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Object: Following stereotactic radiosurgery (SRS), we examined how to differentiate radiation
necrosis from recurrent malignant glioma using positron emission tomography (PET) with !!C-
methionine (Met). Methods: Met-PET scans were obtained from 11 adult cases of recurrent
malignant glioma or radiation injury, suspected on the basis of magnetic resonance images (MRI).
Patients had previously been treated with SRS after primary treatment. PET images were obtained
as a static scan of 10 minutes performed 20 minutes after injection of Met. We defined two visual
grades (e.g., positive or negative Met accumulation). On Met-PET scans, the portion of the tumor
with the highest accumulation was selected as the region of interest (ROI), tumor-versus-normal
ratio (TN) was defined as the ratio of average radioisotope counts per pixel in the tumor (T), divided
by average counts per pixel in normal gray matter (N). The standardized uptake value (SUV) was
calculated over the same tumor ROI. Met-PET scan accuracy was evaluated by correlating findings
with subsequent histological analysis (8 cases) or, in cases without surgery or biopsy, by the
subsequent clinical course and MR findings (3 cases). Results: Histological examinations in 8 cases
showed viable glioma cells with necrosis in 6 cases, and necrosis without viable tumor cells in 2
cases. Three other cases were considered to have radiation necrosis because they exhibited stable
neurological symptoms with no sign of massive enlargement of the lesion on follow-up MR after
5 months. Mean TN was 1.31 in the radiation necrosis group (5 cases) and 1.87 in the tumor
recurrence group (6 cases). Mean SUV was 1.81 in the necrosis group and 2.44 in the recurrence
group. There were no statistically significant differences between the recurrence and necrosis
groups in TN or SUV. Furthermore, we made a 2 x 2 factorial cross table (accumulation or no
accumulation, recurrence or necrosis). From this result, the Met-PET sensitivity, specificity, and
accuracy in detecting tumor recurrence were determined to be 100%, 60%, and 82% respectively.
In a false positive-case, glial fibrillary acidic protein (GFAP) immunostaining showed a positive
finding. Conclusion: There were no significant differences between recurrent malignant glioma and
radiation necrosis following SRS in Met-PET. However, this study shows Met-PET has a sensitivity
and accuracy for differentiating between recurrent glioma and necrosis, and presents important
information for developing treatment strategies against post radiation reactions.
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INTRODUCTION

After radiation treatment of brain tumor, it is difficult to
differentiate between tumor recurrence and radiation ne-
crosis using magnetic resonance imaging (MRI) and
single photon emission computed tomography (SPECT).*
However, some reports have shown that positron emis-
sion tomography (PET) using !'C-methionine (Met) is
effective for differentiating recurrent glioma from radia-
tion induced changes, and can achieve early detection of
recurrence.'®!! Furthermore, we previously reported Met-

PET as useful in detecting recurrent metastatic brain
tumors after stereotactic radiosurgery (SRS).!3 The pur-
pose of the present study was re-evaluate the clinical
usefulness of Met-PET for differentiating recurrent ma-
lignant glioma from radiation necrosis after SRS.

Patients

This study forcused on 11 patients aged from 23 to 62
years (mean: 35.5 yrs), 8 males and 3 females, all with
malignant glioma (grade III or IV). All subjects under-
went operation, conventional radiotherapy (60 Gy irra-

Table 1 Case summaries of post SRS group (recurrence and necrosis)

Radiation Sizeof  Period
Histological conventional  lesion  (months) Follow- ,
diagnosis + after SRS between u Operation Visual Final
Case Age Sex Location . . SUV 1IN . or . . . .
(first marginal ~ maximum SRS period . inspection  diagnosis
operation) dose (SRS)  diameter and (months) biopsy
(Gy) (mm) PET
1 33 M GBM Rt-fr 60 + 18 35 10 1.84 109 5 no - N
2 31 F GBM Lt-fr 60+ 15 29 3 1.06 069 12 no - N
3 25 M AA Lt-oc 60+17 32 3 192 119 yes - N
4 24 F GBM Lt-ba 60+ 14 30 19 1.68 152 5 no + N
5 33 M GBM Lt-te 60+ 18 45 6 257 206 5 yes + N
6 57 M GBM Lt-ce 60+ 16 29 7 283 188 yes + R
7 29 M AA Rt-fr 60+ 18 28 8 219 139 yes + R
8§ 23 M GBM Rt-fr, pa 60+ 17 54 5 346  3.03 yes + R
9 42 M GBM Rt-ba 60+ 14 38 4 178 161  death no + R
10 62 M GBM Rt-te 60+17 29 5 195 1.84 yes + R
11 30 F AA Lt-fr 59+18 20 4 245 146  death no + R

TN: tumor versus normal ratio, SUV: standardized uptake value, M: male, F: female, GBM: glioblastoma, AA: anaplastic astrocytoma, Rt: right,
Lt: left, fr: frontal, pa: parietal, te: temporal, oc: occipital, ce: cerebellar, ba: basal ganglia, —: negative methionine uptake, +: positive methionine

uptake, N: necrosis, R: recurrence

TN
n.s.

n r

sSuv

n r

Fig. 1 Distribution of TN (Left) and SUV (Right) in the necrosis and recurrence groups. There are no
significant differences in TN or SUV between the two groups. Error bar shows SEM (standard error of
mean). The TN value is 1.31 £ 0.51, 0.23 (mean * SD, SE) in radiation necrosis group (n = 5), and 1.87
+0.60, 0.25 (mean £ SD, SE) in tumor recurrence group (n = 6). The SUV is 1.81 £0.54, 0.24 (mean
+SD, SE) in radiation necrosis group (n = 5), and 2.44 +0.62, 0.25 (mean = SD, SE) in tumor recurrence

group (n = 6).

TN: tumor-versus-normal ratio, SUV: standardized uptake value, n.s.: not significant
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diation) and chemotherapy (nimustine hydrochloride and
interferon f) as initial treatment. On the basis of the MRI
findings (Table 1), all 11 patients, who had undergone
SRS (¢knife or X-knife), were judged to be at high risk of
tumor recurrence. The marginal dose was 14-18 Gy. All
were examined using Met-PET. The mean period be-
tween SRS and PET was 6.7 months. Eight patients in the
post-SRS group had a pathologic diagnosis based on
biopsy or surgical resection within 3 weeks after PET. In
three other patients who underwent no pathologic exami-
nation, the definitive diagnosis was based on the subse-
quent clinical course and MRI findings after long-term
follow-up of more than 5 months. For histological studies,
all sections were stained with hematoxylin-eosin (H-E).
For necrosis case #5 in Table 1, sections were immu-
nostained for glial fibrillary acidic protein (GFAP), leu-
kocyte common antigen (LCA), and vessel endothelial

growth factor (VEGF).

Eleven aged-matched, healthy volunteers (8 males, 3
females) underwent Met-PET study as controls. Their
informed consent was a prerequisite for participation in
the study. Females of childbearing age were not included.

Table 2 This is the 2 x 2 factorial cross table (accumulation
versus diagnosis). There were two false positive cases and no
false negative case. From this table, there was no significant
difference between the recurrence and necrosis groups in Met
accumulation. The sensitivity, specificity, and accuracy of Met-
PET in detecting tumor recurrence were 100%, 60%, and 82%

Methionine Recurrence Necrosis
Accumulation 6 2
No Accumulation 0 3
(n=11)

Fig. 2 Case #5: radiation necrosis. Left: MRI reveals an enhanced lesion in the left temporal lobe at six
months after SRS. Right: Met-PET reveals increased uptake in the lesion and TN volume is high (2.06).

Fig. 3 Photomicrograph of a tissue section of Case #5. Left: Hematoxylin/Eosin (x100) The section of
the tissue shows necrosis with vascular proliferation (arrows) and without viable tumor cells. Right:
GFAP (glial fibrillary acidic protein) (x100) The section shows GFAP positive finding (arrows).
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METHODS

We employed the same methods as in our previous study.'
PET was carried out with HEADTOME IV PET scanners
(Shimadzu, Kyoto, Japan) having a spatial resolution of
4.5 mm (full width at half maximum) and a slice thickness
of 6.5 mm (14 slices). PET was performed parallel to the
orbitomeatal line. After a transmission scan was obtained,
a 10 minute static scan was performed at 20 minutes after
injection of 370 MBq of Met within 30 seconds after a 4-
hour fasting period. The PET images were reconstructed
using measured attenuation correction. We divided two
visual groups according to accumulation and no accumu-
lation of Met in the lesion. The portion of the lesion with
the highest Met accumulation was selected as the region
of interest (ROI), and several circular ROIs with a diam-
eter of 5 mm were located over the gray matter of the
contralateral frontal lobe. If no abnormality could be
detected, a circular ROI of the same size was located over
the area corresponding to the MR abnormality. Lesion or
tumor-versus-normal ratio (TN) was defined as the ratio
of average radioisotope counts per pixel in the lesion or
tumor (T) ROI, divided by average counts per pixel in
sevéral normal gray matter (N) ROI. The standardized
uptake value (SUV: tissue activity of Met or FDG per
body weight) was calculated over the same tumor ROI as
follows: SUV = [(pixel count/pixel volume)/(injected
radioisotope activity/body weight)] x calibration factor.

Scans were interpreted by two experienced nuclear
medicine physicians.

Analysis

We compared TN (and SUV) in the tumor recurrence and
necrosis groups and SUV of normal gray matter in control
and patients, using the Mann-Whitney test.

We also made a 2 x 2 factorial cross table (accumula-
tion or no accumulation, recurrence or necrosis) accord-
ing to visual inspection. The p value was calculated using
Fisher’s exact test and Met-PET sensitivity and specific-
ity in detecting tumor recurrence.

RESULTS

The clinical summary and PET result are shown in Table
1. Eight cases (#3, 5-11) underwent biopsy or surgical
resection; 2 of these (#3 and 5) were histologically proven
to have radiation necrosis without viable glioma cells.
Three other cases (#1, 2, and 4) with no histological
diagnosis were considered to have radiation necrosis;
they had stable neurological symptoms and no massive
enlargement of the lesion on MRI after more than 5
months.

Frontal lobe Met uptake in the 11 normal volunteers
showed no laterality and the mean normal SUV was 1.41
+0.24 (mean £ SD). In the 11 tumor cases the SUV of the
contralateral (non-tumor side) frontal lobe gray matter
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was 1.35 % 0.30 (mean £ SD). There was no significant
difference between the normal and tumor as regards
frontal lobe SUV.

TN ranged from 0.69 to 2.06 (mean * SE: 1.31 £0.23)
in the radiation necrosis group (cases #1-5) and from 1.39
to 3.03 (mean *+ SE: 1.87 £ 0.25) in the tumor recurrence
group (cases #6—11). SUV ranged from 1.06 to 2.57
(mean * SE: 1.81 % 0.24) in the necrosis group and from
1.78 to 3.46 (mean £ SE: 2.44 £ 0.25) in the recurrence
group. There was no significant difference between the
recurrence and necrosis groups as regards TN or SUV
(Fig. 1).

In terms of visual accumulation of Met, Met-PET did
not show high accumulation in 3 cases (#1, 2 and 3) and
showed visible accumulation in 8 cases (#4-11). In the 2
x 2 factorial cross table, there were two false-positive
cases (#4 and 5) and no false-negative case (Table 2). This
result shows that there were no significant differences
between the recurrence and necrosis groups in terms of
Met accumulation, with sensitivity, specificity, and accu-
racy of Met-PET in detecting tumor recurrence found to
be 100%, 60%, and 82%, respectively.

REPRESENTATIVE CASES

Case #5 (Figures 2 and 3)

A 33-year-old male had been treated for glioblastoma of
the left temporal lobe by surgery and conventional radio-
therapy (total dose: 60 Gy) and chemotherapy (nimustine
hydrochloride and interferon ). After these treatments,
residual lesion was treated with yknife irradiation (mar-
ginal dose: 18 Gy). At six months after SRS, follow-up
MRI revealed an enlarging enhanced lesion. Met-PET
revealed increased uptake and a high TN volume (2.06).
According to the visual findings, PET indicated that the
lesion was recurrent tumor. The lesion was biopsied.
Histological findings showed necrosis, with no viable
tumor cells. LCA and VEGF showed negative findings,
but GFAP showed positive finding. This suggested a
false-positive case.

DISCUSSION

Met-PET provides good contrast with tumor uptake,
because background uptake of amino acids in normal
brain tissue is low. Met-PET has been reported as a useful
technique for differentiating tumorous lesions from non-
tumorous tissue,”> 10 for detecting recurrent or residual
tumors, for distinguishing tumors from treatment-induced
lesions, and for correlation with tumor’s histological
grade in glioma.2 Met-PET images can identify the exist-
ence of tumor cells as a hot lesion, even in a small tumor
lesion, the lesions being characterized by a marked uptake
of Met. However, increased uptake of Met has occasion-
ally been seen in brain hematoma and necrotic areas
secondary to radiation therapy performed in treating brain
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tumors.>8 In this way, Met-PET sometimes shows accu-
mulation in non-tumorous lesions. Although the reason
for this accumulation is not well known, there are several
reports attributing such accumulation to enhanced me-
tabolism of the amino acid itself, elevated permeability of
amino acid due to blood-brain barrier damage, retention
of amino acid by increased vascular beds, and activated
membrane transport system, especially increased trans-
port of amino acid through VEGF-induced angiogenesis.?

We previously evaluated the usefulness of Met-PET in
terms of changes in metastatic brain tumors after SRS
treatment.'? The results showed different degrees of ra-
diolabeled methionine accumulation between radiation
necrosis and tumor recurrence; we reported Met-PET as
useful in detecting recurrent tumors. In the present study,
we investigated malignant glioma in the same manner as
with metastatic brain tumors, but failed to find a statisti-
cally significant difference between radiation necrosis
and glioma recurrence. This result may be attributable to
pathological differences in post-treatment necrotic tissue
between glioma and metastatic tumor. In radiation injury,
the vascular changes are well characterized. There is
proliferation of endothelial cells and fibroblasts and a
perivascular inflammatory response characterized by the
presence of lymphocytes, plasma cells, and macrophages.
Furthermore, the radiation induced astrocytic and micro-
glial responses that follow brain irradiation are indicative
of reactive gliosis.!"'* In the false-positive case (#5), we
immunostained brain sections for GFAP as the marker
of reactive gliosis, LCA as the marker of inflammation
(reacting macrophages and histiocytes), and VEGF as a
marker of vascular proliferation. We had positive finding
of GFAP around the necrotic lesion, but no positive
findings of LCA or VEGF in those lesions. The absence of
immunostaining for LCA in our case excludes inflam-
matory change, and the absence of immunostaining for
VEGF excludes any involvement of angiogenesis-related
factor. On the other hand, the positive GFAP immunostain-
ing demonstrated the presence of gliosis, indicating that
proliferative change in glial cells is a possible mechanism
of ''C-Met accumulation.® The previous study revealed
inflammatory cell infiltration in necrosis after metastatic
brain tumors,'? whereas the present study demonstrated
that gliosis was more noticeable than lymphocyte
infiltration. Additionally, there is a report suggesting
gliosis as the mechanism of methionine accumulation in
angioma?; gliosis is thought to involve a mechanism for
inducing increased methionine metabolism and perme-
ability.

The second item of note is the difference between the
present study and the previous study of metastatic tumors,
in that all subjects in the former underwent whole brain
irradiation in the initial radiotherapy. Hence, methionine
metabolism is possibly decreased due to radiation effect
even in normal gray matter; it is thought that the TN ratio
rises as the denominator decreases. In fact, comparison of
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the frontal lobe gray matter SUV in the normal subjects
and the gray matter SUV on the intact side in the 11 glioma
patients showed that the latter tended to be lower, though
the difference was statistically insignificant. We used two
parameters, TN and SUV, in comparing tumor recurrence
and radiation necrosis in PET; however, similar results
were obtained, with no statistically significant difference
(Fig. 1). Although it is difficult to determine which is the
appropriate parameter to evaluate accumulation rates in
PET, it should be noted that SUV produces high SD even
in normal gray matter, and that TN is based on the
assumption of a constantly normal denominator, as de-
scribed above.

Sonoda et al. reported that the ratio of tumor tissue to
contralateral gray matter in Met-PET of recurrent glioma
was significantly higher than that of radiation necrosis.!!
However, our results, unlike that report, showed that Met-
PET was of low specificity to the extent of false-positive
responses in some patients, with no significant difference
between tumor recurrence and necrosis. The difference
resides in the fact that Sonoda et al. reported on differen-
tiation between recurrence and necrosis in conventional
radiation for glioma, including benign cases, whereas we
evaluated post-SRS changes exclusively in patients with
malignant glioma of grade 3 or higher. Although it is
difficult to accurately interpret the difference in the results
of the two studies, one possible hypothesis is that the
severity of post-treatment necrosis, inflammation, gliosis
and other changes was greater severity because of high-
dose irradiation administered within period in SRS than in
conventional radiation.

We showed the high sensitivity and accuracy of Met-
PET in detecting tumor recurrence, and no false-negative
cases. Numerous reports have shown Met-PET to exhibit
high sensitivity for brain tumors, which was also sup-
ported by the results of the present study. However,
Szeifert et al. reported low Met accumulation of recurrent
glioma after SRS.!? In any case, if methionine accumula-
tion is observed, subsequent treatment must be given full
consideration.

CONCLUSION

Met-PET is a sensitive and accurate technique for dif-
ferentiating between recurrent malignant glioma and
radiation necrosis following SRS. This study noted a
sensitivity, specificity, and accuracy of 100%, 60%, and
82% respectively. However, we could show there were
no significant differences between the recurrence and ne-
crosis groups in Met-PET, and so careful attention must
be given to the possibility of false positivity. Further-
more, positive GFAP immunostaining demonstrated the
presence of gliosis, indicating that proliferative change
in glial cells is a possible mechanism of !'C-Met accumu-
lation.

This study presents information important for
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developing treatment strategies against post radiation
reactions. Immunostaining demonstrated the presence
of gliosis, indicating that proliferative change in glial
cells is a possible mechanism of !'C-Met accumulation.
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