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Abstract We investigated the diagnostic and prognostic sig-
nificance of metabolic parameters from ''C-methionine
(MET) positron emission tomography (PET) in patients with
malignant glioma. The MET-PET was examined in 42 patients
who had been previously treated with adjuvant treatment for
malignant glioma. Both ratios of maximal MET uptake of the
tumors to those of the contralateral normal gray matter (T/N
ratio) and metabolic tumor volume (MTV) were estimated in
each lesion. The diagnostic performance for recurrence was
investigated in all enrolled patients. A definitive diagnosis was
done with pathologic confirmation or clinical follow-up.
Among recurrent patients, we evaluated the prognostic value
of metabolic parameters (T/N ratio and MTV) as well as clin-
ical factors. Among 42 patients, 35 patients were revealed
with recurrence. Both T/N ratios (p = 0.009) and MTV (p =

0.001) exhibited statistical significance to differentiate
between recurrence and post-treatment radiation effect. A
T/N ratio of 1.43 provided the best sensitivity and specificity
for recurrence (91.4 and 100 %, respectively), and a MTV of
6.72 cm® provided the best sensitivity and specificity (77.1 %
and 100 %, respectively). To evaluate the prognostic impact,
different cutoffs of MTV were examined in patients with
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recurrent tumor and a threshold of 60 cm® was determined
as a best cutoff value to separate the patients in two prognostic
groups. Univariate analysis revealed improved overall surviv-
al (OS) for patients with Karnofsky performance scale (KPS)
score >70 (p<0.001) or MTV <60 cm? (p=0.049).
Multivariate analysis showed that patients with KPS score
>70 (p < 0.001; hazard ratio =0.104; 95 % CI, 0.029-0.371)
or MTV < 60 cm® (p=0.031; hazard ratio = 0.288; 95 % CI,
0.093-0.895) were significantly associated with a longer OS.
However, T/N ratio was not correlated with patients’ outcome.
Metabolic parameters had the diagnostic value to differentiate
recurrence from post-treatment radiation effect. Compared
with T/N ratio, MTV was an independent significant prognos-
tic factor with KPS score in patients with recurrent tumor. Our
study had a potential to manage these patients according to
prognostic information using MET-PET.

Keywords ''C-methionine - Metabolic tumor volume -
Recurrence - PET - Prognosis

Introduction

Cellular proliferation of tumors is associated with protein syn-
thesis [1]. Amino acid transport and protein synthesis are in-
creased in most tumors, compared to the normal brain. On
"'C-methionine (MET) positron emission tomography (PET)
images, areas that exhibit higher uptake than normal gray
matter are considered potentially pathological. Before and af-
ter treatment of malignant glioma, MET-PET is often used to
diagnose the tumor, detect recurrence, guide stereotactic biop-
sy and neurosurgical resection, monitor treatment, and delin-
eate the target volume for radiotherapy [2].
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For the analysis of MET-PET images, the ratio of tumor to
normal background (T/N ratio) is generated by dividing the
standardized uptake value (SUV) of the lesion by the SUV of
corresponding contralateral gray matter or the contralateral
frontal lobe. Generally, a threshold above 1.5-1.9 is used for
the diagnosis of brain tumor or recurrence [3]. On the other
hand, it remains controversial whether MET uptake before
treatment can be used as a significant prognostic factor [4].
Maximum SUV (SUVmax) has a limitation to reflect the met-
abolic status of whole tumor. Furthermore, T/N ratios may
vary considerably due to inappropriate region of interest
(ROI) localization especially in large zones of hypermetabolic
areas or hypometabolic necrosis in tumors.

To overcome the above limitation, MET-PET-derived
three-dimensional volume parameter (metabolic tumor
volume, MTV) has been used to evaluate tumor characteris-
tics. However, there have been few reports to assess prognos-
tic value of these metabolic parameters derived by MET-PET
especially in patients with recurrent malignant gliomas. It is
important to evaluate the post-treatment status of patients for
the selection of a subsequent management plan. Therefore, we
investigated the diagnostic (recurrence or post-treatment radi-
ation effect) and prognostic values using metabolic parameters
from post-treatment MET-PET in patients with malignant
glioma.

Patients and methods

Clinical characteristics of 42 patients with malignant
glioma

Between May 2009 and November 2013, 42 patients with
malignant gliomas received MET-PET examinations for dif-
ferential diagnosis between recurrence and post-treatment ra-
diation effect. A retrospective review of medical records was
performed on all patients. The mean age was 45.6 years
(range, 13-75) and included both males (n =23) and females
(n=19). The tumors were graded according to the World
Health Organization (WHO) classification [5]. Pathological
diagnosis revealed four anaplastic astrocytomas, one anaplas-
tic oligoastrocytoma, seven anaplastic oligodendrogliomas,
and 30 glioblastomas. The retrospective study has been ap-
proved by our institutional review board (IRB No: CNUHH-
2015-100), and the need for written informed consent was
waived. As the initial adjuvant treatment following operation,
25 patients received concomitant chemoradiotherapy (CCRT)
with temozolomide (Temodal; Schering-Plough, Kenilworth,
NJ, USA) [6]. Other 17 patients received radiotherapy with
mean 56.6 Gy (range, 50.4-60.0). Following adjuvant treat-
ment, 42 patients received a MET-PET examination to differ-
entiate between recurrence and post-treatment radiation effect.
The median interval between the end of initial adjuvant
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treatment and MET-PET exam was 22.0 months (range, 8.7—
74.4). The patients were estimated by the Karnofsky perfor-
mance scale (KPS) score which runs from 100 to 0, where 100
is “perfect” health and O is death [7]. Tumor recurrence ac-
cording to the Macdonald criteria was determined retrospec-
tively from the medical records [8]. During clinical and radio-
logic follow-up, one criterion used was the following: contrast
enhancement or tumor enlargement >25 % in sum of the prod-
ucts of perpendicular diameters or any new contrast enhancing
lesion or clinical deterioration.

"'C-methionine positron emission tomography

MET-PET was performed using a Discovery ST PET/CT sys-
tem (GE Medical Systems, Milwaukee, WI, USA) with a spa-
tial resolution of 5.0 mm (full width at half maximum) and
slice thickness of 3.27 mm. Patients were placed in the scanner
such that slices parallel to the orbitomeatal line could be ob-
tained. Patients were intravenously injected with''C-MET at
7 MBg/kg during a fasting period. For attenuation correction,
we acquired a non-contrast-enhanced, low-dose CT scan and
began the 10-min emission scan 20 min after the injection of
""C-MET. We reconstructed the images in the form of
transaxial images of 256 x 256 x 98 anisotropic voxels (voxel
size was 1.17 mm x 1.17 mm x 3.27 mm) with ordered subset
expectation maximization (OSEM: iteration, 5; subset, 32)
and used CT images for attenuation correction of the PET
images.

Image analysis of "' C-methionine uptake

Two kinds of metabolic parameters (T/N ratio and MTV) from
MET PET were measured. To achieve the reference value, we
manually placed regions of interest (ROI) over the contralat-
eral gray matter or, if impossible because of the tumor loca-
tion, on intact brain regions in the axial plane (Fig. 1a). Next, a
ROI was automatically placed along the tumoral margin set to

Fig. 1 Image analysis of ''C-methionine uptake. a The reference value
was measured as maximal SUV from regions of interest (ROI) over the
contralateral normal gray matter. b A ROI was automatically placed along
the tumoral margin set to >SUVmax of contralateral normal gray matter
and metabolic tumor volume was measured by using the ROI over the
threshold mentioned above (cm’)
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>SUVmax of contralateral normal cortex (Fig. 1b). The T/N
ratio was calculated by dividing the SUVmax of the tumor,
which was calculated over the ROI of each targeted lesion, by
the SUVmax of the contralateral normal gray matter. MTV
was also measured by using the ROI over the threshold men-
tioned above (cm?).

Statistical analysis

Descriptive statistics are presented as mean + SD or as range.
Student’s ¢ test was used to compare the difference of T/N ratio
or MTV between two groups (recurrence and post-treatment
radiation effect). The diagnostic accuracy of T/N ratio and the
MTYV was evaluated using receiver operating characteristic
(ROC) curve analysis by MedCalc software (version 11.6;
Broekstraat, Mariakerke, Belgium). We defined the mean
range as the follow-up length and determined single variable
effects on overall survival (OS) via univariate and multivariate
analyses. The single variables were age, KPS score, patholog-
ic grade, T/N ratio, MTV (cm3), and adjuvant treatment. The
prognostic impact of MET uptake and MTV was tested by an
approximation procedure with different cutoffs to determine
the cutoff value best separating the patients in two prognostic
groups. OS was calculated from the dates of PET examination
to death or last follow-up. Survival probability was calculated
using the Kaplan-Meier method, and comparisons were per-
formed with the log-rank test. We examined variables in the
Cox proportional hazard analysis model to identify the inde-
pendent predictors of survival. These variables which signifi-
cance level was less than 0.25 from the univariate analyses
were included in the multivariate analyses. All statistical anal-
yses were performed with a significance level of p <0.05
using SPSS 21.0 (SPSS, Chicago, IL).

Results

Metabolic parameters for the diagnosis of malignant
glioma

Among 42 patients, 35 patients were revealed with recurrence.
Recurrence was diagnosed with pathologic confirmation in 12

patients or clinical and radiologic follow-up in 23 patients.
Depending on the pathologic subtypes, 24 out of 29 patients
with glioblastomas showed recurrence. Ten patients were
pathologically diagnosed after re-operation, and 14 patients
were diagnosed with clinical and radiologic follow-up. Of
13 patients with anaplastic glioma, 11 patients showed recur-
rence. Two patients were pathologically diagnosed after oper-
ation, and 9 patients were diagnosed with clinical and radio-
logic follow-ups.

For all patients, MTV (p= 0.001) as well as T/N ratio
(p=0.009) were significantly higher in patients with recur-
rence (Table 1). The ROC curve analyses for the T/N ratio and
the MTV were performed for all patients (Fig. 2). Although
the area under curve (AUC) for T/N ratio was higher than that
for MTV, there was no significance (0.953 vs. 0.906,
p = 0.184). The optimal cutoff values for recurrent malignant
gliomas were 1.43 in T/N ratio and 6.72 cm® in MTV, respec-
tively (Table 2).

Therapeutic management in 35 patients with recurrent
tumor

The adjuvant treatment underwent in 33 out of 35 patients
with recurrence. The mass was removed totally in two patients
and subtotally in one. Chemotherapy was given to 30 patients.
The regimens are as follows: temozolomide in 19; procarba-
zine, CCNU, and vincristine in 10; ACNU and cisplatin in
four; and bevacizumab in 10. Re-radiotherapy was performed
in one patient and gamma knife radiosurgery in two.

The prognostic impact according to different cutoffs
of metabolic parameters

The prognostic impact of MTV and T/N ratio was tested with
different cutoffs in 35 patients with recurrent tumor (Table 3).
To determine the cutoff value best separating the patients in
two prognostic groups, Kaplan-Meier analysis of MTV re-
vealed a best cutoff value with the statistical significance at
a threshold of 60 cm’®. Using this threshold, patients with a
MTV higher than 60 cm® showed shorter OS (p = 0.049, log-
rank test). On the T/N ratio results at different cutoff including
the mean value, there was no statistical significance.

Table 1 Comparison of

metabolic parameters Recurrence (N =35) Post-treatment radiation effect (N =7) p value
T/N ratio 2.36+0.87 (0.44-5.00) 1.22+£0.10 (1.13-1.43) p»=0.009
MTV (cm®) 25.89+25.11 (0.63-91.97) 1.87+£2.22 (0.31-6.72) p=0.001

Data are mean + SD (range)

T/N ratio the ratio of tumor to normal background

MTV metabolic tumor volume
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Fig. 2 ROC curve for T/N ratio and MTV. The areas under curve (AUC)
were 0.953 for T/N ratio and 0.906 for the MTV. There was statistical
significance for T/N ratio (p = 0.009) and the MTV (p = 0.001) to differ-
entiate between tumor recurrence and post-treatment radiation effect,
respectively

The prognostic significance related with the overall
survival among 35 patients with recurrent tumor

The results are summarized in Table 4. The mean OS was
15.9 +2.7 months in all patients. Univariate analysis revealed
improved OS for patients with KPS score > 70 (p < 0.001) and
MTV <60 cm® (p=0.049). There was no statistical signifi-
cance in age (p= 0.216), pathologic grade (p=0.111), T/N
ratio < 2.8 (p= 0.113), and adjuvant treatment (p = 0.098).
Patients with KPS > 70 (mean OS, 16.6 & 2.0 months) showed
improved OS compared to that in patients with KPS <70
(mean OS, 5.8+0.9 months). Patients with MTV <60 cm®
(mean OS, 15.6+ 1.9 months) had improved OS compared
to that in patients with MTV >60 cm’ (mean OS, 7.9+
1.9 months) (Fig. 3).

Multivariate analysis showed the statistical significance on
KPS and MTV. Patients with KPS > 70 were significantly as-
sociated with a longer OS (p < 0.001; hazard ratio = 0.104;

sions from gliomas of 75-100 % [1, 9—11]. Especially, T/N
ratio over SUV has been demonstrated for diagnosis of ma-
lignant potential or recurrence, due to the marked variation of
MET accumulation in intact brain tissue among individuals. In
our study, T/N ratio >1.43 showed high diagnostic accuracy
for recurrence, which was in line with previous studies [3].

In addition to T/N ratio, MTV was also the significant
metabolic parameter for recurrence in our study, which value
>6.72 cm® showed high diagnostic accuracy. However, the
sensitivity of MTV (77.1 %) was suboptimal, compared to
that of T/N ratio. Due to the limited spatial resolution of
PET imaging, small brain lesions, less than 2 cm in diameter,
could lead to an underestimation of the accumulation of radio-
isotope in tumors [12, 13]. By this partial-volume effect, MTV
could be more affected than T/N ratio which was calculated
using SUVmax.

On the other hand, these parameters were very specific
(100 %) for recurrence, compared to previous studies [14].
Generally, MET uptake could increase in benign conditions,
which include necrosis, leukoencephalitis, abscess, hemato-
ma, ischemia, and demyelination. Especially, MET uptake
may be increased due to the disruption of the blood-
brain barrier and vascular proliferation after radiothera-
py, which lead to false-positive results in the brain tu-
mor [15, 16]. In addition, delayed radiation injury leads
to an undefined zone of MET uptake, where it is diffi-
cult to differentiate between tumor recurrence and

Table 2 Diagnostic accuracy of

metabolic parameters for ROC cutoff Sensitivity (%) Specificity (%) PPV (%) NPV (%)
recurrence
T/N ratio 1.43 91.4 100 100 70.0
MTV (cm®) 6.72 77.1 100 100 46.7

T/N ratio the ratio of tumor to normal background

MTV metabolic tumor volume, ROC receiver operating characteristic
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Table 3  Prognostic impact according to different cutoffs of metabolic
parameters in recurrent malignant gliomas (N =35)

Overall survival (months) p value
MTYV (mean)
<25 em® (N=23) 13.5+1.7 0.739
>25 cm® (N=12) 15.6+4.0
MTV
<45 cm® (N'=26) 154+2.0 0.198
>45 cm® (N=9) 94+15
MTV
<60 cm® (N=29) 156+1.9 0.049
>60 cm® (N=6) 79+1.9
T/N ratio (mean)
<4 N=17) 143+2.0 0.714
>2.4 (N=18) 13.8+2.7
T/N ratio
<2.8 (N=26) 15.8+2.1 0.113
>28 (N=9) 93+1.6
T/N ratio
<32 (N=31) 149+18 0311
>32 (N=4) 8.4+2.1

MTV metabolic tumor volume

radiation effect [17, 18]. In our study, the proportion
classified into patients with post-treatment radiation ef-
fect was low, which might be one of the reasons why
metabolic parameter showed high specificity.

The prognostic significance of post-treatment metabolic
tumor volume in patients with recurrent tumor

Clinical prognostic factors of malignant glioma, including
young age, high KPS score, high mini-mental state examina-
tion score, and surgical resection of >98 % of tumor are indic-
ative of higher OS [19]. We investigated whether metabolic
parameters such as T/N ratio and MTV could give additional,
important prognostic information among 35 patients with re-
current tumor.

The prognostic significance of MET uptake (or T/N
ratio) remains controversial. One study showed that
there was no statistical prognostic value of maximal
MET uptake in low- and high-grade gliomas before
treatment using a semiquantitative region of interest
(ROI) [4]. Another study showed that high T/N ratio
can be used as a prognostic factor for grades Il and
IIT gliomas, with high uptake being associated with poor
survival [20, 21]. In this study, T/N ratio was not relat-
ed with poor prognosis in patients with recurrent malig-
nant glioma. These conflicting results might be due to
the characteristics of T/N ratio, which could only reflect
the maximal value of ROI, instead of whole tumor re-
lated to prognosis.

On the other hand, MET-PET can delineate the tumor ex-
tent more precisely, compared to MRI [22]. Furthermore, the
distinction between recurrence and radiation effect after adju-
vant treatment (especially concurrent chemoradiation therapy)
remains unresolved, and the delineation of tumor burden is

Table 4 Prognostic factors

N=35

Univariate analysis Multivariate analysis

related to overall survival in Variable
recurrent malignant gliomas
Age (years)
>60 10
<60 25
KPS
>70 28
<70 7
Pathologic grade
Anaplastic glioma 11
Glioblastoma 24
T/N ratio
<2.8 26
>2.8 9
MTV (cm®)
<60 29
>60 6
Adjuvant treatment
Chemotherapy 30
Other treatment 3
No treatment 2

p value OR 95 % CI p value
0.216

<0.001 0.104 0.029-0.371 <0.001
0.111
0.113 0.550 0.191-1.584 0.268
0.049 0.288 0.093-0.895 0.031
0.098 0.684 0.101-4.589 0.818

0.483 0.048-4.808
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Fig. 3 Kaplan-Meier overall survival curve. Patients with MTV <
60 cm® had improved OS compared to that in patients with MTV >
60 cm’

also difficult despite advanced imaging techniques [22, 23].
Therefore, MET-PET-derived three-dimensional metabolic
parameter, MTV, could provide a better prognostic value by
reflecting whole tumor effectively, compared with T/N ratio.

Galldiks et al. reported that pretreatment volumetry of
MET uptake but not the T/N ratio is a useful prognostic mark-
er in patients with malignant glioma [2]. However, there has
been no previous report to investigate of the prognostic sig-
nificance of MTV among patients who had recurrent tumor in
spite of adjuvant treatment. In our knowledge, it is the first
report to correlate MTV in recurrent malignant gliomas with
prognosis and MTV was an independent prognostic factor
with KPS in those patients.

The limitation of this study

There are several limitations in this study. First, the results
could be affected by selection bias because of the retro-
spective analysis. Especially, the proportion between re-
currence and post-treatment radiation effect affected the
optimal cutoff value of metabolic parameters in this study
although only patients with recurrence were included to
evaluate prognosis. Second, the prognosis could be differ-
ent according to subsequent therapeutic regimens among
patients with recurrent tumors. Even if there was no sta-
tistical significance, variable therapeutic regimens could
affect the patient’s outcome. Third, the measurement of
MTYV can also be different depending on the level of
threshold, because boundary threshold of MTV was set
to over SUVmax of the contralateral normal cortex.
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Further studies are needed to improve the reproducibility
of the level of threshold.

Conclusion

Metabolic parameters (T/N ratio and MTV) had the diagnostic
value to differentiate recurrence from post-treatment radiation
effect. Compared with T/N ratio, MTV was an independent
significant prognostic factor with KPS in patients with recur-
rent tumor. Although further investigations should be per-
formed to assess prognosis according to pathologic subtype
or subsequent specific therapeutic regimens, our study had a
clinical implication about how to manage patients with recur-
rent tumor according to additional prognostic information
using MET-PET.
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