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Objective To characterize glioma preoperatively using
quantitative 99mTc-methionine SPECT and comparison
with MR-perfusion/spectroscopy and histopatholgical/
Ki-67 scoring.

Methods Twenty-nine patients (21M: 8F; mean age

42.3 + 10.5 years) with clinical and radiological suspicion
of glioma assessed by 99mTc-MDM/SPECT and

ceMRI. Additionally, 12/29 patients underwent dynamic
susceptibility contrast-enhanced (DSCE) MRI and
magnetic resonance spectroscopy (MRS) examination.
Three patients with benign pathologies were recruited as
controls. Histopathological tumor analysis was done in all
(n = 29) the patients, and the Ki-67 index was evaluated in
20/29 patients. The target-to-nontarget (T/NT) methionine
tumor uptake ratios, normalized cerebral blood volume
(nCBV) and metabolites [choline/N-acetyl aspartate (Cho/
NAA), Cho/creatine (Cr), Cr/NAA and Cr/Cho) ratios were
measured in tumor areas.

Results On histopathological analysis, 26/29 patients
had glioma (G IV-13; G 111-04; G 11-09). The mean T/NT
ratio in G-ll was significantly lower (2.46 % 2.3) than in

G-Il (713 £ 2.2) and G-IV (5.16 £ 1.2). However, the mean
ratio was highest (15.9 + 6.8) in meningioma (n=3). The
T/NT cutoff ratio of 3.08 provided 100% sensitivity, 87.5%
specificity for discriminating high-grade glioma (HGG) from

Introduction

Primary brain tumors remain a significant health prob-
lem worldwide, with an estimated incidence of approx-
imately 14 cases per 100000 people in the United States
[1]. The projected survival for a glioma patient is based
upon the tumor grading and associated indices like
Ki-67 proliferation index determined by histopathol-
ogy examination which is often sampled by stereotactic
biopsy. However, as the gliomas are often heterogene-
ous; therefore, the biopsied sample may not reflect the
true malignant potential of glioma [2]. Various imaging
markers have been reported as prognostic indicators for
determining the pathological grading of glioma. There is
growing evidence for the use of advanced multimodality
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low-grade glioma (LGG) disease. Likewise, the nCBV cutoff
of 2.43 offered 100% sensitivity and 80% specificity. Only
the Cho/NAA cutoff value of greater than 3.34 provided
reasonable sensitivity and specificity of 85.7% and 80.0%
respectively for this differentiation. T/NT ratio correlated
significantly with nCBV and Cho/NAA, Cho/Cr ratios but
not with Ki-67.

Conclusion Quantitative 99mTc-MDM -SPECT provided
high sensitivity and specificity to differentiate HGG versus
LGG preoperatively and demonstrated a potential role for
the differential diagnosis of glial versus nonglial tumors.
Nucl Med Commun 41: 848-857 Copyright © 2020 Wolters
Kluwer Health, Inc. All rights reserved.
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MRI and PET to provide a noninvasive critical insight
into the underlying molecular characteristics of gliomas
[3,4]. Dynamic susceptibility contrast-enhanced (DSCE)
MR imaging assesses tumor vascularity and magnetic res-
onance spectroscopy (MRS), which investigates metabo-
lites’ changes in tumor tissue, are the most widely used
MRI techniques in glioma grading and prognostication
[5,6].

Among the PET tracers, methionine labeled with
Carbon-11 has been extensively used as the ‘standard of
care’ for glioma imaging [7]. 11C-methionine transport
through the energy-dependent L-type amino acid trans-
porter (LAT-1) receptors [8]. LAT1 need an additional
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membrane-spanning protein antigen (4F2hc/CD98) for
their functional expression and 4F2 antigen (CD98) has
been reported to associate with various cellular activities
including cellular proliferation [9,10]. Also, a significant
correlation was observed between methionine uptake
and Ki-67 proliferation index [11]. However, because of
the prerequisite of an onsite cyclotron due to the short
physical half-life of 20min and cumbersome radiola-
beling procedure, 11C-methonine could not become a
routine PE'T imaging tracer, especially in highly busy
centers [8]. To overcome such logistic concerns, we in the
present study used 99m’Tc-methionine (99m’Tc-MDM)
single-photon emission tomography (SPECT) tracer
(an amino acid analog) which has a similar mechanism
of uptake as that of 11C-MET [12,13]. 99mTc-MDM
imaging has an advantage of allowing delayed imaging
due to its longer half-life of 6h which makes possible
the detailed tumor characterization by serial (early and
late phase) imaging [12]. The preclinical and clinical
studies in treated gliomas have demonstrated that this
newly developed radioligand has immense translational
and clinical relevance [13,14]. With this background, the
present study was carried out to evaluate the diagnos-
tic performance of quantitative 99m'ITc-MDM SPECT
in grading glioma preoperatively. The SPECT findings
were compared with quantitative MR perfusion/spec-
troscopy parameters, histopathology and Ki-67 indices.

Methods

Patients:

In this study, 29 (21M:8F; mean age 42.5+10.3years;
range 24-65years) adult patients with clinical/radio-
logical suspicion for glioma were recruited prospec-
tively between September 2017 and July 2019. All the
patients underwent 99m’Tc-MDM SPECT and con-
ventional MR imaging followed by surgery. A subset of
12 (12/29) patients underwent DSCE-MRI and MRS.
Histopathological analysis was carried out in all the biop-
sied samples obtained during the surgical/biopsy pro-
cedure and additionally, immunohistochemistry (IHC,
Ki-67 index) was evaluated in 20 (20/29) patients. The
mean time difference between surgical biopsy proce-
dure and 99mTe-MDM SPECT imaging studies was
4.58 £ 3.34 days. Additionally, three patients (two cerebral
tuberculoma and one neurocysticercosis) were recruited
as control cases to evaluate the uptake pattern of the
radiotracer in non-neoplastic pathologies. The image
findings were compared with the reference standard (his-
topathological findings). A written and informed consent
was obtained from each patient and the study protocol
was approved by the Institute Ethics Committee. Newly
diagnosed adult patients (>18years of age) of either sex
(male or female) with clinical/radiological suspicion of
glioma/primary brain tumors and having indications for
surgery were included in the study. Patients with MRI

contradictions, unstable or noncooperative patients were
not included in the study.

99mTc-methionine single-photon emission tomography
protocol and data processing

Reconstitution of a lyophilized single vial methionine
kits was performed as described previously [13]. The
radiolabeled preparation filtered through a 0.22-pm
filter (Millipore, Bedford, Massachusetts, USA) to
ensure sterility before injecting it into the patients.
The radiolabeling efficiency of 99m’Te-MDM  was
evaluated (by I'TLC method) for each kit used in this
study.

About, 555.0-740.0 MBq radioactivity of 99mTe-MDM
was administrated intravenously and tomographic
images were acquired 2h postinjection using a dual-
head (SPECT) gamma camera (Symbia-116, Siemens,
Erlangen, Germany) over 360° degree rotation (circular
orbit) in 128 projections (20s/projection) in 128x 128
matrix with a zoom factor of 1.5. The patient’s head was
immobilized with the help of a restraining strap. During
image acquisition, the energy of the SPECT gamma
camera was centered at 140KeV with an energy win-
dow of £20.0%. Low-dose computed tomography (CT)
acquisition was done for attenuation correction with C'T'
parameters set at 60 mAs and 140.0 kVP, respectively.

SPECT images were reconstructed using an iterative
reconstruction algorithm with a Butterworth smoothing
filter. Subsequently, the reconstructed data were dis-
played in three planes (axial, sagittal and coronal) for
visual localization of the lesions demonstrating focal and
abnormal uptake of the radiotracer. The reconstructed
SPECT (axial images) data were also subjected to a sem-
iquantitative analysis.

A region of interest (ROI) was drawn manually around
the lesion (with abnormal focus of radiotracer) and the
identical ROI was drawn on the contralateral side of the
normal area of the brain in the same section. The max-
imum counts per pixel were calculated in the lesion as
well as in the background area. The counts per pixel were
used to calculate the target-to-nontarget (‘T/N'T) ratio of
the radiotracer.

MRI protocols and data processing

MRI was performed by using 3.0-Tesla (Siemens,
Verio, Erlangen, Germany) or 3.0-Tesla (Discovery TM
MR750w GEM; GE Healthcare, Germany) whole body
MR units equipped with the standard head coil. The pro-
tocol for glioma imaging for 3.0-Tesla (Siemens, Verio)
consisted of following sequences: Axial T'1 weighted
imaging (‘TR/TE: 1800/3.8), Axial T2 weighted imag-
ing (TR/TE: 6000/96, Coronal T2 weighted imaging
(TR/TE: 9000/94), and FLAIR (TR/TE: 9000/94),
whereas the protocol for the 3.0-Tesla (Discovery 'T'M
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MR750w GEM) consisted of: Axial FLLAIR T2 imaging
(TR/TE: 11000/100), Axial T2 PROPELLER (period-
ically rotated overlapping parallel lines with enhanced
reconstruction) imaging (TR/TE: 4800/114), and SAG
FSPGR BRAVO (Fast spoiled grass sequence) (TR/TE:
8.4/3.2).

dynamic susceptibility contrast-enhanced-MRIimaging
For DSCE-MR acquisition, all the patients were kept
fasting for 3—4h, and two MR imaging datasets were
acquired before and after intravenous administration of
Gadopentetate dimeglumine contrast (0.15 mmol/kg).
The contrast was injected at a flow rate of 3.0-5.0mL/
min in the antecubital vein by using a power injector
through an intravenous catheter followed by a saline
flush of 25.0mL at the same rate. Abnormal contrast
enhancement in the tumor-affected site was evaluated
in three planes on all the sequences. Postprocessing of
DSCE-MRI data was performed utilizing comprehen-
sive neuroimaging software (nordicBrainEx, Nordic
Neuro Lab, Norway) including co-registration of DSCE
images with anatomical MRI images, leakage correction,
vessel removal and normalization.

Parametric maps were generated for precisely calculating
the normalized cerebral blood volume (nCBV) values in
the tumor areas. The output nCBV maps were normal-
ized for balancing the mean nCBV value of the normal
brain tissue as 1.0, whereas the tumor tissue typically had
a higher value. nCBV values were calculated in ROIs
placed at the tumor areas showing maximum perfusion.
To optimize reproducibility, three nCBV measurements
were obtained using three different slices of nCBV maps,
which were then averaged as the final value for nCBV in
the individual patient.

Magnetic resonance spectroscopy imaging

Patients were subjected to multivoxel point resolved
two-dimensional chemical shift imaging (2D-CSI) with
spectroscopy sequence on tumoral/peritumoral regions
to evaluate the pattern for N-acetyl aspartate (NAA),
choline (Cho), creatine (Cr) and lipid-lactate metabo-
lites. Water suppression was achieved with a chemically
selective suppression pulse sequence. Automated global
shimming was used to minimize the B inhomogeneity
and localized shimming was done to further minimize
B field variations over the voxel of interest. The FLAIR
or contrast-enhanced transverse T1-weighted images
were used to localize and to place the volume of inter-
est. Siemens and GE healthcare inbuilt software pack-
ages were used for processing the MRS data. MRS raw
data were transferred to the workstation (Syngo MR
Workstation, Siemens, Erlangen, Germany containing B
17 version of the software or GE Healthcare workstation)
for postprocessing. The relative metabolite concentration

ratios of Cho/NAA, Cho/Cr, Cr/NAA, and Cr/Cho on the
tumors were estimated.

Single-photon emission tomography/MRI fusion

The corresponding SPECT and MRIs’ fusion was done
by using fusion software (Multimodality Oasis Server
version 1.9.4.3, Segami Corp., Columbia, Maryland, USA)
for the better delineation of the tumor boundaries,

Histopathology and immunohistochemistry

The tissue diagnosis of glioma was established by per-
forming routine histopathological analysis on the biop-
sied tumor samples. Histopathological grading was done
according to the WHO classification system-2007 [15].
The Ki-67 labeling index was evaluated by the stand-
ard THC technique. The percent Ki-67 labeling index
was defined as the percentage of nuclei stained posi-
tively per the total number of nuclei for Ki-67 nuclear
antigens.

Statistical analysis

The statistical analysis was carried out using the Statistical
Package for Social Sciences (IBM SPSS statistics 21).
The Receiver-operating characteristic (ROC) analysis
was performed to obtain the sensitivity and specificity for
the quantitative variables reaching statistical significance
to differentiate low-grade and high-grade gliomas. The
Pearson correlation test was run to test the relationship
between MDM SPECT and different MR parameters.
All statistical tests were two-sided and were performed at
a significance level of P <0.05.

Results

Histopathology and immunohistochemistry

Histological examination performed in 29 patients
revealed that 13 patients had glioblastoma multiforme
(GBM) (G-1V), two patients each had anaplastic astro-
cytoma and oligodendroglioma (ODG) (G-III), and
three patients each had astrocytoma and diffuse astro-
cytoma (G-II). One patient each had oligoastrocytoma,
ODG and gemistocytic astrocytoma (G-II), respectively.
Incidentally, three patients with clinical as well as radio-
logical suspicion of glioma during the presurgical evalu-
ation turned out to be meningioma (meningioma — two
patients and angiomatous meningioma — one patient) on
histopathological analysis. Patients’ demographic details
and quantitative imaging parameters have been demon-
strated in Table 1.

IHC (Ki-67) was performed in 20 out of 29 patients.
Among these 20 patients, nine patients were grade-IV,
three patients were of grade-III glioma and five patients
were of grade-II glioma, respectively. The remaining
three patients had meningioma. The Ki-67 labeling index
(LLT) increased with the grading of glioma and was esti-
mated to be 3.40+3.71 (1-10%), 18.0 £ 8.18 (9-25%) and
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Table 1 Patients’ demographic details, glioma grading and quantitative imaging parameters

SN Age/sex Tumor type/grade Tumor location Ki-67 (%)  T/NT CBV  Cho/NAA  Cho/Cr Cr/Cho Cr/NAA
1 52/F GBM IV Corpus callosum 25 6.4 12.99 6.37 4.07 0.45 1.54
2 44/M GBM IV Occipital (L) - 4.4 - - - - -
3 28/M  GBMIV Parietal (L) 5 6.125 - - - - -
4 30/M GBM IV Frontal (R) 25 5.3

5 52/F GBM IV Corpus callosum 25 4.2 5.337 3.50 2.16 0.45 1.27
6 44/M GBM IV Temporal (L) 40 6.76

7 44/M GBM IV Frontal (L) - 6.5

8 24/F GBM IV Insular glioma (R) - 4.7 6.43 5.30 3.09 0.32 2.59
9 46/M GBM IV Corpus callosum - 5.57 3.57 1.14 2.30 0.42 2.50
10 50/M GBM IV Frontal (L) and (R) 20 3.37 3.30 4.98 1.17 0.84 3.17
11 65/M  GBMIV Parietal (R) 9 3.48 - - - - -
12 54/M GBM IV Frontal (R) 60 3.9 - - - - -
13 45/M  GBM IV Fronto-parietal (R) 9 6.4 - - - - -
14 30/F Anaplastic astrocytoma Il Corpus callosum 9 4 - - - - -
15 37/M oDGl Parietal (R) 25 8.6 8.73 6.40 3.60 0.29 1.78
16 57/M oDG Il Prietotemporal (R) 20 8.714 8.9 9.76 10.50 0.90 3.17
17 47/M Anaplastic astrocytoma Il Temporal (L) with thalamic extension - 7.2 - - - - -
18 45/M Astrocytoma Il Frontal (R) 1.06 1.456 2.40 1.44 0.17 1.56
19 45/M  Oligoastrocytoma Il Insular glioma (R) 2 1.16 1.39 2.31 3.27 0.35 1.72
20 46/M Diffuse astrocytoma Il Temporal (L) - 2.8 - - - - -
21 30/M  Astrocytoma ll Temporal (R) 1.1 1.56 3.80 1.57 0.63 1.66
22 40/M Diffuse astrocytoma Il Frontal (L) 1 0.8 - - - - -
23 24/M Astrocytoma Il Insular glioma RT 2 1.8 1.41 3.18 1.24 0.80 2.74
24 47/M Diffuse astrocytoma Il Multicentre glioma 3.44 3.7 2.50 3.50 0.89 2.89
25 36/F ODG I Thalamic gliioma (L) 2 1.9 - - - - -
26 43/M  Astrocytoma gemistocytic Il Frontoparietal (L) 10 8.1 - - - - -
27 37/M Meningioma | Prietotemporal (L) 1 11.9 - - - - -
28 32/M Meningioma | Parietal (R) 2 12 - - - - -
29 58/M Meningioma (angiomatous) | ~ Frontal (L) 2 23.8 - - - - -

CBV, cerebral blood volume; Cho, choline; Cr, creatine; F, female; GBM, glioblastoma multiforme; L, left; NAA, N-acetyl aspartate; ODG, oligodendroglioma; R, right; T/

NT ratio, target-to-nontarget ratio.

24.22£17.3 (5-60%) in G-11, G-III and G-IV, respectively.
The mean £SD values of Ki-67 in grade-II gliomas were
significantly lower as compared to grade III (P=0.008)
and grade IV (P=0.02) gliomas. No statistical difference
was observed in mean values of Ki-67 LI between gli-
oma grade III and grade IV. In G-IV group of patients,
one patient had a Ki-67 value as low as 5.0% which was
observed typically seen in G-II glioma. Similarly, the
Ki-67 index was also higher (10%) in one patient of gemi-
stocytic astrocytoma (grade II) compared to other grade
IT glioma. In meningioma, the mean Ki-67 index was esti-
mated to be 1.66+0.57 and ranged between 1.0 and 2.0%.

99mTc-methionine single-photon emission tomography
image findings

The radiolabeled product remained stable for up to
24 h. The radiolabeling efficiency for the final product of
99m'Tc-MDM was evaluated for each kit and the mean
value was estimated to be 97.0 £ 1.5%. No adverse effects
were observed in any of the patients after intravenous
tracer administration.

On 99mTc-MDM SPECT, a focally increased uptake of
the radiotracer was seen in 17 HGG (G-I11/G-V) patients
and was interpreted as disease positive. On the other
hand, in LGG (G-II, »= 9), positive scan findings were
observed in 4/9 patients. In the remaining 5/9 patients, no
noticeable tracer uptake was seen, and hence, the findings
were interpreted as negative for the detection of any dis-
ease activity. However, the findings were false negative

in view of the histopathological evidence of LGG (three
astrocytoma, one diffuse astrocytoma and one oligoastro-
cytoma) in this subset of patients. Interestingly, very high
tracer uptake ('T/N'T ratio=15.9+6.8) was observed in
meningiomas. No visible tracer uptake was seen in three
control cases. The overall sensitivity, specificity, false
positive rate and false negative rate of 99m’Te-MDM
SPECT to pick the brain neoplasm were estimated to be
86.2, 100, 0.0 and 13.8%, respectively.

Quantitative analysis of 99mTc-methionine
single-photon emission tomography and MRI imaging
The mean+SD values of the T/N'T ratio of 99mTc-
MDM uptake in glioma grade 11, grade III and grade 1V
patients were estimated to be 2.46+2.3, 7.13+2.2 and
5.16 + 1.2, respectively. Table 2 presents the T/N'T ratios
and the corresponding Ki-67 values in different grades
of tumors. The mean +SD values of the T/NT ratio of
99m’Te-MDM uptake in meningioma were much higher
than that any of glioma variants and were estimated to
be 15.9+6.8. Interestingly, the ratio in grade-IIT tumors
was higher than in grade-1V, whereas, in G-II tumors, the
ratio was lowest at 2.46 = 2.3 (#=9). The ratio in low grade
(G-II) was estimated to be slightly lower (1.75+0.9),
when one patient of gemistocytic astrocytoma (with the
T/N'T ratio of 8.1) was excluded as an outlier (z=8). A
box-and-whisker diagram depicting a significant dif-
ference in T'/N'T ratios in patients with different WHO
grades of glioma and meningioma is presented in Fig. 1.
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Table 2 The target-to-nontarget ratios (mean+ SD values) and Ki-67 indices in different grades of glioma and meningioma in a subset of

29 patients recruited preoperatively

Histological type/grade Mean age (years) 99mTc-MDM SPECT T/NT ratio Ki-87 index

G-IV 444£11.3 5.16+1.2 (h=13) 24.22+17.3 (n=9)
G-l 42.7+£11.7 7.13%£2.2* (n=4) 18.0%8.18 (n=3)
G-l 39.12%85 1.75+£0.9** (n=9) 3.40 £8.71 (n=5)
G-l (meningioma) 46.0£10.8 15.9+6.8** (n=3) 1.66+0.57 (n=3)

99mTc-MDM, 99mTc-methionine; SPECT, single-photon emission tomography; T/NT ratio, target-to-nontarget ratio.

*P=0.05; **P=0.001.

Fig. 1
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A box-and-whisker diagram depicting a significant difference in T/NT ratios in patients with different grades of glioma and meningioma. T/NT ratio,

target-to-nontarget ratio.

Similarly, we observed that the normalized cerebral blood
volume (nCBV) as estimated (7.03+3.44) by DSCE-
MRI in HGG was significantly (P=0.001) higher than
that (1.90 £ 1.0) observed in LGG patients. Likewise, the
Cho/NAA ratio was also significantly (P=0.04) higher
(5.35+2.67) in HGG than (2.83+0.63) in LGG patients.
The remaining MRS quantification parameters, that is,
Cho/Cr, Cr/NAA and Cr/Cho did not differ significantly
among the two groups (HGG versus LLGG) of patients
('Table 3). Representatives of SPECT, DSCE-MR, MRS
images used for evaluation of quantitative functional
parameters in a freshly diagnosed HGG patient are pre-
sented in Fig. 2. A case example of 9mTe-MDM SPECT
in a rare case of gemistocytic astrocytoma exhibiting high
"T/N'T ratio of 8.1 is presented in Fig. 3.

The ROC analysis (Fig. 4) estimated a T/N'T cutoff
value of 3.08 which provided 100% sensitivity and 87.5%
specificity in discriminating between HGG and LGG.
Likewise, an nCBYV cutoff ratio of 2.42 achieved 100.0%

sensitivity and 80.0% specificity. Similarly, the cutoff ratio
of 3.34 of Cho/NAA offered sensitivity and specificity of
85.7 and 80.0%, respectively, for this discrimination.

Association of target-to-nontarget ratios with magnetic
resonance quantification parameters and Ki-67 index:
The Pearson correlation (two-tailed) analysis demon-
strated a positive correlation between the T/N'T ratio
and nCBV (r=0.90; P<0.0001), Cho/NAA (r=0.762;
P=0.002) and Cho/Cr (r=0.653; P=0.01). No significant
correlation was observed between T'/N'T" versus Cr/Cho
and T/NT versus Cr/NAA, respectively. Similarly, there
was no significant correlation between the T/N'T ratio
and Ki-67 LI (=0.33, P=0.247).

Discussion

In the current study, we analyzed differences in
99m'Te-MDM  uptake ratios among HGG and LGG
lesions in newly diagnosed gliomas and compared with
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Table 3 Quantitative 99mTc-methionine single-photon emission
tomography and dynamic susceptibility contrast-enhanced-MRI
and magnetic resonance spectroscopy data (mean+SD) in HGG
and LGG patients

Quantitative parameter (mean=+SD) HGG (h=7) LGG (h=5)  Pvalue
T/NT ratio 5.93%+2.09 1.71+£1.01 0.007*
CBV ratio 7.03+3.44 1.90+1.0 0.001*
Cho/NAA 5.35+2.67 2.83+£0.63 0.04*
Cho/Cr 3.84%3.09 2.20£1.08 0.23
Cr/NAA 2.281+0.76 2.11+0.64 0.35
Cr/Cho 0.41%0.23 0.57+0.30 0.67

CBYV, cerebral blood volume; Cho, choline; Cr, creatine; NAA, N-acetyl aspartate;
T/NT ratio, target-to-nontarget ratio.
*P<0.05.

DSCE-MRI/MRS parameters and Ki-67 proliferation
index. The current study was the first-ever clinical study
using 99mTc-MDM SPEC'T ratios comparing and cor-
relating with the cell proliferation index and quantita-
tive MRI. The results of this study have been presented
previously as a conference abstract highlighting that
99mTe-MDM uptake differs significantly among LLGG
and HGG [16]. 99mTc-MDM findings were positive in
all the 17 HGG patients, whereas, in LGG, the findings
were positive in 4 (4/9) and negative in 5 (5/9) patients,
respectively. The tracer therefore offered better diag-
nostic sensitivity for the detection of HGG than LGG.
The false-negative findings in astrocytoma grade-II cor-
roborated with the previously reported studies using
11C-methionine and 18F-fluoro-cthyl-tyrosine (FET)
PET which have demonstrated similar findings that a
proportion of LGG provides a poor image contrast [17—
20]. It has been suggested that an accurate imaging of
nonenhancing LLGG remains a challenge as these tum-
ors lack neoangiogenesis and cellularity is relatively
low in these tumors [21]. In an extensive study, Kracht
et al. [19] reported that 11C-MET/PET had false-neg-
ative findings in 23.0% of low-grade astrocytoma, and
thereby presented a limited diagnostic accuracy of this
technique in this subset of patients. Interestingly, no
false-positive findings were observed on 99mTe-MDM
SPECT in patients with cerebral tuberculoma and neu-
rocysticercosis [19]. This finding supports the specific-
ity of 99m’Tc-MDM for brain tumors. However, a mild
methionine uptake of 11C-ME'T has been observed in a
small number of inflammatory lesions and acute demyeli-
nation [19,21,22]. Similarly, such a nonspecific uptake of
18F-FE'T in non-neoplastic brain lesions have also been
reported [23,24]. It has been suggested that cancer cells
may have a higher abnormal requirement for methionine
for their aberrant excess trans-methylation [25]. Haining
et al. [26] showed that LAT1 receptors are overexpressed
in human gliomas, thereby suggesting that LAT1 expres-
sion is closely associated with the formation and devel-
opment of gliomas and thus LAT1 receptors could be
considered as one of the potential molecular targets in
glioma detection as well as therapy [12,13].

The quantitative results of our study to differentiate
HGG from LGG were found to agree with the findings
of previous 11C-MET PE'T studies which demonstrated
a significant difference in the 11C-methionine uptake
values between high-grade and low-grade tumors [11,27].
Our study findings showed that 99mTe-MDM  tracer
uptake increases with increasing glioma grading when
excluding anaplastic ODGs and the differences in MDM
uptake are more evident between glioma grade-1I and
grade-IV and grade-II and grade-III than between glioma
grade-III and grade-IV. Similar to our results, Singhal ez
al. [11] reported a significant difference in the maximum
11C-MET PET standardized uptake value between
glioma grade-II and grade-IV (£=0.005) and between
grade-I1I and grade-1V (P=0.03) [11].

The higher mean T/N'T ratio of 9m'Te-MDM in grade-
IIT glioma in the present study was probably due to the
ODG component as it has been reported earlier that
ODGs exhibit a higher methionine uptake [28,29]. It
has been reported previously that 11C-ME'T" uptake and
tumor vascularization are inter-related. The microvessel
density in grade-IT1 ODG is higher than that in GBM [29].
Furthermore, Kracht ez a/. [28] reported that 11C-ME'T
PET in glioma serves as a direct measure of methionine
amino acid transport and acts as a surrogate marker of
microvessel density within the gliomas. Therefore, angi-
ogenesis and 11C-MET uptake seem to be closely asso-
ciated events in gliomas [29]. Subsequently, Manabe e7
al. [30] investigated metabolic 11C-MET PE'T and cor-
relation with pathological grading with and without the
oligodendroglial component and observed that this sep-
aration improved the detection accuracy between LGG
and HGG.

Likewise, nCBV, Cho/NAA and Cho/Cr ratios were also
observed to be higher in grade III ODGs than in any
other glioma variant. Saito e a/. [31] showed that the
mean relative CBV (rCBV) in astrocytic tumors exclud-
ing GBM was significantly lower than that observed in
oligodendroglial tumors. This finding is not perfectly in
agreement with our findings as T/N'T, and nCBV ratios
were higher in ODG grade III than any other glioma
variant [31]. Similarly, the patients with ODG had been
reported to have a high intensity of Cho signals [32,33].
A higher Cho level in ODGs is attributed to the histo-
pathological evidence that oligodendrocytes are involved
in myelin membrane synthesis and repair process,
which utilizes choline metabolite for this synthesis [34].
The observation of the highest uptake in our study in
meningioma cases (7=3) could be due to the increased
LAT-1 expression as meningiomas are reported to have
high angiogenesis, increased vascularity and LAT-1
overexpression [18,28]. In support of these findings,
11C-methionine has also been reported to have high but
variable uptake in meningioma [35]. This variability in
methionine amino acid uptake is in line with our results
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Fig. 2

05 » 3 0¥ W6
mage Yolumes

99mTc-MDM SPECT (a) image preoperatively in a 57-year-old male patient with anaplastic ODG (G-lll) having symptoms of headache and hemip-
aresis demonstrating intense tracer uptake (T/NT ratio=8.71) in the right parietotemporal region. Concordant MR lesion enhancement and signal
change (b]) in T1-FLAIR axial image and (c) SPECT/MR fused transaxial slice. Histopathological findings (d and e) showing densely cellular tumor
with prominent nuclear pleomorphism, mitotic activity and increased vascularity and high proliferation index (Ki-67 LI=20.0%). DSCE-MRI imaging
derived cerebral CBV-map (f) showing high perfusion (nCBV ratio=8.9). The characteristic T2 signal intensity perfusion curve (g) and multivoxel
MRS (h) showing a high Cho peak and a reduced NAA peak (i). 99mTc-MDM, 99mTc-methionine; CBV, cerebral blood volume; Cho, choline;
DSCE, dynamic susceptibility contrast enhanced; GBM, glioblastoma multiforme; MRS, magnetic resonance spectroscopy; NAA, N-acetyl aspar-
tate; ODG, oligodendroglioma; SPECT, single-photon emission tomography; T/NT ratio, target-to-nontarget ratio.
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Fig. 3
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99mTc-MDM SPECT (a) showing intense and focal tracer uptake (T/NT ratio=8.1) in the left parietal region in a 43—year-old male patient
with gemistocytic astrocytoma (Grade-Il). Contrast MRI T2-weighted MR (b) showing lesion enhancement in the corresponding region.
Histopathological analysis (H&E, 400x) results (c) showing inconspicuous nuclei and abundant eosinophilic cytoplasmic giving gemistocytic

appearance with no mitosis, necrosis or endothelial proliferation. IHC (d) showing moderate proliferation index (Ki-67 LI) of 10.0%. 99mTc-MDM,
99mTc-methionine; SPECT, single-photon emission tomography; T/NT ratio, target-to-nontarget ratio.

Fig. 4
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The ROC curve analysis comparing sensitivity and specificity of the T/NT ratio with nCBV (a) and Cho/NAA (b) for the accurate differentiation
of high-grade from low-grade glioma. Cho, choline; nCBYV, normalized cerebral blood volume; NAA, N-acetyl aspartate; ROC, receiver-operating
characteristic; T/NT ratio, target-to-nontarget ratio.
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because the 9mTe-MDM uptake ratio range was varied
from 11.90 to 23.80. Furthermore, we observed homoge-
nous 99mTc-MDM uptake in two cases of meningioma,
whereas a heterogeneous distribution in one case of angi-
omatous meningioma subtype. Previously, Nyberg ez a/.
[35] described a homogenous 11C-MET uptake in men-
ingiomas, whereas Luchi ¢z @/. [36] reported a heteroge-
neous distribution of amino acid uptake. It is therefore
evident that 9mTe-MDM may be an extremely useful
tracer for distinguishing noninvasively meningioma from
glioma and other CNS tumors at the initial diagnostic
work-up prior to the surgery.

The histopathological analysis (Fig. 3) showed incon-
spicuous nuclei and abundant eosinophilic cytoplasmic
giving gemistocytic appearance with no mitosis, necrosis
or endothelial proliferation, but demonstrated high tracer
uptake and image contrast. This tumor type is graded
as WHO-grade-II; however, on THC, it turned out to be
‘like high grade’ with a Ki-67 labeling index of 10.0%.
The relevance of recognition of this variant is related to
its association with aggressive biological behavior due
to its increased tendency for rapid progression to GBM
and recurrence [37]. It has been previously reported
that gemistocytic can progress toward anaplastic astrocy-
toma and glioblastoma earlier than other low-grade gli-
omas. Thus, it has been suggested that all gemistocytic
astrocytomas be clinically managed as grade 111 anaplas-
tic astrocytoma, and probably may even be reclassified
[38]. Our finding is in concordance with these studies.
Furthermore, methionine uptake in glioma has been
suggested to be correlated with the cell proliferation and
Ki-67 expression [27,28,39]. We found a significant dif-
ference in the mean T/N'T ratios and Ki-67 values in dif-
ferent grades of glioma. However, no overall significant
correlation was found between T/N'T ratios and Ki-67
values. The published results have reported confounding
results, some indicating a correlation between methio-
nine and Ki-67 values and others demonstrating no such
correlation [28,39,40].

Furthermore, we observed that the area of hyperper-
fusion as seen on DSCE-MR matched identically with
the high methionine uptake regions on 99m’Te-MDM
SPECT. Consequently, we found a very strong correla-
tion (7=0.90; P<0.0001) between nCBV values and T/
N'T ratios. This observation is in complete agreement
with a previous report by Sadeghi e7 a/. [41] who found
a strong correlation (=0.89, P=0.00001) between rCBV
values and 11C MET uptake values in a group of 18 gli-
oma patients [42].

We observed increased nCBV and methionine uptake in
ODG and meningiomas, but these patients responded
to treatment and have shown better survival than malig-
nant astrocytomas. Similar observations have been made
in previous studies that high perfusion and methionine
uptake are not always indicative of the highly aggressive

tumor behavior [42,43]. Likewise, we found a signifi-
cant correlation between the T/N'T ratio and Cho/NAA
(r=0.762; P=0.002) and Cho/Cr (r=0.653; P=0.01) ratios.
Correlative imaging using MRS and amino acid-based
PET/SPECT has been scarcely used in glioma. These
limited studies have recently used 2D/3D multivoxel
spectroscopy in combination with 18F-FET PE'T imag-
ing and found a correlation between FET uptake and
Cho/NAA which was in agreement with our study [44,45].

Conclusion

Quantitative preoperative 9m’Te-MDM SPECT pro-
vided high sensitivity and specificity to differentiate
HGG versus LGG and demonstrated a potential role for
the differential diagnosis of glial versus nonglial tumors.
99m’Te-MDM SPECT can be incorporated (in combina-
tion with conventional MRI) as an accurate technique in
the presurgical diagnostic work-up in glioma patients at
an affordable cost for glioma characterization. The study,
however, needs to be done in a large cohort of patients.
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