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Background. Dysembryoplastic neuroepithelial tumors (DNTs) represent a prevalent cause of epileptogenic brain tumors, the natural
evolution of which is much more benign than that of most gliomas. Previous studies have suggested that [11C]methionine positron
emission tomography (MET-PET) could help to distinguish DNTs from other epileptogenic brain tumors, and hence optimize the man-
agement of patients. Here, we reassessed the diagnostic accuracy of MET-PET for the differentiation between DNT and other epilepto-
genic brain neoplasms in a larger population.

Methods. We conducted a retrospective study of 77 patients with focal epilepsy related to a nonrapidly progressing brain tumor on MRI
who underwent MET-PET, including 52 with a definite histopathology. MET-PET data were assessed by a structured visual analysis
that distinguished normal, moderately abnormal, and markedly abnormal tumor methionine uptake and by semiquantitative ratio
measurements.

Results. Pathology showed 21 DNTs (40%), 10 gangliogliomas (19%), 19 low-grade gliomas (37%), and 2 high-grade gliomas (4%).
MET-PET visual findings significantly differed among the various tumor types (P , .001), as confirmed by semiquantitative analyses
(P , .001 for all calculated ratios), regardless of gadolinium enhancement on MRI. All gliomas and gangliogliomas were associated
with moderately or markedly increased tumor methionine uptake, whereas 9/21 DNTs had normal methionine uptake. Receiver op-
erating characteristics analysis of the semiquantitative ratios showed an optimal cutoff threshold that distinguished DNTs from other
tumor types with 90% specificity and 89% sensitivity.

Conclusions. Normal MET-PET findings in patients with an epileptogenic nonrapidly progressing brain tumor are highly suggestive of
DNT, whereas a markedly increased tumor methionine uptake makes this diagnosis unlikely.
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Brain tumors are among the most frequent causes of symptomatic
focal epilepsy.1 Although seizures can reveal aggressive neoplasms—
such as high-grade gliomas and brain metastases—that require
rapid oncologic management, epilepsy is frequently related to nonra-
pidly progressing brain tumors. Low-grade gliomas and glioneuronal
tumors, such as gangliogliomas and dysembryoplastic neuroepithe-
lial tumors (DNTs), are considered the most epileptogenic.2

From a clinical point of view, the discovery of a nonrapidly pro-
gressing lesion in a patient with epilepsy raises the question as to
whether or not this lesion is at risk of malignant transformation
and should be resected, regardless of seizure control. Malignant
transformation is the rule in low-grade glial tumor and occurs
in about 5% of gangliogliomas.3 In contrast, DNTs are generally
considered nonprogressive and not life threatening, with only
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very rare malignant transformations reported after brain radio-
therapy.4 Differentiation between DNT and other tumor types
has thus a significant impact on patient management, in particu-
lar when the lesion is located in an eloquent area with significant
risk of postoperative deficits. This issue is aggravated by the fact
that biopsy is also likely to misdiagnose DNT if it is missing its spe-
cific glioneuronal component.5

Magnetic resonance imaging (MRI) may suggest the pathology
underlying epileptogenic brain tumors,6–9 with some features highly
suggestive of DNT, including deformation of the overlying skull.8,10

However, these features are lacking in a significant proportion of
cases, especially in tumors with mesial temporal location. Accord-
ingly, misclassifications have been repeatedly reported,6,9 justifying
the need to strengthen diagnosis with additional investigations.

[11C]methionine PET (MET-PET) has been proposed as an add-
itional tool to better grade nonrapidly progressing brain tumors.11

High-grade gliomas are associated with higher methionine up-
take than low-grade gliomas.11 MET-PET has also been used to
distinguish glioneuronal tumors from gliomas.12 – 17 A previous
study in our center16 suggested that MET-PET might be a clinically
useful and reliable predictor of the histopathology of epileptogen-
ic brain tumors, with normal methionine uptake being suggestive
of DNT. Although this previous study remains the largest MET-PET
series of patients with nonrapidly progressing epileptogenic brain
tumors, only 11 DNTs were included among the 27 participants.

Here, we review our center’s experience with MET-PET for the
differentiation between DNTs and other epileptogenic brain neo-
plasms in a total of 77 patients evaluated to date, including 52
with a definite histopathology.

Patients and Methods
We retrospectively reviewed the database of 131 patients who
underwent MET-PET at our institution between January 1996
and December 2010.

Patients were selected according to the following criteria: (i)
they underwent a MET-PET investigation for assessing an epi-
leptogenic brain lesion compatible with a diagnosis of low-grade
tumor, (ii) MRI was available for review, and (iii) MET-PET data
were acquired on a high-resolution scanner (Siemens HR+),
which quality enabled valid analysis. This selection process
excluded: (i) 24 patients with epilepsy but no MRI lesion compat-
ible with a diagnosis of brain tumor who underwent MET-PET as
part of the specific ongoing protocol to characterize methionine
uptake in nontumoral epileptogenic tissue, (ii) 4 patients with a
noncortical mass-occupying lesion (including brainstem and
spinal cord) and no epilepsy, (iii) 2 patients with a rapidly evolving
brain tumor excluding the possibility of a low-grade tumor, (iv) 21
patients with a putative epileptogenic brain tumor without avail-
able MRI for review (referred from other institutions), and (v) 3
patients with major MET-PET artifacts that hampered any valid
data analysis.

Among the remaining 77 patients, we then distinguished
those for whom a reliable pathological diagnosis was available
(n¼ 52) from those without such diagnosis, either because they
were not operated on (n¼ 19) or because pathology remained in-
conclusive (n¼ 6). Only the 52 patients with a reliable pathology
contributed to our primary analyses. Fifteen of them were

previously reported by our group in a series that included 12
other patients scanned on a different low-resolution PET camera
before 1996, not considered in the current study.16

MRI

MRI data were reviewed for all patients in order to specify tumor
location and tumor size, as defined by the biggest diameter on
axial T1 sequence, as well as the presence of bone deformation
or gadolinium enhancement.

PET Data Acquisition

All patients underwent PET scanning using a high-resolution
tomograph (HR+ Siemens), after an intravenous bolus injection
of 18.5+2.6 MBq/kg [11C]methionine. Three-dimensional data
were acquired and reconstructed into 63 slices, 2.4 mm thick,
with an isotropic spatial resolution of �5 mm full-width half-
maximum. Before injection, transmission scanning for attenu-
ation correction was carried out using 3 68Ge rod sources. Static
emission scanning was performed during a 20-min period, begin-
ning 35 min after [11C]methionine injection, as previously pro-
posed.18 – 21 Images were corrected for scatter and attenuation
and were reconstructed using a filtered backprojection.

PET Data Analysis

We conducted both visual and semiquantitative analyses of PET
data, using similar methods to those previously described in
detail.16

PET visual analysis was conducted by 2 investigators (S.Rh. and
S.Ru.), blinded to all other clinical and MRI data except the ana-
tomical location of the tumor. The visual analysis resulted in a
classification based on the following definitions (Fig. 1):

Normal tumor methionine uptake: no visually detectable
increased methionine uptake in the tumor compared with
the surrounding or contralateral homotopic brain regions.

Moderately increased tumor methionine uptake: the tumor uptake
clearly exceeds the uptake in surrounding cortical areas and in
the contralateral homotopic region but remains lower or com-
parable to that of the contralateral occipital cortex that usually
corresponds to the region of greatest methionine uptake.

Markedly increased tumor methionine uptake: the tumor uptake
clearly exceeds the uptake in surrounding cortical areas as
well as in the contralateral homotopic region and occipital
cortex.

We performed a semiquantitative analysis using squared
regions of interest (ROIs), 4.1 mm sided, directly placed onto
the PET images. These ROIs were placed over the portion of the
tumor displaying the highest [11C]methionine uptake (Ts¼

tumor square ROI), the contralateral homotopic cortical region
(Cs¼ contralateral square ROI), and the most active area within
the contralateral occipital cortex (Os¼ occipital square ROI), on
a single slice each.16 Two ratios were calculated:

Tumor to contralateral homotopic ratio (TCr)¼ Ts/Cs.
Tumor to contralateral occipital ratio (TOr)¼ Ts/Os.
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Fig. 1. Examples of T1-weighted MRIs (left panel), methionine uptake on MET-PET (middle panel), and coregistered MRI and PET data (right panel) for
the 3 major tumor types. (A) Left mesial frontal DNT, which was not associated with a visually detectable increased methionine uptake (patient #9).
(B) Right neocortical (temporal) DNT observed on T1-weighted MRI with a moderately increased methionine uptake (patient #6). (C) Left temporal
ganglioglioma associated with a markedly increased methionine uptake (patient #30). (D) Right insular low-grade glioma associated with a
moderately increased methionine uptake (patient #34).

Rheims et al.: MET-PET in epileptogenic brain tumors

Neuro-Oncology 1419



Surgical Procedure and Pathological Data

Thirty-two patients (55%) had a total removal and 26 (45%) a
subtotal removal of their tumor. Sections of formalin-fixed tissue
were processed for histological staining using either the
hemalum-phloxine-safranin or the hematoxylin-eosin technique.
Immunohistochemical stains, applied on routinely fixed and
paraffin-embedded sections, were prepared for selected cases,
using the avidin –biotin complex method and the following
antisera: anti–glial fibrillary acidic protein, anti–neurofilament
protein, anti–neurone-specific enolase, antisynaptophysin, anti-
vimentin, anti–S100 protein, and anti–Leu-7. A Ki-67 labeling
index was obtained in 29 patients.

All specimens but one (#13) were analyzed at our institution
by neuropathologists trained in the evaluation of epileptogenic
low-grade tumors and were ultimately classified according to
World Health Organization grade. The specimens of 15 patients
were sent to 2 other pathologists renowned for their experience
in epileptogenic brain tumors (C. Daumas-Duport, Saint-Anne
Hospital, Paris, and B. Pasquier, Albert Michallon Hospital, Gre-
noble, France) for further evaluation. Pathology remained incon-
clusive in 6 of the 58 patients operated on.

Statistical Analysis

For both visual and semiquantitative analyses, 4 types of tumor
were considered: DNTs, gangliogliomas, low-grade gliomas, and
high-grade gliomas. We searched for tumor correlations among
type, anatomical location, and size, as well as the presence of
contrast enhancement on MRI and that of a visually detectable
increased tumor methionine uptake on MET-PET images, using
the Fisher exact probability test and the Mann–Whitney test,
with level of significance at P , .05. For the semiquantitative
MET-PET analysis, we used the Kruskal–Wallis test. We looked
at correlations between semiquantitative analysis and visual ana-
lysis using linear regression. Receiving operating characteristics
(ROC) curves were generated and area under the curves (AUCs)
were determined. Comparison of curves was performed using
MedCalc 12.4.

Results

Data From the 52 Patients With a Definite Pathological
Diagnosis

Clinical and pathological data

There were 27 men and 25 women with a mean+SD age at epi-
lepsy onset of 25+16 years and mean+SD duration of epilepsy
of 7+8 years (range, 3 mo–39 y) (Table 1). Pathological examin-
ation revealed a DNT in 21 patients (40.5%), including 2 with a
pilocytic component (#23, #39), 1 of whom also had associated
focal cortical dysplasia (#23). Twenty-one patients (40.5%) had a
glioma, including 14 oligodendrogliomas (12 grade II and 2 grade
III), 5 grade II oligoastrocytomas, and 2 grade II astrocytomas,
and the remaining 10 patients (19%) had a ganglioglioma.

MRI findings

Thirty-three tumors (63%) were located in the temporal lobe, in-
cluding 17 (33%) within the mesial temporal structures. Nineteen

tumors (37%) were located in the frontal lobe, 7 in the insula
(14%), 5 in the parietal lobe (10%), and 4 in the occipital lobe
(8%) (Table 2). Tumor location significantly varied across tumor
types (P , .001), with a mesial temporal location more frequent
for DNTs (57%) than for gangliogliomas (40%) and gliomas
(5%). Mean tumor size was significantly larger for low-grade gli-
omas (49+18 mm) than for DNTs (26.4+11.3 mm) and ganglio-
gliomas (20.1+13.6 mm) (P , .001). Bone deformation was
observed in 3 DNTs (14%). T1-weighted imaging after the admin-
istration of gadolinium contrast material was available in 48
patients (92%). Gadolinium enhancement was more frequently
observed in gangliogliomas (75%) than in other tumor types
(10% of DNTs, 17% of low-grade gliomas, and 50% of high-grade
gliomas, P¼ .002).

MET-PET findings

Visual analysis demonstrated an increased methionine uptake
within the tumor in 43 patients (83%), which was classified as
markedly so in 20 (39%) and moderately so in 23 (44%). In 9
patients (17%), no increased uptake was detected.

Methionine uptake was not correlated with tumor size or
tumor location (Table 3). There was no significant association be-
tween visual methionine uptake and gadolinium enhancement
on MRI (P¼ .124), even though an increased methionine uptake
(moderate or marked) was detected in all patients with gadolin-
ium enhancement. Indeed, increased methionine uptake was
also observed in 75% of those without gadolinium enhancement.

MET-PET findings on visual analysis correlated with pathologic-
al data (P , .001; Table 4). Normal methionine uptake was
observed in only DNTs, where it was noted in 9/21 (43%) patients.
Markedly increased methionine uptake was observed in 2/2
(100%) high-grade gliomas, 6/10 (60%) gangliogliomas, 10/19
(53%) low-grade gliomas, and only 2/21 (10%) DNTs. Interesting-
ly, these 2 DNTs were those associated with a pilocytic compo-
nent (patients #23 and #39). Moderately increased methionine
uptake was observed in 10/21 (48%) DNTs, 9/19 (47%) low-grade
gliomas, and 4/10 (40%) gangliogliomas. These results remained
similar in the subset of mesial temporal lesions, where 5/12
(42%) DNTs demonstrated normal uptake. There was no signifi-
cant correlation between methionine uptake and Ki-67 index.

Mean values of TCr and TOr for each tumor type are given in
Table 5. Both ratios significantly differed across tumor types
(P , .001 for TCr and P , .001 for TOr). Post-hoc analyses showed
that DNTs were associated with lower ratios than gangliogliomas
(TCr: P¼ .001; TOr: P , .001), low-grade gliomas (TCr: P¼ .005; TOr:
P , .001), and high-grade gliomas (TCr: P¼ .022; TOr: P¼ .022). In
addition, there was a trend toward lower uptake values in gang-
liogliomas than in high-grade gliomas (TCr: P¼ .086; TOr: P¼
.053). In contrast, low-grade gliomas did not differ from ganglio-
gliomas or from high-grade gliomas. Semiquantitative analyses
correlated with the results of visual analyses (r¼ 0.751 and P ,

.001 for TCr and r¼ 0.767 and P , .001 for TOr; see Supplemen-
tary Fig. 1).

ROC curves were plotted to assess the sensitivity and specifi-
city of TCr and TOr to discriminate DNTs from other tumor types
(Fig. 2). Estimates of AUCs were 0.88 (95% confidence interval
[CI]: 0.76–0.95) for TCr and 0.95 (95% CI: 0.85–0.99) for TOr, im-
plying significant discriminatory power of both markers in this pa-
tient population (P , .0001 for AUC . 0.5, DeLong test). As shown
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Table 1. Individual pathological, clinical, MRI, and MET-PET data from the 52 patients with definite pathology

Clinical Data MRI Data MET-PET Data Pathology

Patient
No.

Gender Age,
y

Epilepsy
Onset, y

Epilepsy
Duration, y

Location Side Tumor Size (biggest
diameter, mm)

Gd Uptake on
Visual Analysis

TCr TOr

1 F 21 3 18 mT +O L 55 2 Normal 0.89 0.60 DNT
3 M 64 54 10 mT R 18 2 Normal 1.11 0.84 DNT
6 F 39 38 1 lT R 20 2 Moderate 1.25 0.92 DNT
7 F 42 37 5 mT R 19 2 Normal 0.55 0.38 DNT
9 F 17 6 11 Fr L 30 2 Normal 0.92 0.67 DNT
11 M 5 4 1 Fr L 16 2 Normal 0.93 0.74 DNT
12 F 27 25 1.5 lT L 27 NA Moderate 1.81 1.11 DNT
17 M 37 34 3 mT L 10 + Moderate 1.44 0.81 DNT
21 M 15 14 1 Fr + I L 37 2 Normal 0.90 0.88 DNT
22 F 48 39 9 mT L 20 2 Moderate 1.63 1.02 DNT
24 M 12 9 3 lT L 39 2 Normal 0.91 0.57 DNT
26 F 46 38 8 Fr + P R 48 2 Moderate 1.35 0.93 DNT
28 F 18 8 10 mT + lT L 29 2 Moderate 1.46 0.95 DNT
32 F 12 11 1 lT R 15 2 Moderate 1.70 1.09 DNT
40 M 32 18 14 mT L 25 2 Normal 0.71 0.52 DNT
43 F 10 7 3 lT +O L 36 2 Moderate 1.49 1.00 DNT
47 M 27 18 9 mT L 23 2 Moderate 1.44 0.88 DNT
49 F 18 17 1 mT L 17 2 Moderate 1.44 0.94 DNT
50 F 62 55 7 mT R 20 2 Normal 1.38 0.82 DNT
23 M 51 21 30 mT R 30 + Marked 2.29 1.44 DNT +pilocytic

component
39 F 39 35 4 mT R 21 2 Marked 1.86 1.21 DNT +pilocytic

component
2 F 35 18 17 lT + I + Fr L 56 + Marked 2.21 1.63 Ganglioglioma
4 M 6 5 1 mT L 15 NA Marked 2.46 1.53 Ganglioglioma
5 M 12 10 2 mT R 22 + Moderate 1.93 1.11 Ganglioglioma
19 M 19 11 8 lT R 10 + Marked 2.06 1.61 Ganglioglioma
29 F 33 30 3 mT R 15 2 Moderate 1.42 0.93 Ganglioglioma
30 F 13 8 5 lT L 14 2 Marked 2.90 2.03 Ganglioglioma
33 M 15 9 6 lT R 16 + Marked 1.78 1.45 Ganglioglioma
37 M 45 20 25 lT L 15 NA Marked 2.07 1.43 Ganglioglioma
45 F 43 4 39 lT + P R 28 + Moderate 1.59 1.13 Ganglioglioma
46 F 16 2 14 mT L 21 + Moderate 2.16 1.29 Ganglioglioma
8 F 37 34 3 mT +O L 90 2 Marked 2.58 2.14 Oligoastrocytoma II
10 M 20 19 1 Fr L 53 2 Marked 1.76 1.29 Oligodendroglioma II
13 M 28 27 1 Fr R 30 2 Moderate 1.53 1.09 Oligoastrocytoma II
14 F 64 63.5 0.5 Fr R 28 2 Marked 2.17 1.51 Oligodendroglioma II
16 M 38 37.5 0.5 Fr R 36 2 Moderate 1.46 1.14 Oligodendroglioma II
18 M 41 35 6 P + lT L 52 2 Marked 2.89 2.04 Oligodendroglioma II
20 M 42 33 9 Fr R 26 2 Moderate 1.50 1.15 Oligoastrocytoma II
27 F 39 38 1 lT + I R 60 2 Marked 5.35 3.41 Astrocytoma II
31 M 40 37 3 lT L 69 2 Marked 2.44 1.71 Astrocytoma II
34 F 24 16 8 I R 54 2 Moderate 1.31 1.07 Oligoastrocytoma II
35 M 26 25 0.66 Fr + I R 69 2 Marked 2.34 1.32 Oligoastrocytoma II
36 F 53 46 7 lT + I L 45 + Moderate 1.28 0.93 Oligodendroglioma II
38 M 40 25 15 Fr L 33 2 Marked 2.42 1.69 Oligodendroglioma II
41 M 37 36 1 Fr R 35 2 Marked 2.94 1.74 Oligodendroglioma II
42 M 28 27 1 Fr R 20 + Moderate 1.33 1.05 Oligodendroglioma II
44 M 38 37 1 Fr + P L 60 NA Moderate 1.24 1.23 Oligodendroglioma II
48 F 7 0 7 lT + I + Fr L 62 2 Moderate 1.46 0.87 Oligodendroglioma II

Continued
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in Table 6, TCr , 1.31 or TOr , 1.02 predicted DNT with 90% spe-
cificity and with 47% and 89% sensitivity, respectively. Compari-
son of AUCs for TCr and TOr showed slight but statistically
significant superiority of TOr over TCr (P¼ .02, DeLong test). To
quantitatively assess the potential added diagnostic power of
combining TCr and TOr results in this study population, we per-
formed a logistic regression analysis with TCr and TOr as

independent variables and diagnosis of DNT as the dependent
variable. In this bivariate analysis, diagnosis of DNT was asso-
ciated with TOr (P¼ .006) but not with TCr (P¼ .132), suggesting
that the combination of these markers did not increase the
probability of DNT diagnosis. As a matter of fact, comparison of
ROC curves for TCr, TOr, and their joint regression-derived bivariate
marker showed that the AUC for the bivariate marker (0.92 [95%

Table 1. Continued

Clinical Data MRI Data MET-PET Data Pathology

Patient
No.

Gender Age,
y

Epilepsy
Onset, y

Epilepsy
Duration, y

Location Side Tumor Size (biggest
diameter, mm)

Gd Uptake on
Visual Analysis

TCr TOr

51 M 49 47 2 Fr L 60 + Moderate 1.48 1.10 Oligodendroglioma II
52 M 48 49 0.3 Fr L 54 2 Marked 1.63 1.09 Oligodendroglioma II
15 F 50 44 6 P +O L 43 2 Marked 2.58 1.67 Oligodendroglioma III
25 M 49 18 31 Fr L 40 + Marked 2.65 2.11 Oligodendroglioma III

Abbreviations: Gd, gadolinium; DNT, dysembryoplastic neuroepithelial tumors.

Table 2. Correlation between pathology and MRI data

MRI Data Pathological Data Total P*

DNT Gangliogliomas Low-grade Gliomas High-grade Gliomas

Total 21 10 19 2 52 2

Tumor size, mm (mean+SD) 26.4 (11.3) 20.1 (13.6) 49.2 (18.1) 41.5 (2.1) 34.1 (18.6) ,.001
Location, n (%)

Mesial Temporal lobe 12 (57) 4 (40) 1 (5) 0 17 (33) ,.001
Other 9 (43) 6 (60) 18 (95) 2 (100) 35 (67)

Bone deformation,n (%) 3 (14) 0 0 0 3 (6) .304
Gadolinium enhancement, n (%)
+ 2 (10) 6 (75) 3 (17) 1 (50) 12 (25) .002
2 18 (90) 2 (25) 15 (83) 1 (50) 36 (75)

*Fisher exact probability test or the Mann–Whitney test.

Table 3. Correlation between qualitative MET-PET data and MRI data

MRI Data Visual Methionine Uptake Total P*

Normal Moderate Increase Marked Increase

Total 9 23 20 52 2

Tumor size, mm (mean+SD) 28.8 (12.9) 31 (16.3) 40.1 (22.2) 34.1 (18.6) .404
Location, n (%)

Mesial Temporal lobe 5 (55) 8 (35) 4 (20) 17 (33) .157
Other 4 (45) 15 (65) 16 (80) 35 (67)

Bone deformation, n (%) 1 2 0 3 (6) .386
Gadolinium enhancement, n (%)
+ 0 7 (33) 5 (28) 12 (25) .124
2 9 (100) 14 (67) 13 (72) 36 (75)

*Fisher exact probability test or the Mann–Whitney test.
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CI: 0.81–0.98]) differed neither from the AUC for TCr (P¼ .053,
DeLong test) nor from the AUC for TOr (P¼ .568, DeLong test).

To evaluate whether the diagnostic contribution of MET-PET
remained clinically pertinent after the integration of MRI data,
we performed a logistic regression analysis with diagnosis of

DNT as the dependent variable and with TOr and MRI findings
as independent variables. In this multivariate analysis, diagnosis
of DNT was associated with TOr (P¼ .03) but not with tumor
size (P¼ .250), observation of gadolinium enhancement (P¼
.166), bone deformation (P¼ .99), or mesial temporal location
(P¼ .154).

Data From the 25 Patients Without a Definite
Pathological Diagnosis

There were 11 men and 14 women with a mean+SD age at epi-
lepsy onset of 21+13 years and mean+SD duration of epilepsy
of 14+14 years (range, 1 mo–46 y) (Supplementary Table 1). As
detailed in Supplementary Table 2, visual analysis demonstrated
no increased methionine uptake within the tumor in 9 patients
(36%), a moderately increased uptake in 8 (32%), and a markedly
increased uptake in 8 (32%). Mean values of TCr and TOr were 1.54
(95% CI: 1.24–1.84) and 1.06 (95% CI: 0.87–1.25), respectively.
Twelve patients (48%), including 10 among those who had not
been operated on, showed TOr suggestive of DNT (ie, TOr ,

1.02). MRI follow-up was available in 15 patients (60%, mean+
SD follow-up of 5.4+2.2 y), including 8 of the 9 with normal me-
thionine uptake and TOr , 1.02 (mean+SD follow-up of 6.2+
2.2 y). Only 1 of these 15 patients (#55), in whom MET-PET
showed marked methionine uptake, demonstrated tumor pro-
gression on MRI suggestive of underlying low-grade glioma.

Discussion
In comparison with previous published series,12 – 17 the present
work provides significant updates about the diagnostic accuracy
of MET-PET for the differentiation of DNTs from other tumor types
in patients with nonrapidly progressing epileptogenic brain
tumors: (i) normal methionine uptake was observed in only
DNTs; (ii) DNTs are rarely associated with a markedly increased
methionine uptake, which, when observed, appears to reflect
the presence of a pilocytic component; (iii) the TOr obtained
from the semiquantitative analysis of methionine uptake distin-
guished DNT from other tumor types with 89% sensitivity and
90% specificity; and (iv) gangliogliomas and gliomas were always
associated with an increased methionine uptake, which could be
marked or moderate, without a distinctive MET-PET feature be-
tween these 2 tumor types.

Several authors have emphasized the difficulties in establish-
ing the neuropathological diagnosis of DNT.5,22 The diagnosis is
partly based on the presence of specific glioneuronal components
with “floating neurons,” a specific histological feature that could
be missing in nonspecific forms of DNT5,23 or when the tumor has
been removed incompletely. This could represent a limitation in
the interpretation of our data, especially for patients with incom-
plete resection. However, this risk was minimized by our stringent
reliability criteria for pathological diagnosis, including ability to
obtain reevaluation by experts in the field of glioneuronal tumors
whenever necessary.

One of the main results of our study is that in the presence of
MRI findings suggesting a nonrapidly progressing brain tumor,
normal MET-PET was observed in only DNTs, whereas ganglioglio-
mas and gliomas always led to an increase in methionine uptake.
This result is in line with our previous report16 and is consolidated

Table 4. Correlation between qualitative MET-PET data and pathology
(P , .001)

Pathological Data Visual Methionine Uptake, n (%) Total

Normal Moderate
Increase

Marked
Increase

DNT 9 (43) 10 (48) 2 (9) 21
Ganglioglioma 0 4 (40) 6 (60) 10
Low-grade gliomas 0 9 (47) 10 (53) 19
High-grade gliomas 0 0 2 (100) 2

Fig. 2. ROC curves for TCr and TOr when used to discriminate DNTs from
other tumor types. Blue line indicates ROC curve for TCr; green line
indicates ROC curve for TOr; dotted line indicates diagonal representing
a hypothetical test with no diagnostic discrimination.

Table 5. Correlation between semiquantitative MET-PET and pathological
data

Pathological Data n Patients TCr, mean
(95% CI)

TOr, mean
(95% CI)

DNT 21 1.31 (1.11–1.50) 0.87 (0.76–0.98)
Ganglioglioma 10 2.06 (1.75–2.36) 1.41 (1.19–1.64)
Low-grade gliomas 19 2.06 (1.59–2.53) 1.45 (1.16–1.74)
High-grade gliomas 2 2.61 (2.18–3.05) 1.89 (0–4.7)

P , .001 for both TCr and TOr.
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by the larger sample size of the current study. When data from
the 2 series are pooled together (ie, including 12 more patients
scanned on a low-resolution PET camera16), a total of 13 patients
showed normal methionine uptake, and all had DNTs. However,
the lack of pathological diagnosis in one-third of our cohort of
patients with a suspected epileptogenic brain tumor and avail-
able MRI and MET-PET data questions the external validity of
our findings. One might speculate that reassuring MET-PET find-
ings have influenced the decision not to operate on some of these
patients, an hypothesis consistent with the twice greater rate of
tumors without increased methionine uptake in patients not
operated on than in those operated on (40% vs 19%). This selec-
tion bias carries the risk that a non-DNT associated with normal
methionine uptake could have been missed. However, follow-up
data from patients not operated on who had normal methionine
uptake failed to identify any sign of MRI progression over a mean
of 6.2 years. Some authors have reported the possibility of normal
MET-PET findings in low-grade gliomas.18,24 – 26 It should be noted
that some of these studies were conducted before DNT was clear-
ly recognized, suggesting the possibility that some of these astro-
cytomas would be classified as DNTs today.24,26

Interestingly, the only 2 DNTs with markedly increased me-
thionine uptake showed a specific histological pattern, including
a pilocytic component. It has been reported that methionine up-
take is increased in pilocytic astrocytoma, with values that can
be higher than in grade II astrocytoma.13 It might thus be
speculated that the unusual MET-PET pattern observed in these
2 DNTs was primarily related to the presence of a pilocytic
component.

Unlike normal MET-PET findings, the various degrees of
increased visual methionine uptake did not discriminate among
the different tumors. However, semiquantitative analyses pro-
vided complementary information that could help increase the
diagnostic accuracy of MET-PET. Indeed, the 2 ratios obtained
from the semiquantitative analyses, TCr and TOr, showed signifi-
cant discriminatory power between DNTs and other tumor types,
though TCr showed lower sensitivity than TOr. Specifically, a cutoff
threshold of 1.02 for TOr distinguished DNTs from other tumor
types with 89% sensitivity and 90% specificity. The lower sensitiv-
ity of TCr might have been related to greater interindividual vari-
ability of the methionine uptake within the contralateral
homotopic nontumoral cortex than within the occipital cortex,
which spontaneously demonstrate high methionine uptake.

Other radiolabeled amino acids, including [18F]fluoroethyl-L-
tyrosine and alpha-[11C]methyl-L-tryptophan, have been pro-
posed for the PET diagnosis of nonrapidly progressing brain

tumors but failed to discriminate among the different gliomas
and glioneuronal tumors, including DNTs.27,28

A prevailing hypothesis is that the increased methionine up-
take observed in tumoral cells reflects an upregulation of the
amino acid transport system29 – 31 caused by increased protein
metabolism and cellular proliferation.31,32 It has also been sug-
gested that the breakdown of the blood–brain barrier, as partly
reflected by the presence of gadolinium enhancement on MRI,
significantly contributes to MET-PET abnormalities.33 Our results
were only partly consistent with these hypotheses. While DNTs,
which are characterized by a low proliferative index,5,34 demon-
strated lower methionine uptake than low-grade gliomas, this
was not the case for gangliogliomas, even though these glioneur-
onal tumors are also characterized by low proliferative index.35,36

Furthermore, we failed to find correlation between methionine
uptake and the proliferative index Ki-67. Although all tumors
associated with gadolinium enhancement on MRI showed
increased methionine uptake, blood –brain barrier disruption
was not associated with the intensity of MET-PET abnormalities.
Indeed, gadolinium enhancement was observed in 33% of
tumors with moderately increased methionine uptake versus 25%
of those with a markedly increased uptake. Epileptic activity
might contribute to the abnormal metabolism of amino acids. In-
deed, methionine uptake was found increased in nontumoral epi-
leptic lesions, such as focal cortical dysplasia.37,38 Since the
intrinsic epileptic activity of DNTs and gangliogliomas appears
greater than that of low-grade gliomas,2 possibly due to the pres-
ence of neuronal cells, one might hypothesize that this putative
mechanism of methionine uptake could play a greater role in glio-
neuronal tumors compared with gliomas. Overall, the level of me-
thionine uptake within nonrapidly progressing epileptogenic
tumors might reflect a combination of cellular proliferation
(greater in gliomas), blood–brain barrier disruption (more fre-
quent in gangliogliomas and high-grade gliomas), intrinsic epilep-
tic activity (greater in DNTs and gangliogliomas), and other, yet
unknown factors, accounting for the overlapping MET-PET pat-
terns observed among all tumor types.

From a clinical point of view, the preoperative distinction of
DNT from other epileptogenic tumors has important conse-
quences. One of the main issues in patients with brain tumor
and long-standing partial epilepsy is to evaluate whether there
is an oncological indication for surgery. Thus, the risk of malignant
transformation is usually prioritized over surgical risks, including
postoperative neuropsychological deficits when the tumor is
located within language or memory networks. In contrast, sur-
gery is usually forgone for benign tumors located within an

Table 6. Performance characteristics of TCr and TOr to discriminate DNT from other tumor types

Semiquantitatively Derived Ratios Threshold Sensitivity Specificity

% 95% CI % 95% CI

TCr ≤1.1069 42.11 20.3–66.5 100 89.4–100
≤1.3752 57.89 33.5–79.7 87.88 71.8–96.6
≤1.4605 78.95 54.4–93.9 78.79 61.1–91.0

TOr ≤0.8362 47.37 24.4–71.1 100 89.4–100
≤1.0193 89.47 66.9–98.7 90.91 75.7–98.1
≤1.112 100 82.4–100 72.73 54.5–86.7
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eloquent cortex. As a rule, DNTs are benign, with rare recurrences
and a single published case of suspected spontaneous malignant
transformation.4,39 However, MRI cannot predict the histological
diagnosis of DNT with certainty, especially in tumors with mesial
temporal location.6,9 In that perspective, normal MET-PET finding
might be of particular importance in the decision process. Thus,
the correlation between normal methionine uptake and a patho-
logical diagnosis of DNT might be strong enough to allow defer-
ring decision of tumor surgical removal when MET-PET is normal
both in seizure-free patients and in patients with tumor located
within eloquent cortex, including tumors located within the left
mesial temporal structures in right-handed patients.
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