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Abstract

Background. PET with radiolabeled amino acids is used in the preoperative evaluation of patients with glial neo-
plasms. This study aimed to assess the role of [""Clmethionine (MET) PET in assessing molecular features, tumor
extent, and prognosis in newly diagnosed lower-grade gliomas (LGGs) surgically treated.

Methods. One hundred and fifty-three patients with a new diagnosis of grade 2/3 glioma who underwent surgery at
our Institution and were imaged preoperatively using [""CIMET PET/CT were retrospectively included. [""CIMET PET
images were qualitatively and semi-quantitatively analyzed using tumorto-background ratio (TBR). Progression-
free survival (PFS) rates were estimated using the Kaplan-Meier method and Cox proportional-hazards regression
was used to test the association of clinicopathological and imaging data to PFS.

Results. Overall, 111 lesions (73%) were positive, while thirty-two (21%) and ten (6%) were isometabolic and
hypometabolic at ["CIMET PET, respectively. ["CIMET uptake was more common in oligodendrogliomas than
IDH-mutant astrocytomas (87% vs 50% of cases, respectively). Among [""C]MET-positive gliomas, grade 3
oligodendrogliomas had the highest medianTBR _, (3.22). In 25% of patients, PET helped to better delineate tumor
margins compared to MRI only. In [DH-mutant astrocytomas, higher TBR__ values at ["CIMET PET were inde-
pendent predictors of shorter PFS.

Conclusions. This work highlights the role of preoperative ["CIMET PET in estimating the type of suspected LGGs,
assessing tumor extent, and predicting biological behavior and prognosis of histologically confirmed LGGs. Our
findings support the implementation of ['"CIMET PET in routine clinical practice to better manage these neoplasms.

Key Points
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Importance of the Study

[""Clmethionine (MET) PET is widely used to comple-
ment to MRI in the preoperative management of pa-
tients with gliomas. However, there is still no clear
evidence for its added value in lower-grade gliomas
(LGGs). This study is the first comprehensive inves-
tigation on the diagnostic and prognostic value of
amino acid PET in LGGs stratified according to WHO
type and other known prognostic factors. We showed
that [""CIMET PET provides important data for the
prospective assessment of suspected LGG type and

World Health Organization (WHO) grade 2/3 gliomas, known
as lower-grade gliomas (LGGs), are primary central nervous
system (CNS) neoplasms that together account for about
15-20% of all malignant brain tumors.’ LGGs constitute a
group of very heterogeneous entities characterized by dif-
ferent pathological behavior and biological aggressiveness.
As of 20072 grade 2 and 3 diffuse gliomas were classified
and graded based on histological appearance into tumors
of astrocytic lineage, oligodendrocytic tumors, and mixed
gliomas. With the advent of the molecular era, a better un-
derstanding of the genetic basis of gliomagenesis has led
to new CNS WHO classifications®* breaking with the tradi-
tional microscopy-based diagnosis and incorporating mo-
lecular parameters. Recognized key molecular diagnostic
markers in LGGs include isocitrate dehydrogenase 1 and
2 (IDH1/2) genes mutation, 1p/19qg codeletion, ATRX muta-
tion, and TP53 mutation. According to the 2021 CNS WHO
classification®* and cIMPACT-NOW recommendations,®
these molecular biomarkers allow to classify LGGs into
two types with solid prognostic value, namely IDH-mutant
and 1p/19g-codeleted oligodendrogliomas, and /DH-mutant
astrocytomas. The new integrated diagnosis has brought
key achievements in prognostication for LGGs.%7 Indeed,
apart from patient-specific prognostic factors (i.e. age, per-
formance status, neurological deficits) and therapy-related
prognostic factors (i.e. extent of tumor resection, postoper-
ative treatments), molecular and genetic factors associated
with more favorable outcomes have been identified.

Brain magnetic resonance imaging (MRI) is the modality
of choice for diagnosing, preoperative workup, and surgical
planning of a suspected LGG. However, in the latest years,
amino acid positron emission tomography (PET) with ["'C]
methionine (MET) has been introduced as a complement
to MRI in the clinical management of LGGs. [""CIMET PET
is indeed able to provide complementary information on
tumor extent/biology and intratumoral heterogeneity to
that offered by MRI.8° Accordingly, it may identify diseases
with more aggressive behavior and growth pattern, and
thus at higher risk of recurrence after treatment. However,
to the best of our knowledge, the added value of preopera-
tive ["C] MET PET has never been studied in a large series
of lower-grade glioma patients. Moreover, although pre-
vious studies and recently published guidelines'®"* sup-
port the use of amino acid PET at baseline to differentiate
high- and low-grade lesions, to delineate tumor extent

grade before the availability of a histomolecular di-
agnosis. Additionally, we demonstrated the comple-
mentary role of MRI and [""CIMET PET in delineating
of tumor margins before surgery. Finally, for the first
time, our findings proved that [""CIMET PET has an in-
dependent prognostic role in LGG patients with /DH-
mutant astrocytomas. Our results support the routine
implementation of [""CIMET PET to personalize treat-
ment decisions and optimize patient management in
newly diagnosed LGGs.

before surgery or radiotherapy, to guide stereotactic bi-
opsy, and for prognostication, several constraints (e.g. var-
iability in methodologies, heterogeneity of populations)
hampers its routinely use in the pre-surgical setting.’® The
present study aimed to evaluate the role of ["CIMET PET in
assessing histopathological and molecular features, tumor
extent, and prognosis in patients with newly diagnosed
WHO grade 2/3 astrocytic and oligodendroglial tumors.

Materials and Methods
Study Design and Patient Population

This was a single-center, observational, retrospective study.

We included patients with a newly diagnosed,
histologically-proven lower-grade glioma who underwent
surgical resection at our Hospital between July 2011 and
January 2021 and were imaged preoperatively using ['"C]
MET PET/CT and MRI.

The following exclusion criteria were used: (1) treatment
(chemotherapy, radiotherapy, chemoradiotherapy) before
PET imaging; (2) biopsy before PET imaging; (3) lower-grade
glioma with no precise histological grading; (4) interval be-
tween PET imaging and surgical resection >100 days.

We collected demographic, clinical, histomolecular, im-
aging, treatment, and outcome data.

This study was approved by the IRCCS Humanitas
Research Hospital Ethics Committee [approval n. 19/21,
23.03.2021] and was conducted under the Declaration of
Helsinki. Due to the observational retrospective design of
the study, patients’ signature of a specific informed con-
sent was waived.

Magnetic Resonance Imaging

For all patients, volumetric MRI sequences were acquired
before surgery using a 3 Tesla Siemens MAGNETOM
Verio MRI scanner (Siemens Medical Systems). The pre-
operative MRI protocol included T1-weighted pre- and
postgadolinium, T2-weigthed, and FLAIR scans and, in
most cases, DWI, fMRI, and DTI. Postoperative MRI at 48
hours and two months were obtained to estimate the ex-
tent of resection.
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[MCIMET PET Imaging

All patients were imaged preoperatively using ["CIMET
PET <100 days before surgery. L-[""C-methyl]-methionine
was synthetized on-site. Brain images were acquired 10
minutes after the intravenous injection of 300-500 MBq
of the radiopharmaceutical. Three-dimensional PET/CT
images were acquired according to the hospital protocol
with either a GE Discovery 690 (GE Healthcare, Waukesha,
Wisconsin, USA) or a Siemens Biograph 6 (Siemens
Medical Systems, Erlangen, Germany) scanner.

Image Analysis

[MCIMET PET images were qualitatively and semi-
quantitatively analyzed.

At visual analysis, exams were considered positive in
case of increased radiopharmaceutical uptake at the le-
sion level. Negative exams were further classified as
isometabolic or hypometabolic, depending on whether
the radiotracer uptake in the region of interest was equal
or less than in the normal surrounding brain. Two authors
(GN, MS) independently performed the visual image anal-
ysis. A third (LA) and fourth (FG) authors resolved any dis-
cordance in interpretation using the majority voting.

The semi-quantitative analysis was performed using the
tumor-to-background ratio (TBR). In positive exams, we
also computed the metabolic tumor volume (MTV). TBR
and TBR

max

mean Were calculated as ratios between SUV, . and
SUV, ... of the tumor volume of interest, respectively, and
uptake values of normal tissue, used as reference. We used
a crescent-shaped volume of interest in the contralateral
brain to assess background activity, which has been pro-
posed as the most reliable method for background activity
assessment in'8F-FET PET imaging.'® For all positive exams,
a 3-dimensional auto-contouring process using the sug-
gested® TBR__ threshold >1.3 was used to segment of the
MTV with LIFEx software (www.lifexsoft.org)."”

All positive [""CIMET PET scans with segmented MET
PET-based tumor volumes of interest were co-registered
with the preoperative MRI using the iPlan Cranial soft-
ware (Brainlab AG). Spatial comparison between (1) MET
PET-based and T2-FLAIR-based tumor volumes and (2)
MET PET-based tumor volumes and postcontrast T1-based
tumor volumes—for contrast-enhancing gliomas—was
performed. Two authors (G.N. and B.B.) visually as-
sessed the spatial correlation between the MET PET-based
tumor volumes and the T2-FLAIR-based and postcontrast
T1-based tumor volumes following these criteria: (a)
MET PET-based tumor volume inside T2-FLAIR-based
tumor volume, (b) MET PET-based tumor volume outside
T2-FLAIR-based tumor volume, (c) MET PET-based tumor
volume inside postcontrast T1-based tumor volume, and
(d) MET PET-based tumor volume outside postcontrast
T1-based tumor volume.

Surgery

All patients gave written informed consent for the neuro-
surgical procedure.

In all cases, surgery aimed at maximal safe resection of
the lesion. Microsurgical tumor removal was performed
with the aid of neuronavigation with co-registered pre-
operative MRI, CT, and PET series, and with the help of
intraoperative neurophysiological monitoring and func-
tional brain mapping.

The excised tumor volume was assessed comparing the
preoperative volume of the lesion on FLAIR sequences
with the postoperative (at 48 hours and two months after
surgery) volume using iPlan Cranial software (Brainlab
AG). According to the percentage of removed tumor
volume, the extent of resection was classified as complete
(>95%, which include supra-total and gross total resection),
and incomplete (30-94%, which include subtotal and partial
resection).

Histomolecular Analysis

Neuropathological evaluation of tumor specimens
obtained by surgical resection and stained with hema-
toxylin and eosin was performed according to the 2007
and 2016 WHO Classification of Tumors of the Central
Nervous System. Diagnoses were updated following the
new 2021 CNS WHO indications, and patients re-classified
accordingly.

IDH1/2 and 1p/19q statuses were determined for all pa-
tients included in the study. In most cases, additional mo-
lecular analyses including the Ki-67 index, ATRX and TP53
statuses, and MGMT promoter methylation status.

The presence of IDH1/2 mutation was assessed by IHC
using anti-/IDH1 R132H antibodies. In case of negative
stain, for diagnoses performed after 2014, IDH1 and IDH2
sequencing was added as a diagnostic confirmation.

FISH was used for the identification of 1p/19q codeletion.
1p/19q codeletion was reported in presence of at least 20%
(pre-specified cutoff) of tumor cells with a deleted signal.

The Ki-67 proliferation index was determined by IHC
using anti-MIB-1 antibodies.

ARTX and TP53 mutations were evaluated by IHC.

MGMT promoter methylation status was assessed by
pyrosequencing.

Following the 2021 CNS WHO recommendations, tumor
grading and molecular markers were used to classify LGGs
into IDH-mutant and 1p/19qg-codeleted WHO grade 2 and
3 oligodendrogliomas, and /DH-mutant and 1p/19g-non
codeleted WHO grade 2 and 3 astrocytomas.

Postoperative Treatments and Outcome
Evaluation

A neuro-oncology multidisciplinary team evaluated the
need of any postoperative treatment on a case-by-case
basis, according to the disease histomolecular profile,
the EOR, and to patient intrinsic factors, namely age and
performance status.

Follow-up neurological examination and MRI were
performed at 3-6 months intervals depending on the
histomolecular diagnosis. Disease recurrence or progres-
sion after treatment was defined according to the Response
Assessment in Neuro-Oncology (RANQO) criteria.'8'®
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Statistical Analysis

In the descriptive analysis, quantitative variables were tested
for normal distribution by Shapiro-Wilk test. In case of normal
distribution, mean and standard deviation were reported,
while in case of non-normal distribution, median and inter
quartile range (IQR) were used. Kruskal-Wallis H test was used
to compare the median of quantitative variables. Ordinal and
categorical variables were compared by the chi-squared (y?)
test. For multiple testing, Bonferroni correction was applied.
P-values <.05 were considered statistically significant.

For the visual image analysis, interobserver agreement
was estimated using Cohen’s kappa (k), and rated as none
(0-0.20), minimal (0.21-0.39), weak (0.40-0.59), moderate
(0.60-0.79), strong (0.80-0.90), and almost perfect (>0.90).2°

Progression-free survival (PFS) time was calculated from
surgical intervention to disease progression/recurrence
or death from any cause. Kaplan-Meier curves analyzed
PFS rates. A log-rank test (Mantel-Cox) was run to com-
pare survival curves. Cox proportional-hazards regression
was used to test the association of demographic, clinical,
histomolecular, and imaging data to PFS. Significant vari-
ables on univariate analysis and variables with a well-known
prognostic value were selected for the multivariate Cox re-
gression analysis. P-values <.05 were considered statisti-
cally significant. Stata MP (StataCorp LP, TX, USA) software,
version 14.0 and GraphPad PRISM, version 9.0.0 were used.

Results
Patient Characteristics

Two hundred and one patients were selected using the
above-mentioned criteria. However, 48 out of 201 gliomas
were re-classified as glioblastoma according to the 2021
CNS WHO recommendations, and therefore excluded from
the analysis. Collectively, 153 patients with a newly diag-
nosed, histologically confirmed LGG fulfilling selection cri-
teria were included in the study. LGGs were classified in
two types—oligodendrogliomas, IDH-mutant and 1p/19g-
codeleted (61%), and astrocytomas, IDH-mutant (39%)—
following the indications provided by the 2021 CNS WHO
classification. Diagnoses made applying the 2007 and 2016
WHO CNS criteria (n = 153) were modified according to
the new 2021 CNS WHO. Discrepancies were present in 26
cases: in particular, we re-classified 7 oligoastrocytomas
as oligodendrogliomas, one oligoastrocytoma as diffuse
astrocytoma, 4 diffuse astrocytomas as oligodendrogliomas,
and 8 anaplastic oligoastrocytomas and 6 anaplastic
astrocytomas as anaplastic oligodendrogliomas. A complete
summary of demographic, clinical, and histomolecular data
for all patients and each LGG type considered separately is
shown in SupplementaryTable S1 andTable 1.

["'CIMET PET Qualitative and Semi-quantitative
Analysis

The interobserver agreement between the first two readers
was strong (k: 0.826). In particular, discordance in visual
image interpretation was present 11/153 cases.

Overall, qualitative analysis of ["CIMET PET scans re-
vealed 111 (73%) positive and 42 (27%) negative studies. On
negative ["C]MET PET exams, 32 (21%) lesions appeared
isometabolic and 10 (6%) hypometabolic. Supplementary
Figure S1 shows three examples of hypermetabolic,
isometabolic, and hypometabolic lesions.

["CIMET uptake was more frequent in grade 3 com-
pared to grade 2 LGGs (83% vs. 64% of cases, respectively,
p =.009). Correlations between clinicopathological charac-
teristics and PET qualitative analysis results are summar-
ized in SupplementaryTable S2.

When considering WHO LGG types, ["CIMET uptake
was more prevalent in oligodendrogliomas than [IDH-
mutant astrocytomas (87% vs. 50% of cases, respectively).
Isometabolic lesions were more commonly grade 2 [DH-
mutant astrocytomas than grade 3 IDH-mutant astrocytomas
and grade 2 and 3 oligodendrogliomas (563% vs 18%, 18%,
and 0% of cases, respectively). Hypometabolic gliomas
mainly were grade 2 and 3 IDH-mutant astrocytomas, while
were more rarely grade 2 and 3 oligodendrogliomas (9%
and 17% vs. 2% and 3% of cases, respectively). A graphical
summary of findings at qualitative [""C]IMET PET evaluation
concerning LGG type is shown in Figure 1.

Semi-quantitative [""CIMET PET image analysis was per-
formed in 151/153 patients. In the remaining two cases,
semi-quantitative analysis was not possible due to tech-
nical problems.

The median values of TBR__ andTBR_, in lesions vis-
ually classified according to the pattern of [""CIMET up-
take as hypermetabolic, isometabolic, and hypometabolic
differed significantly (2.67, 1.25, and 0.90 for TBR, ., re-
spectively, p = .0001; 1.62, 0.95, and 0.62 for TBR__, ..
respectively, p = .0001). According to PET qualitative eval-
uation, a summary of medianTBR , andTBR_,, valuesis
provided in SupplementaryTable S3.

TBR,.. and TBR__,, values were significantly higher
in WHO grade 3 LGGs compared to grade 2 lesions
(Supplementary Figure S2).

We observed significant differences in median TBR__
andTBR ., values between WHO LGG types (Figure 2).The
medianTBR_, was highest in grade 3 oligodendrogliomas
and lowest in grade 2 /DH-mutant astrocytomas (= 3.20
and = 1.37, respectively). A complete summary of the semi-
quantitative analysis concerning the WHO type is provided
in SupplementaryTable S4.

Grade 3 LGGs had a significantly higher MTV concerning
grade 2 tumors (Supplementary Figure S3).

Median MTV was significantly different in the two types,
being higher in oligodendroglial neoplasms than in IDH-
mutant astrocytomas (21.14 cm3 vs. 10.03 cm?, respectively,
p = .0197) (Supplementary Figure S4 and Supplementary
Table S5).

Out of 111 positive ["CIMET PET examinations, there
was a spatial overlap between the MET PET-based and
T2-FLAIR-based tumor volume in 83 (75%) cases. In the re-
maining 28 (25%) cases, PET-positive areas were present
outside foci of altered FLAIR signal intensity. The presence
of regions with increased [""C]MET uptake outside FLAIR
alterations was positively associated with tumor grade and
was more common for grade 3 than grade 2 lesions (36%
vs 15% cases, respectively, p = .009). Two examples of [''C]
MET PET and MRI discordance are presented in Figure 3.
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Table 1
Variable AllTypes
(n=153)
N (%) Median
(IQR)
Age at surgery 40 (31-49)
ECOG PS at surgery
0 148 (97%)
>1 5(3%)
Extent of resection (EOR)
Complete 110 (72%)
Incomplete 43 (28%)
Adjuvant treatment
None 66 (43%)
RT-CT 21 (14%)
CT 27 (17%)
RT 25 (16%)
NA 14
MRI contrast enhancement
Yes 32 (21%)
No 121 (79%)
2021 WHO grade
2 87 (57%)
8 66 (43%)
Ki-67 (n=151) 4% (3-8%)
MGMT promoter methylation
(n=138)
Methylated 131 (95%)
Nonmethylated 7 (5%)
NA 15
TP53 mutation (n=72)
Yes 33 (46%)
No 39 (54%)
NA 81
ATRX mutation (n=61)
Yes 37 (61%)
No 24 (39%)
NA 92

NA, not available.

Among the ["CIMET PET-positive lesions, 32/111 (29%)
demonstrated MRI constrast uptake. In all cases, contrast-
enhancing tumor volumes were inside MET PET-based
tumor volumes.

Assessment of Prognosis by ['!°]MET PET and
Clinicopathological Parameters

As of May 2021, the median follow-up time after surgery
was 34.5 months (IQR 17.6-58.9 months). Two patients died
due to postoperative complications, and 58 patients had

Summary of Demographic, Clinical, and Histomolecular Characteristics for All Patients and for LGG Types Considered Separately

IDH-Mutant, 1p/19qg-Codeleted IDH-Mutant, 1p/19g-Non  Pvalue
(n=93) Codeleted (n = 60)
N (%) Median N (%) Median
(IQR) (IQR)
41 (34-50) 36 (28-46) .0149
.068
88 (95%) 60 (100%)
5 (5%) 0
127
71 (76%) 39 (65%)
22 (24%) 21 (35%)
<.001
45 (51%) 21 (41%)
10 (11%) 11 (22%)
25 (29%) 2 (4%)
8(9%) 17 (33%)
5 9
.064
24 (26%) 8(13%)
69 (74%) 52 (87%)
479
55 (59%) 32 (53%)
38 (41%) 28 (47%)
4% (3-8%) 4% (3-6%) .2475
.237
85 (97%) 46 (92%)
3 (3%) 4(8%)
5 10
<.001
3(7.5%) 30 (94%)
37 (92.5%) 2 (6%)
53 28
<.001
7 (23%) 30 (100%)
24 (77%) 0
62 30

an imaging diagnosis of tumor recurrence or progression
based on the RANO criteria. Among these, a histology-
proven anaplastic transformation occurred in 11 cases.

Overall, the median PFS was 46.3 (IQR 25.7-105.8)
months (Supplementary Figure S6). In patients with IDH-
mutant, 1p/19g-codeleted oligodendrogliomas the median
PFS was 53.5 (IQR 25.9-105.8) months, while in IDH-mutant
astrocytomas the median PFS was 38.4 (IQR 24.2-60.4)
months. PFS curves for the two LLG types did not differ
significantly (p =.220) (Supplementary Figure S7).

When considering all LGG patients, extent of resection and
TBR,,,, Were significantly associated with PFS on univariate
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Figure 1 [""C]MET PET qualitative analysis results by WHO LGG type.
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are shown for each type of LGG separately.

analysis and confirmed to be independent predictors of
PFS on multivariate analysis (Supplementary Table S6). PFS
curves for patients stratified according to extent of surgical
resectionand TBR . are shown in Supplementary Figure S8.

In IDH-mutant, 1p/19g-codeleted patients, extent of re-
section and postoperative treatment were significantly

associated with PFS on univariate analysis; extent of

["'CIMET PET semi-quantitative analysis results by WHO LGG type. Median TBR
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resection confirmed its independent prognostic value on
multivariate analysis (Table 2).

In IDH-mutant astrocytomas, the extent of resection,
TBR,, andTBR . were significant predictors of PFS on

univariate analysis.The extent of resection andTBR __ con-

firmed their independent prognostic value on multivariate
analysis (Table 3). PFS curves for IDH-mutant astrocytomas
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Figure 3 Examples of lesions demonstrating increased [''CIMET uptake (red arrows) outside FLAIR alterations in (1) a 54-year-old patient with a
right fronto-temporo-insular WHO grade 3 /DH-mutant astrocytoma; and (2) a 40-year-old patient with a bilateral thalamic and temporo-parietal
WHO grade 3 oligodendroglioma. For each patient, (a) axial ['"CIMET PET/CT, (b) axial T2-weighted FLAIR MRI images, and (c) axial postcontrast
T1-weighted MRI images are shown.

stratified according to the extent of surgical resection and
TBR,,, are shown in Figure 4.

Discussion

The current study proved the added value of ["CIMET PET
in the preoperative evaluation of a large cohort of newly
diagnosed grade 2 and 3 glial neoplasms.

Regarding histopathological characteristics, we found
that both visual analysis and semi-quantitative ["C]MET
PET-derived parameters were significantly associated to
tumor grade and LGG type. Indeed, ["CIMET uptake was
more prevalent in grade 3 than grade 2 gliomas, and grade
3 lesions had higherTBR__ andTBR . values compared
to grade 2 ones. Similar findings have been reported in
previous studies.?'-24

When looking at LGG types, the great majority (87%) of
oligodendroglial tumors included in our cohort showed
["CIMET uptake and they exhibited the highest MTV
and TBR values. Accordingly, the presence of a [""CIMET
PET-negative lesion should support an alternative diag-
nosis. Conversely, IDH-mutant astrocytomas presented
the lowest MTV and TBR values and were PET-negative in
half of the patients. IDH-mutant astrocytomas represented
71% of all PET-negative lesions, in particular 80% and 69%
of all hypometabolic and isometabolic tumors, respec-
tively. Consequently, cold and isometabolic lesions at [''C]
MET PET should raise the suspicion of these specific LGG
entities. Our findings were in line with two previous re-
ports by Kebir et al.?> and Takei et al.,?® who have described

a higher ["CIMET uptake in IDH-mutant, 1p/19g-codeleted
LGGs compared to IDH-mutant, 1p/19g-non codeleted tu-
mors. However, the small sample size in both these studies
did not allow to find significant differences among LGG
types with respect to radiopharmaceutical uptake.
Literature data suggested that higher cell and
microvessels density are responsible for a different pat-
tern of ["CIMET uptake in oligodendrogliomas and IDH-
mutant astrocytomas.?’-2° More recently, Roodakker et al.3°
evaluated the intratumoral ["CIMET uptake according to
tumor perfusion and histological protein expression and
proved that different patterns of [""C]IMET uptake featuring
oligodendrogliomas and /IDH-mutant astrocytomas were
related to both tumor cell and microvessels density.
Secondly, we assessed the overlap between tumor
volume measured on ["CIMET PET and on T2-FLAIR MRI,
which is currently the preferred imaging method to delin-
eate tumor margins before surgery in LGGs. PET-positive
areas were present outside foci of altered FLAIR signal in-
tensity in 25% of cases, supporting the independent and
complementary role of these two techniques, already
proved in gliomas of all grades by Pirotte et al.8 The addi-
tion of PET to MRI data in the preoperative planning may
help to extend the resection and target it to more aggres-
sive areas, ultimately improving overall surgical outcomes.
Moreover, Tanaka et al.'® have reported that using a multi-
modal navigation system with integrated ["CIMET PET im-
ages to guide tumor resection improved survival in grades
2-4 gliomas patients concerning conventional navigation.
Coming to prognosis assessment, we aimed to de-
termine whether ["CIMET PET is an independent prog-
nostic factor in grade 2 and 3 glial neoplasms. Given the
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Table2 Univariate and Multivariable Cox Regression Analysis of PFS for Oligodendrogliomas

Variable

Univariate Analysis

HR 95% ClI

Multivariate Analysis

Pvalue HR 95% ClI Pvalue

Sex (female vs. male) 0.844 0.401-1.776 .655
Age 0.988 0.960-1.018 435
ECOG PS (>1 vs. 0) NA

Grade (grade 2 vs. grade 3)* 0.521 0.262-1.036 .063
% Ki-67 1.027 0.991-1.063 141
MGMT prom methylation (yes vs. no) NA

EOR (complete vs. incomplete)* 0.351 0.169-0.727 .005 0.322 0.145-0.713 .005
Postoperative treatments (yes vs. no)* 2.100 1.042-4.233 .038
Contrast enhancement (yes vs. no) 0.968 0.449-2.087 .934
PET qualitative (PET+ vs. PET-) 1.476 0.518-4.210 .466
TBR ., 1.037 0.822-1.309 .756
TBR 1.028 0.484-2.181 .943

mean

Abbreviations: Cl, confidence interval; HR, hazard ratio; NA, not applicable as a stratification factor.

Variables selected for the multivariate analysis are reported in bold.
*Variables selected for the multivariate analysis.

Table3 Univariate and Multivariable Cox Regression Analysis of PFS for IDH-Mutant Astrocytomas

Variable Univariate Analysis Multivariate Analysis
HR 95% Cl Pvalue HR 95% Cl Pvalue
Sex (female vs. male) 1.457 0.651-3.261 .360
Age 1.028 0.999-1.059 .058
ECOG PS (>1 vs. 0) NA
Grade (grade 2 vs. grade 3)* 1.439 0.627-3.306 .391
% Ki-67 1.010 0.941-1.084 .790
MGMT prom methylation (yes vs. no) NA
EOR (complete vs. incomplete)* 0.341 0.148-0.790 .012 0.292 0.101-0.848 .023
Postoperative treatments (yes vs. no)* 0.812 0.356-1.855 .622
Contrast enhancement (yes vs. no) 0.396 0.0527-2.982 .369
PET qualitative (PET+ vs. PET-) 2.062 0.896-4.742 .089
TBR, ,* 1.827 1.395-2.394 <.001 3.849 1.663-11.321 .003
TBR 4.219 1.754-10.149 .001

mean

Abbreviations: Cl, confidence interval; HR, hazard ratio; NA, not applicable as a stratification factor.

Variables selected for the multivariate analysis are reported in bold.
*Variables selected for the multivariate analysis.

tremendous heterogeneity across LGG subtypes in terms
of biological behavior and prognosis, we carried out our
analysis first in all patients, and then in patients stratified
according to the LGG type.

Considering the whole LGG population, complete re-
section and lower TBR_, values emerged as signifi-
cant predictors of longer PFS on multivariate analysis, in
agreement with most recent literature data.3'-%* Similarly,
Poetsch et al.3® have reported that TBR . on ["CIMET
PET was an independent predictor of OS in a cohort of
treatment-naive grade 2-4 gliomas. More recently, a ["'C]

MET PET-based radiomic analysis performed by Manabe
et al.8 on a small cohort of grade 2-4 gliomas has shown
that two textural features (i.e. LGRE and correlation) de-
rived from preoperative PET images were independent
predictors of OS on multivariate analysis, whileTBR_ _did
not result to be independently associated to OS.

By restricting the evaluation to /IDH-mutant, 1p/199g-
codeleted patients, extent of resection was the only
independent prognostic factor for PFS on multi-
variate analysis, in line with previous reports.323738
On the other hand, visual ["CIMET uptake and
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Figure 4 Kaplan-Meier curves for PFS for /DH-mutant astrocytomas stratified according to extent of surgical resection (A) and TBR_, (B).
*variables selected for the multivariate analysis. Cl, confidence interval; HR, hazard ratio; NA, not applicable as a stratification factor.

semi-quantitative parameters were not significantly as-
sociated with PFS, suggesting that their prognostic role
in oligodendrogliomas is limited.

Looking at the IDH-mutant, 1p/19g-non codeleted type,
complete tumor resection, and increasing TBR, ., values
demonstrated to be independent predictors of shorter PFS
on multivariate Cox regression analysis. Similarly, sev-
eral recent studies®?3%4! have shown that extensive sur-
gery was independently associated with better survival
outcomes in IDH-mutant astrocytomas. To the best of our
knowledge, instead, the role of TBR__, on ["CIMET PET in
this specific LGG type as an independent predictor of sur-
vival has never been reported before.

The present work demonstrates that preoperative [''C]
MET PET is a valuable diagnostic and prognostic tool
in grade 2 and 3 glial neoplasms. Unlike most former
studies, which had included patients with glial neoplasms
of all grades, we centered our analysis only on lower-
grade gliomas. Moreover, this is the first comprehensive
investigation on the prognostic value of amino acid PET
in LGG stratified according to 2021 WHO diffuse glioma
type and other known prognostic factors. Following the
2016 and 2021 CNS WHO recommendations, such strat-
ification based on IDH1/2 genes mutation and 1p/19q
codeletion has become fundamental to evaluate the im-
pact of prognostic factors on survival outcomes without
introducing sample bias. IDH-mutant, 1p/19qg-codeleted,
and IDH-mutant, 1p/19g-non codeleted LGGs are indeed
distinct entities with dissimilar phenotypic and genotypic
characteristics and different natural history and response
to treatment.

Current guidelines for imaging of gliomas recommends
the use of PET with radiolabeled amino acids." Our data
further support this recommendation, with several prac-
tical applications both in the pre- and postsurgical setting.
In particular, we expanded knowledge about the useful-
ness of ["CIMET PET for (a) estimation of lower-grade
glioma type; (b) delineation of tumor extent for surgery;
and (c) prognostication of lower-grade gliomas.

First, we proved the usefulness of ["CIMET PET for the
prospective assessment of LGG type and grade. It holds the
potential of providing considerable improvements in the pre-
operative estimation of tumor biological characteristics be-
fore the availability of a histomolecular diagnosis. Several
studies®?%740 have shown how the extent of surgical resec-
tion impacted outcome based on LGG type. In particular,
the IDH-mutant, 1p/19g-non codeleted subgroup maximally
benefitted from increased EOR. In light of this, ["CIMET PET
may guide treatment decision-making in these patients, sup-
porting a more aggressive surgical approach in case of le-
sions highly suspicious for IDH-mutant astrocytomas.

Additionally, we demonstrated the complementary role
of MRI and [""C]MET PET in delineating tumor margins be-
fore LGG surgery. Therefore, the use of a multimodal nav-
igation system integrating the information from [""CIMET
PET and MRI may help to better plan surgery, increase the
amount of tumor removed, and target—whenever pos-
sible—the resection to more active tumor portions.

Finally, for the first time, our findings proved the inde-
pendent prognostic role of [""CIMET PET in LGG patients
with IDH-mutant astrocytomas. Previous studies3®3642-48
have evidenced the association between preoperative
amino acid (i.e. ["CIMET, ['8F]FET, and ['8F]DOPA) PET and
clinical outcome both in low- and high-grade gliomas.
However, none of these has stratified patients according
to molecular subtype and has performed adjustment for
known prognostic factors in glial neoplasms.

Our results supported the utilization of [""CIMET PET to
personalize treatment decisions in /IDH-mutant, 1p/19g-
noncodeleted LGGs. Accordingly, we propose to use high
TBR,,,, values at preoperative ["CIMET PET to select high-
risk patients for closer monitoring and more aggressive
treatment strategies after surgery.

Despite the relatively large sample size and the further
stratification of patients in molecularly defined subgroups,
our study needs to acknowledge some limitations. First,
some histomolecular data (Ki-67 index, MGMT promoter
methylation, ATRX, and TP53 status) were not available for
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all patients due to the retrospective design. A further limita-
tion is represented by the binary stratification of the extent
of surgical resection (complete and incomplete) instead of
a volumetric approach, which would have been more accu-
rate. Moreover, the small number of hypometabolic lesions
in our LGG cohort did not allow us to investigate the prog-
nostic value of “cold” areas, which have been recently correl-
ated with unfavorable outcomes.*®%° Additionally, correlation
of clinicopathological and imaging data with overall survival
was not analyzed; indeed, follow-up was too short consid-
ering the relatively long median survival of patients with
LGGs. Moreover, as it can be difficult to differentiate LGGs
from other brain tumors in the preoperative setting, the va-
lidity of [""CIMET PET for noninvasive subtype classification
should be considered with caution. Lastly, ["CIMET PET is
currently restricted to few neuro-oncology centers because
the short half-life of "'C (20 minutes) necessitates an onsite cy-
clotron. In Europe, ["CIMET has indeed been replaced by ['8F]
FET and ['®F]FDOPA.5' However, since MET, FET, and FDOPA
are transported by the same amino acid transport system L,
concordance among these radiolabeled amino acids in diag-
nostic findings is expected.™

In conclusion, the present study highlights the added
value of preoperative [""CIMET PET in estimating molec-
ular features in suspected LGGs, assessing tumor extent,
and providing independent prognostic information in pa-
tients with histologically confirmed lower-grade gliomas.
Our results support the routine implementation of amino
acid PET with ["C]methionine to personalize treatment
decisions and optimize patient management in newly
diagnosed grade 2 and 3 glial neoplasms.

Supplementary material

Supplemental material is available at Neuro-Oncology
online.
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