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Abstract. Gliomas are genetically and histopathologically 
heterogeneous. Intratumoral heterogeneity in the MGMT 
promoter methylation status is an important clinical biomarker 
of glioblastoma. A higher uptake of 11C‑methionine in posi-
tron‑emission tomography (PET) reportedly reflects increased 
MGMT promoter methylation; however, non‑stereotactic 
comparison of MGMT methylation and 11C‑methionine PET 
images may not be accurate. The present study examined 
the correlation between 11C‑methionine uptake and MGMT 
promoter methylation in non‑enhancing gliomas using 
stereotactic image‑based histological analysis. Data were 
collected from 9 patients with newly diagnosed non‑enhancing 
glioma who underwent magnetic resonance imaging and 
11C‑methionine PET during pre‑surgical examination. Clinical 
data were also collected from 3 patients during repeat surgery. 
The correlation between 11C‑methionine uptake and MGMT 
methylation or cell density was analyzed using histological 

specimens obtained by multiple stereotactic sampling and an 
exact local comparison of 11C‑methionine PET images and 
histological specimens was made. A total of 31 stereotactic 
sample sites were identified. In newly diagnosed cases, the 
tumor to normal uptake (T/N) ratio revealed a significant posi-
tive correlation with MGMT methylation (R=0.54, P=0.009) 
and a marginal correlation with cell density (R=0.42, P=0.05). 
In recurrent cases, the T/N ratio demonstrated no correlation 
with MGMT methylation (R=0.01, P=0.97) or cell density 
(R=0.15, P=0.70). An increased uptake of 11C‑methionine 
in PET may reflect increased MGMT promoter meth-
ylation according to stereotactic image‑based histological 
analysis. 11C‑methionine PET could therefore be a useful 
tool for detecting regional MGMT promoter methylation in 
non‑enhancing primary glioma. 

Introduction

MGMT promoter methylation is associated with a favorable 
outcome after temozolomide chemotherapy in patients with 
newly diagnosed glioblastoma (1). Furthermore, temozolo-
mide rechallenge is a treatment option for recurrent MGMT 
promoter‑methylated glioblastoma (2). Evaluation of MGMT 
methylation status is thus important for treatment of primary 
and recurrent glioma.

Gliomas are genetically and histopathologically heteroge-
neous (3‑5). A previous study has demonstrated intratumoral 
heterogeneity in MGMT promoter methylation status  (6). 
Therefore, it is doubtful that a single biopsy specimen can 
represent the molecular landscape of the entire tumor.

MGMT promoter methylation status can change between 
the first surgery for newly diagnosed glioblastoma and a 
second surgery for recurrent disease (7,8). The development 
of reduced methylation in the MGMT promoter leads to 
acquired therapeutic resistance after temozolomide treatment 
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in glioblastomas (9). Re‑evaluation of MGMT promoter meth-
ylation status at the time of recurrence is therefore important 
for selecting treatment.

Attempts to assess gene mutations non‑invasively by 
imaging technology have been conducted in the past, but there 
are few reports on image evaluation of glioma‑related gene 
mutations  (10‑15). However, among these, 11C‑methionine 
positron‑emission tomography (11C‑methionine PET) has been 
proven to be a useful tool for detecting MGMT promoter meth-
ylation in non‑enhancing glioma (12). Nevertheless, given the 
heterogeneity of MGMT promoter methylation status in gliomas, 
a non‑stereotactic comparison of MGMT promoter methylation 
and 11C‑methionine uptake in PET images may not be accurate.

In this study, the correlation between 11C‑methionine PET 
and MGMT promoter methylation status in non‑enhancing 
gliomas was stereotactically verified.

Materials and methods

Subjects and glioma tumor samples. The present study was 
performed in accordance with the principles of the Helsinki 
Declaration, and approval for this study was obtained from 
the ethical committee of Osaka National Hospital (no. 94, IRB 
no. 0713). All patients provided written informed consent.

Clinical data were collected from 9 patients with newly 
diagnosed glioma, who underwent both magnetic resonance 
imaging (MRI) and 11C‑methionine PET as part of their 
pre‑surgical examination, from 2014 to 2017. Clinical data were 
also collected from 3 of 9 patients with newly diagnosed glioma 
during surgery for recurrent disease. Recurrent cases received 
chemotherapy or chemoradiotherapy prior to 11C‑methionine 
PET examination. Tumor tissue specimens were also obtained 
from each patient. Multiple tissue sites were stereotactically 
sampled, and each sample was evenly divided. One part of each 
sample was subjected to pathological examination and the other 
was subjected to MGMT methylation status analysis.

Histopathological analysis. A subset of the tumor samples 
was fixed in 10% formalin and embedded in paraffin wax 
following standard procedures. In each case, hematoxylin and 
eosin (H&E)‑stained sections were examined to classify the 
tumors according to the World Health Organization (WHO) 
International Histological Classification of Tumors. Cell 
counting was performed under a light microscope (Olympus 
Corporation, Tokyo, Japan; x200 magnification) and data were 
recorded as the mean of 3 different locations within the spec-
imen according to the method used in our previous study (16).

Genomic DNA Extraction. Tumor samples were immediately 
frozen in liquid nitrogen and stored at ‑80˚C. Genomic DNA 
was extracted using the DNeasy Blood and Tissue kit (Qiagen, 
Inc., Valencia, CA, USA), according to the manufacturer's 
protocol (12).

MGMT Promoter Methylation Analysis. MGMT promoter 
methylation status was determined by quantitative meth-
ylation‑specific PCR (qMSP) as described in our previous 
study (12). DNA extracted from tumor tissue was subjected 
to bisulfite modification by an EZ DNA Methylation‑Gold 
kit (Zymo Research Corp., Irvine, CA, USA), according to 

the manufacturer's instructions. Bisulfite‑modified DNA was 
analyzed by qMSP using the QuantStudio™ 12K Flex Real‑Time 
PCR System (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) with POWER SYBR® Green PCR Master Mix (Thermo 
Fisher Scientific, Inc.). Methylated and unmethylated DNA 
molecules were amplified separately using specific primers (17). 
Quantification of methylated and unmethylated sequences was 
performed by employing the standard curve method, using 
serial dilutions of bisulfite‑modified EpiScope® Methylated 
HCT116 gDNA (Takara Bio, Inc., Shiga, Japan), which is highly 
methylated by CpG methylase, and EpiScope® Unmethylated 
HCT116 DKO gDNA (Takara Bio, Inc.), obtained from cells that 
genetically lack both DNA methyltransferase 1 and DNA meth-
yltransferase 3B. The percentages of methylation and standard 
deviations (S.D.) were calculated from triplicate PCRs.

11C‑methionine PET. PET images were obtained using a 
SET‑3000 GCT/X scanner (Shimadzu Corp., Kyoto, Japan) 
with gadolinium oxyorthosilicate crystals as emission detec-
tors. The 11C‑methionine tracer was synthesized in accordance 
with the method described by Berger et al (18) and injected 
intravenously at a dose of 111‑222 mBq (3‑6 mCi). Tracer 
accumulation was recorded over 15 min in 99 transaxial slices, 

spanning the entire brain. The summed activity at 20‑35 min 

after tracer injection was used for image reconstruction. Images 
were stored in 256x256x99 anisotropic voxels, with a voxel size 
of 1x1x2.6 mm. The tumor/normal tissue (T/N) ratios were 
calculated stereotactically by dividing the standard uptake value 
(SUV) for the tumor by the SUV of the contralateral lesion in 
the same way as in our previous study (16).

Magnetic resonance imaging. All patients were studied using 
a 1.5 T whole‑body MR system (Achieva; Philips Healthcare, 
Amsterdam, The Netherlands) within a week before the 
operation. T1‑weighted imaging with gadolinium enhance-
ment was used to select patients with non‑enhancing gliomas. 
T2‑weighted (T2) or FLAIR images were acquired in all cases 
for delineation of tumors.

Image fusion and registration. We used the Brainlab 
VectorVision compact neuronavigation system (Brainlab, 
Munich, Germany). This neuronavigation system is composed 
of a surgical planning workstation with software tools for 
coregistration of multimodal image sets. The PET image was 
registered on fluid‑attenuated inversion recovery (FLAIR) 
standard anatomical MRI images using the Brainlab 
VectorVision compact neuronavigation system. These regis-
tered images were transferred to the navigation system for 
stereotactic surgery.

Surgery for stereotactic multiple sampling evaluation. We 
used a stereotactic multiple sampling evaluation for gliomas 
as previously described (16). The location for tumor biopsy 
was preoperatively determined on FLAIR images and 
11C‑methionine PET. 3D gapless FLAIR images and PET data, 
co‑registered beforehand, were transferred to the Brainlab 
VectorVision compact neuronavigation system and the biopsy 
target for histopathological examination was planned (Fig. 1). 
Standard craniotomy was performed under general anesthesia. 
Multiple sampling biopsy was performed in non‑enhancing 
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tumor lesions targeted for resection by inserting a catheter, 
aimed at the target, immediately after craniotomy, in order to 
minimize the error caused by brain shifting. Although multiple 
tissue sampling was performed in some cases, real‑time navi-
gation was performed to confirm the position of each biopsy 
site within the tumor.

Statistical analysis. All data are presented as the mean value 
unless otherwise stated. Statistical analysis was performed 
using JMP version 8 (SAS Institute, Inc., Cary, NC, USA). A 
linear regression model, using the method for least squares, 
was used for modeling 2 or 3 independent variables. A P‑value 
of <0.05 was considered statistically significant.

Results

Patient characteristics. Detailed information on the 9 inves-
tigated patients is listed in Table  I. Tissue specimens at 
31  sampling sites were stereotactically obtained using an 
intraoperative neuronavigation system. All patients had 
non‑enhancing lesions on MRI.

Intratumoral heterogeneity in MGMT promoter methylation 
status. In our previous report, we evaluated the correlation 
between T/N ratio and MGMT methylation in a non‑stereo-
tactic manner, and found that a threshold T/N ratio value of 1.6 
significantly correlated with a quantitative threshold MGMT 
methylation status of 3% (12). Using a positive methylation 
assay threshold of 3, 22.2% (2 of 9) of cases in this study 
demonstrated intratumoral heterogeneity in terms of methyla-
tion levels, with the percentage of methylation varying up to 
4.66‑fold for each case (Table I).

Correlation of PET T/N 11C‑methionine ratio with MGMT 
methylation and cell density in stereotactic image‑based 
histological comparisons. In newly diagnosed cases, the T/N 

ratio correlated positively with MGMT methylation (R=0.54, 
P=0.009) (Fig. 2A). In contrast, the T/N ratio showed a marginal 
correlation with cell density (R=0.42, P=0.05) (Fig. 2B).

In recurrent cases, the T/N ratio did not correlate with 
MGMT methylation (R=0.01, P=0.97) or with cell density 
(R=0.15, P=0.70) (Fig. 3A and B).

Estimation of 11C‑methionine PET with MGMT methylation 
and cell density. We attempted to model the PET T/N ratio 
of 11C‑methionine according to MGMT methylation and cell 
density in newly diagnosed cases. A linear regression model 
indicated the following equation, with an overall P‑value of 
0.025, which was considered statistically significant for fit.

(T/Nr of 11C‑methionie PET)=0.0002xCD+0.004xMGMT+1.1,

where CD is the cell density (cells/mm2) and MGMT indicates 
MGMT methylation (%). Multiple regression analysis revealed 
that MGMT methylation tended to be statistically significant 
for model construction (t=2.03, P=0.057), but cell density was 
not (t=0.87, P=0.4).

Discussion

Previously, we evaluated the highest T/N ratio of 11C‑methionine 
PET in non‑enhancing gliomas, in a non‑stereotactic manner, 
and identified that a higher uptake of 11C‑methionine in PET 
may reflect increased MGMT promoter methylation  (12). 
However, gliomas are genetically and histopathologically 
heterogeneous  (3‑5). A previous report had demonstrated 
intratumoral heterogeneity in MGMT promoter methylation 
status in 14% of cases, with the percentage of methylation 
varying up to 4‑fold within each case, based on pyrosequencing 
results (6). Thus, caution must be taken when interpreting the 
results of genomic biomarker analyses based on a single biopsy 
specimen from a given tumor. Therefore, in this study, we used 

Figure 1. Illustration of the stereotactic sampling method and histological analysis. The sampling site is recorded on the neuronavigation image, which is 
a fused 11C‑methionine PET/magnetic resonance image. Cell density and MGMT methylation are analyzed at precisely the same position in each sampling 
specimen. PET, positron emission tomography.
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stereotactic image‑based histological analysis and identified 
the correlation between the T/N ratio and MGMT promoter 
methylation in multiple, spatially distinct samples of primary 
gliomas. Using qMSP, we found that 22.2% of cases demon-
strated intratumoral heterogeneity in methylation levels.

11C‑methionine uptake is mainly determined by a 
sodium‑independent L‑transporter system in the luminal 
membrane of endothelial cells (19‑21) and correlates with the 
proliferation and microvessel density of tumors (16,18,22,23). 
Although the main metabolic pathway of 11C‑methionine 
is protein incorporation, the conversion of methionine to 
S‑adenosyl‑L‑methionine (SAM) is a minor pathway (24). In 
the brain, methionine is a precursor of SAM (25) which plays 
an important role in DNA methylation processes  (26). The 
activation of methionine to SAM apparently occurs very rapidly 
in the brain, as measured by the conversion of administered 
11C‑methionine, and 11C‑SAM uptake may reflect the enhanced 
transmethylation processes in tumors (24,27). Methionine uptake 
in tumors may be associated with MGMT promoter methylation 
by transmethylation.

In this study, the T/N ratio correlated positively with 
the MGMT methylation rate in primary gliomas, but not in 
recurrent tumors. Various authors have assessed changes in 

MGMT promoter methylation status in paired initial and 
recurrent glioblastoma samples (7,8). Selective survival of 
tumor cells with high MGMT expression during alkylating 
agent therapy may lead to a change in MGMT status at recur-
rence (7,21,28).

In our previous study, we suggested that cell density in 
glioma tissue contributes to 11C‑methionine uptake in stereo-
tactic analysis (16). Furthermore, in another series of patients, 
including those with high grade gliomas, no statistically signifi-
cant difference in T/N 11C‑methionine uptake ratios were found 
between patients with and without MGMT methylation (29,30). 
Methionine uptake in gliomas is governed by changes in tracer 
influx across the blood‑brain barrier (BBB) (31). In previous 
studies (16,29,30), the enhancing gliomas and methionine uptake 
were affected by BBB disruption and reflected the amino acid 
transport system and proliferation. Our present results analyzed 
non‑enhancing gliomas and suggested that MGMT methylation 
tends to contribute markedly more to 11C‑methionine uptake than 
to cell density in glioma tissue. However, the linear correlation 
of MGMT methylation and 11C‑methionine uptake mainly arose 
from oligodendroglioma cases. An evaluation of the grading and 
histological types of gliomas and biopsy sites should be performed 
from this perspective.

Figure 2. Correlation of the T/N ratio of 11C‑methionine positron emission tomography with MGMT methylation and cell density in a histological comparison, 
using stereotactic images of primary gliomas. (A) The T/N ratio reveals a positive correlation with MGMT methylation (R=0.54, P=0.009). (B) The T/N ratio 
shows a marginal correlation with cell density (R=0.42, P=0.05). T/N ratio, tumor to normal uptake ratio.

Figure 3. Correlation of the T/N ratio of 11C‑methionine positron emission tomography with MGMT methylation and cell density in a histological comparison 
using stereotactic images of recurrent gliomas. The T/N ratio revealed no correlation with (A) MGMT methylation (R=0.01, P=0.97) or (B) cell density 
(R=0.15, P=0.7).
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This study was limited by its small sample size. Moreover, it 
remains unclear whether our results will be useful for prognosis 
and predicting response to therapy. Future large‑scale studies are 
required to validate the proposed correlation between MGMT 
methylation and 11C‑methionine uptake in a stereotactic manner.

To the best of our knowledge, no previous study has 
demonstrated stereotactic imaging of MGMT methylation 
status in gliomas using the noninvasive 11C‑methionine PET 
imaging technique. When we investigated the correlation of 
the 11C‑methionine T/N ratio in PET with quantitative MGMT 
promoter methylation for non‑enhancing gliomas in a stereo-
tactic image‑based histological analysis, we found that the T/N 
ratio correlated positively with the MGMT methylation rate in 
primary gliomas. Our findings can contribute to understanding of 
the local characteristics of MGMT methylation status in primary 
and recurrent gliomas.
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