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Abstract We compared the tumor uptake of 11C-methi-

onine (MET) with positron emission tomography (PET)

with the results of a pathological analysis to examine the

proliferative potential and microvessel density measured

with immunostaining for MIB-1 and factor VIII, respec-

tively, from 33 patients with glioma. The MET uptake in

oligodendrogliomas was significantly greater than that in

grade 2 astrocytomas and comparable to those in grade 3

and 4 astrocytomas. The MIB-1 index of oligodendrogli-

oma meanwhile was comparable to that of grade 2

astrocytoma. The microvessel area in oligodendroglioma

was significantly greater than that in grade 2 astrocytomas

and comparable to those in grade 3 and 4 astrocytomas.

According to a multivariate statistical analysis, MET

uptake ratio was closely correlated with the MIB-1 index

among astrocytomas. An increase in the microvessel area

in the oligodendrogliomas contributed to the higher MET

uptake among the tumors with a low-proliferative index.

This information is important for interpreting the results of

MET-PET studies for clinical use.
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Introduction

Morphological imaging using magnetic resonance imaging

(MRI) with gadolinium (Gd) contrast enhancement is the

most widely accepted method for diagnosis in the treatment

of gliomas. The technique has the drawback, however, of

frequent false negatives in tumor regions without blood–

brain barrier (BBB) breakdown. The contrast enhancement

reflects regions of BBB breakdown, whereas glioma cells

usually infiltrate the brain structure without BBB break-

down [1–5]. Positron emission tomography (PET) with

appropriate metabolic tracers plays an important role in

characterizing and delineating gliomas in infiltrative zones

of this type.

The PET examination of 11C-methionine (MET) uptake,

the technique generally considered to provide the most

reliable images for evaluating glioma, has been reported

to delineate gliomas more accurately than MRI [6–9].
11C-methionine readily crosses the intact BBB and is

incorporated into the active tumor cells via the neutral

amino acid transporter system [10, 11]. As a consequence,

MET-PET can delineate the infiltration of malignant gli-

oma cells beyond the area with gadolinium enhancement in

MRI [12]. MET-PET can thus be expected to serve well for

the accurate planning of radical resections of gliomas [13].

The degree of 11C-methionine uptake expressed as a ratio

to control brain has also been found to be an important

factor in predicting the survival periods of patients with

gliomas [6, 14, 15].
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As these previous reports indicate, MET-PET imaging

certainly serves as a useful clinical tool in the course of

glioma treatment. There is some uncertainty, however, in

the mechanism of methionine uptake into the tumor. In one

biochemical analysis, 11C-methionine uptake was reported

to reflect both protein synthesis in tumor cells and amino

acid transport in tumor endothelial cells [16]. Several

reports have suggested that 11C-methionine uptake mea-

sured with PET reflects the proliferative index of gliomas

[17, 18] and microvessel density of tumor tissue, putative

markers of protein synthesis and amino acid transport

through microvessels, respectively [19].

We speculated that an understanding of the correlations

of MET uptake, proliferative index, and microvessel den-

sity with various types of glioma may help to clarify the

mechanism of MET uptake into glioma. In the present

report we retrospectively analyzed our preoperative
11C-methionine PET data to examine whether 11C-methionine

uptake correlates with histopathological analyses of the

proliferation index and microvessel density in gliomas,

mainly focusing on the difference between astrocytomas and

oligodendrogliomas.

Materials and methods

Patients

Tumor specimens were obtained from 33 patients with

supratentorial gliomas who underwent surgery and preop-

erative 11C-methionine PET studies from 1992 to 2001 in

our institution. The subjects included 14 females and 19

males with a mean patient age of 45.5 ± 12.9 (standard

deviation, SD) years. Immediately after surgical resection,

the tumor samples were fixed in 4% paraformaldehyde in

0.1 M phosphate buffer for 24 h and embedded in paraffin.

The tumor samples were stained with hematoxylin and

eosin, then classified according to the malignancy criteria

of the World Health Organization (WHO).

PET scans and data analysis

PET measurements were carried out by measuring the

equilibrated radioactivity 20 min after i.v. MET injection

(250–500 MBq) using a PET scanner (Headtome IV or V,

Shimadzu, Kyoto, Japan). The transmission data were

acquired for each patient with a rotating germanium-68 rod

source for attenuation correction. The regional uptake of

MET was expressed as a standardized uptake value (SUV)

(tissue activity/ml)/(injected radioisotope activity/body

weight (g)) and the uptake into the tumor was expressed as

the ratio of SUV to the contralateral normal brain (T/N

ratio). To determine the SUV of the tumor, the regions of

interest (ROIs) were manually placed over the tumor area

on a maximum of four axial images by one of the authors

Nariai. When the lesion was difficult to detect on the PET

image, the PET data were registered with the patient’s MRI

data for determination on MRI. The image fusion was

performed using an automated image analysis program

[20] in combination with Dr. View v 5.3 image analysis

software (Asahi Kasei Information System, Co. Ltd.,

Tokyo, Japan) on a personal computer.

Cell proliferative index

The cell proliferation rate was measured using a mono-

clonal antibody (MIB-1) against nuclear antigen Ki-67

(Immunotech S. A., Marseille Cedex). The sections were

pretreated in an autoclave to enhance immunoreactivities,

according to the method of Shin et al. [21, 22] with some

modification. After deparaffinization in xylene and rehy-

dration in ethanol, 4 mm sections were autoclaved at

121�C for 15 min in a stainless-steel vessel filled with

10 mM citrate buffer, pH 6.0, to completely immerse the

sections. Immunohistochemical detection was carried out

using a labeled streptavidin–biotin method with a LSAB kit

(DAKO, Kyoto, Japan). The sections were incubated with

the primary antibody for 60 min, reacted in sequence with

biotinylated link antibody (goat antibody to mouse and

rabbit immunoglobulins) followed by peroxidase-labeled

streptavidin, developed with diaminobenzidine, and coun-

terstained with hematoxylin. Cell proliferation was

assessed by screening the slides at low magnification and

finding high proliferative areas by one of another author

Nojiri without knowing the PET data. Tumor cells with

nuclear staining were regarded as positive for MIB-1. The

proliferative index (i.e., positive cells per all tumor cells)

was then calculated as a percentage by counting more than

500 tumor cell nuclei from three microscopic fields at

4009 magnification (the mean of three values was used).

Tumor microvessel density

A rabbit polyclonal antibody against human factor VIII-

related antigen (DAKO, Kyoto, Japan) was used to stain

capillary endothelium. The tumor microvessel density was

represented by the tumor microvessel count and tumor

microvessel area. The tumor microvessel count was

determined by counting the numbers of tumor capillary

vessels per field (0.245 mm2) in three highly vascularized

areas at 2009 magnifications (the mean of the three values

was used). The tumor microvessel area was determined by

calculating the area of tumor capillary vessels per field

(0.173 mm2) and quantified by densitometric scanning with
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an NIH image program for Macintosh in three highly

vascularized areas at 2009 magnification. The percentage

of the area inside the microvessel in the digitized field

(0.173 mm2) was calculated as the mean of three digitized

fields. The three highly vascularized areas were determined

by one of another author Nojiri without knowing the PET

data.

Statistical analysis

All values were expressed as means ± standard deviation

(SD). The differences in the mean values of measured

parameters among various grades of gliomas were com-

pared between oligodendrogliomas and three grades of

astrocytomas by one-way analysis of variance and Dunnet’s

post hoc test. Correlation among the 11C-methionine uptake

ratio, MIB-1 index, and the area of tumor microvessels per

field was analyzed using multivariate analysis of variance

and multifactorial regression analysis. Statistically signifi-

cant difference was determined as P \ 0.05.

Results

Proliferative potentials and methionine uptake on PET

in oligodendrogliomas and astrocytomas

The glial tumors were histologically diagnosed by hema-

toxylin and eosin staining and classified according to the

malignancy criteria of the World Health Organization

(WHO). Twenty-six cases were diagnosed as astrocytomas

and seven cases were diagnosed as oligodendrogliomas.

Thirteen cases of astrocytomas were classified as grade 2,

seven were classified as grade 3, and six were classified as

grade 4, according to the WHO criteria. All seven oligo-

dendrogliomas were classified as grade 2.

The methionine uptake in the PET study on astrocyto-

mas increased for higher tumor grades. That in grade 2

oligodendrogliomas was significantly higher than that in

grade 2 astrocytomas, but not significantly different from

those in grade 3 and 4 astrocytomas (Fig. 1a).

The proliferative activity calculated by MIB-1 staining

indices was quite consistent with the tumor uptake ratio of

methionine in the PET study on astrocytomas. The MIB-1

indices of grade 2 oligodendrogliomas were low, were

significantly different from those of grade 2 astrocytomas,

and were significantly lower than those of grade 3 and 4

astrocytomas (Fig. 1b).

Representative 11C-methionine PET images and photo-

micrographs of MIB-1 immunostaining in gliomas are

displayed side by side in Fig. 2. The 11C-methionine uptake

ratio and proliferative index both increased stepwise with

increases in tumor grade, as demonstrated in Fig. 2a–c. The
11C-methionine uptake ratio in the oligodendroglioma

(Fig. 2d), was higher than that of the grade 2 astrocytoma

(Fig. 2a) in spite of similar MIB-1 staining.

Tumor microvessel characteristics

in oligodendrogliomas and astrocytomas

Figure 3 shows representative immunostaining for factor

VIII-related antigen in tissue sections of grade 2, 3, 4

astrocytomas and grade 2 oligodendrogliomas. The number

of tumor blood vessels appears to increase with increasing

11C-MET uptake ratio
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Fig. 1 a Bar graphs to compare the 11C-methionine uptake ratio in

gliomas. ODG, grade 2 oligodendrogliomas; Grade2, grade 2

astrocytomas; Grade3, grade 3 astrocytomas; Grade4, grade 4

astrocytomas. The 11C-methionine uptake ratio in ODG was signif-

icantly higher than that in Grade 2 but not significantly different from

those in grade 3 and 4 astrocytomas. In astrocytomas, the methionine

uptake ratio increases stepwise with increasing tumor grades.

* P \ 0.05. NS: not significantly different. b Bar graphs to compare

the proliferative index of gliomas. ODG, grade 2 oligodendrogliomas;

Grade2, grade 2 astrocytomas; Grade3, grade 3 astrocytomas; Grade4,

grade 4 astrocytomas. In astrocytomas, the MIB-1 indices increased

stepwise with increasing tumor grades. The MIB-1 indices in ODG

were significantly lower than those of grade 3 and 4 astrocytomas and

were not significantly different from those of grade 2 astrocytoma. **

P \ 0.01. *** P \ 0.001. NS: not significantly different

J Neurooncol (2009) 93:233–241 235

123



Fig. 2 11C-methionine PET images and photomicrographs of MIB-1

immunostaining in gliomas (Original magnification, 2009) were

displayed side by side for representative cases. a 33-year-old female

with grade 2 astrocytoma. 11C-methionine PET image (left) showing

mildly elevated uptake of methionine in the tumor, indicated by

arrow. The ratio of methionine uptake into the tumor compared to the

contralateral normal brain (T/N) was 1.4. The proliferative index

measured with MIB-1 immunostaining was 11% (right). b 39-year-

old male with grade 3 astrocytoma. 11C-methionine PET image (left)

showing higher uptake of methionine in the tumor (arrow) in

comparison to the grade 2 tumor. The T/N of the methionine uptake

was 2.5. The proliferative index measured with MIB-1 immunostain-

ing was 37% (right). c 46-year-old female patient with grade 4

astrocytoma. 11C-methionine PET image (left) showing the highest

methionine uptake among the images in this figure (arrow). The T/N

of the methionine uptake was 4.0. The proliferative index measured

with MIB-1 immunostaining was 44% (right). d 56-year-old female

patient with grade 2 oligodendroglioma. 11C-methionine PET image

(left) showing higher methionine uptake than that in the grade 2

astrocytoma (arrow). The T/N of the methionine uptake was 1.95. The

proliferative index measured with MIB-1 immunostaining was 14%

(right)

Fig. 3 Immunostaining of

factor VIII-related antigen for

the staining of capillary

endothelium in tissue sections

of gliomas (Original

magnification, 2009), for

representative cases. a The

grade 2 astrocytoma shows a

small number of microvessels.

b The grade 3 astrocytoma

shows a greater increase in the

number of microvessels than the

grade 2 tumor. c The grade 4

astrocytoma shows a larger

number of microvessels with

glomeruloid body formation.

d The grade 2

oligodendroglioma shows only

a small number of microvessels,

but those shown are enlarged

and branching
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tumor grade in the astrocytomas. The grade 4 astrocytomas,

that is, the glioblastomas, typically showed endothelial

hyperplasia with glomeruloid body formation (Fig. 3c). We

compared the tumor blood vessel density by counting the

number of capillary blood vessels per high power field in

sections stained with antibodies against factor VIII-related

antigens (Fig. 4a). The microvessel count in grade 2 oligo-

dendrogliomas did not differ from that in grade 2

astrocytomas but fell significantly below those in grade 3

and 4 astrocytomas. The microvessels of oligodendrogli-

oma, on the other hand, were morphologically distinct and

apparently larger than those in the grade 2 astrocytomas

(Fig. 3a, d). Noting these findings, we decided to compare

not only the number of microvessel per area of specimen, but

also the area of tumor capillary blood vessels per field. The

percent microvessel area per field in astrocytomas increased

with increasing tumor grade. The microvessel area in the

grade 2 oligodendrogliomas was significantly greater than

that in grade 2 astrocytomas, but not significantly different

from those in grade 3 and 4 astrocytomas. The mean value of

percent microvessel area was greater in the oligodendro-

gliomas than in the grade 4 astrocytomas.

Multivariate statistical analysis to examine

the correlations among the 11C-methionine uptake

ratio, proliferative index, and microvessel area

in oligodendrogliomas and astrocytomas

The three charts in Fig. 5 plot out the correlations among

the 11C-methionine uptake ratio, percent microvessel area

per field, and proliferative index in oligodendrogliomas and

astrocytomas. The oligodendrogliomas are plotted with

white circles, and the 50% confidence range of normal two-

factor distribution is indicated in the ellipsoid with a solid

line. Astrocytomas are plotted with black dots and the 50%

confidence range of normal two-factor distribution is

indicated in the ellipsoid with the dotted line. Multivariate

analysis indicated that the oligodendrogliomas and astro-

cytomas had significantly different distributions in three-

dimensional space composed of these three parameters

(P \ 0.0001). The plots of the oligodendrogliomas indicate

a lower proliferative index and higher microvessel area

than the plots of the astrocytomas.

Figure 5 shows the pair-wise correlation coefficient for

oligodendrogliomas and astrocytomas. A partial correlation

coefficient, drawn by multiple regression analysis by

excluding the effect of another factor, is displayed as a

matrix in Table 1. All these data indicate that the methio-

nine uptake ratio in the astrocytomas depend heavily on the

proliferative index rather than the microvessel area. In the

oligodendrogliomas, the methionine uptake ratio correlated

with the microvessel area, but not with the proliferative

index. The correlation between proliferative index and

microvessel area also differed between the astrocytomas

and oligodendrogliomas. A significant positive correlation

was observed in the former and a negative correlation was

observed in the latter.

Discussion

11C-methionine PET provides important information for

both the histological malignancy and tumor viability in

brain gliomas. Several reports have shown that methionine

uptake measured by PET is positively correlated with the

proliferative activity of gliomas [17, 18, 23]. The in vitro
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Fig. 4 a Bar graphs to compare tumor microvessel count in gliomas.

ODG, grade 2 oligodendrogliomas; Grade2, grade 2 astrocytomas;

Grade3, grade 3 astrocytomas; Grade4, grade 4 astrocytomas. In

the astrocytomas, the microvessel count increased stepwise with

increasing tumor grades. The microvessel count in grade 2 oligoden-

drogliomas did not significantly differ from that in grade 2

astrocytomas and was significantly less than those in grade 3 and 4

astrocytomas. * P \ 0.05. ** P \ 0.01. NS: not significantly

different. b Tumor microvessel area in gliomas. In the astrocytomas,

the differences in the microvessel area became more significant than

the differences in the microvessel count. The microvessel area in the

grade 2 oligodendrogliomas was significantly greater than that in

the grade 2 astrocytomas (P \ 0.001) and corresponded to that in the

grade 4 astrocytomas
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transport of [3H-methyl]-L-methionine depends on the

proliferation rate of human glioma cells [24]. The tumor

cell density and proliferative activity increase in tumors of

higher malignancy grade, hence the amino acid transport

and protein synthesis in the tumor cells are thought to

increase accordingly. Our data from the present study

revealed that the 11C-methionine uptake ratios in astrocy-

tomas were positively correlated with the histological

malignancy grade and the proliferative activity estimated

by MIB-1 staining indices. The proliferative indices in

grade 2 oligodendrogliomas were low, and similar to those

in grade 2 astrocytomas. The 11C-methionine uptake in

grade 2 oligodendrogliomas, on the other hand, was sig-

nificantly higher than that in grade 2 astrocytomas and

corresponded to those in grade 3 or 4 astrocytomas. A

higher methionine uptake in oligodendrogliomas on PET

has been reported earlier [15, 25], and the mechanism of

the dissociation between the methionine uptake and pro-

liferative potentials has been discussed. The cellular

density or absence of necrosis is unlikely to contribute to

the higher uptake of methionine in grade 2 oligodendro-

gliomas. Rather, the high 11C-methionine uptake in grade 2

oligodendrogliomas is thought to be associated with factors

other than the protein synthesis of the tumor cells. Another

report has suggested that the cell type strongly influences

the degree to which microvessel density contributes to

tumor viability. Microvessel density is an important prog-

nostic indicator for patients with astrocytomas [26], but it

has no apparent influence on the survival of patients with

oligodendrogliomas [27]. According to the biochemical

analyses by Ishiwata et al. [16], the in vivo uptake of

radiolabeled methionine into tumors is influenced both by

the rate of protein synthesis and rate of amino acid trans-

port rate from blood into the tumor cells. Thus, we can

reasonably infer that these two factors may confer different

influences, depending on the tumor cell type. Our present

data and literature review suggest that the methionine

uptake into oligodendroglioma depends on the higher

amino acid transport rate, but not on the increased rate of

protein synthesis, whereas the methionine uptake into

astrocytoma depends strongly on the increased rate of

protein synthesis (i.e., the increased cell proliferation rate).

The amino acid transport mechanism from blood to

brain or tumor has been well investigated. Methionine is

Fig. 5 Three plots to demonstrate the correlation among the
11C-methionine uptake ratio, proliferative index, and microvessel

area in oligodendrogliomas and astrocytomas. Plot 1 indicates the

correlation between the proliferative index (%) and 11C-methionine

uptake ratio. Plot 2 indicates the correlation between the percent

microvessel area per field and the 11C-methionine uptake ratio. Plot 3

indicates the correlation between the proliferative index (%) and

microvessel area (%). Oligodendrogliomas were plotted as white

circles. Astrocytomas were plotted with black dots. Ellipsoids are

indicated for oligodendrogliomas (solid line) and astrocytomas

(dotted line) to indicate 50% normal distribution in two dimensions.

Pair-wise correlation coefficient was displayed beneath each plot for

oligodendrogliomas (O) and astrocytomas (A)

Table 1 Partial correlation matrix among MET-ratio, MIB-1 index (%), and microvessel area (%) astrocytomas and oligodendrogliomas

MET-ratio MIB-1 index (%) Microvessel area (%)

MET-ratio / 0.5634* 0.1867*

MIB-1 index (%) 0.2338a / 0.4785*

Microvessel area (%) 0.4047a -0.6974a /

* Partial correlation coefficient among astrocytomas
a Partial correlation coefficient among oligodendrogliomas
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one of the large neutral amino acids. Large neutral amino

acids share a single transporter that can be characterized as

a Na?-independent system L in the luminal membrane of

the BBB [10, 11]. System L transporter was originally

described by Oxender and Christensen [28]. The 4F2hc

surface antigen, a known marker of normal and neoplastic

cell growth, has been identified as an activator of system L

transporter [29]. The system is currently referred to as the

‘‘large neutral amino acid transporter 1’’ (LAT1). LAT1 is

reported to be strongly expressed several tumor cell lines

[24] and in tumor endothelial membrane [30, 31]. The

physiology of amino acid transport has also been well

theorized. The rate of transfer through the transporter is

determined by the product of permeability and surface area

of the vessels [32, 33]. Once we suppose that the trans-

porter itself has the same molecular structure among brain

and tumor microvessels and distributes evenly in the

endothelial wall, we can determine the transfer rate by the

surface area of the microvessels. An increased number of

microvessels per tissue volume and the enlargement of

individual microvessels can both lead to a higher surface

area of microvessels.

Others have investigated the correlation between methi-

onine uptake and the characteristics of brain and tumor

microvessels. The accumulation of 11C-methionine in the

normal brain tissue and the microvessel count of non-

tumoral brain are both higher in gray matter than in white

matter [34, 35]. There is no difference of 11C-methionine

uptake between tissues with and without endothelial pro-

liferation [36]. There have been conflicting results as to the

microvessel counts in oligodendrogliomas. Some reports

have suggested that, there are more microvessels in grade

2 oligodendrogliomas than in grade 2 astrocytomas [19, 36],

while others have shown that the microvessel count of oli-

godendroglioma was similar to that of astrocytoma grade

2 [37]. Kracht et al. recently identified a strong correlation

between the number of microvessels and the 11C-methionine

uptake in gliomas [19]. The microvessels count in our study

increased together with the tumor grade in astrocytoma,

whereas that in grade 2 oligodendrogliomas was signifi-

cantly smaller than in grade 2 astrocytomas. Our results

indicate that the higher 11C-methionine uptake in grade

2 oligodendrogliomas is not caused by an increase in the

microvessel count.

We previously found that, the concentrations of endo-

statin, an endogenous inhibitor of angiogenesis, are

strongly correlated with the tumor microvessel area per

field, but only weakly correlated with the number of tumor

microvessels per field [38]. As each microvessel of grade 2

oligodendrogliomas appeared to be both enlarged and

branching, we decided to estimate the microvessel area

instead of the microvessel count. The microvessel area in

oligodendrogliomas was significantly larger than that in

grade 2 astrocytomas, and similar to those in grade 3 and 4

astrocytomas. The 11C-methionine uptake ratio was posi-

tively correlated to the microvessel area in grade 2

oligodendrogliomas. These findings are supported by

recent evidence showing that the tumor relative cerebral

blood volume (rCBV) is significantly higher in grade 2

oligodendrogliomas than in grade 2 astrocytomas [39].

Other reports have suggested that, the rCBV ratios corre-

late significantly with the histologic vascularity in gliomas

[40, 41]. Our results indicate that an increase in the tumor

vascular bed (i.e., an increased vessel surface area) could

cause higher amino acid transportation followed by higher

methionine uptake on PET in grade 2 oligodendrogliomas.

Our data from this study support the use of 11C methionine

PET as a marker of proliferative potential in the clinical

management of astrocytomas. There is uncertainty, how-

ever, in how to interpret the variation of the 11C methionine

PET among oligodendrogliomas. We should note that

malignant oligodendroglioma was not included in our anal-

yses. It thus remains uncertain how 11C-methionine uptake,

tumor proliferative potential, and microvessel area correlate

in the full series of oligodendrogliomas, including malignant

subtypes. The negative correlation between cell proliferative

potential and microvessel area among oligodendroglioma

(presented in Fig. 5c) may have something to do with earlier

evidence from Miwa et al. suggesting that 11C-methionine

uptake is decreased in the malignant component of oligo-

dendroglial tumor [42]. On this point, however, we need

further validation through an accumulation of more oligo-

dendroglioma cases including anaplastic oligodendroglioma

and oligoastrocytoma cases in future studies.

Conclusions

The 11C-methionine uptake ratio in PET study was posi-

tively correlated with the proliferative index in

astrocytomas. The methionine uptake was significantly

greater in grade 2 oligodendrogliomas than in grade 2

astrocytomas, while the proliferative index was almost the

same. The increase in tumor microvessel area without an

accompanying increase in the microvessel count corre-

sponded to the higher methionine uptake in grade 2

oligodendrogliomas. The determinant of the elevated

uptake of methionine may differ between astrocytomas and

oligodendrogliomas. An understanding of this issue is

highly important in using 11C-methionine imaging for the

clinical management of gliomas.
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mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.
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