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This study was performed to investigate the feasibility of FDG- and L-[methyl-11C]methionine
(Met)-PET for the follow up of lung cancer after stereotactic radiotherapy (SRT). Nine patients (pt)
with solitary lung cancer underwent SRT. Met- and FDG-PET studies were performed one week
before SRT and from one week to 8 months after SRT. Responses to SRT were complete in 2 pt and
partial in 7 pt. Met- and FDG-PET scan showed high tracer uptake in all tumors before SRT. After
SRT, standardized uptake values (SUV) of FDG and Met changed concordantly. Both decreased
with time in 5 pt but did not decrease steadily in 4 pt, where 2 pt showed an increase at 1 to 2 weeks
after SRT and 2 pt showed an increase at more than 3 months after SRT. The former appears to reflect
the acute reaction to SRT and the latter radiation-induced pneumonitis. Although the addition of
Met-PET did not provide additional information over FDG-PET, FDG- and Met-PET could be used
to evaluate the treatment effect of SRT.
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INTRODUCTION
POSITRON EMISSION TOMOGRAPHY (PET) with 18F-labeled
fluorodeoxyglucose (FDG) has recently been applied
widely in clinical oncology.1–3 However, FDG is not a
cancer-specific agent and is known to accumulate in acute
inflammation as well as granulomatous and autoimmune
diseases.4–6
PET with L-[S-methyl-11C]methionine (Met) has been
used to evaluate the treatment response of lung cancer
after conventional irradiation, since Met accumulates less
in inflammatory lesions than FDG.7
Stereotactic radiotherapy (SRT), which can localize a
single high dose selectively to the target, was first applied
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to the treatment of malignant intracranial tumors, and its
feasibility has been reported.8 Recently, SRT was adopted
for lung cancer as an alternative to surgery in patients with
solitary lung cancer who did not meet the indications for
surgery.9–11
The response of a tumor to treatment was conventionally evaluated by measuring the tumor size using morphological imaging modalities such as CT and MRI. However, distinguishing viable residual tumors from fibrotic
scars after irradiation is always difficult. Aoki et al.
evaluated the CT appearance of tumors and lung injury
after SRT, and reported that it was difficult to distinguish
residual tumor from radiation fibrosis.12 For precise differentiation, metabolic imaging such as FDG- and MetPET may play a major role. Although the feasibility of CT
and FDG-PET image fusion in the treatment planning of
SRT of lung cancer was reported,13 there has been no
reported study concerning the follow up of lung cancer
patients after SRT by PET. The aim of this study was to
investigate the feasibility of FDG- and Met-PET for the
follow up of lung cancer after SRT.
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PATIENTS AND METHODS
Patients
The study group comprised 9 patients (age range, 64–86
years), who had histologically-confirmed solitary lung
cancer less than 4 cm in diameter without distant metastasis and underwent SRT between May, 1999 and February,
2000. The histological diagnoses were: 6 squamous cell
carcinomas (SqCC) and 3 adenocarcinomas (Adeno).
Details of the individual patients are shown in Table 1.
Before being enrolled in this study, each patient gave
written informed consent, as required by the Kyoto University Human Study Committee.
Stereotactic Radiotherapy (SRT)
The SRT procedures were previously reported in detail.11
In brief, radiation therapy was delivered using a 6-MV
Linear Accelerator (Clinac 2300C/D Varian Associates,
Palo Alto, CA, USA) with the 6 to 10 fields non-coplanar
3D conformal technique. A total tumor isocenter dose of
48 Gy (12 Gy/fraction) was administered in 12 or 13 days.
CT (SCT700 TX/TH, Shimadzu Co., Kyoto, Japan) and
the three-dimensional treatment planning system
(CADPLAN R.6.0.8, Varian Associates, Palo Alto, CA,
USA) were used for treatment planning. The Stereotactic
Body Frame (Elekta Instrument AB, Stockholm, Sweden) was used for patient fixation.
FDG and Met Preparation
Both FDG and Met were synthesized at the in-house
cyclotron facility at Kyoto University Hospital. Fluorine18 [18F] and carbon-11 [11C] were produced with a cyclotron, CYPRIS-325R (Sumitomo Heavy Industries, Co.
Ltd., Tokyo, Japan). 18F-FDG was synthesized by the
nucleophilic substitution method with an 18F-FDG-synthesizing instrument, F-100 (Sumitomo Heavy Industries, Co. Ltd., Tokyo, Japan).14–16
Met was synthesized by reaction of L-homocysteine
thiolactone and [11C]methyl iodide.16 [11C]Carbon dioxide, produced by a 14N(p, α)11C reaction, was transported

into an automated [11C]methyl iodide synthesis system
(C-11-BII; Sumitomo Heavy Industries, Co. Ltd., Tokyo,
Japan). [11C]Methyl iodide was prepared as previously
described,17 then trapped in a mixture of acetone (500 µl)
and 100 mg/ml L-homocysteine thiolactone solution (50
µl). After the addition of 0.2 M NaOH (500 µl), the
reaction mixture was heated at 80°C for 3 min. The
solution was neutralized with 0.2 M HCl, and evaporated.
The resulting residue was then dissolved in sterile saline
and passed through a sterile 0.22-µm filter. Radiochemical purity was >97% as determined by analytical HPLC
using a Partisil 10-SCX column (4.6 × 250 mm; Whatman,
Clifton, NJ, USA) eluted with 50 mM citric acid/trisodium citrate (10/1).
PET Imaging
One week before SRT, initial Met- and FDG-PET studies
were performed on the same day with a dedicated PET
scanner (PCT3600W; Hitachi Medical, Tokyo, Japan).
This scanner had 8 rings and provided 15 tomographic
sections at 7 mm intervals. We certified the scan range,
which was marked on the body surface, by referring to CT
images previously obtained. All patients fasted for at least
4 hours and underwent a 10-min transmission scan of the
lung before Met injection. At the same body position, a
Met-PET image was obtained 20 min after intravenous
injection of 768.2 ± 224.5 MBq of Met. Sixty min after
Met injection, 370.0 ± 37.5 MBq of FDG was intravenously injected and FDG-PET images were obtained 60
min later. At the time of FDG-PET scan, the residual
radioactivity of Met was estimated to be 4.6% ± 1.4% of
FDG activity. Although Met radioactivity could not be
completely eliminated, it was substantially low compared
with FDG activity. The emission scan time for both Metand FDG-PET was 10 min. Attenuation corrected PET
images were reconstructed by the filtered back projection
method. The tumor uptake of FDG and Met was evaluated
semiquantitatively as a standardized uptake value (SUV)
in the regions of interest (ROIs) placed over the treated
lesion. The ROI placed over the lesion was 10 × 10 mm

Table 1 Patient characteristics
Pt #

Age/Sex

Histology

Local
response

Time
interval*

Tumor size
before SRT**

Tumor size at the
maximum response**

1
2
3
4
5
6
7
8
9

68/M
74/M
77/F
77/F
86/M
70/M
72/M
71/M
71/M

SqCC
SqCC
Adeno.
SqCC
Adeno.
SqCC
SqCC
SqCC
Adeno.

PR
PR
PR
CR
PR
CR
PR
PR
PR

4 months
2 months
17 months
3 months
6 months
11 months
10 months
16 months
16 months

3.4 × 3.3
3.2 × 2.8
2.4 × 1.7
1.7 × 1.4
2.9 × 2.7
2.1 × 1.5
3.4 × 1.7
3.3 × 3.1
3.1 × 2.5

2.1 × 2.1
2.2 × 1.8
0.8 × 0.7
0.0 × 0.0
1.9 × 1.3
0.0 × 0.0
1.0 × 0.8
1.0 × 1.0
2.6 × 0.6

*: time interval between SRT and maximum response on CT
**: long axis × short axis (cm) on CT images
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Fig. 1 The temporal changes in SUV in 9 patients are shown. (◆—◆ FDG, ●---● Met) In pt. 6,
increased uptake of FDG and Met are observed (*) corresponding to the SRT-induced pneumonitis
separated from the treated tumor. In pt. 7 and pt. 9, increased uptakes (*) are observed because the treated
tumors are involved in SRT-induced pneumonitis.

Fig. 2 (patient #6). (Left) Before treatment, CT shows a mass lesion (1.5 cm) in the left lower lung (S6).
FDG- and Met-PET show high tracer uptake in the tumor. (Middle) Fourteen days after SRT, both FDGand Met-PET show higher uptake in the tumor than in the pre-treatment study. The corresponding CT
shows slight enlargement of the treated tumor. (Right) One hundred and forty days after SRT, the uptake
of FDG and Met to the tumor is decreased, while both FDG- and Met-PET show higher uptake in the
peripheral lung field. CT shows a decrease in tumor size. Furthermore, CT reveals a new consolidation
in the peripheral lung field suggestive of radiation-induced pneumonitis, corresponding to the high
uptake of FDG and Met. One year later, follow-up CT showed a decrease in size of this opacity (not
shown).
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Fig. 3 (patient #7). (Left) Before treatment, CT shows a mass (3 cm) in the left lower lung (S9). FDGand Met-PET show high tracer uptake in the tumor. (Middle) Both at 28 and 133 days after SRT, the
uptakes of FDG and Met in the tumor have decreased steadily. (Right) Seven months after SRT, CT
shows consolidation surrounding the tumor area, consistent with radiation-induced pneumonitis. FDGand Met-PET show higher uptake in the corresponding area. The uptake of the tumor cannot be separated
from that of inflammation.

(independent of tumor size) and was placed in tumor areas
that showed the highest tracer activity. The SUV was
calculated as the mean value in this ROI. Follow-up PET
studies were performed in the same manner from 2 weeks
to 8 months after SRT. Overall, 56 (28 Met- and 28
FDG-) PET examinations were conducted for these 9
patients.
The tumor size was also evaluated by CT images before
and after SRT, and a local response was defined according
to the Response Evaluation Criteria in Solid Tumors
(RECIST) as follows18:
CR (complete response): no visible tumor
PR (partial response): 30% or greater decrease in tumor
diameter
NC (no change): less than 30% reduction or less than
20% increase in tumor diameter
PD (progressive disease): 20% or greater increase in
tumor diameter
The local response was evaluated at the time of maximum local response, and the time interval between SRT
and evaluation of response was from 2 months to 17
months (Table 1).
RESULTS
The temporal changes in SUV of FDG and Met are shown
in Figure 1. The local response of the treated tumor
evaluated by CT images was complete response (CR) in
2 patients and partial response (PR) in 7 patients. An
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initial PET study showed high FDG and Met uptake to the
tumors in all patients. In the follow up studies, SUV of
FDG and Met had decreased gradually with time in 5
patients. In contrast, in the remaining 4 patients, SUV of
FDG and Met did not decrease steadily, with 2 patients
(Pt. 3 and 6) showing a temporal increase in SUV of both
FDG and Met at 2 weeks after SRT, and 2 patients (Pt. 7
and 9) showing a delayed increase of both SUVs more
than 3 months after SRT (Figs. 2 and 3). In the latter two
patients, CT showed the presence of radiation-induced
pneumonitis in the treated area. An additional patient (Pt.
6) developed radiation pneumonitis in the vicinity of the
tumor site about 5 months later, which showed increased
FDG uptake, although the FDG-uptake in the treated
tumor remained low. In all cases, changes in the tumor
uptake of Met paralleled those of FDG, and there was no
discrepancy between Met and FDG uptake changes.
DISCUSSION
SRT is a new and attractive technique, which can localize
a high radiation dose selectively to the target. It is reported
clinically effective and can be performed safely without
serious complications.10 However, the temporal changes
in tumor viability or metabolism after this treatment have
not been clarified. The response of tumor tissue to SRT
might be different from that to conventional radiotherapy
since the single dose is higher and the overall treatment
time is shorter in SRT.
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In the follow up of lung cancer patients, tumor size
measurements using CT have been the standard method of
the evaluation of the treatment response,18 but it could be
falsely positive after treatment due to the fibrotic or
necrotic tissue remaining in the tumor. Differentiating
residual tumor from radiation fibrosis is also difficult in
lung cancer patients after SRT.12
FDG-PET, which can depict tumor glucose metabolism, is widely used for the evaluation of malignant
tumors in clinical oncology. Since FDG is a good marker
of tumor viability, FDG-PET is also widely applied for the
evaluation of lung cancer after treatment.19,20 However,
Haberkorn et al. reported the contribution of inflammatory reactions caused by radiation injury in falsely increased FDG uptake after radiation therapy.21 FDG has
some limitations in the evaluation of an irradiated tumor
because it is known to accumulate not only in malignant
cells but also in inflammatory reactions. Met is an essential amino acid necessary for protein synthesis. The transport and metabolism of Met are increased in malignant
cells,7 and Met-PET is useful in the evaluation of lung
cancer.22 Met uptake in tumor tissue is reported to be more
specific for viable cancer cells than FDG, where granulation tissue and macrophages show lower uptake of Met.7
Therefore, Met-PET appears to be more suitable for the
monitoring of the treatment response of cancers.23
In the present study, all patients showed a favorable
response to SRT (2 CRs & 7 PRs) with no treatment
failures noted. In 5 of 9 patients, tumor uptake of both
tracers (FDG & Met) decreased with time, implying the
feasibility of FDG- and Met-PET in the follow up of
patients after SRT. However, in the remaining 4 patients,
tumor uptake of both tracers did not decrease steadily. In
2 patients, a temporal increase in SUVs of both tracers at
1 to 2 weeks after SRT appeared to reflect the acute
reaction of the tumor to SRT.24 In the other 2 patients, the
delayed increase in both SUVs at more than 3 months after
SRT occurred along with the appearance of radiationinduced pneumonitis at the site of the tumor. In an
additional patient, pneumonitis at the vicinity of the tumor
showed increased FDG and Met uptake, while FDG and
Met uptakes in the treated tumor were low. In these 3
patients, therefore, it is highly likely that both FDG and
Met accumulated in the inflammatory tissue of radiationinduced pneumonitis.
The present results, namely the accumulation of Met in
the inflammatory change evoked by SRT, were not consistent with our initial expectations of a difference between the two tracers. Only a few studies have described
Met uptake in inflammatory25 or granulomatous26 lesions,
and the exact reason why Met accumulated in SRTinduced inflammation is not clear. Higashi et al. reported
from an in vitro study that the increased FDG and Met
uptake in cancer cells observed 12 days after irradiation
could be attributed to giant-cell formation and accelerated
repair of cells.27 They suggested that tumor cells them-
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selves could transiently increase FDG and Met uptake
early after irradiation. Among the present 5 patients who
had a temporal increase in the uptake of FDG and Met in
the tumor, this mechanism may have occurred in 2 cases
in which increased tracer uptake was observed 1 to 2
weeks after SRT. However, in the 3 other patients, in
whom an increase of both tracer uptakes occurred at more
than 3 months after SRT, an acute reaction of cancer cells
was not the likely cause and the increased uptake could
only be explained by the contribution of infiltrating inflammatory cells in SRT-induced pneumonitis, which
actively accumulated both tracers. In the follow up of
patients after SRT, Met-PET did not provide any additional information to that obtained from FDG-PET and
was not useful in distinguishing an inflammatory reaction
evoked by SRT.
To evaluate the precise treatment effect by FDG- and/
or Met-PET, the contribution of inflammatory reactions
after SRT, which includes both the acute reaction and
irradiation-induced pneumonitis, should be minimized.
Aoki et al. reported that the initial changes of the irradiated lung detected by CT appeared 2–6 months after
SRT.12 In this small number of cases, no temporal increases of FDG or Met uptake were observed between 2
weeks and 2 months after SRT. FDG- and Met-PET might
possibly evaluate the treatment effect without interference from inflammation during this period. However, the
number of patients was quite small, and further studies are
warranted to optimize the timing of the PET examination
after SRT of lung cancer.
In the present study, it was not fully evaluated whether
FDG- and Met-PET provided additional information over
CT scan. Although PET imaging is expected to have additional value over morphological imaging such as CT
or MR, further studies are needed to elucidate the impact
of PET images as compared to morphological imaging
modalities.
CONCLUSIONS
The present study showed, for the first time, that FDGand Met-PET could be used for the follow up of lung
cancer patients after SRT, although the addition of MetPET did not provide additional information to that gained
from FDG-PET. Further investigations are necessary to
elucidate the optimal timing of FDG- and Met-PET examinations after SRT to evaluate the precise treatment
effect.
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