patel CB, Fazzari E, Chakhoyan A, Yao J, Raymond C, Nguyen H, E Coyne J, et al. [18F] FDOPA standardized uptake values of
et al. 18F-FDOPA PET and MRI characteristics correlate with degree brain tumors are not exclusively dependent on LATI expression.
of malignancy and predict survival in treatment-naive gliomas: a cross- PLoS ONE. (2017) 12:e0184625.  doi:  10.1371/journal.pone.01
sectional study. J Neurooncol. (2018) 139:399-409. doi: 10.1007/s11060-018- 84625
2877-6 35. Xiao ], Jin Y, Nie J, Chen E Ma X. Diagnostic and grading accuracy of
18. Schiepers C, Chen W, Cloughesy T, Dahlbom M, Huang SC. 18F-FDOPA PET and PET/CT in patients with gliomas: a systematic review

18F-FDOPA  kinetics in brain tumors. Med.

48:1651-61. doi: 10.2967/jnumed.106.039321

J  Nucl (2007)

and meta-analysis. BMC Cancer. (2019) 19:767. doi: 10.1186/s12885-019-
5938-0

Frontiers in Medicine | www.frontiersin.org

July 2021 | Volume 8 | Article 705996


https://doi.org/10.1093/neuonc/nou349
https://doi.org/10.1007/s11060-019-03183-2
https://doi.org/10.1212/wnl.59.6.947
https://doi.org/10.1093/neuonc/now058
https://doi.org/10.2174/0929867325666171123202644
https://doi.org/10.1007/s00259-003-1259-1
https://doi.org/10.1097/RLU.0000000000001540
https://doi.org/10.3410/f.30526.487028
https://doi.org/10.1007/s12149-018-01328-3
https://doi.org/10.2967/jnumed.110.078592
https://doi.org/10.1007/s00259-019-04509-y
https://doi.org/10.1097/RLU.0000000000000897
https://doi.org/10.1097/RLU.0b013e318279fd5a
https://doi.org/10.1093/neuonc/not002
https://doi.org/10.1007/s11060-018-2877-6
https://doi.org/10.2967/jnumed.106.039321
https://doi.org/10.1007/s12149-018-1246-z
https://doi.org/10.5402/2012/349351
https://doi.org/10.1007/s00259-007-0534-y
https://doi.org/10.1007/s00259-017-3846-6
https://doi.org/10.1007/s00259-018-4207-9
https://doi.org/10.1371/journal.pone.0232141
https://doi.org/10.1111/nan.12432
https://doi.org/10.1088/0031-9155/36/6/004
https://doi.org/10.1118/1.2794176
https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1007/s00259-004-1705-8
https://doi.org/10.1093/emboj/21.4.580
https://doi.org/10.1016/s0006-2952(01)00787-0
https://doi.org/10.1371/journal.pone.0184625
https://doi.org/10.1186/s12885-019-5938-0
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Girard et al.

Dynamic FDOPA PET/CT and Glioma

36.

37.

38.

39.

Carideo L, Minniti G, Mamede M, Scaringi C, Russo I, Scopinaro E
et al. 18F-DOPA uptake parameters in glioma: effects of patients’
characteristics and prior treatment history. Br ] Radiol. (2018)
91:20170847. doi: 10.1259/bjr.20170847

Kratochwil C, Combs SE, Leotta K, Afshar-Oromieh A, Rieken S, Debus
J, et al. Intra-individual comparison of '$F-FET and '8E-DOPA in
PET imaging of recurrent brain tumors. Neuro Oncol. (2014) 16:434-
40. doi: 10.1093/neuonc/not199

Wardak M, Schiepers C, Cloughesy TF, Dahlbom M, Phelps ME, Huang
SC. 'F-FLT and '8F-FDOPA PET Kinetics in recurrent brain tumors. Eur
J Nucl Med Mol Imaging. (2014) 41:1199-209. doi: 10.1007/s00259-013-
2678-2

Stegmayr C, Stoffels G, Kops ER, Lohmann P, Galldiks N, Shah NJ, et al.
Influence of dexamethasone on O-(2-[18F]-fluoroethyl)-L-tyrosine uptake in

the human brain and quantification of tumor uptake. Mol Imaging Biol. (2019)
21:168-74. doi: 10.1007/s11307-018-1221-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Girard, Le Reste, Metais, Chaboub, Devillers, Saint-Jalmes, Jeune
and Palard-Novello. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

July 2021 | Volume 8 | Article 705996


https://doi.org/10.1259/bjr.20170847
https://doi.org/10.1093/neuonc/not199
https://doi.org/10.1007/s00259-013-2678-2
https://doi.org/10.1007/s11307-018-1221-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Additive Value of Dynamic FDOPA PET/CT for Glioma Grading
	Introduction
	Materials and Methods
	Participants
	PET/CT Imaging Protocol
	Surgical Biopsies
	Image Analysis
	Statistical Analysis

	Results
	Patients
	Comparison of Quantitative FDOPA PET/CT Parameters and Gliomas Grading

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


