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Abstract: We retrospectively evaluated the usefulness of combined measurement of
L-methyl-[''C]methionine (MET) and 3'-deoxy-3'-["*F]fluorothymidine (FLT) positron
emission tomography (PET) in the differential diagnosis between recurrent gliomas and
necrotic lesions. Twenty-one patients with high-grade glioma, previously treated with
surgery and radiotherapy with chemotherapy and first radiological suspicion of recurrence
were enrolled. The uptake was assessed by the maximum standardized uptake value
(SUVmax) and lesion-to-normal tissue count density ratio (L/N ratio). Of the 21 lesions,
15 were diagnosed recurrent gliomas and six were necrotic lesions. The average SUVmax
was not significantly different between recurrent gliomas and necrotic lesions on either
MET-PET or FLT-PET. The average L/N ratio of recurrent gliomas (3.36 = 1.06) was
significantly higher than that of necrotic lesions (2.18 + 0.66) on MET-PET (p < 0.01) and
the average L/N ratio of recurrent gliomas (7.01 + 2.26) was also significantly higher than
that of necrotic lesions (4.60 = 1.23) on FLT-PET (p < 0.01). ROC curve analysis showed
that the areas under the curves were high but not different between MET- and FLT-PET.
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PET studies using MET and FLT are useful in the differentiation of recurrent glioma from
treatment-induced necrotic lesion. However, there is no complementary information in the
differentiation with simultaneous measurements of MET- and FLT-PET.

Keywords: fluorothymidine (FLT); malignant glioma; methionine (MET); necrosis;
positron emission tomography; recurrence

1. Introduction

Recurrence in glioma may occur after macroscopic total removal of tumor or stabilization of tumor
with treatment. In many cases, recurrence occurs at the initial tumor bed or within 2 cm of the primary
site [1]. Radiation injury and postoperative changes are also usually found around the primary site.
Moreover, radiation necrosis and recurrent tumor frequently coexist [2]. Differentiation between
recurrent tumor and necrotic tissue changes is crucial because the two entities require different
treatment strategies and have a completely different prognosis. Treatment-induced necrosis can
produce disruption in the blood-brain barrier (BBB) by endothelial damage, and thus contrast
enhancement and edema are indistinguishable from recurrent tumor on conventional magnetic
resonance imaging (MRI) [3].

Positron emission tomography (PET) can overcome the limitation of conventional MRI and can be
used to derive information on tumor metabolism. PET with L-methyl-[''C]methionine (MET) is a
well-established imaging tool for brain tumour detection [4], tumour grading [5-7], prediction of
prognosis [6,8,9], evaluation of response to treatment [10-13], and differentiation between tumor
recurrence and radiation necrosis [14,15] in patients with gliomas. However, increased MET uptake in
non-neoplastic lesions including inflammation, infarction, or hemorrhage may cause a false positive
result [16,17]. The short half-life of ''C (20 min) and rapid in vivo degradation also make MET-PET
less useful for routine clinical use. A fluorinated thymidine analog, 3'-deoxy-3'-["*F]fluorothymidine (FLT),
has emerged as a promising PET tracer for evaluating tumor proliferating activity in various malignant
brain tumors [18-20]. FLT is phosphorylated by thymidine kinase-1 (TK1), a principle enzyme in the
salvage pathway of DNA synthesis, and trapped inside the cells. Phosphorylated FLT appears resistant
to degradation and is suitable for imaging with PET. The application of FLT phosphorylation as a
marker of cell proliferation is based on the assumption that cellular FLT trapping is a representation of
thymidine incorporation into DNA [21,22]. As FLT uptake in the normal brain tissue is very low,
FLT-PET provides a low-background brain image and thus is considered to be an ideal PET tracer for
the imaging of brain tumors. FLT-PET has been found useful for noninvasive grading of newly
diagnosed gliomas [7,18-21,23]. However, there is some data on the value of FLT-PET in the
evaluation of recurrent brain tumors [24,25]. A recent study shows that FLT-PET has a high sensitivity
but a low specificity, which has a limited role in the diagnosis of recurrent gliomas [25]. This
retrospective study was conducted to evaluate the usefulness of combined use of MET-PET and
FLT-PET in the differential diagnosis between recurrent gliomas and treatment-induced necrotic lesions.
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2. Results and Discussion
2.1. Results
2.1.1. Visual Assessment

Of 21 lesions, 15 were recurrent tumors (initial diagnosis; eight glioblastomas, three anaplastic
oligoastrocytomas, two anaplastic astrocytomas, one gliosarcoma, and one gliomatosis cerebri) and six
were necrotic lesions by the final diagnosis. All lesions showed moderate to strong enhancement effect
on T1-weighted MR image after gadolinium administration.

All 15 recurrent gliomas showed increased uptake on FLT- and MET-PET (Figure 1A). Of the six
necrotic lesions, all showed increased uptake on FLT-PET and five lesions showed increased uptake on
MET-PET (Figure 1B). The MET uptake of one necrotic lesion (Case 19) was faint compared to the
normal brain parenchyma (L/N ratio of 1.25).

Figure 1. (A) Imaging of a 22 year-old female (case 9) with glioblastoma, previously
treated with tumor resection followed by conventional radiotherapy and temozolomide.
T1-weighted contrast enhanced MR image showing irregular enhancement in the right
occipital lobe. MET-PET and FLT-PET show intense uptake of tracer in the lesion.
Recurrent glioblastoma was pathologically confirmed by surgery; (B) Imaging of 61 year-old
female (case 21) with glioblastoma, previously treated with tumor resection followed by
conventional radiotherapy and temozolomide. T1-weighted contrast enhanced MR image
showing enhanced mass in the left temporal lobe. MET-PET shows mild uptake of tracer
and FLT-PET shows faint uptake of tracer in the lesion. Necrosis and gliosis dominant
tissue was pathologically confirmed by surgery.
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2.1.2. Semi-Quantitative Analysis

The average SUVmax of 15 recurrent gliomas (4.59 + 1.64) was higher than that of six necrotic
lesions (3.51 £+ 0.83) on MET-PET but this was not statistically significant (p = 0.063). The average
L/N ratio of recurrent gliomas (3.36 + 1.06) was significantly higher than that of necrotic lesions
(2.18 = 0.66) on MET-PET (p < 0.01) (Figure 2A). The average SUVmax of 15 recurrent gliomas
(1.46 £ 0.64) was higher than that of six necrotic lesions (1.01 + 0.45) on FLT-PET but this was not
statistically significant (p = 0.095). The average L/N ratio of recurrent gliomas (7.01 £ 2.26) was
significantly higher than that of necrotic lesions (4.60 £+ 1.23) on FLT-PET (p < 0.01) (Figure 2B).

Figure 2. Comparisons of L/N ratios for MET (A) and FLT (B) in cases of recurrent
gliomas (Recurrence) and necrotic lesions (Necrosis). (A) Although there is a significant
overlap of tracer uptake, the average MET L/N ratio in recurrent gliomas is significantly
higher (p < 0.01) compared with that in necrotic lesions. (B) Again, there is a significant
overlap of tracer uptake, and the average FLT L/N ratio in recurrent gliomas is significantly
higher (p < 0.01) compared with that in necrotic lesions.
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All patients underwent MET- and FLT-PET. The mean duration between the two PET examinations
was 3.9 + 4.9 days (range, 1-20 days). Significant correlation was not observed between the individual
L/N ratio of MET and FLT (r = 0.41, p = 0.064) (Figure 3). There was no complementary information
in the differential diagnosis with simultaneous measurement of MET- and FLT-PET.

Analysis of the ROC curve showed that the areas under the curves were high but not different
between tumor uptake values of MET and FLT in both L/N ratio (Az: 0.844 for MET and 0.833 for FLT)
(Figure 4A) and SUVmax (Az: 0.711 for MET and 0.717 for FLT) (Figure 4B). When we set the L/N ratio
threshold on MET-PET at 2.69, the sensitivity of MET-PET for differential diagnosis was 80% and the
specificity was 83%. Again, when we set the L/N ratio threshold on FLT-PET at 4.94, the sensitivity of
FLT-PET for differential diagnosis was 93% and the specificity was 67%.
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Figure 3. Linear regression analysis of L/N ratio between MET and FLT. There is no
significant correlation between the individual L/N ratio of MET and FLT (r = 0.41, p = 0.064).
Closed circles (@) indicate the cases with recurrent glioma and open squares (0) indicate

the cases with necrotic lesion.
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Figure 4. ROC curve indicating that the areas under the curves are not different between
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Contrast enhancement of brain tumors depends on the BBB breakdown. Treatment-induced necrosis
or necrosis occurring spontaneously during tumor progression may also show contrast enhancement
and hence cannot be distinguished accurately from tumor recurrence after treatment [3]. In addition,
contrast enhancement may be substantially reduced by steroid treatment for reducing brain edema [26].
Morphological imaging often does not adequately reflect the underlying tumor biology and its
metabolic activity imposes considerable demand for the development of alternative imaging modalities

to adequately characterize the lesions.

Labeled amino acids and their analogs are particularly attractive for imaging brain tumors because
of the high uptake in tumor tissue and low uptake in normal brain parenchyma and, as a consequence,
higher tumor-to-normal tissue contrast. The most frequently used radiolabeled amino acid, ''C-MET,
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can be applied only in centers with an on-site cyclotron because of short half-life of ''C (20 min) and
rapid in vivo degradation. MET-PET possesses high specificity in tumor detection [4], tumor
delineation [27], and differentiation of benign from malignant lesions [4,28]. Various studies have
found a correlation between tumor grade and MET uptake in gliomas [5—7]. MET readily transports the
intact BBB through neutral amino acid transporters and is incorporated into the area with active tumor.
MET uptake in gliomas significantly correlates with cell proliferation, in vitro Ki-67 expression [7,29,30].
Increased MET uptake seems to be caused by increased carrier-mediated and passive transport rather
than elevated protein synthesis and is highly correlated with microvessel density (angiogenesis) in
gliomas [30,31]. In an earlier study on suspected glioma recurrence, there was no significant
relationship between primary tumor histopathology (grade) and MET uptake, in contrast to the
findings of this study performed in a pre-therapeutic setting [9]. Also, no significant difference was
found in MET uptake between glioma recurrence and radiation necrosis following the stereotactic
radiosurgery [32]. Although no significant difference was found in MET SUVmax between recurrent
gliomas and treatment-induced necrotic lesions in our study, the average L/N ratio of recurrent gliomas
was significantly higher than that of the treatment-induced lesions on MET-PET (p < 0.01). MET
SUVmax measurement might be uninformative because of large interindividual variability of large
neutral amino acids in the plasma competing with MET at the amino acid transporter. In this study,
there was a significant overlap of MET uptake between glioma recurrence and radiation necrosis. It has
been reported that gliomas with oligodendroglial components show relatively high MET uptake even in
low grade gliomas [7]. Moreover, radiation necrosis and recurrent tumor frequently coexist [2]. Recently,
Terakawa et al. [15] showed that quantitative analysis of MET-PET data is useful in the differentiation
of glioma recurrence from radiation necrosis, and an L/N ratio of 1.58 provides the best sensitivity
(75%) and specificity (75%). Our study showed higher sensitivity (80%) and lower specificity (83%)
for differential diagnosis, but the quantitative values did not appear to be absolute indicators.

E_FLT is a PET tracer that allows for noninvasive assessment of tumor proliferation [18-20]. In
contrast to MET, which provides only an indirect measure of proliferation status as amino acid uptake
in the tumor, FLT allows the direct measurement of cellular TK1 activity, which has been reported to
be proportional to the proliferation activity of the tumor [33]. In our previous study, a linear regression
analysis indicated a much more significant correlation of the Ki-67 index with FLT uptake than with
MET uptake in gliomas [7]. As uptake of FLT is low in intact brain tissue, FLT-PET provides a
low-background cerebral image and thus is considered to be an ideal and attractive PET tracer for the
imaging of gliomas [18]. At the beginning of this study, we expected that FLT-PET to be specific for
the differential diagnosis of treatment-induced tissue necrosis from tumor recurrence and possibly
helpful in cases with a false-positive result on MET-PET, because FLT uptake reflects the proliferation
activity of viable lesions. However, the specificity of FLT-PET in our study was not statistically
different from the specificity of MET-PET. FLT cannot be transported well across the intact BBB, but
it can pass through the disrupted BBB of not only tumorous lesions but also benign lesions such as
inflammation and tissue necrosis [34]. The non-specific uptake of FLT in treatment-induced necrosis
may largely depend on the BBB breakdown. Therefore, simple measures of FLT uptake, such as
SUVmax, can lead to incorrect interpretation. A recent study shows that FLT-PET has a high sensitivity
but a lower specificity in accordance with our results, which has a limited role in the diagnosis of
recurrent gliomas [25]. To increase the sensitivity of FLT-PET, separating transport effect from tissue
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retention of metabolically trapped FLT could be helpful. In human FLT-PET studies, kinetic modeling
enables distinction between increased FLT uptake due to increased transport through the BBB and
increased uptake due to an increased phosphorylation by TK1 [23,35]. A previous study in newly
diagnosed and recurrent gliomas of different grades showed that the major proportion of FLT uptake
into the tumor is due to increased transport and influx [23]. Kinetic analysis requires sequential arterial
blood sampling and dynamic PET scanning requires a long acquisition time (60 min at our institution),
so it is difficult to perform on all the cases as routine clinical practice. Schiepers et al. [36] proposed a
less invasive kinetic analysis without arterial blood sampling. This may increase the clinical use of
FLT-PET kinetic analysis in the differential diagnosis between recurrent tumors and treatment-induced
necrotic lesions.

Modern MRI techniques are being increasingly used to improve the sensitivity and specificity of
tumor diagnostics; these techniques offer possibilities for the detection of functional information. MR
spectroscopy (MRS) can assess tumor metabolism and physiology and perfusion-weighted imaging
(PWI) can assess vascular integrity and function. Histopathologically, radiation necrosis is characterized
by endothelial damage and fibrinoid necrosis, whereas recurrent tumor is characterized by increased
microvasculature. A recent study showed that regional cerebral blood volume (rCBV) measurements to be
equivalent to MET-PET in the follow-up of patients with high-grade gliomas [37]. No studies comparing
PWI and FLT-PET in the differential diagnosis between recurrent tumors and treatment-induced necrotic
lesion has been published in the literatures.

This study has several limitations. It has a small number of treatment-induced necrotic lesions (n = 6)
and the final diagnosis was made by clinical and radiological follow-up in eight of 21 cases. When we
evaluate 13 patients (10 recurrent gliomas and three necrotic lesions) whose diagnosis was confirmed with
histopathology, the results are similar to those in all patients. The average SUVmax was not significantly
different between recurrent gliomas and necrotic lesions on either MET-PET or FLT-PET. The average T/N
ratio of recurrent gliomas (3.70 = 0.96) was significantly higher than that of necrotic lesions (2.54 + 0.56)
on MET-PET (p < 0.05) and the average T/N ratio of recurrent gliomas (7.03 £ 2.51) was significantly
higher than that of necrotic lesions (4.70 + 0.72) on FLT-PET (p < 0.05). Again, the number is small
and the results are preliminary. Further studies involving a larger number of treatment-induced lesions
and kinetic analysis are necessary for accurate evaluation of the specificity of FLT-PET.

3. Experimental Section
3.1. Patients

Twenty-one consecutive patients (11 men, 10 women; mean age: 54.0 + 13.6 years; range: 22—71 years)
were included in this retrospective study (Table 1). Inclusion criteria were histopathologically proven
high grade (III and IV) glioma, previously treated with surgery (subtotal or partial removal),
radiotherapy and temozolomide (concomitant and adjuvant) and first radiological suspicion of
recurrence during their follow-up. Histopathological diagnosis was obtained after PET examinations in
13 patients. Diagnosis was made by clinical and radiological follow-up in the other eight patients at the
time of this study. When the patient showed progressive enlargement of the lesion with increased brain
edema, we considered the lesion was tumor recurrence. All the patients except who were diagnosed as
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treatment-induced necrotic lesion by surgery continued temozolomide treatment. Patients who were

diagnosed as tumor recurrence by observation died within 2—8 months after the examination. On the

other hand, patients who were diagnosed as necrotic lesion survived 10—77 months after the examination.

Table 1. Summary of demographic and imaging data of the patients.

. MET FLT
Case | Age | Sex Primary tumor L/N L/N Method * Diagnosis
g histopathology | SUVmax .| SUVmax . (months) g
ratio ratio
Anaplastic
1 49 F 2.80 2.22 1.11 5.84 | Surgery Recurrence
astrocytoma
Anaplasti
2 | 58 | M | OTePAsHe 3.44 | 296 | 066 | 5.08 | Surgery Recurrence
astrocytoma
Anaplasti
30| 71 | m | napiastic 517 | 434 | 106 | 815 | Surgery Recurrence
oligoastrocytoma
Anaplasti
4 | 66 | F |TEPASHC 558 | 338 | 084 | 494 | Observation(8)D | Recurrence
oligoastrocytoma
Anaplasti
5 | 44 | g | ONEPISHC 559 | 402 | 087 | 512 | Surgery Recurrence
oligoastrocytoma
Gliomatosi
6 | 59 | M | OMAOSE 269 | 209| 149 | 7.10 | Observation (4)D | Recurrence
cerebri
59 | M | Glioblastoma 2.93 2.69 1.71 10.06 | Observation (2) D | Recurrence
8 71 F | Glioblastoma 2.58 1.68 1.65 5.89 | Observation (2) D | Recurrence
22 F | Glioblastoma 5.21 3.20 3.05 11.30 | Surgery Recurrence
10 30 | F | Glioblastoma 5.50 3.11 2.27 9.08 | Surgery Recurrence
11 35 | M | Glioblastoma 8.66 5.62 0.84 2.8 | Surgery Recurrence
12 51 | M | Glioblastoma 5.56 4.48 1.04 6.12 | Surgery Recurrence
13 60 | M | Glioblastoma 5.28 4.29 1.78 9.37 | Surgery Recurrence
14 55 F | Glioblastoma 3.41 2.71 1.84 6.81 | Observation (5) D | Recurrence
15 54 | M | Gliosarcoma 4.45 3.62 1.64 7.45 | Surgery Recurrence
Anaplasti
16 | 52 | p |napashe 261 | 1.72| 055 | 3.67 | Observation (70)S | Necrosis
astrocytoma
Anaplasti
17 | 39 | M | napmashe 354 | 247 | 184 | 657 | Observation (33)S | Necrosis
astrocytoma
18 69 | F | Glioblastoma 3.61 1.95 1.12 4.67 | Surgery Necrosis
19 68 | M | Glioblastoma 2.52 1.25 0.82 3.28 | Observation (10) S | Necrosis
20 62 | M | Glioblastoma 4.64 3.07 0.76 4.00 | Surgery Necrosis
21 61 F | Glioblastoma 4.14 2.59 0.98 5.44 | Surgery Necrosis

* S: survived; D: dead.

3.2. 'C-MET and "®F-FLT Synthesis and PET Acquisition

MET and FLT were produced using HM-18 cyclotron (Sumitomo Heavy Industries Co., Tokyo, Japan).

FLT was synthesized using the method described by Machulla et al. [38] and the radiochemical purity
of the produced FLT was >95%. MET was produced by proton bombardment of '*N,. The resultant
''CO, was reduced to ''C-methanol by lithium aluminum hydride and subsequently converted to
"'C-CH;I by the addition of hydrogen iodide by a modified method of Ishiwata et al. [39] and the
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radiochemical purity of the produced MET was >99%. PET examinations were performed using an
ECAT EXACT HR+ scanner (Siemens/CTI, Knoxville, TN, USA) in the three-dimensional acquisition
mode. The image system enabled the simultaneous acquisition of 51 transverse per field of views
(FOVs), with intersection spacing of 3 mm, for a total axial FOV of 15 cm. The in-plane reconstructed
resolution was 4.7 mm full-width at half maximum in the brain FOV.

No special dietary instructions were given to the patients before PET examination. Images were
acquired with patients in the supine position, resting, with their eyes closed. Using **Ge rod sources
rotating around the head, transmission images of the brain were obtained for 3 min for MET-PET and
for 5 min for FLT-PET. A dose of 126-318 MBq (mean, 215 + 58 MBq) of 'C-MET or 91-337 MBq
(mean, 204 + 79 MBq) of '*F-FLT was injected intravenously. Regional emission images of the brain
were obtained for 5 min, beginning 10 min after the ''C-MET injection and for 10 min, beginning
40 min after the '*F-FLT injection.

3.3. Data Analysis

MET and FLT uptakes in the brain lesion were semi-quantitatively assessed by evaluating the
standardized uptake value (SUV). The region of interest (ROI) was set manually by an observer
around the hottest area of each lesion. The maximum value of SUV (SUVmax) was regarded as the
representative value of each lesion. To calculate the lesion-to-normal tissue count density (L/N) ratios,
ROI was set on the normal brain parenchyma (usually contralateral normal cerebral tissue excluding
ventricles) and the mean value of SUV (SUVmean) was calculated. The L/N ratio was determined by
dividing the SUVmax of the lesion with the SUVmean of the normal brain tissue.

3.4. Statistical Analysis

All parametric data were expressed as mean = SD. The Wilcoxon signed rank test was used to
evaluate the difference between MET and FLT in brain lesions. The Mann-Whitney U test was used to
evaluate the difference between SUVmax and the L/N ratio of recurrent gliomas and of necrotic
lesions. Linear regression analysis was performed to evaluate the relationship between MET and FLT
uptake in the lesion. Receiver-operating-characteristics (ROC) curve analysis was used to determine
the best index of MET-PET and FLT-PET and compare the differentiation capability between tumor
uptake of MET and FLT. P < 0.05 was considered statistically significant.

4. Conclusion

PET studies using MET and FLT are useful in the differentiation of recurrent high-grade gliomas
from treatment-induced necrotic lesions. However, quantitative values do not appear to be absolute
indicators and no complimentary information is provided in the differentiation with simultaneous
measurements of MET-PET and FLT-PET.

Acknowledgements

This study was supported by a Grant-in-Aid for Scientific Research (C) (21591845) and (B)
(22390277) from the Ministry of Education, Science and Culture of Japan.



Cancers 2012, 4 253

Conflict of Interest

The authors have no conflict of interest.

References

10.

1.

12.

Wallner, K.F.; Galicich, J.H.; Krol, G.; Arbit, E.; Malkin, M.G. Patterns of failure following
treatment for glioblastoma and anaplastic astrocytomas. Int. J. Radiat. Oncol. Biol. Phys. 1989, 16,
140-149.

Burger, P.C. Malignant astrocytic neoplasm: Classification, pathologic anatomy, and response to
treatment. Semin. Oncol. 1986, 13, 16-26.

Dooms, G.C.; Hecht, S.; Brant-Zawadzki, M.; Berthiaume, Y.; Norman, D.; Newton, T.H. Brain
radiation lesions: MR imaging. Radiology 1986, 158, 149-155.

Herholz, K.; Hoélzer, T.; Bauer, B.; Schroder, R.; Voges, J.; Ernestus, R.-I.; Mendoza, G.;
Weber-Luxenburger, G.; Lottgen, J.; Thiel, A.; et al. "C-methionine PET for differential diagnosis
of low-grade gliomas. Neurology 1998, 50, 1316-1322.

Ceyssens, S.; van Laere, K.; de Groot, T.; Goffin, J.; Bormans, G.; Mortelmans, L. [”C]methionine
PET, histopathology, and survival in primary brain tumors and recurrence. AJNR Am. J. Neuroradiol.
2006, 27, 1432-1437.

Kaschten, B.; Stevenaert, A.; Sadzot, B.; Deprez, M.; Degueldre, C.; Fiore, G.D.; Luxen, A.;
Reznik, M. Preoperative evaluation of 54 gliomas by PET with fluorine-18-fluorodeoxyglucose
and/or carbon-11-methionine. J. Nucl. Med. 1998, 39, 778-785.

Hatakeyama, T.; Kawai, N.; Nishiyama, Y.; Yamamoto, Y.; Sasakawa, Y.; Ichikawa, T.; Tamiya, T.
"'C-methionine (MET) and '*F-fluorothymidine (FLT) PET in patients with newly diagnosed
glioma. Eur. J. Nucl. Med. Mol. 1. 2008, 35, 2009-2017.

Ribom, D.; Eriksson, A.; Hartman, M.; Engler, H.; Nilsson, A.; Langstrom, B.; Bolander, H.;
Bergstrom, M.; Smits, A. Positron emission tomography ''C-methionine and survival in patients
with low-grade gliomas. Cancer 2001, 92, 2541-1549.

van Laere, K.; Ceyssens, S.; van Calenbergh, F.; de Groot, T.; Menten, J.; Falmen, P.; Bormans, G.;
Mortelmans, L. Direct comparison of '*F-FDG and ''C-methionine PET in suspected recurrence
of glioma: Sensitivity, inter-observer variability and prognostic value. Eur. J. Nucl. Med. Mol.
Imaging 2005, 32, 39-51.

Nariai, T.; Tanaka, Y.; Wakimoto, H.; Aoyagi, M.; Tamaki, M.; Ishikawa, K.; Senda, M.; Ishii, K.;
Hirakawa, K.; Ohno, K. Usefulness of L-[methyl-''C] methionine-positron emission tomography
as a biological monitoring tool in the treatment of glioma. J. Neurosurg. 2005, 103, 498-507.
Ribom, D.; Engler, H.; Blomquist, E.; Smits, A. Potential significance of "'C-methionine PET as a
marker for the radiosensitivity of low grade gliomas. Eur. J. Nucl. Med. 2002, 29, 632—640.
Nuutinen, J.; Sonninen, P.; Lehikoinen, P.; Sutinen, E.; Valavaara, R.; Eronen, E.; Norrgérd, S.;
Kulmala, J.; Terds, M.; Minn, H. Radiotherapy treatment planning and long-term follow-up with
[''C]methionine PET in patients with low-grade astrocytoma. Int. J. Radiat. Oncol. Biol. Phys.
2000, 48, 43-52.



Cancers 2012, 4 254

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Galldiks, N.; Kracht, L.W.; Burghaus, L.; Thomas, A.; Jacobs, A.H.; Heiss, W.D.; Herholz, K. Use
of ''C-methionine PET to monitor the effects of temozolomide chemotherapy in malignant
gliomas. Eur. J. Nucl. Med. Mol. Imaging 2006, 33, 516-524.

Tsuyuguchi, N.; Takami, T.; Sunada, I.; Iwai, Y.; Yamanaka, K.; Tanaka, K.; Nishikawa, M.;
Ohata, K.; Torii, K.; Morino, M.; et al. Methionine positron emission tomography for
differentiation of recurrent brain tumor and radiation necrosis after stereotactic radiosurgery—In
malignant glioma. Ann. Nucl. Med. 2004, 18, 291-296.

Terakawa, Y.; Tsuyuguchi, N.; Iwai, Y.; Yamanaka, K.; Higashiyama, S.; Takami, T.; Ohata, K.
Diagnostic accuracy of ''C-methionine PET for differentiation of recurrent brain tumors from
radiation necrosis after radiotherapy. J. Nucl. Med. 2008, 49, 694—699.

Ishii, K.; Ogawa, T.; Hatazawa, J.; Kanno, I.; Inugami, A.; Fujita, H.; Shimosegawa, E.;
Murakami, M.; Okudera, T.; Uemura, K. High L—methyl—[“C]methionine uptake in brain abscess:
A PET study. J. Comput. Assist. Tomogr. 1993, 17, 660—661.

Nakagawa, M.; Nuwabara, Y.; Sasaki, M.; Koga, H.; Chen, T.; Kaneko, O.; Hayashi, K.; Morioka, T.;
Masuda, K. ''C-methionine uptake in cerebrovascular disease: A comparison with '*F-fDG PET
and 99mTc-HMPOA SPECT. Ann. Nucl. Med. 2002, 16, 207-211.

Chen, W.; Cloughesy, T.; Kamdar, N.; Satyamurthy, N.; Bergsneider, M.; Liau, L.; Mischel, P.;
Czernin, J.; Phelps, M.E.; Silverman, D.H.S. Imaging proliferation in brain tumors with BE_FLT
PET: Comparison with '"*F-FDG. J. Nucl. Med. 2005, 46, 945-952.

Choi, S.J.; Kim, J.S.; Kim, J.H.; Oh, S.J.; Lee, J.G.; Kim, C.J.; Ra, Y.S.; Yeo, J.S.; Ryu, J.S;
Moon, D.H. ['*F]3'-deoxy-3'-fluorothymidine PET for the diagnosis and grading of brain tumors.
Eur. J. Nucl. Med. Mol. Imaging 2005, 32, 653—659.

Saga, T.; Kawashima, H.; Araki, N.; Takahashi, J.A.; Nakashima, Y.; Higashi, T.; Oya, N.; Murai, T.;
Hojo, M.; Hashimoto, N.; et al. Evaluation of primary brain tumors with FLT-PET: Usefulness
and limitations. Clin. Nucl. Med. 2006, 31, 774-780.

Shiels, A.F.; Grierson, J.R.; Dohmen, B.M.; Machulla, H.J.; Stayanoft, J.C.; Lawhorn-Crews, J.M.;
Obradovich, J.E.; Muzik, O.; Mangner, T.J. Imaging proliferation in vivo with [F-18]FLT and
positron emission tomography. Nat. Med. 1998, 4, 1334-1336

Been, L.B.; Suumeijer, A.J.H.; Cobben, D.C.P.; Jager, P.L.; Hoekstra, H.J.; Elsinga, P.H.
['"®F]FLT-PET in oncology: Current status and opportunities. Eur. J. Nucl. Med. Mol. Imaging
2004, 31, 1659-1672.

Jacobs, A.H.; Thomas, A.; Kracht, L.W.; Li, H.; Dittmar, C.; Garlip, G.; Galldiks, N.; Klein, J.C.;
Sobesky, J.; Hilker, R.; et al. 18F-ﬂuoro-L-thymidine and 11C-methylmethionine as markers of
increased transport and proliferation in brain tumors. J. Nucl. Med. 2005, 46, 1948—1958.
Yamamoto, Y.; Wong, T.Z.; Turkington, T.G.; Hawk, T.C.; Reardon, D.A.; Coleman, R.E.
3'-deoxy-3'-[F-18]fluorothymidine positron emission tomography in patients with recurrent
glioblastoma multiforme: Comparison with Gd-DTPA enhanced magnetic resonance imaging.
Mol. Imaging Biol. 2006, 8, 340-347.

Hong, L.K.; Kim, J.H.; Ra, Y.S.; Kwon, D.H.; Oh, S.J.; Kim, J.S. Diagnostic usefulness of
3'-deoxy-3'-['*F]fluorothymidine positron emission tomography in recurrent brain tumor.
J. Comput. Assist. Tomogr. 2011, 35, 679-684.



Cancers 2012, 4 255

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ostergaard, L.; Hochberg, F.H.; Rabinov, J.D.; Sorensen, A.G.; Lev, M.; Kim, L.; Weisskoff, R.M.;
Gonzales, R.G.; Gyldensted, G.; Rosen, B.R. Early changes measured by magnetic resonance
imaging in cerebral blood flow, blood volume, and blood-brain barrier permeability following
dexamethasone treatment in patients with brain tumors. J. Neurosurg. 1999, 90, 300-305.

Borbély, K.; Nyary, I.; Toth, M.; Ericson, K.; Gulyas, B. Optimization of semi-quantification in
metabolic PET studies with '*F-fluorodeoxyglucose and ''C-methionine in the determination of
malignancy of gliomas. J. Neurol. Sci. 2006, 246, 85-94.

Ogawa, T.; Hatazawa, J.; Inugami, A.; Murakami, M.; Fujita, H.; Shimosegawa, E.; Noguchi, K_;
Okudera, T.; Kanno, 1.; Uemura, K.; et al. Carbon-11-methionine PET evaluation of intracerebral
hematoma: Distinguishing neoplastic from non-neoplastic hematoma. J. Nucl. Med. 1995, 36,
2175-2179.

Kim, S.; Chung, J.-K.; Im, S.-H.; Jeong, J.M.; Lee, D.S.; Kim, D.G.; Jung, HW.; Lee, M.C.
"C-methionine PET as a prognostic marker in patients with glioma: Comparison with '*F-FDG
PET. Eur. J. Nucl. Med. Mol. Imaging 2005, 32, 52-59.

Okubo, S.; Zhen, H.N.; Kawai, N.; Nishiyama, Y.; Haba, R.; Tamiya, T. Correlation of
L-methyl-11C-methionine (MET) uptake with L-type amino acid transporter 1 in human gliomas.
J. Neurooncol. 2010, 99, 217-225.

Kracht, L.W.; Friese, M.; Herholz, K.; Schroeder, R.; Bauer, B.; Jacobs, A.; Heiss, W.-D.
Methyl-[''C]-L-methionine uptake as measured by positron emission tomography correlates to
microvessel density in patients with glioma. Eur. J. Nucl. Med. Mol. Imaging 2003, 30, 868—873.
Tsuyuguchi, N.; Takami, T.; Sunada, I.; Iwai, Y.; Yamanaka, K.; Tanaka, K.; NIshikawa, M.;
Ohata, K.; Torii, T.; Morino, M.; et al. Methionine positron emission tomography for
differentiation of recurrent brain tumor and radiation necrosis after stereotactic radiosurgery: In
malignant glioma. Ann. Nucl. Med. 2004, 18, 291-296.

Toyohara, J.; Waki, A.; Takamatsu, S.; Yonekura, Y.; Magata, Y.; Fujibayashi, Y. Basis of FLT as a
cell proliferation marker: Comparative uptake studies with [*H]thymidine and [*H]arabinothymidine,
and cell-analysis in 22 asynchronously growing tumor cell lines. Nucl. Med. Biol. 2002, 29,
281-287.

de Reuck, J.; Santens, P.; Goethals, P.; Strijckmans, K.; Lemahieu, I.; Boon, P.; Achten, E.;
Lemmerling, M.; Vandekerckhove, T.; Caemaert, J. [Methyl—”C]thymidine positron emission
tomography in tumoral and non-tumoral cerebral lesions. Acta Neurol. Belg. 1999, 99, 118-125.
Muzi, M.; Spence, A.M.; O’Sullivan, F.; Mankoft, D.A.; Wells, J.M.; Grierson, J.R.; Link, J.M.;
Krohn, K.A. Kinetic analysis of 3'-deoxy-3'-'*F-fluorothymidine in patients with gliomas. J. Nucl.
Med. 2006, 47, 1612—-1621.

Schiepers, C.; Chen, W.; Dahlbom, M.; Cloughesy, T.; Hoh, C.K.; Huang, S.C.
'8F_fluorothymidine kinetics of malignant brain tumors. Eur. J. Nucl. Med. Mol. Imaging 2007, 34,
4714-4721.

Dandois, V.; Rommel, D.; Renard, L.; Jamart, J.; Cosnard, G. Substitution of ''C-methionine PET
by perfusion MRI during the follow-up of treated high-grade gliomas: Preliminary results in
clinical practice. J. Neuroradiol. 2010, 34, 89-97.



Cancers 2012, 4 256

38. Machulla, H.J.; Blocher, A.; Kuntzsch, M.; Grierson, J.R. Simplified labeling approach for
synthesizing 3'-deoxy-3'-["*F]fluorothymidine (['*F]JFLT). J. Radioanal. Nucl. Chem. 2000, 24,
843-846.

39. Ishiwata, K.; Ido, T.; Vaalburg, W. Increased amounts of D-enantiomer dependent on alkaline
concentration in the synthesis of L-[methyl-''C]Jmethionine. Appl. Radiat. Isot. 1998, 39, 311-314.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



