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Methyl-L-11C-methionine (11C-MET) PET has been shown to de-
tect brain tumors with a high sensitivity and specificity. In this
study, we investigated the potential of 11C-MET PET to nonin-
vasively detect tumor progression in patients with gliomas.
Moreover, we analyzed the relationship between changes in
11C-MET uptake on PET and changes in various molecular im-
munohistochemical markers during progression of gliomas.
Methods: Twenty-four patients with histologically proven glioma
were investigated repeatedly with 11C-MET PET. 11C-MET
uptake was determined for a circular region of interest. Histologic
and molecular analyses for tumor progression were performed
after open surgery and stereotactic biopsy, respectively.
Results: In patients with malignant progression, the mean in-
crease in 11C-MET uptake was 54.4% (SD, 45.5%; range,
3.1%2162.2%), whereas in patients without a change in tumor
grade, mean 11C-MET uptake did not significantly change
(3.9%; SD, 13.7%; range, 224.4% to 26.3%). The difference in
the change in 11C-MET uptake between the group with malignant
progression and the group without malignant progression was
highly significant (P , 0.001). Receiver-operating-curve analysis
revealed a sensitivity of 90% and a specificity of 92.3% for the
detection of malignant transformation by an increase in 11C-
MET uptake of more than 14.6%. Increased 11C-MET uptake of
more than 14.6% was indicative of malignant progression in all
but 3 leave-one-out iterations. A detailed immunohistochemical
analysis demonstrated a significant correlation between
changes in 11C-MET uptake and the expression of vascular en-
dothelial growth factor. Conclusion: These data suggest that
11C-MET-PET represents a noninvasive method to detect malig-
nant progression in patients with gliomas. Moreover, the in-
crease in 11C-MET uptake during malignant progression is
reflected by an increase in angiogenesis-promoting markers as
vascular endothelial growth factor.
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Gliomas are the most common primary brain tumors.
More than 50% of gliomas belong to the malignant subtype
glioblastoma (1). The most important criterion for therapeu-
tic management and prognosis is histologic grading. WHO
grade II gliomas have a median overall survival of more than
5 y, whereas anaplastic gliomas show a median survival of
only 2–5 y (2). Most patients with glioblastoma succumb to
the disease within 2 y (2). Thus, noninvasive imaging–based
technology for the detection of malignant progression is
required to select the best possible treatment regimen.

Several studies evaluated methyl-L-11C-methionine
(11C-MET) PET for monitoring the effect of treatment and
for differentiating recurrent tumor from radiation necrosis
(3–7). Uptake of 11C-MET is facilitated by amino acid
transporter, which is upregulated in glioma capillaries
(8). 11C-MET PET detects the most malignant parts of
brain tumors, as well as infiltrating areas, with high sensi-
tivity and specificity (9,10). 11C-MET uptake correlates
with microvessel density (9) and with the proliferative cell
nuclear antigen index (11), demonstrating its relevance
for evaluation of tumor malignancy. Although 11C-MET
uptake correlates with tumor grade (12,13), high interindi-
vidual variability in 11C-MET uptake does not allow for
accurate noninvasive grading (14).

The purpose of this study was to investigate the accuracy
of intraindividual changes in 11C-MET uptake as a non-
invasive indicator of malignant progression in gliomas and
to compare changes in 11C-MET uptake with changes in the
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molecular profile as determined by immunohistochemistry
from tissue samples.

MATERIALS AND METHODS

Patients
This retrospective study included 24 patients with primary

supratentorial cerebral gliomas (Table 1). We investigated 14 male
patients and 10 female patients (mean age, 40 y; SD, 11.6 y). Each
patient gave written informed consent for additional PET imaging,
which is not a standard diagnostic tool for patients with gliomas in
Germany. All patients who underwent repeated 11C-MET PET and
had a corresponding neuropathologic diagnosis during the period
from 1993 to 2006 were included in the study (Fig. 1). The 11C-
MET PET investigations were part of the routine preoperative
diagnostic procedure and were used to guide the biopsy so that the
tumor portion with the highest 11C-MET uptake would be
obtained. Repeated PET investigations with corresponding biopsy
were performed when there were findings suggestive of tumor
progression on MRI or CT or suggestive clinical symptoms. The
interval between PET measurements varied from 1 mo to 6 y. In
total, data from 57 PET scans that had a corresponding histologic
diagnosis within the following 3 weeks were available for
24 patients. 11C-MET PET was performed after combined radio-
and chemotherapy in 9 of 57 cases, after radiotherapy alone in 8 of
57 cases, and without preceding radio- or chemotherapy in 40 of
57 cases.

All 24 patients underwent baseline 11C-MET PET, 16 of 24
underwent follow-up 11C-MET once, 7 of 24 underwent follow-up
11C-MET twice, and 1 of 24 underwent follow-up 11C-MET
3 times. Information on the patients included age, sex, presence of

contrast enhancement on MRI or CT, and extent of surgical
resection (13 stereotactic biopsies, 23 subtotal resections, and
21 macroscopic total resections). The tumors were graded accord-
ing to the World Health Organization (WHO) classification for
neuroepithelial tumors (2).

In the initial histologic diagnosis, tumor types were distributed
as follows: WHO grade II astrocytoma (n 5 10), WHO grade III
anaplastic astrocytoma (n 5 3), WHO grade II oligoastrocytoma
(n 5 7), WHO grade III anaplastic oligoastrocytoma (n 5 2),
WHO grade II oligodendroglioma (n 5 1), and WHO grade III
anaplastic oligodendroglioma (n 5 1) (Table 1).

PET Studies
For PET imaging, we used an ECAT EXACT scanner (CTI/

Siemens; in-plane full width at half maximum, 6 mm; slice
thickness, 3.375 mm; axial field of view, 162 mm) and an ECAT
EXACT HR scanner (CTI/Siemens; in-plane full width at half
maximum, 3.6 mm; slice thickness, 3.125 mm; axial field of view,
150 mm) (15,16). Subsequent imaging was performed on the same
scanner. All patients fasted for at least 4 h before undergoing PET.
Images were acquired with the patient supine with eyes closed.
Before tracer application, a 10-min transmission scan with
3 rotating 68Ga/68Ge sources was obtained. 11C-MET was synthe-
sized according the method of Berger et al. (17) and injected
intravenously as a bolus injection of 740 MBq (20 mCi).
Accumulation of the tracer was recorded 0–60 min after tracer
injection. For assessment of 11C-MET PET images, frames
recorded 20–60 min after tracer application in 47 transaxial slices
of the entire brain were used. The spatial resolution was 6 mm or
better in all dimensions.

TABLE 1. Patient Data at Study Entry

Patient no. Age (y) Sex Initial histology and WHO grade Resection Radiotherapy before PET Chemotherapy before PET

1 32 F Astrocytoma II T/P Yes (9)/yes (3) Yes (9)/no

2 46 F Oligoastrocytoma II S/P No/no No/no

3 10 M Astrocytoma II T/T No/yes (6) No/yes (6)

4 40 F Astrocytoma II P/P/P No/no/yes (36) No/no/yes (36)
5 28 M Astrocytoma II S/S No/yes (150) No/no

6 49 F Oligoastrocytoma II T/T No/no No/no

7 26 M Oligoastrocytoma II T/P/P No/no/yes (159) No/no/no
8 35 M Astrocytoma III S/S No/yes (24) No/yes (24)

9 32 F Oligoastrocytoma II T/T/T/T No/yes (376)/yes (53)/no No/no/no/no

10 35 F Oligoastrocytoma II P/P Yes (156)/no No/no

11 53 M Oligodendroglioma II T/P/P No/yes (126)/no No/no/no
12 29 M Astrocytoma II T/S No/no No/no

13 40 M Oligoastrocytoma II T/T/P No/no/yes (12) No/no/yes (12)

14 30 M Oligoastrocytoma III P/P No/no No/no

15 23 M Astrocytoma III P/T No/yes (50) No/yes (50)
16 27 F Oligodendroglioma III S/P No/yes (9) No/yes (9)

17 39 M Oligoastrocytoma II T/T No/no No/no

18 38 F Astrocytoma II T/T/S No/no/yes (102) No/no/no
19 57 F Astrocytoma II S/T No/no No/no

20 37 M Astrocytoma II S/T/T No/no/yes (25) No/no/yes (25)

21 34 M Astrocytoma II P/S No/no No/no

22 59 F Astrocytoma II P/P/P No/no/no No/no/no
23 47 M Oligoastrocytoma III O/P No/yes (25) No/yes (25)

24 58 M Astrocytoma III S/P No/no No/no

T 5 total resection; P 5 partial resection; S 5 stereotactic biopsy; O 5 open biopsy.

Data in parentheses are interval (in weeks) between PET scan and chemo- or radiotherapy.
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In 20 of 24 patients, 48 of 57 PET scans had corresponding
contrast-enhanced MRI (n 5 36) or CT (n 5 12) scans. In 12 of 24
patients, MRI and PET were performed, in 6 of 24 patients MRI
and CT and PET were performed, in 2 of 24 patients CT and PET
were performed, and in 4 of 24 patients only PET was performed.
Regions of 11C-MET uptake were compared with areas of contrast
enhancement on MRI or CT.

PET data were evaluated using a region-of-interest analysis.
Because 11C-MET uptake at later imaging times more specifically
reflects transport activity, we used summed images covering the
time frame 20–60 min after injection for data analysis. As
described by Herholz et al., a circular region of interest 7 mm
in diameter was placed on the area of highest 11C-MET uptake to
determine the maximal tracer uptake (18). A mirrored, contralat-
eral region of interest of the same diameter was placed as
a reference. The relative index of 11C-MET uptake was calculated
as the ratio of tumor area to reference area. The change in 11C-
MET uptake was defined as the relative percentage change in 11C-
MET uptake between 2 subsequent scans of the same patient.

MRI/CT Studies
MRI was performed on a 1.5-T system (Gyroscan ACS-NT;

Philips Medical Systems) using a head coil. T1-weighted spin-
echo enhanced images were acquired with a slice thickness of
2 mm and a matrix of 512 · 512 pixels. To monitor gadopentetate

dimeglumine enhancement of the tumors, we used a T1-weighted
3-dimensional gradient-echo sequence. CT was performed after
administration of contrast medium (Solutrast 300R; Bracco). We
acquired 22–40 CT images 2 mm thick.

Histologic Analysis
Histologic analysis and immunohistochemistry of the biopsy

samples of the initial tumors of all patients, as well as recurrences
obtained by stereotactic biopsy or open surgery, were performed
on formalin-fixed, paraffin-embedded 4-mm sections. For immu-
nohistochemistry, we applied an automated staining system (Bio-
Genex) using the avidin-biotin-peroxidase complex technique,
with 3,39-diaminobenzidine as chromogene and H2O2 as cosub-
strate. In brief, classification of the tumors according to the WHO
classification of neuroepithelial tumors was based on hematoxylin
and eosin staining and immunohistochemistry with monoclonal
antibodies against rabbit antihuman MIB-1 (DCS, Innovative
Diagnostik-Systeme; clone SP6; dilution, 1:200) and mouse
antihuman p53 protein (BioGenex; clone 1801; dilution, 1:200)
and polyclonal rabbit antihuman antibodies against glial fibrillary
acidic protein and S100 protein (Dako; dilution, glial fibrillary
acidic protein, 1:1,000; S100-protein, 1:2,000). Advanced immu-
nohistochemistry was performed with the following monoclonal
mouse antihuman antibodies: epidermal growth factor receptor
(Merck; clone E30; dilution, 1:20), platelet-derived growth factor

FIGURE 1. 11C-MET PET of 39-y-old
man with malignant progression of re-
current glioma. (A) Newly diagnosed
grade II astrocytoma with average 11C-
MET uptake of 1.3 to contralateral
gray matter, with no enhancement on
contrast-enhanced CT and no immuno-
histochemical VEGF expression. (B)
One year later, patient presented with
malignant progression to grade III as-
trocytoma associated with significant
increase in 11C-MET uptake (to 2.1-fold)
and only slight contrast enhancement
outside metabolically active tumor. His-
tologic analysis from resection showed
increase in cellularity, numerous pleo-
morphic nuclei, and low VEGF expres-
sion. (C) In following year, resection of
tumor again confirmed malignant pro-
gression to glioblastoma multiforme,
showing markedly increased uptake of
11C-MET (to 2.8-fold), marginal contrast
enhancement on MRI, and ;35% of
tumor cells expressing VEGF (original
magnification, ·400). PET-guided biop-
sies were taken from region with highest
11C-MET uptake, which was in different
locations within same tumor over time.

1964 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 50 • No. 12 • December 2009



receptor (BD Biosciences; clone 28; dilution, 1:200), retinoblas-
toma protein (pRb) (Zymed Laboratories; clone Rb1; dilution,
1:50), pentaerythritol tetranitrate (PTEN) (Biogenex; clone 28H6;
dilution, 1:10), and vascular endothelial growth factor (VEGF)
(DCS; clone VG1; dilution, 1:50). Histologic evaluation was
performed by 2 independent neuropathologists. The number of
immunoreactive nuclei was determined, comprising 3 areas (F1,
F2, and F3) of 3 high-power fields each, with maximal frequency,
moderate frequency, and minimal frequency, respectively, of
immunoreactive nuclei. The number of positive nuclei was
determined as F1 plus F2 plus F3, divided by 3 (%).

Statistical Analysis
Statistical analyses were performed using SPSS software (release

11.0.1, SPSS Inc.). For correlation analysis, the Pearson method was
applied, with subsequent parametric tests; 2-sample ANOVA was
used for comparisons between the groups with and without malig-
nant progression. Tests were performed 2-sided at a significance
level of 0.05, and the P values were understood in an explorative
sense regarding the multiple-hypothesis problem. The sensitivity and
specificity of changes in 11C-MET uptake were calculated for several
thresholds, and the optimum cut-off was determined by receiver-
operating-characteristic analysis. An iterative leave-one-out ap-
proach was used to validate the receiver-operating-characteristic
analysis. At each step, 1 case (i.e. 1 follow-up) was left out of the
analysis; a fit of the model was produced for the remaining follow-
ups, and a malignant progression prediction was made for the left-
out case. Thus, each follow-up value was compared with the cohort
of the remaining 32 of 33 values with regard to its individual
percentage change in 11C-MET uptake. Moreover, baseline 11C-
MET uptake was included as a covariate in a Cox regression model
to investigate its relation to the time to histologic progression. To
avoid an artificial reduction of variance caused by the mixing of
independent and dependent observations, we used the data of only
the first follow-up investigation (n 5 24) for all methods of statistical
inference (Pearson method and 2-sample ANOVA).

RESULTS

Malignant Progression as Detected by 11C-MET PET

For evaluation of the correlation between 11C-MET
uptake and histologic progression of the tumor, we calcu-
lated the percentage change in 11C-MET uptake between
the prior 11C-MET PET examination and the subsequent
examination. The percentage change in 11C-MET uptake
was then compared with the progression as assessed by
histology and immunohistochemistry.

For the 24 patients, 57 PET scans with corresponding
histologic investigations were available. Among the 24
patients, 16 patients underwent 1 follow-up investigation,
7 patients underwent 2, and 1 patient underwent 3, leading
to a total of 33 follow-up investigations. Among these 33,
20 showed histologically proven malignant progression of
the tumor. Eleven tumors progressed from grade II to grade
III, 6 from grade III to grade IV, and 3 from grade II to
grade IV. In 13 cases, the biopsy did not indicate malignant
progression.

The mean percentage increase in 11C-MET uptake
between PET studies in the group with histologically
proven malignant progression was 54.4% (SD, 45.5%;

range, 3.1%2162.2%). In contrast, the mean percentage
change in 11C-MET uptake in the group without a change
in tumor grade was 3.9% (SD, 13.7%; range, 224.4% to
26.3%) (Fig. 2). The mean difference in change in 11C-
MET uptake between the group with malignant progression
and the group without was highly significant (P , 0.001).

To identify the percentage increase in 11C-MET uptake
that best distinguished malignant from nonmalignant pro-
gression, we performed a receiver-operating-characteristic
analysis (Fig. 3) and calculated the sensitivity and speci-
ficity for each value. The percentage change in 11C-MET
uptake that best determined malignant progression was
14.6% (sensitivity, 90%; specificity, 92.3%). The area under
the curve was 0.96. At a threshold of 14.6%, we identified
in only 2 of 20 cases (10%) false-negative 11C-MET uptake
findings of malignant progression. In both these tumors, the
percentage increase in 11C-MET uptake was less than
14.6% (3.1% and 9.0%, respectively). Malignant progres-
sion in both these cases was from grade III to grade IV. We
had only 1 false-positive 11C-MET uptake finding; uptake
increased by 26.3% whereas the tumor remained histolog-
ically stable at grade II. For the 14.6% threshold, positive
predictive value was 94.7% and negative predictive value
was 85.7%. In the 33-fold cross-validation using the leave-
one-out strategy, we correctly classified 30 of 33 follow-up
investigations; 1 observation was false-positive and 2 were
false-negative, using the 14.6% threshold for change in
11C-MET uptake.

The increase in 11C-MET uptake clearly differed be-
tween progression from grade II to grade III and pro-
gression from grade III to grade IV, being 72.9% (SD,
46.2%) and 33.5% (SD, 35.4%), respectively (Table 2). The
change in uptake for progression from grade II to IV was
heterogeneous: 77% in 1 case but only 18.5% and 18.9% in
the other 2 cases.

We further analyzed the influence of baseline 11C-MET
uptake on the time to tumor progression but found no
interrelationship between these parameters (P 5 0.96).

FIGURE 2. Comparison of value of 11C-MET uptake ratio
at time of biopsy vs. percentage change in 11C-MET uptake
in distinguishing malignant from nonmalignant progression.
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Moreover, we compared absolute 11C-MET uptake ratios at
follow-up with changes in 11C-MET uptake for their
potential in distinguishing between malignant and non-
malignant progression: for changes in 11C-MET uptake in
patients with malignant progression (38.2%283.3%) and
without malignant progression (213.2% to 6.6%), the 95%
confidence intervals were separated, whereas for absolute
11C-MET uptake ratios at follow-up, the 95% confidence
intervals overlapped (1.5–2.7 uptake ratio for malignant
progression and 2.4–3.1 uptake ratio for stable disease),
suggesting that relative changes between uptake ratios more
sensitively distinguish malignant progression from stable
disease (Fig. 2).

Changes in Contrast Enhancement on MRI or CT
During Malignant Progression

For 48 of 57 PET investigations, corresponding MRI
(n 5 36) or CT (n 5 12) had been performed within 6 d
beforehand. Using a yes/no categorization, we analyzed for
the presence or absence of changes in tumor accumulation

of contrast agent in 28 PET-corresponding follow-up in-
vestigations. We compared regions of contrast enhance-
ment on the MRI or CT with regions of increased 11C-MET
uptake (Table 3).

The MRI or CT measurements were obtained in 17 cases
of histologically proven malignant progression and in
11 cases of no progression. We did not observe coherence
between newly appearing contrast enhancement on MRI
and an increase in 11C-MET uptake and histologic malig-
nant progression. In 8 of 17 cases with histologically
proven malignant progression, tumor progression could be
detected by newly appearing contrast enhancement on MRI
or CT. In 6 of 17 cases, we observed contrast enhancement
at baseline as well as at follow-up. In 3 of 17 cases, we
observed contrast enhancement neither at baseline nor at
follow-up.

In 7 of 11 cases without histologically proven malignant
progression, we observed contrast enhancement on baseline
MRI or CT as well as at follow-up. In 1 of 11 cases, MRI
and CT showed contrast enhancement neither in the prior
investigation nor in the subsequent investigation. Three of
11 patients showed newly appearing contrast enhancement
on MRI without histologic signs of malignant progression.

Correlation of Molecular Changes on Immunostaining
with Metabolic Changes on 11C-MET PET

Histologic analysis was performed on the 52 biopsy
samples that corresponded to the PET investigation. All 52
samples were immunostained for Ki-67, VEGF, epidermal
growth factor receptor, p53, PTEN, platelet-derived growth
factor receptor, and pRb. To avoid an artificial reduction of
variance caused by mixing independent and dependent
observations, we used only the data of the first follow-up
investigations in determining correlations between changes
in 11C-MET uptake and changes in the expression of
molecular markers. Changes in the expression level of
VEGF correlated to changes in 11C-MET uptake (r 5 0.62,
P 5 0.005), indicating that an increase in 11C-MET uptake
was related to tumor angiogenesis (Fig. 4). No significant
correlation was observed between changes in 11C-MET
uptake and changes in the expression pattern of Ki-67,
epidermal growth factor receptor, p53, PTEN, platelet-
derived growth factor receptor, or pRb.

DISCUSSION

This study indicated that 11C-MET PET enables the
noninvasive detection of malignant progression in patients
who have gliomas with clinical or radiologic findings of

FIGURE 3. Receiver operating characteristic analysis to
identify change in 11C-MET uptake for differentiation
between malignant progression of tumor grade and no
malignant progression. Percentage increase that best
distinguished malignant progression from no malignant
progression was at threshold of 14.6%, with sensitivity of
90% and specificity of 92.3%.

TABLE 2. Changes in 11C-MET Uptake in Patients Without Tumor Progression or with Various Degrees
of Progression

Malignant progression

Parameter None (n 5 13) From grade II to III (n 5 11) From grade III to IV (n 5 6) From grade II to IV (n 5 3)

Mean 3.9% 72.9% 33.5% 38.1%

SD 13.7% 46.2% 35.4% 33.6%
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tumor progression. Moreover, a correlation was found
between changes in 11C-MET uptake and changes in VEGF
expression, suggesting a potential link between amino acid
transport and tumor angiogenesis.

In gliomas, the early detection of malignant transforma-
tion from WHO grade II to grade III or from WHO grade
III to grade IV is of high clinical importance because the
decision to apply a specific treatment depends mainly on
the WHO grade. The mean interval for progression from
low-grade glioma to high-grade glioma ranges from 4 to 5 y
(19,20). Moreover, malignant progression in gliomas is
unpredictable and in many cases not clearly detectable on
the basis of clinical symptoms or MRI findings alone. Thus,
11C-MET PET might provide sensitive and specific in-
formation on tumor activity and malignant progression in
patients with gliomas when a clear answer cannot be
obtained on the basis of clinical or MRI findings alone.
Repeated 11C-MET PET gives a clear indication of malig-
nant glioma progression and should be used in conjunction
with MRI to decrease the need for diagnostic stereotactic
interventions.

One major limitation of the study was the lack of an
independent sample of patients without clinical or radio-
logic signs of malignant progression to validate the accu-
racy of the calculated threshold for the change in 11C-MET
uptake. However, because of the radiation exposure and the
risks related to invasive stereotactic biopsies, the inclusion
of patients without signs suggestive of malignant pro-

gression is not ethically feasible. Thus, we performed
a cross-validation in a leave-one-out strategy for all re-
ceiver-operating-characteristic analyses to confirm whether
the assessed threshold for changes in 11C-MET uptake was
accurate in indicating malignant progression. However,
1 patient in the study showed an increase in 11C-MET
uptake without histologic signs of malignant progression.
Thus, future prospective studies with constant time points
between 11C-MET PET investigations are required to
confirm the accuracy of the determined threshold and to
validate the specificity of 11C-MET PET in detecting
malignant progression.

Although it has been shown that the high interindividual
variability of 11C-MET PET does not allow for glioma
grading at first diagnosis (14)—most likely because of the
differential effects of oligodendroglial tumor components
on tumor vessels and the related amino acid uptake—we
here demonstrated that 11C-MET PET may be valuable for
the intraindividual follow-up of biologically active glioma
tissue after treatment to determine the time of tumor
progression. The important parameter is not the absolute
11C-MET uptake ratio but the change between two 11C-
MET measurements within the same individual.

We further sought to analyze the relationship between
changes in 11C-MET uptake and molecular markers as
assessed by immunohistochemistry. We found that changes
in 11C-MET uptake are related to VEGF expression. It is
well known that the mammalian target of rapamycin is
downstream from the VEGF/VEGF receptor 2 pathway via
phosphatidylinositol-39-kinase/AKT regulated by VEGF
(21,22). Mammalian target of rapamycin again modulates
amino acid transport by regulating the expression of L-type
amino acid transporter 1 (23). Although the correlation
between changes in 11C-MET uptake and VEGF expression
is relatively weak, we hypothesize that there might be
a crosslink between VEGF receptor 2 signaling and amino
acid transport. The activation of VEGF/VEGF receptor
2 signaling induces mammalian target of rapamycin kinase
activity, with mammalian target of rapamycin being a key
enzyme regulating amino acid transport. The hypothesis
that 11C-MET uptake may serve as a surrogate marker for
activated VEGF receptor signaling remains to be investi-
gated. We did not find a significant correlation between
changes in epidermal growth factor receptor, PTEN, pRb,
p53, Ki-67, or platelet-derived growth factor receptor
expression and changes in 11C-MET uptake. Although
epidermal growth factor, PTEN, pRb, p53, and Ki-67 are
major factors in the genetic pathway to malignant trans-
formation in gliomas, they contribute mainly to changes in
the cell cycle and therefore cell proliferation (24–27).

One major effect of VEGF is the induction of vascular
permeability, with consequent disruption of the vascular
barrier (28,29). To evaluate the relationship between 11C-
MET uptake and leakage of the blood–brain barrier, we
further analyzed whether 11C-MET uptake is accompanied
by contrast enhancement on MRI as a marker of high

TABLE 3. Changes in Contrast Enhancement in Relation
to Histologically Proven Malignant Progression

Newly appearing contrast
enhancement on MRI/CT

Malignant progression Present Absent

Present 8 9

Absent 3 8

FIGURE 4. Correlation between changes in expression of
VEGF and changes in 11C-MET uptake during first follow-up
investigation.
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vascular permeability. Interestingly, we observed in 21%
of the patients 11C-MET accumulation without contrast
enhancement on MRI. This observation underlines—as
reported in previous studies—the fact that 11C-MET uptake
is not related mainly to an elevated diffusion through
leakage of endothelial cell–cell junctions but to specific
amino acid transporter systems (8,18,30). Consequently,
11C-MET can be considered a radiolabeled tracer for
determining the activity of the amino acid transport system
independently of the state of the blood–brain barrier.

We further examined the value of newly appearing
contrast enhancement in detecting malignant progression.
In this study, contrast enhancement on MRI or CT was not
indicative of malignant progression in WHO grade. Al-
though not all our patients underwent MRI, these findings
are in line with a previous study by Scott at al. describing
the inaccuracy of contrast enhancement as a marker for
assessing glioma malignancy in 314 patients (31). Over the
study period, new MRI parameters such as diffusion or
perfusion-weighted imaging were implemented in the di-
agnosis of brain tumors. It remains to be investigated
whether changes in diffusion or perfusion-weighted imag-
ing might allow for the detection of malignant progression
in patients with gliomas, as well.

CONCLUSION

These data suggest that 11C-MET PET is a marker for the
noninvasive detection of malignant progression in patients
with gliomas. Because of the relatively few patients in this
retrospective study, prospective studies are required to
further validate these results.
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