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This study aimed to define the potential of 1-1'C-acetate PET,
compared with '8F-FDG, in detecting meningiomas and monitor-
ing the effect of y-knife radiosurgery. Methods: Twenty-two
patients with the neuroradiologic diagnosis of meningioma
were examined by 1-''C-acetate and '8F-FDG PET on the
same day. There were 12 cases of histopathologically proven
meningioma (8 grade |, 2 grade Il, and 2 grade lll), 1 of tubercu-
lous granuloma, and 1 of degenerative tissue. 1-1'C-acetate PET
scans of fasting patients were obtained 10 min after intravenous
administration of 740 MBq of 1-''C-acetate. '8F-FDG PET was
performed at 2 h after 1-1'C-acetate scanning. The PET images
were evaluated by a qualitative method and semiquantitative
analysis using standardized uptake value and tumor-to-cortex
ratio. Results: The '8F-FDG PET study revealed a hypometabolic
focus in 17 meningiomas (8 grade |, 1 grade Il, and 8 unknown
grade) and hypermetabolism in 1 grade Il and 2 grade Ill menin-
giomas. High uptake of 1-1'C-acetate was observed in all 20
meningiomas, in contrast to the low uptake in surrounding nor-
mal brain tissue, allowing a clearer demarcation of the tumor
boundary than that provided by '8F-FDG. Dissociation of re-
gional accumulation of 1-1'C-acetate and '8F-FDG within the
tumor was also noted on the coregistered images. The standard-
ized uptake value for 1-1'C-acetate was not different from that
for '8F-FDG (mean = SD, 3.16 = 1.75 vs. 3.22 = 1.50, P =
0.601), but the tumor-to-cortex ratio for 1-1'C-acetate was high-
er than that for '8F-FDG (3.46 + 1.38 vs. 0.93 = 1.08, P < 0.005).
18F-FDG was able to differentiate grade | from grade lI-lll menin-
giomas, whereas 1-''C-acetate was unable to do so. Tubercu-
lous granuloma had a high 1-''C-acetate and '8F-FDG uptake
similar to that of grade II/lll meningioma. Five patients received
1-11C-acetate and '8F-FDG PET before and after y-knife surgery.
1-1C-acetate performed better than did '8F-FDG in monitoring
the response of tumor metabolism to radiosurgery. Conclusion:
1-11C-acetate was found to be useful for detecting meningiomas
and evaluating the extent of meningiomas and potentially useful
for monitoring tumor response to radiosurgery. However, 1-11C-
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acetate was not useful for evaluating the tumor grade. '8F-FDG
was found to be less useful than 1-''C-acetate for evaluating
the extent of meningiomas and the response to radiosurgical
treatment but may be useful for differentiating benign from malig-
nant meningiomas. '8F-FDG and 1-''C-acetate are complemen-
tary for assessing diverse cell metabolism of meningioma.

Key Words: 1-''C-acetate; '8F-FDG; meningioma; positron
emission tomography; radiosurgery

J Nucl Med 2010; 51:883-891

DOI: 10.2967/jnumed.109.070565

Meningioma is a common, usually benign, solitary
tumor of the meninges, constituting about 15% of all
primary brain tumors (/). Histopathologically, meningio-
mas are divided into 3 malignancy grades: benign, atypical,
and anaplastic meningiomas (2). Surgery is the primary
treatment of meningioma; however, meningioma is not
always curable. The atypical and anaplastic forms are
associated with a high risk of recurrence (2). The rate of
recurrence depends on the completeness of removal, the
site of the tumor, and its biologic aggressiveness (3).
Postoperative radiotherapy for preventing the recurrence of
benign meningiomas after partial resection and radio-
surgery for small meningiomas has been accepted by
neurosurgeons (4,5). Radiosurgery may stop the growth of
meningioma and sometimes even lead to a decrease in the
size of the tumor (5). Control of tumor growth in most cases
means unchanged tumor volume rather than decrease in
volume (5); therefore, it is difficult to assess the effect of
treatment by measuring the change of the tumor size by CT
or MRL

I8F-FDG has been proven useful for the detection of
brain tumors, histologic grading of the tumor, and differ-
entiation of recurrent high-grade tumors from radiation- or
chemotherapy-induced necrosis (6,7). The application of
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I8F-FDG is based on an increased glycolysis and deficient
respiratory rate in neoplastic cells (8,9). Meningiomas have
been found to have high '8F-FDG accumulation, equivalent
to that of the cortical gray matter or low glucose metabo-
lism (/0,11). Glucose consumption of meningioma as-
sessed by '8F-FDG PET has been proposed as an index
of tumor aggressivity and probability of recurrence (/7).
Atypical meningioma had the highest glucose use rate,
followed by papillary meningioma and angioblastic menin-
gioma (I1). Significantly, elevated '3F-FDG uptake in
grades II and III, compared with grade I, meningiomas
has also been reported (/2). Recurrent meningiomas had
higher glucose use rates demonstrated by '8F-FDG PET
than primary tumors (/). Although '8F-FDG PET was
thought to be useful for detecting the meningiomas and
evaluating the degree of malignancy, contradictory results
have also been reported. Cremerius et al. found that for
most primary or recurrent meningiomas, especially grade I
tumors, '8F-FDG is not an ideal tracer to delineate the
tumor (/2,13). Within the brain, demarcation of meningi-
omas and related edema may be difficult because of lower
glucose consumption than in normal brain (/7).

Radiolabeled amino acid is an alternative to '8F-FDG for
the localization of meningiomas. Meningiomas have a rel-
atively high uptake ratio of ''C-L-methionine, and thus the
tumors could be well delineated from normal brain tissue
(14). "'C-tyrosine is another valid amino acid for use in
diagnosis of brain tumors. Several studies have demon-
strated the benefit of O-(2-'8F-fluoroethyl)-L-tyrosine PET
in the diagnosis of gliomas and delineation of tumor borders
when a combination of MRI and O-(2-'8F-fluoroethyl)-L-
tyrosine PET was used (/5). However, there were contro-
versial reports on the uptake of !'C-tyrosine by meningiomas
(16). ''C-choline has also been proven useful for the
detection of malignant and benign brain tumors (/7). The
accumulation of ''C-choline was high in benign tumors
(i.e., meningiomas, neurinomas, and hemangioblastomas),
whereas the uptake of !'3F-FDG by these tumors was
low (17).

1-!1C-acetate has been used for the detection of renal
carcinoma (/8), nasopharyngeal carcinoma (/9), prostate
cancer (20), hepatoma (27), and astrocytoma (22). The
possible mechanisms of tumor uptake of 1-!!C-acetate
include impaired tricarboxylic acid cycle activity or the
distribution of tracer among the various intermediate
metabolites (/9) or incorporation of tracer in the tumor
through the anabolic pathways in fatty acid and sterol
synthesis (20). Dienel et al. reported that 2-!'“C-acetate
preferentially labeled glial tumors grown in rat brain and
human glioma and meningioma explants (23). Our previous
study showed that 1-!'!C-acetate detected astrocytomas
better than did '8F-FDG (22). No clinical studies have so
far compared 1-''C-acetate and '3F-FDG PET in the
diagnosis of meningioma. This study aimed to assess the
usefulness of 1-!''C-acetate, compared with '8F-FDG, for
the evaluation of the extent and the histologic grade of
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meningioma and to evaluate the usefulness of these tracers
for monitoring tumor response to radiosurgery.

MATERIALS AND METHODS

Patients

We evaluated 22 patients (10 men, 12 women; mean age, 56.7 y;
age range, 35-81 y) with meningiomas or suspected meningiomas.
All patients were examined by 1-1'C-acetate and '®F-FDG PET on
the same day. The patient characteristics are summarized in Table
1. In 14 patients, pathologic diagnosis was obtained by tumor
resection or biopsy after PET examination. Among them, there
were 12 meningiomas, 1 tuberculous granuloma, and 1 degener-
ation with necrotic and fibrotic tissues. In 8 patients for whom no
results of pathologic examinations could be obtained, the di-
agnosis of meningioma was based on radiologic and clinical
investigation. According to the World Health Organization clas-
sification of brain tumors (24) and the histopathologic criteria for
diagnosis of malignant meningioma (25), 8 meningiomas were
classified grade I (benign), 2 grade II (atypical), and 2 grade III
(malignant). Five patients received both 1-!'C-acetate and !8F-
FDG PET scans before and 6-35 mo after y-knife radiosurgery
(Elekta Instrument), with the target dose ranging from 28 to 40 Gy.
This study was approved by the institutional ethics committee, and
informed consent was obtained from all patients.

Radiopharmaceutical Preparation

The 1-''C-acetate was synthesized by carbonation of Grignard
reagent. ''C-carbon dioxide was reacted with 0.15 M methyl-
magnesium bromide and hydrolyzed with 0.4 M hydrochloric acid
to convert to 1-''C-acetate acid (26). All reaction steps were
performed by a robotic system (Scanditronix Anatech RBIII)
controlled by a computer. The radiochemical purity was greater
than 99%. '8F-FDG was synthesized following the method de-
scribed in the literature (27).

PET Procedures

PET images were acquired with a PC-4096 PET (Scanditronix
AB) or an ECAT HR+ PET scanner (Siemens-CTI). The primary
imaging parameters of the PC-4096 PET scanner were in-plane
and axial resolution of 5.6 mm in full width at half maximum and
15 contiguous slices separated by 6.5 mm. The ECAT HR+
scanner allowed simultaneous acquisition of 63 contiguous cross-
sectional slices with 2.4-mm slice thickness. Axial and in-plane
resolution of the ECAT HR+ scanner was 2.4 mm in full width at
half maximum. Transmission scanning was performed with a *3Ga
pin source to correct for photon attenuation. PET scans were
obtained from patients who had fasted. The patient’s head was
positioned and fixed with the detector parallel to the orbitomeatal
line. 1-'!C-acetate (740 MBq [20 mCi]) was injected intrave-
nously, and a 20-min emission scan was obtained at 10 min after
injection (22). '8F-FDG was performed at 2 h after completion of
the 1-!'C-acetate scan. At 45 min after intravenous injection of
370 MBq (10 mCi) of '8F-FDG, a 20-min emission scan was
obtained. Tomographic images obtained from the PC-4096 PET
scanner were reconstructed with a 128 x 128 matrix by filtered
backprojection using a Hanning filter (cutoff frequency, 0.5
Nyquist; order, 8). Images obtained from the ECAT HR+ scanner
were reconstructed with a 128 x 128 matrix by the ordered-subset
expectation maximization (iterations, 2; subset, 8).
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TABLE 1. Clinical Data, Pathology, and PET Results

Patient Primary or Location of
no. Age (y) Sex recurrent tumor diagnosis
1 77 M Primary L lateral ventricle  Rad/clin
2 37 F Primary L CPA Rad/clin
3 59 F Primary R parasellar Rad/clin
4 58 M Primary R CPA Rad/clin
5 56 M Primary R parietal, L Surgery
parietal
6 55) F Primary L sphenoid ridge  Surgery
7 46 F Primary L CPA Surgery
8 51 F Primary R CPA Surgery
9 35 M Primary Clivus Surgery
10 43 F Primary L CPA Surgery
11 58 F Primary L CPA Surgery
12 53 F Primary R parietal Surgery
13 69 M Primary L frontal, parietal  Surgery
14 79 M Recurrent R parietal Surgery
15 47 F  Recurrent L parietal Surgery
16 63 M Recurrent L skull base Surgery
17 66 F  Recurrent R petroclival Rad/clin
18 81 M  Recurrent R lateral ventricle Rad/clin
19 41 F  Recurrent L trigone Rad/clin
20 72 M  Recurrent L petroclival Rad/clin
21 54 F R sphenoid ridge  Surgery
22 62 M Parietal (falx) Biopsy

Histology

Method of subtype/associated

grade SUVACE SUV‘SF-FDG T/CACE T/C‘BF-FDG

N/A 2.89 4.00 2.60 0.59

N/A 4.20 3.59 413 0.53

N/A 4.10 2.03 4.31 0.41

N/A 1.87 3.11 2.35 0.64

Meningothelial/I 3.06 3.44 3.82 0.67

Transitional/I 3.86 2.54 4.47 0.72

Transitional/I 1.74 1.15 2.26 0.27

Atypical/ll 2.67 2.39 4.38 0.69

Transitional/I 5.80 1.54 5.50 0.70

Meningothelial/l 2.16 2.30 2.90 0.56

Transitional/I 2.74 3.28 2.45 0.47

Transitional/I 1.46 3.18 1.91 0.88

Malignant 4.35 6.08 iS5 1.59
melanoma/Ill

Atypical/ll 1.20 4.38 3.41 1.80

Transitional/I 1.17 1.38 1.23 0.67

Anaplastic/Ill 4.57 6.47 4.84 5.23

N/A 4.15 5.32 3.25 0.69

N/A 0.88 3.81 1.99 0.47

N/A 2.34 1.43 1.89 0.38

N/A 7.94 3.07 5.86 0.70

Degeneration, 1.31 2.44 1.30 0.42
necrosis, and

fibrosis
Tuberculous 3.11 7.63 2.41 1.52
granuloma

SUVace = SUV of 1-1'C-acetate; SUVier_rpg = SUV of 18F-FDG; T/Cace = T/C of 1-C-acetate; T/Cier_pg = T/C of '8F-FDG; Rad/
clin = radiologic/clinical diagnosis; N/A = not available; CPA = cerebelopontine angle.

Image and Data Analysis

The 1-!'C-acetate and '8F-FDG uptake of the tumors was
evaluated by both qualitative and semiquantitative methods. For
qualitative analysis, the degree of tracer uptake by the tumor was
evaluated visually by comparing with tracer uptake by the cerebral
cortex contralateral to the tumor without any morphologic abnor-
malities on MRI (28). Tracer uptake by the tumor clearly lower than
that of the contralateral cortex was interpreted as hypometabolic,
whereas tumor tracer uptake equal to or clearly higher than that of
the contralateral cortex was interpreted as hypermetabolic. For
semiquantitative analysis, regions of interest (ROIs) were selected
manually with the reference of PET and MR images. The ROIs of the
tumors were squares measuring from 12 X 12 mm to 20 X 20 mm
that included the highest activity area and did not cover the entire
tumor. A same ROI was then placed on the contralateral correspond-
ing region. In cases without significant tracer uptake by the tumors,
the ROIs were defined using the MR image as a reference. The mean
pixel values in the ROIs were used for the quantitative analysis. The
tracer uptake was measured using standardized uptake value (SUV)
as SUV = radioactivity in ROI (Bg/mL) per injected dose (Bq) per
body weight (g). Tumor-to-cortex (T/C) uptake ratio was determined
as the ratio of SUV of the tumor to the contralateral corresponding
region of cerebral cortex (29).

Statistical Analysis
The differences in SUVs between 1-!!C-acetate and '8F-FDG
and in T/C ratios between 1-''C-acetate and '3F-FDG were

analyzed by Wilcoxon signed rank test. The differences in the
SUVs of 1-'!C-acetate and '3F-FDG and in the T/C ratios of
1-!1C-acetate and '8F-FDG between grade I and grades II-III
meningiomas and between primary and recurrent meningiomas
were analyzed by Mann—Whitney rank sum test. Correlation of
SUVs of 1-''C-acetate and '8F-FDG and of T/C ratios of 1-''C-
acetate and '8F-FDG was tested by simple regression analysis.
The significance of the linear regression was tested by ANOVA. A
P value of less than 0.05 was considered to represent a significant
difference between the values tested. The statistical analysis was
performed using SPSS software (version 17.0; SPSS Inc.).

RESULTS

All 20 meningiomas had enhanced 1-!!C-acetate uptake,
allowing a good contrast to the surrounding normal brain
tissues with low 1-!!C-acetate uptake (Fig. 1). In the '3F-
FDG PET study, only 3 high-grade meningiomas (grades
II-TIT) were hypermetabolic, with '®F-FDG uptake higher
than or equal to the contralateral normal cortex (Fig. 2).
The remaining 17 meningiomas (8 grade I, 1 grade II, and 8
unknown grade) were hypometabolic. The results of the
PET studies are shown in Table 1. The SUV of 1-''C-
acetate was not different from that of '8F-FDG (mean *
SD, 3.16 £ 1.75 vs. 3.22 = 1.50, P = 0.601), but the T/C
ratio of 1-!''C-acetate was higher than that of 'F-FDG
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FIGURE 1. Patient 4, meningothelial
meningioma (grade I). (A) MR image
(T1-weighted image after gadolinium in-
jection) showing necrotic lesion with
heterogeneous contrast enhancement
in right parietal region. (B and C) PET
images showing high uptake of 1-11C-
acetate (SUV, 3.06; T/C ratio, 3.82) (B)
but low uptake of 8F-FDG (SUV, 3.44; T/
C ratio, 0.67) (C) in tumor. (D) When PET
images obtained with the 2 tracers were
coregistered, foci of '8F-FDG uptake

| |
0 5965 Bylce 0

17826 Bg/cc

(blue) corresponded to regions of low 1-''C-acetate uptake (yellow). Nearly no overlay of blue color foci on hot spot of 1-11C-

acetate (red) is seen.

(3.46 = 1.38 vs. 0.93 = 1.08, P < 0.005). The meningi-
omas were better delineated by 1-!!C-acetate than by !8F-
FDG because of low acetate uptake in the normal cortex.
The correlation of the SUVs of 1-!!C-acetate and '®F-FDG
and the correlation of the T/C ratios of 1-!''C-acetate and
IBE-FDG were poor (> = 0.031, P = 0.430, and r? =
0.104, P = 0.144, respectively) (Fig. 3). SUV and T/C of
1-''C-acetate uptake were not useful for differentiating
low-grade (I) from high-grade (II-III) meningiomas (P =
0.683 and P = 0.109, respectively), whereas the T/C ratio
of 8F-FDG uptake was better than that of 1-!!C-acetate for
differentiating grade I from grades II-III meningiomas
(P = 0.026) (Table 2; Fig. 4A). SUVs of '8F-FDG uptake
in grade I meningiomas were also lower than those of
grades II-IIT tumors (P = 0.048). There was no significant
difference in the T/C ratios of 1-!!C-acetate and '8F-FDG
(P = 0.536 and P = 0.473, respectively) or in the SUVs of
1-11C-acetate and '8F-FDG (P = 0.643 and P = 0.438,
respectively) between primary and recurrent meningiomas
(Table 3; Fig. 4B).

Coregistration of PET images of the 2 tracers and the MR
image with differential color-coding of corresponding !8F-
FDG (blue) and 1-!'!C-acetate images (yellow and red)
revealed the spatial dissociation of '8F-FDG and 1-''C-
acetate accumulation in meningiomas (Figs. 1D and 2D).
The foci of highest '3F-FDG uptake (blue) corresponded to
the regions of low 1-!!C-acetate (yellow) within the tumor.
Nearly no overlay of foci with enhanced '8F-FDG uptake

FIGURE 2. Patient 16, anaplastic me-
ningioma (grade Ill). (A) Contrast-
enhanced MR image showing necrotic
lesion in middle fossa of left skull base.
(B and C) PET images show increased
uptake of both 1-11C-acetate (SUV, 4.57;
T/C ratio, 4.84) (B) and '8F-FDG (SUV,
6.47; T/C ratio, 5.23) (C) in tumor. (D)
Coregistered PET image obtained with
the 2 tracers showed that highest foci of
18F_FDG uptake (blue) corresponded to
regions of low 1-''C-acetate uptake
(yellow). No obvious overlay of blue color
foci on hot spot of 1-''C-acetate (red) is
seen.

886

(blue) on the zones of highest 1-'!C-acetate uptake (red)
was observed.

A case of suspected recurrent meningioma (patient 21)
and a case of suggestive falx meningioma (patient 22) were
finally proven to be degenerative tissue with necrosis and
fibrosis without evidence of tumor recurrence and a chronic
granulation inflammation, compatible with meningeal tu-
berculous granuloma, respectively. The T/C ratio of 1-''C-
acetate of the degenerative lesion (1.81) was within the
range of that of grade I meningioma (1.64—4.5, mean *
SD), and the T/C ratio of '8F-FDG (0.92) was slightly
higher than the upper limit of the range of that of the low-
grade meningiomas (0.44—0.80, mean = SD). The T/C ratio
of 1-!''C-acetate uptake of the meningeal tuberculosis was
4.02, which is in the range of grades II-III meningiomas
(3.65-5.45), and the T/C ratio of '3F-FDG uptake (3.86)
was also in the range of grades II-III meningiomas (0.34—
4.32) (Fig. 5).

Five patients underwent MRI and 1-!'C-acetate and '8F-
FDG PET examinations before and after y-knife surgery
(Fig. 6). Compared with the baseline data before radio-
surgery, the percentage changes of tumor volume and the
T/C ratios of 1-''C-acetate and '8F-FDG uptake for each
follow-up examination were calculated. Follow-up exami-
nations of 4 patients (patients 2—5) within 1 y after radio-
surgery revealed reduced tumor volume in patient 2, no
change of volume in patients 3 and 5, and increased volume
in patient 4. The T/C ratio of 1-'!C-acetate was reduced and

[ [ |
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FIGURE 3. Regression analysis of SUVs of 1-''C-acetate
(SUVacge) vs. 18F-FDG (SUVisegpg) (A) and T/C ratios of
1-11C-acetate uptake (T/Cace) vs. '8F-FDG uptake
(T/Ciee_rpg) (B). Correlations were poor.

the T/C ratio of '8F-FDG was increased in all 4 patients.
Patients 1-3 were followed by PET studies longer than 1 y.
Tumor volume and T/C ratios of 1-'!C-acetate and '8F-
FDG, compared with the preradiosurgery baseline data,
were reduced. Patient 2 showed reduced tumor volume and
1-'C-acetate uptake but increased '8F-FDG uptake at 6
and 12 mo after radiosurgery. At the 35th month, the !8F-

FDG uptake decreased and the tumor volume and 1-''C-
acetate uptake further decreased. Patient 3 showed no
change of tumor volume, increased '8F-FDG uptake, and
decreased 1-''C-acetate uptake at 8 mo after radiosurgery;
decreased tumor volume, '8F-FDG uptake, and further de-
creased 1-!'C-acetate uptake were observed at 14 mo (Fig.
7). In patient 4, only 1-!''C-acetate PET showed a response
to radiosurgery at 6 mo. Reduction of tumor volume was
noted 12 mo later. Increased '8F-FDG uptake in the early
follow-up PET may be caused by postradiation inflamma-
tion or adverse radiation effect. The 1-!'!C-acetate PET scan
better demonstrated reduction of tumor metabolism after
radiosurgery than did the '8F-FDG PET scan, and the
change of the T/C ratio of 1-!!C-acetate was better than that
of 8F-FDG and tumor volume for reflecting the therapeutic
response, especially in the early follow-up at 6 mo after
radiosurgery.

DISCUSSION

Our results showed that all meningiomas were hypome-
tabolic for '3F-FDG except an anaplastic meningioma, an
atypical meningioma, and a primary meningeal malignant
melanoma, which were hypermetabolic. All meningiomas
had high uptake of 1-!!C-acetate in contrast to low uptake
in normal brain tissue, allowing a good delineation of the
tumors. SUVs and T/C ratios of '8F-FDG in grades II-III
meningiomas were higher than those in grade I tumors, but
SUVs and T/C ratios of 1-!'C-acetate were not. '3F-FDG
better differentiated grade I from grades II-III meningio-
mas than did 1-!!C-acetate. The 1-!!C-acetate and '8F-FDG
uptake of recurrent meningiomas was not significantly
different from that of the primary tumor, although the mean
SUV and T/C of '8F-FDG of recurrent meningiomas looked
higher than that of primary tumor.

In the brain, acetate is preferentially metabolized by
astrocytes, and labeled acetate has been used to assess glial
metabolism and glial-neuronal interactions (23). Metabolic
data derived from a small set of tumors revealed that
glioblastoma and meningioma clearly can convert '4C-
acetate into acidic and amino acid metabolites, presumably
through the oxidative pathway of the tricarboxylic acid
cycle (23). The rate of metabolism of acetate in the normal
rat brain is lower and more homogeneous than the local
rates of glucose use (23,30) and slightly increases during

TABLE 2. Comparison of 1-''C-Acetate and '8F-FDG Uptake Between Low-Grade () and High-Grade (lI-Il)

Meningiomas

Grade SUVACE SUV‘SF-FDG T/CACE T/C‘SF-FDG
I (h=28) 2.75 £ 1.52¢ 2.35 = 0.91 3.07 = 1.43 0.62 = 0.18
Il (n = 4) 3.20 = 1.58 4.83 = 1.86 4.55 = 0.90 2.33 £ 1.99
P 0.683 0.048 0.109 0.026

*Data are mean + SD.

SUVace = SUV of 1-1"C-acetate; SUVier_pg = SUV of 18F-FDG; T/Cace = T/C of 1-1'C-acetate; T/Ciep_gpg = T/C of '8F-FDG.
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physiologic stimulation (37,32). This advantage of radio-
labeled acetate provides a stable low background and
higher T/C ratio to delineate the meningioma.

In the study by Dienel et al., 2-“C-acetate was used
instead of 1-'“C-acetate so that less '“C would be lost
through decarboxylation reactions (23). Because of the loss
of contrast between normal and abnormal tissue due to
efflux or spreading of labeled metabolites, the experimental
period in the study by Dienel et al. was only 5 min to
minimize product loss and spreading (23). In the brain
tissue of a cat, 1-'#C-acetate quickly incorporated into
glutamate and glutamine (33). '“C incorporated into these
amino acids, and total radioactivity in the brain rose for at
least 15 min and then fell by 30 min. With increasing time,
progressively higher amounts of !“C-acetate would be
incorporated into protein and lipid (33). We have studied
previously the use of 1-!'C-acetate PET for the detection of
astrocytoma (22). The results showed all 41 astrocytomas
(8 low grade and 33 high grade) had enhanced uptake of
1-'1C-acetate, with high contrast to normal brain tissue,
whereas '8F-FDG PET detected hypermetabolic lesions in
47% of anaplastic astrocytomas, in 88% of glioblastomas,
and in none of the low-grade astrocytomas (22). Our
current study also showed a high contrast of uptake of
1-'1C-acetate between meningioma and normal brain tis-
sue. 1-!1C-acetate PET images were obtained from 10 to 30
min after administration of the radiotracer. The contrast
between normal brain tissue and meningioma obtained by
our method was high enough to delineate the tumor.
Obviously, loss of ''C through decarboxylation reactions
did not defer the detection of meningioma by PET.
Although carbons in position 2 of acetyl-CoA are more

likely directed toward gluconeogenesis and incorporation
into glutamine (34), glutamine isotopic enrichment is
slightly but not significantly higher when 1-'3C-acetate is
infused, versus 2-13C-acetate (35). These findings may
support the adequacy of the use of 1-!!C-acetate as
a PET agent for detecting meningiomas.

I8F-FDG and 1-!'C-acetate uptakes in meningioma are
heterogeneous. Interestingly, most of the regions in the
meningiomas with low !8F-FDG uptake had enhanced
uptake of 1-!'C-acetate (Figs. 1 and 2). This dissociation
of '8F-FDG and 1-!!C-acetate uptake in the tumors was
well demonstrated in the coregistered PET images of the 2
tracers and MR image (Figs. 1D and 2D). Although tumor
glycolysis and lactate efflux might stimulate acetate uptake
into astrocytes (36), Dienel et al. disclosed that spreading
depression caused heterogeneous increases in labeling of
the cerebral cortex with acetate, butyrate, and deoxyglu-
cose, and the monocarboxylic acid uptake was highest in
the structures in which apparent loss of labeled metabolites
of 6-1*C-glucose was greatest (37). A previous study on the
cell lines of colon adenocarcinoma, ovary carcinoma, and
malignant melanoma revealed higher tumor-to-normal ra-
tios of 1-'“C-acetate than of 2,6-3H-2-deoxy-glucose,
mainly because of the enhanced lipid synthesis of cell
membrane, which reflects the high growth activity of
neoplasms (38). Clinical studies of prostate cancer (39)
were concordant with these findings. The preferential
metabolism of acetate to the membrane lipids in tumor
cells for the constitution of membrane for cell growth and
proliferation may also partly explain the discrepantly high
acetate uptake in meningioma (38). Cytosolic acetyl-CoA
synthetase plays an important role in the tumor uptake of

TABLE 3. Comparison of 1-''C-Acetate and '8F-FDG Uptake Between Primary and Recurrent Meningiomas

Meningiomas SUVace SUVisg_rpe T/Cace T/Cisr_ppa
Primary (n = 13) 3.15 = 1.26* 2.97 £1.25 3.59 = 1.25 0.67 = 0.32
Recurrent (n = 7) 3.18 + 2.67 3.69 = 1.90 3.21 = 1.68 1.42 = 1.74
7 0.643 0.438 0.536 0.473

*Data are mean + SD.

SUVace = SUV of 1-1"C-acetate; SUVier_rpg = SUV of 18F-FDG; T/Cace = T/C of 1-1'C-acetate; T/Cier_pg = T/C of '8F-FDG.

888

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 51 ¢ No. 6 ¢ June 2010



FIGURE 5. Patient 22, meningeal tuberculosis. (A) MR
image showing contrast enhancement along falx in parietal
region. (B and C) PET images showing enhanced uptake of
both 1-11C-acetate (SUV, 3.11; T/C ratio, 2.41) (B) and '8F-
FDG (SUV, 7.63; T/C ratio, 1.52) (C) in lesion.

radiolabeled acetate (40); it is a bidirectional enzyme that
controls acetyl-CoA—acetate metabolism in tumor cells
(40). The uptake of radiolabeled acetate in tumors along
with upregulation of cytosolic acetyl-CoA synthetase ex-
pression increased under hypoxia (40). The heterogeneity
and dissociation of regional distribution of '8F-FDG and
1-!'!C-acetate in meningioma suggest the diverse metabolic
behavior within the meningioma. There are zones of cells
with abundant cytosol acetyl-CoA synthetase and dominant
use of acetate for the synthesis of glutamine and lipid and
energy metabolism, and there are zones of cells with
dominant glycolysis as part of energy metabolism. The
results of the current study indicate the potential role of
1-'1C-acetate to evaluate the cell growth of meningioma
and, in combination with 18F-FDG, to characterize the
cellular properties of the tumor.

Our current study also revealed that 1-!!C-acetate was
unable to differentiate grade I from grades II-III meningi-
omas. Unlike 1-!!C-acetate, 8F-FDG accumulated more in
the grades II-III meningiomas than in the grade I tumors,
which is compatible with the results reported by Cremerius
et al. (13). '8F-FDG uptake is a more accurate reflection of
tumor grade than is 1-!'!C-acetate uptake.

Experiences with '8F-FDG PET-guided biopsy have
shown that targeting may be difficult when there is low
I8F_FDG uptake in low-grade tumors and when a hyper-
metabolic tumor is near the cortical or subcortical gray
matter (41). ''C-methionine has been considered more
suitable than '8F-FDG for delineating the boundary of
brain tumor (29,41) because its uptake is increased in low-
grade gliomas but is low in gray matter, providing a more
sensitive signal than '3F-FDG for PET-guided neurosurgi-
cal procedures in gliomas (42). 1-!''C-acetate has the same
merit as '!C-methionine, for example, high uptake in low-
grade gliomas (22) and meningiomas and low uptake in
gray matter, resulting a good contrast in delineating tumor
extent. 1-!!C-acetate might be an alternative to '8F-FDG
and !''C-methionine in delineating the entire volume of
meningioma for stereotactic biopsy.

The increased application of radiosurgery in the treat-
ment of meningiomas has created a demand for higher
precision in diagnostic imaging in pretreatment planning
for postoperative tumor remnants or recurrences (1/4,43,44).
The traditional criteria for the assessment of surgical
results—eradication of the tumor—cannot be applied in
radiosurgery, and arrest of tumor growth is considered
a success (43). A short period of postradiosurgical obser-
vation may erroneously assess an unchanged size of the
tumor as a result of the treatment, because no change in the
tumor size occurred in most of the cases (43). PET may
provide an ideal tool to explore the biologic changes of the
tumor after radiosurgery. The high contrast against the
surrounding tissue in all meningiomas in our series is
promising that 1-''C-acetate PET may facilitate more
proper tumor identification and delineation and thereby
optimize the preradiosurgical treatment planning for me-
ningiomas. The concurrent '8F-FDG PET and MR images
were less helpful for monitoring the therapeutic response in
respect to tumor metabolism. Adverse radiation effect with
blood-brain barrier breakdown and perilesional edema
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FIGURE 6. Percentage change of tumor volume and T/C ratios of 1-''C-acetate (T/Cace) and '8F-FDG (T/Cier_rpg) in 5

meningiomas during 6- to 35-mo period after radiosurgery.
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FIGURE 7. Patient 3, parasellar meningioma. Contrast-
enhanced MR image showing no obvious change of tumor
volume at 8 mo after y-knife surgery (GKS) but slightly
reduced tumor volume at 14 mo. 1-''C-acetate (ACE) PET
showing reduction of tumor uptake at 8 mo (—23.2%) and
14 mo (—35.5%) after radiosurgery. '8F-FDG PET showing
slightly increased glucose metabolism in tumor (+4.9%) at
8 mo but slightly decreased metabolism (—2.4%) at 14 mo
after radiosurgery.

occurred in 4 patients. This effect may explain the
enhanced '®F-FDG uptake in the irradiated tumor, which
is not uncommonly erroneously interpreted as progression
of tumor growth (44). 1-''C-acetate seems better than !8F-
FDG to reflect the response of tumor metabolism. All 5
patients revealed a decrease of 1-!'!C-acetate uptake in
sequential follow-up PET studies. However, the 1-''C-
acetate uptake was persistently higher in tumor than in
normal contralateral cortex during the 6- to 35-mo follow-
up period, indicating that the tumor growth was arrested
rather than eradicated by radiosurgery. Radiation may
induce inflammation and gliotic reaction in the brain tumor
and peritumoral tissue. The presence of reactive astrocytes
minimally affected accumulation of acetate, whereas mac-
rophages enhanced acetate net uptake (45). Cellular spec-
ificity of acetate uptake and metabolism in brain might be
altered by the presence of higher numbers of other cell
types in the damaged tissue (45). Uptake of 1-!!C-acetate
by these cells in the irradiated meningioma may sometimes
confuse us in the determination of whether the tumor
growth is arrested. The evidence from the limited number
of cases in the current study suggests that 1-!'!C-acetate
has the potential to be used as a metabolic marker for
evaluating the tumor response to radiosurgery, but the
current evidence is not enough to conclude the usefulness
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of 1-''C-acetate in determining tumor viability after radio-
surgery. Further investigations are required.

Increased uptake of 1-''C-acetate was found in 1 case of
meningeal tuberculoma, which indicates that PET with
1-'1C-acetate may not be helpful in the differentiation of
meningioma and meningeal tuberculoma. Inflammatory
cells, especially macrophages, in the tuberculoma may be
responsible for increased uptake of 1-!!C-acetate. However,
combined labeled acetate and '8F-FDG might provide
a new brain imaging application for the assessment of
meningeal inflammation and other inflammatory diseases
of the brain to provide useful information for localization
and characterization of the diseased tissues that require
a different intervention.

The major disadvantage of 1-!'!C-acetate PET is the short
half-life of ''C, which requires that PET studies be close
to the cyclotron facilities. Labeling of acetate with '8F
is a potential means to make possible the clinical use of
radiolabeled acetate (39,46). Fluoroacetate is the toxic
ingredient of the South African poison plant Dichapetalum
chymosum and of other Dichapetalum plants (47). Fluoro-
acetate and its toxic metabolite fluorocitrate inhibit aconi-
tase in brain tissue and are preferentially taken up by glial
cells and lead to inhibition of the glial tricarboxylic acid
cycle (TCA cycle). Both fluoroacetate and fluorocitrate
have been used in in vitro studies with brain slices or cell
cultures (48). Consequently, '8F-fluoroacetate might be
a potential tracer for brain tumor imaging. A minor draw-
back of 1-!'C-acetate in the investigation of meningiomas is
that the observation is a little complicated by the low uptake
in normal brain structures. Coregistration of 1-1!C-acetate
PET with MR images would be helpful for visualizing the
position of the abnormal 1-''C-acetate uptake.

CONCLUSION

We have evaluated the metabolic activity of meningio-
mas using 1-''C-acetate and '3F-FDG. 1-!!C-acetate was
found to be useful for detecting meningiomas and evaluat-
ing the extent of meningiomas and potentially useful for
monitoring the tumor response to radiosurgery; 1-''C-
acetate was, however, found to be not useful for evaluating
the histologic grade. In addition, 1-''C-acetate PET permits
sharp outlining of meningiomas of various histologic
grades and may therefore allow more accurate tumor
delineation. This implies that 1-'!C-acetate PET is of
potential value for guiding the stereotactic biopsy and for
optimizing treatment planning before radiosurgery. '8F-
FDG was found to be less useful than 1-!''C-acetate for
evaluating the extent of meningiomas and treatment re-
sponse of radiosurgery but may be useful for differentiating
between benign and malignant meningiomas. Regional
accumulation of 8F-FDG and 1-!!C-acetate in meningioma
dissociates from each other, indicating the diversity of cell
metabolism. Both tracers are complementary for assessing
the metabolic behavior of meningioma.
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