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served in endometrial hyperplasia. In contrast, ERs were
assumed to be reduced in endometrial carcinoma with
accelerated glucose metabolism measured by FDG-PET.
Here, we report two cases of endometrial hyperplasia on
tamoxifen treatment, which had a distinctive accumula-
tion pattern of FDG and FES on PET.

Materials and methods
PET and MRI procedure

FES was synthesized according to the method of
Kiesewetter et al. [10] with modifications as reported by
Mori et al. [11]. It is an automated production method
for FES using TRACERIab M X5 which is a cassette-
type automatic FDG synthesizer (GE Medical Systems,
Milwaukee, WI, USA). The detailed process of pharma-
cologic synthesis is described in their literature.

Fig. 1 Sagittal T2- (a) and
gadolinium (Gd)-enhanced
T1- (b) weighted images
showing endometrial
thickening and suspicion of
cervical interstitial invasion.
Sagittal positron emission
tomography (PET) images
with 2-[*FJfluoro-2-deoxy-p-
glucose (FDG, c) and 160-
['*Flfluoro-17p-estradiol
(FES, d) showing no
abnormal uptake in the
endometrial lesion.
Arrowheads show tracer
accumulation in the bladder
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Patients fasted for at least 4h before receiving an
intravenous injection of 185MBq of tracer. FDG- and
FES-PET scans were performed within a 1-week interval
using a whole-body PET scanner (ADVANCE; GE
Medical System) with a transaxial spatial resolution of
5mm at full width at half maximum in a two-dimen-
sional acquisition mode. Attenuation was corrected by
standard transmission scanning with ®Ge/®*Ga sources.
The PET scans were performed in seven bed positions
that started at 50 min following the injection of FDG
and FES. The acquisition data were reconstructed using
an iterative reconstruction method (subsets 14, number
of iterations 2).

The pelvic MRI was obtained within 1 week prior to
the PET scan using a 1.5-T system (Signa, GE Medical
Systems). The MRI examination included T1- and T2-
weighted images and fat-suppressed T1-weighted image
with gadolinium (Gd) contrast enhancement.
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Case reports
Case 1

An 80-year-old woman was referred to our hospital for
the diagnosis and treatment of an endometrial lesion.
Following surgery for right breast cancer about 2 years
earlier, she had been taking tamoxifen. The smear cytol-
ogy of the patient was positive. The pelvic MRI sug-
gested endometrial thickening with cervical interstitial
invasion on T2- and Gd-enhanced T1-weighted images
(Fig. 1a, b). Stage IIb endometrial carcinoma was con-
sidered from the MRI findings on the basis of the Inter-
national Federation of Gynecology and Obstetrics
(FIGO) classification. However, the FDG-PET image
showed no abnormal uptake of FDG in the endometrial

Fig. 2 T2-weighted magnetic
resonance imaging (MRI)
showing uterine enlargement
with severe endometrial
thickening and adenomyosis
(a). Gd-enhanced T1-
weighted MRI image
suggesting muscular invasion
(b). However, PET images
with FDG (c) and FES (d)
showing no abnormal uptake.
Arrowhead showing tracer
accumulation in drainage
tube

lesion, suggesting negative for malignancy (Fig. 1c). The
FES-PET image similarly showed no abnormal uptake
of FES (Fig. 1d). Taking medicine on the day of each
PET scan had been prohibited. The postoperative histo-
pathologic examination revealed that the lesion was
atypical endometrial hyperplasia.

Case 2

A 79-year-old woman was hospitalized for the evalua-
tion of a uterine enlargement. She had been taking
tamoxifen for 7 years following surgery for breast cancer.
The smear cytology of the patient was negative. The T2-
weighted MRI image showed uterine enlargement with
severe endometrial thickening and adenomyosis (Fig.
2a). The Gd-enhanced T1-weighted MR image suggested
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muscular invasion (Fig. 2b). She was suspected of having
stage Ib endometrial carcinoma from the MRI findings.
FDG- and FES-PET showed no abnormal uptake
(Fig. 2c, d). As in case 1, taking medicine on the day of
each PET scan had been prohibited. The postoperative
histopathologic examination revealed that the lesion was
mild endometrial hyperplasia.

Discussion

Recent investigations have focused on the ER expression
of endometrial lesions and the mechanism of estrogen
and selective estrogen receptor modulators (SERMs) in
endometrial carcinogenesis, which still remains to be
clarified [12]. Tamoxifen is one of the SERMs whose
divergent estrogen agonist and antagonist effects have
been recognized in different target organs. It acts as an
estrogen antagonist in the mammary gland but as an
estrogen agonist in the uterine endometrium. The asso-
ciation between endometrial carcinoma and tamoxifen
was first recognized in 1985 when three cases of endo-
metrial carcinoma were described in women who had
been treated with tamoxifen for breast cancer [13}.
Another estrogen-dependent gynecologic abnormality is
endometrial hyperplasia, which is usually a benign lesion
but is also considered to represent the incipient stage
of endometrial carcinoma. The differential diagnosis
between endometrial carcinoma and hyperplasia is
sometimes difficult in smear cytology, pelvic MRI, and
even in endometrial curettage. Whole endometrial curet-
tage under general anesthesia, which is very invasive,
may be needed additionally. A noninvasive diagnosis of
endometrial hyperplasia is considered to be very valu-
able for preserving women’s reproductivity. Premeno-
pausal women noninvasively diagnosed with endometrial
hyperplasia, who have yet to complete their family,
would be able to receive conservative treatment using
medroxyprogesterone acetate (MPA), etc.

FES is an ER-imaging tracer and FES-PET is well
established in patients with ER-positive breast cancer
for its diagnosis, staging, and follow-up [3-8]. ER exists
in two main forms, namely, ERo and ER[, with Yoo
et al. [14] reporting that the binding affinity of FES is
6.3-fold higher for ERa than for ERJ. In addition, the
recent investigation of Tsuchida et al. [15] demonstrated
that FES-PET could describe the change of endometrial
ERo concentration relative to menstrual cycle in normal
volunteers. On the basis of these studies, we have been
using FES-PET as an ERa imaging modality not only
for breast cancer but also for gynecologic diseases. We
recently reported that patients with endometrial carci-
noma showed a significantly higher accumulation of
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Fig. 3 A 40-year-old patient with endometrial carcinoma.
Maximum intensity projection images of FDG-PET (a) and FES-
PET (b) showing a significantly higher accumulation of FDG than
FES in the primary tumor (arrows). Standardized uptake values
(SUVs) were 15.2 (a) and 2.5 (b). Arrowheads showing tracer accu-
mulation in the bladder

FDG than FES in the primary tumors, and those patients
with endometrial hyperplasia showed a significantly
higher FES uptake than FDG [9] (Figs. 3-4). Using the
opposite tracer accumulation pattern a combined FES-
and FDG-PET scan was considered to be a useful diag-
nostic tool which provided supplementary information
on the differential diagnosis of endometrial tumors.
Nevertheless, in both of the present cases on tamoxifen
treatment, FDG- and FES-PET showed no abnormal
accumulation in endometrial hyperplasia. These results
indicate that in endometrial hyperplasia, glucose metab-
olism via glucose transporter 1 would not increase as
much as in endometrial carcinoma [16], and that tamoxi-
fen may reduce ERo expression or compete with FES
for binding ERc. The assumption that tamoxifen may
reduce ERo expression is consistent with the findings of
some earlier reports [17, 18]; however, the biggest con-
tributor to negative FES uptake of endometrial hyper-
plasia seemed to be binding to ERs of tamoxifen or its
metabolites [19]. Tamoxifen half-life was reported to be
about 7 days following chronic dosing in patients with
breast cancer [20]. The present patients who had been
taking tamoxifen for several years should have stopped
taking it at least several weeks prior to the day of the
FES-PET scan. On the other hand, an agent such as
MPA or aromatase inhibitor, which does not target ERs,
has no direct effect on the evaluation of ER density using
FES-PET [21].
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Fig.4 A 67-year-old patient with endometrial hyperplasia. Coronal
PET images with FDG (a) and FES (b) showing a significantly
higher FES uptake than FDG in the primary tumors (arrows).
SUVs were 2.3 (a) and 11.0 (b). Arrowheads showing tracer accu-
mulation in the bladder

FES-PET enables us to evaluate the ERa expression
of endometrium noninvasively, whereas the evaluation
of ER expression using FES-PET requires careful atten-
tion to the influence of hormonal therapy because
tamoxifen greatly affects FES accumulation of even
endometrial hyperplasia, which should be an FES-avid
lesion.
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Abstract We recently experienced a case with uveitis suf-
fering from fever of unknown origin suspected of being
caused by sarcoidosis. Chest computed tomography
showed right supraclavicular, bilateral mediastinal, and
right hilar lymphadenopathy, and intensive abnormal
uptake of 2-[*FJfluoro-2-deoxy-p-glucose (*F-FDG)
was observed on positron emission tomography with
BF.FDG (FDG-PET). On the other hand, “Ga scintig-
raphy showed almost no abnormal findings. Histopatho-
logical examination revealed the lesion to be a diffuse
large B-cell lymphoma (DLBCL), namely, an aggressive
non-Hodgkin lymphoma from a right supraclavicular
lymph node biopsy specimen. Additional immunohisto-
chemical analysis showed the negative expression of
transferrin receptor (TfR) on the formalin-fixed paraf-
fin-embedded specimen. Although DLBCL is generally
considered to be a “Ga-avid tumor, it does not always
have a large number of TfRs and that leads to a discrep-
ancy between the ’Ga scintigraphy and FDG-PET find-
ings. FDG-PET should be more appropriate for the
initial staging of DLBCL than Ga scintigraphy, whereas
’Ga scintigraphy might be able to provide additional
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information including prognostic factors and to support
strategies that target TfR for cancer therapy.

Keywords Diffuse large B-cell lymphoma - “Ga
scintigraphy - Transferrin receptor - FDG-PET

Introduction

%Ga and 2-["*F]fluoro-2-deoxy-p-glucose ("*F-FDG) are
tumor viability indicators and “Ga scintigraphy and
positron emission tomography with "*F-FDG (FDG-
PET) have been widely used for the management of
lymphomas. The tissue uptake of tracers by malignant
tumors is based on different mechanisms. Malignant
cells accumulate “Ga mainly through an intracellular
transferrin (Tf)-related transport mechanism via a “Ga-
Tf complex [1, 2]. Transferrin receptor (TfR) is a key cell
surface molecule that regulates uptake of iron-bound Tf
by receptor-mediated endocytosis, and an overexpres-
sion of TfR is assumed to be a common feature of malig-
nant tumors. Kiratli et al. [3] showed that rapidly
proliferating tumors with a high level of DNA synthesis
have high TfR expression for increasing iron uptake and
enhance “Ga uptake in a flow cytometric analysis in
patients with lymphoma. On the other hand, BF.-FDG
is a glucose analogue, which reflects the activity of
glucose transport proteins and the intracellular phos-
phorylation by hexokinase [4, 5]. “Ga scintigraphy and
FDG-PET have been useful for the initial staging and
post-therapeutic follow-up of lymphomas [6].

We report a case of diffuse large B-cell lymphoma
(DLBCL), which showed a discrepancy between the
’Ga scintigraphy and FDG-PET findings, and discuss
the advantages of each examination for tumor imaging.
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Fig. 1 Chest computed tomography (CT) images showing right supraclavicular, bilateral mediastinal, and right hilar

lymphadenopathy

Methods

The FDG-PET scan was performed with a GE
ADVANCE (GE Medical Systems, Milwaukee, WI,
USA). Before tracer administration, at least a 4-h fasting
was required and emission data were collected for 2min
per frame using 2D acquisition at 50 min after the injec-
tion of 185MBq "F-FDG. Transmission scan was
obtained before emission scan using 68Ge/68Ga rod
source for attenuation correction. The acquired data
were reconstructed by the iterative reconstruction
method selecting 14 subsets, 2 iterations, and 128 x 128
matrix.

Ga scintigraphy was performed at 72h after the
injection of 111 MBq “Ga-citrate. Imaging was obtained
by an E-CAM (Siemens Medical Systems, Hoffman
Estates, IL, USA) with medium-energy and a general-
purpose collimator. Whole-body imaging was performed
with both anterior and posterior view images.

Case report

A 69-year-old man suffering from fever of unknown
origin was referred to our hospital. He had been treated
for uveitis and received left vitrectomy because of left
vitreous hemorrhage. On admission, his right supracla-
vicular lymph nodes (10mm x 2, elastic hard) were pal-
pable. He underwent chest computed tomography (CT),
Ga scintigraphy, and whole-body FDG-PET scan.
Chest CT showed right supraclavicular, bilateral medi-
astinal, and right hilar lymphadenopathy (Fig. 1), and
his physician considered him to have sarcoidosis on the
basis of the clinical course (uveitis and lymphadeno-
pathy). Intensive *F-FDG accumulations of the lymph-
adenopathy and an incidental nodular uptake of
BF-FDG in the left pelvis were observed on FDG-PET
(Fig. 2). In contrast, “Ga scintigraphy showed almost
no abnormal findings except for slightly increased left

@Springer

Fig. 2 Fluoro-2-deoxy-p-
glucose (FDG) positron
emission tomography image
showing intensive *F-FDG
accumulations of the
lymphadenopathy and an ‘
incidental nodular uptake of '
BE_FDG in left pelvis °

Fig. 3 “Ga scintigraphy was
almost normal. Slightly
increased left hilar
accumulation was regarded as
a non-specific physiological
one because of the absence of
left hilar lymphadenopathy
detected on chest CT

I3

hilar “Ga uptake (Fig. 3). The left hilar accumulation of
Ga was regarded as a non-specific physiological one
because of the absence of left hilar lymphadenopathy on
chest CT. Histopathological examination from a right
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Fig. 4 a Histological image of right
supraclavicular lymph node showing the
typical appearance of diffuse large B-cell
lymphoma on hematoxylin—eosin. The
tumor cells show diffuse growth pattern
and they have large vesicular nuclei with
prominent eosinophilic nucleoli. b
Immunohistochemical image showing
negative expression of transferrin receptor

supraclavicular lymph node biopsy specimen revealed
the lesion to be DLBCL (Fig. 4a). To resolve the differ-
ence between “Ga scintigraphy and FDG-PET findings,
additional immunohistochemical analysis was done, and
showed negative expression of TfR on the formalin-fixed
paraffin-embedded specimen (Fig. 4b). Furthermore,
pelvic MRI after FDG-PET revealed the nodular '*F-
FDG uptake in the left pelvis to be an involvement by
DLBCL of the left ischium, and the patient was finally
diagnosed as having DLBCL stage IV.

Discussion

It should be emphasized that there was a discrepancy
between “’‘Ga and "*F-FDG uptake of DLBCL without
TfR expression. This result is consistent with previous
reports in which when the tumor tissue was positive for
TfR, “Ga was positive, and a negative “Ga scan corre-
lated with the absence of TfR in the biopsied tissue
[7, 8]. Some researchers concluded that TfR expression
on a tumor correlates with its grade [9, 10]. DLBCL is
classified as an aggressive non-Hodgkin lymphoma
(NHL), which is generally considered to be a Ga-avid
tumor. In the literature, aggressive lymphomas such as
DLBCL were reported to contain about 20% TfR posi-
tive lymphocytes in biopsy material from nodes involved
by lymphoma [11, 12]. However, immunohistochemical
analysis in our case showed negative TfR expression,
and Ga accumulation was low. Nejmeddine et al. [13]
suggested that there were three factors influencing “Ga
uptake in NHL: histology, TfR expression, and the pres-
ence of a large cells component. Although DLBCL gen-
erally has all these factors, TfR expression was negative
in our case. Our case revealed that DLBCL does not
always have a large number of TfRs, accounting for the
discrepancy between the “’Ga scintigraphy and FDG-
PET findings.

At the same time, it should be noted that “Ga is
brought to tumors mainly by Tf via a “Ga-Tf complex,
whereas it can be partially translocated to lactoferrin

(LF) and incorporated into tumor cells via a “Ga-LF
complex [1]. This kind of TfR-independent process is
considered to occur both in vitro and in vivo [2]. Fur-
thermore, Ga accumulation in tumors is mediated by
other factors such as anaerobic tumor metabolism,
increased tumor perfusion, and vascular permeability.
Ga accumulation may require a set of circumstances to
be fulfilled, whereas hypermetabolism as evidenced by
increased glycolysis by the tumor cells is sufficient for
®F-FDG uptake [14].

The recent investigation of O’Donnell et al. [15]
showed the relationship between TfR expression and c-
Myc which is one of the most frequently dysregulated
proteins and stimulates proliferation and growth by acti-
vating thousands of target genes in malignancies. They
revealed that TfR expression is activated by c-Myc in
B-cell lymphoma and TfR is required for c-Myc-medi-
ated cellular proliferation: after all, TfR inhibition
decreases cellular proliferation and results in G1 arrest.
In the light of their report, we might be able to use “Ga
scintigraphy for prognostic prediction of patients with
lymphoma. The patient in this case actually has not yet
relapsed about half a year after he attained a complete
response to chemotherapy.

In contrast to ¥Ga scintigraphy, FDG-PET clearly
delineated all lesions of DLBCL before treatment in our
case. Kostakoglu et al. [16] showed the superiority of
FDG-PET to ®“Ga scintigraphy by higher tumor-to-
background ratio and higher site and patient sensitivity
of FDG-PET than “Ga scintigraphy in 51 patients with
untreated lymphoma. In fact, FDG-PET has been
expected to take the place of “Ga scintigraphy for tumor
imaging because of its higher resolution and diagnostic
accuracy during the past 10 years [17, 18]. Moreover,
integrated PET and CT with FDG (FDG-PET/CT) has
appeared as a new imaging modality, providing ana-
tomic and metabolic information. FDG-PET/CT allows
more accurate spatial localization of abnormal BF.FDG
uptake than PET alone, and it has become the most
preferable initial staging tool for patients with NHL
[19]. As for Ga scintigraphy, SPECT/CT scan is also
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used for increasing diagnostic accuracy in the clinical
management of lymphoma. ¥Ga-SPECT/CT is reported
to provide additional anatomical information over
SPECT alone especially in the abdomen or pelvis [20].
Furthermore, a monoclonal TfR antibody, A 24, was
shown to induce apoptosis in T-lymphocytes from
patients with CD71-positive T-cell leukemias [21). Ga
scan including SPECT/CT might be able to support
strategies that target TfR for cancer therapy.

Transferrin receptor expression on malignant cells is
considered to greatly influence ¥Ga accumulation in
patients with DLBCL. FDG-PET or PET/CT might be
more appropriate for the initial staging of DLBCL than
Ga scintigraphy. However, Ga scan might be able to
provide additional important information including
prognostic prediction and support strategies that target
TfR for cancer therapy.
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Abstract

The objective of this study is to reevaluate the clinical significance of 1-1'C-acetate (ACE) positron emission tomography (PET) in patients
with brain glioma, in comparison with '8F_fluorodeoxyglucose (FDG) PET.

Methods: Ten patients with histologically proven glioma were included in this study. They underwent PET examination with both FDG and
ACE on separate days. For ACE PET, 20-min data acquisition was performed just after the administration of 740 MBq of ACE; 10-20-min
data were used for the analysis. FDG PET data acquisition for 10 min started 60 min postinjection of 370 MBq of FDG, approximately. Both
reconstructed images were converted to standardized uptake value (SUV) images for patient body weight and injected dose. Regions of
interest were placed on the tumor and the contralateral cerebral cortex, and SUV and tumor-to-cortex ratio (T/C) were calculated; these values
were compared between high- and low-grade gliomas.

Results: SUV and T/C of ACE PET showed significant difference (SUV: 2.63+0.46 vs. 1.85+0.56, P=.03; T/C: 2.3620.63 vs. 1.14+0.36,
P=.02). In contrast, FDG PET revealed no significant difference in SUV or T/C between high- and low-grade gliomas (SUV: 7.134+4.3]

vs. 4.71£1.27, P=.31; T/C: 0.98+0.55 vs. 0.62+0.09, P=.22).

Conclusion: This preliminary study revealed that ACE PET is a promising tracer for the grading of brain glioma.

© 2008 Elsevier Inc. All rights reserved.

Keywords: 1-''C-acetate; '*F-FDG; Positron emission tomography; Glioma; Grading

1. Introduction

Positron emission tomography (PET) with 'F-fluoro-
deoxyglucose (FDG) has been widely used for various kinds
of neoplasm in differentiating between benign and malig-
nant, staging, survey for recurrence and evaluating ther-
apeutic effect [1]. The usefulness of FDG PET for brain
tumors has been summarized previously [2]; however,
localization of gliomas can be difficult because of high
FDG uptake in the cerebral cortex, which results in high
background activity [3] and limits the usefulness of FDG
for radiation treatment planning [4]. Several kinds of
radiopharmaceuticals, such as ''C-methionine (MET),

* Corresponding author. Tel.: +81 776 61 3111x2335; fax: +81 776 61
8137.
E-mail address: tsucchy@u-fukui.ac jp (T. Tsuchida).

0969-8051/8 — see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2007.11.004

8F_fluoroethyl-L-tyrosine, methyl-''C-choline (CHO) and
1-"'C-acetate (ACE) [5,6], have been proposed for the
positive detection of brain tumors; among these, MET is well
evaluated in terms of its ability to provide delineation from
the normal cortex and differentiate between high-grade
glioma and low-grade tumors compared to FDG [7,8] and/
or 2°!thallium chloride [9] and enable tumor differentiation
[7-9]. Although similar results have also been reported for
CHO [10], ACE showed limitations in differentiation in a
previous report [11].

Yoshimoto et al. [12] reported in an in vitro study
that 1-'*C-acetate accumulation correlates with *H-methy!
thymidine incorporation; this indicates that the degree of
ACE uptake represents cell proliferative activity and histo-
logic grading.

In this context, we sought to reevaluate the clinical
significance of ACE in terms of the histologic grading
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of brain gliomas by comparing FDG both visually
and quantitatively.

2. Materials and methods

2.1. Patients

Ten patients (five males, five females; age, 23-87 years;
median age, 49.8 years) were included in this study.
Pathological diagnosis was obtained by open surgery or
stereotactic biopsy. Grading for the tumor was based on the
World Health Organization grading system for neuroepithe-
lial tumors [13]. Gradings for all participants in the study
were as follows: pilocytic astrocytoma (Grade I), n=1;
astrocytoma (Grade II), n=4; anaplastic astrocytoma (Grade
III), n=1 and glioblastoma multiforme (GBM) (Grade IV),
n=4. Written informed consent was obtained from all patients,
and the study was approved by the institutional review board
of the University of Fukui Hospital.

2.2. PET procedure

ACE and FDG PET were performed in all patients on
separate days. PET scanning was undertaken using an
Advance system (General Electric Medical Systems, Mil-
waukee, WI). The physical characteristics of this scanner
have been described in detail by DeGrado et al. [14]. ACE
was synthesized by carbonation of Grinaud’s reagent
followed by acid hydrolysis [15]. FDG was produced via
the method of Hamacher et al. [16] using an automated FDG
synthesis system. The specific activity was more than 50
GBg/umol for ACE and 100-200 GBg/pmol for FDG. The
radiochemical purity of both tracers was greater than 99%.
Patients fasted at least 4 h before each PET examination. After
obtaining a 10-min transmission scan with a ®3G rotating pin
source, dynamic emission ACE PET scanning was performed
for 20 min immediately following injection of 740 MBq of
ACE, approximately. The ACE PET scan protocol was as
follows: 1 minx10 frames and 5 minx2 frames. A 10-min
FDG emission scan was performed 60 min postinjection of
185 MBq of FDG approximately, followed by postinjection

FDG-PET

Fig. 1. Template of ROIs on FDG and ACE PET. ROIs were placed manually using MRI guidance.

ACE-PET

transmission scanning for 10 min. Acquired emission data
were reconstructed using the filtered back-projection method
with a Hanning filter (6.5 mm). The reconstructed images
were converted to standardized uptake value (SUV) images
for the patient’s body weight and injected dose.

2.3. Data analysis

For ACE PET, the static image obtained 10—20 min post-
injection was used for data analysis as ACE uptake in cerebral
cortex and glioma reached plateau after 10 min postinjection.

For visual assessment, both ACE and FDG PET images
were compared with magnetic resonance (MR) images to
determine tumor localization. The grading used for visual
assessment -was as follows: positive, tumor recognized as
higher tracer uptake compared with normal cortex; negative,
tumor recognized as lower tracer uptake compared with normal
cortex and not detectable (ND), tumor unrecognized, with

Table 1
Patient characteristics and measured values

Sex/ Grade CE FDG

Acetate

age Of  visual SUV T/C Visual SUV T/C
MRI

Low grade

F28 1 Yes  Negative 6.41 0.66 ND 1.84 1.07
M/23 11 No Negative 3.54 0.51 ND 1.07 0.96
F36 1 Focal Negative 4.72 0.67 Negative 1.82 0.89
F/36 1l No Negative 548 0.55 ND 2.65 098
F/53 1 No ND 342 072 Positive 1.87 177
Average 471 0.62 1.85 1.14
S.D. 1.28 0.09 0.56 0.36
High grade

F/44 111 Focal Positive 14.6 1.93 Positive 2.78 222
M/49 IV Focal ND 6.58 0.88 Positive 198 1.69
M/69 IV Yes ND 384 061 Positive 269 295
M/73 IV Focal Negative 5.12 0.63 Positive 2.63 234
M/87 IV Focal ND 548 0.84 Positive 3.05 2.63
Average 7.13 098 263 236
SD 431 0.55 0.46 0.63

CE, contrast enhancing; yes, homogeneous contrast enhancing; focal, spotty
or ring-shaped contrast enhancing.
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Fig. 2. Difference in SUV (a) and T/C (b) between low-grade and high-grade
gliomas on ACE PET. Significant differences were observed for SUV
(P=.03) and T/C (P=.02).

uptake almost equal compared to that of normal cortex. For
quantitative assessment, regions of interest (ROIs) were placed
on the tumor and contralateral cerebral cortex shown in Fig. 1.
In this study, image coregistration between MR imaging (MRI)
and PET was not performed, but by comparing MRI and PET
images visually, ROIs were placed. As for the ROI placement
on glioma with contrast-enhancing portion, ROIs were placed
on the enhancing area while avoiding the nonenhancing area,
which indicates necrosis. ROIs on the tumor were set to 8 mm
in diameter because the largest-circle ROI that could avoid
necrosis was 8 mm in diameter in our patient population. In
glioma without a contrast-enhancing portion, T2-weighed
images (T2WIs) were used as a guide to place ROI. In these
patients, glioma showed high intensity compared to the
cerebral cortex, but a very-high-intensity area, which indicates
necrosis, was not found. Then, ROIs were placed on the center
of the glioma. Irregular ROITs were placed to cover the cerebral
cortex. Averaged SUV and tumor-to-cortex ratios (T/Cs) were
then calculated. Because of the small number of patients, these
data were compared between low-grade (Grades I and IT) and
high-grade (Grades I1I and I'V) glioma.
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2.4. Statistical analysis

Results are expressed as mean+S.D. Because of the small
data set, nonparametric Mann—Whitney U test was applied to
compare SUV and T/C between high-grade and low-grade
glioma. SUV and T/C were compared for FDG and ACE
using linear regression analysis. P<05 was considered to
be significant.

3. Results

Patient characteristics and measured values are summar-
ized in Table 1. Two cases of low-grade glioma and all high-
grade gliomas showed contrast enhancement on MRL

In visual assessment, ACE PET findings were positive inall
cases of high-grade glioma, although only one case was shown
as positive on FDG PET. In contrast, four out of five cases of
low-grade glioma were negative on FDG PET, while ACE
PET could not detect the tumor in three of the five patients.

A
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15 °
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8 [
5 o { L
e [ ]
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! .
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Fig. 3. Difference in SUV (a) and T/C (b) between low-grade and high-grade
gliomas on FDG PET. No significant differences were observed for SUV
(P=.31) and T/C (P=.22).
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glioma. Regarding the mechanism of acetate uptake in the
brain and in brain tumors, Dienel et al. [17] reported that
acetate is preferentially transported into and metabolized by
astrocytes and that the metabolism of acetate in glia-derived
tumors includes the incorporation of radiolabeled substrates
into acidic compounds and amino acids. They also reported
the labeling of glial and meningeal tumors with 2-4¢-
acetate; their in vitro study, using slices of human brain
tumor, revealed that net uptake of 2-'*C-acetate was higher
in high-grade glioma than in low-grade glioma.

In another in vitro study, Yoshimoto et al. [12] reported
that the total and lipid-soluble fraction of '*C metabolites
from 1-'*C-acetate in five cell lines showed significant
correlation with *H-methyl thymidine incorporation into
DNA, which estimates growth activity. Our results are
consistent with the findings of Dienel et al. [17] and are
supported by the report of Yoshimoto et al. [12].

The results of the present study revealed a more
significant difference in T/C compared with that of SUV
on ACE PET, although both showed statistically significant
differences between low-grade and high-grade glioma.
Hustinx et al. [18] also reported that the measurement of
activity ratio is superior to SUV for characterizing of primary
brain tumor with FDG PET. We speculate that the reason for
this result is as follows. ACE dynamic scanning in the report
of Liu et al. [11] showed rapid uptake and clearance of ACE
in the first 3 min followed by retention in the normal cortex.
This may indicate that distribution of ACE in the normal
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Fig. 4. Relationships of SUV (a) and T/C (b) between FDG and ACE.
Regression lines with complete data set (solid line) and excluding outlier
(dotted line) were demonstrated. No significant relationship was found (SUV,
P=29; T/C, P=.39), even excluding the outlier (SUV, P=.50; T/C, P=.35).

In terms of quantitative assessment, a significant differ-
ence was observed for SUV (2.63£0.46 vs. 1.85+0.56,
P=.03) and T/C (2.36+0.63 vs. 1.14+0.36, P=.02) between
low-grade and high-grade glioma on ACE PET, as shown in
Fig. 2A and B, although no significant difference was
observed for SUV (7.13+4.31 vs. 4.71%+1.27, P=.31) or T/C
(0.98+0.55 vs. 0.62+£0.09, P=.22) on FDG PET, shown in
Fig. 3A and B.

The relationship between FDG and ACE for SUVand T/C
is shown in Fig. 4A and B. No significant relationship was
observed (SUV, P=.29; T/C, P=.39), even excluding the
outlier (SUV, P=.50; T/C, P=.35).

Representative cases of low-grade and high-grade glioma
are shown in Figs. 5 and 6.

4. Discussion

In the present study, significant differences in SUV and T/
C were observed on ACE PET, which means that ACE PET
enables differentiation between low-grade and high-grade

cortex is affected by cerebral blood flow (CBF). It is well
known that human aging causes CBF to decline [19,20]. In
the present study, the mean age of the low-grade-glioma
group was 35 years, while it was 64 years in the high-grade-
glioma group. We consider that low CBF in the normal
cortex causes a low retention of ACE; thus, a greater
difference was observed in T/C. As for the aging effect on
the brain tumor, the characteristic of brain tumor-like
proliferative activity, which determines the degree of
malignancy, is independent of the patient’s age, that is, the
decline of CBF does not necessarily mean the reduction of
ACE uptake in brain tumors in elderly patients. Therefore,
the decline of CBF is thought to be a main factor in causing a
greater difference in T/C compared to SUV, although further
examination using age-matched groups is required.

A statistical analysis revealed no significant relationship
between FDG and ACE for either SUV or T/C. It is reported
that acetate accumulation might be enhanced in gliomas by
the transacceleration effect, which is stimulated by lactate
efflux and may contribute to high tumor labeling with
deoxyglucose [21,22]; however, our results did not support
these data. Liu et al. [11] reported that 42% of 26
astrocytomas displayed discrepant uptake of ACE and
FDG. Therefore, metabolic transacceleration is not a unique
factor that can explain enhanced acetate uptake by
astrocytomas; other factors must be further investigated.

In this study, two cases of low-grade glioma and all high-
grade gliomas demonstrated contrast enhancement on MRI.
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Fig. 5. MR images of a 69-year-old man diagnosed with GBM. The postcontrast T1-weighted images show contrast enhancement of the tumor in the right
parietal lobe. Although ACE uptake was observed in the tumor (visual-positive), FDG uptake in the tumor was masked by cortical uptake of FDG (visual-ND).

Although contrast enhancement of a lesion is often taken as a berg et al. [23] reported that the failure of gadolinium-
sign of a high-grade lesion, low-grade glioma sometimes has enhanced MRI to visualize supratentorial brain tumors in
an enhanced portion, as we experienced. Moreover, Gins- adults does not indicate low-grade malignancy. These

Fig. 6. MR images of a 36-year-old woman diagnosed with Grade I1 astrocytoma. An area of high intensity is demonstrated in the right frontal lobe on the T2WL
Although ACE uptake in glioma was not identified (visual-ND), less FDG uptake was observed in the glioma in comparison to cortical uptake (visual-negative).
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indicate that applying contrast enhancement of the lesion has
a limitation in determining the degree of malignancy, and a
biological tracer like ACE, which reflects the growth activity
directly, may be promising.

The fundamental limitation of the present study is the
small number of patients. However, the fact that we have
demonstrated the capability to differentiate between low-
grade and high-grade glioma will be of value in encouraging
further investigations using larger populations.

5. Conclusion

We evaluated the clinical significance of ACE PET
findings for brain glioma, in comparison with FDG PET
findings. ACE studies revealed a preliminary result of
significant difference in SUV and T/C between low-grade
and high-grade gliomas, indicating that ACE PET enables
grading of brain glioma, although further confirmatory
studies will be required.
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Abstract

We have studied the performance of two different types of front-end systems for our gamma camera based on Hamamatsu H8500
(flat-panel 64 channels multi-anode PSPMT) with a CsI(Tl) scintillator array. The array consists of 64 pixels of 6 x 6 x 20 mm? which

corresponds to the anode pixels of H8500.

One of the system is based on commercial ASIC chips in order to read out every anode. The others are based on resistive charge divider
network between anodes to reduce readout channels. In both systems, each pixel (6 mm) was clearly resolved by flood field irradiation of
137Cs. We also investigated the energy resolution of these systems and showed the performance of the cascade connection of resistive

network between some PMTs for large area detectors.
© 2006 Elsevier B.V. All rights reserved.

PACS: 85.60.H; 87.62; 87.59; 95.55.K

Keywords: Flat-panel detector; PSPMT,; Gamma camera; Compton telescope

1. Introduction

Recently, the concern with the gamma camera based on
position-sensitive PMTs for application especially to
nuclear medicine has been growing. The latest developed
flat-panel-type Hamamatsu H8500 and H9500 [1] are
promising devices for such purpose, and several studies
have been conducted focusing on their spatial resolution
with both pixellated scintillator array and continuous
scintillator slab aiming at PET and SPECT applications
[2-4].

The merit of such multi-anode flat-panel-type PMTs is
the small non-active area when they are arrayed and
constitute large area detectors, however, developments of

*Corresponding author. Tel.: +81 75753 3868; fax: +81757533799.
E-mail address: sekiya@cr.scphys.kyoto-u.ac.jp (H. Sekiya).

0168-9002/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2006.01.096

readout systems for large number of channels are indis-
pensable.

On the other hand, Compton imaging detectors for
gamma ray astronomy or next generation medical imaging
has been developed [5-7] with gamma cameras used for the
detection of scattered gamma rays. In such cases, not only
the spatial resolution but also the energy resolution is
important to reconstruct the direction of incident gamma
rays.

In this paper, we report the spatial resolution and energy
resolution of our gamma camera based on H8500 with two
different types of front-end systems. One of the system is
based on commercial ASIC chips in order to read out every
anode, the others are based on the resistive charge divider
network between anodes to reduce the readout channels. In
order to evaluate the performance, we coupled a CsI(T1)
scintillator array which fits to the anode pitches of H8500.
This camera is intended for arrayed and covering our
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micro-time projection chamber (micro-TPC) [5], which
constitutes a new Compton imaging detector [8).

2. The detector

The Hamamatsu H8500 has a very compact dimension
of 52mm x 52mm x 28 mm with 12 stages of metal
channel dynodes and a HV divider circuit. The active
photo cathode area is 499 mm x 49 mm and is covered by an
8 x 8 anode array. The typical anode gain is 10°
(HV = —1000V) and the typical anode gain uniformity
(the ratio of the maximum gain to the minimum gain) is
about 2.5. Each anode pixel size is 5.8 mm x 5.8 mm and
the pitch between center of the anodes is 6.08 mm.

The size of each CsI(T) crystal is
6mm x 6 mm x 20mm. The crystals were also manufac-
tured by Hamamatsu. Between the crystals, Vikuiti® ESR
films (3M) of 65 um are inserted for the optical isolation, so
that the pixel of scintillator array corresponds to the anode
pixel. The array is glued to H8500 using OKEN6262A
optical grease. Fig. 1 shows the picture of the array.

3. Readout circuits
3.1. CP80068 system

Fig. 2 shows the individual anode readout system (Clear
Pulse Co., Ltd. CP80068). The dimension of CP80068
which is designed for two-dimensional array of H8500 is
52mm x 52mm x 95mm. It is based on two types of
analog ASICs, VA32HDR 14 and TA32CG2 manufactured
by IDEAS ASA. VA32HDRI14 contains pre-amplifiers

Fig. 1. Picture of the CsI(Tl) array.

(input dynamic range ~ + 15pC), shapers
(gain = 118 mV/pC, peaking time = 2ps), sample and
hold circuits and a multiplexer. TA32CG32 contains fast
shapers (peaking time = 75ns) and comparators, which
can make the trigger signals. The multiplexed 64 ch data
are digitized by a flash ADC on the CP80068 and sent to
the VME sequence module via FPGAs. It takes 164 ps to
process one event (64 channels).

3.2. Resistive charge division

Fig. 3 shows the charge divider network board for
H8500. Using this connector board, the anodes in

Fig. 2. Picture of CP80068.

Fig. 3. Bottom view of the resistive divider network for H8500 and the top
view (inset).
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Fig. 4. Measurement results of each readout system. Flood field images of 137Cs irradiation, methods of the position reconstruction, x and y cross-sections
of central rows, the energy spectra of the best pixel of every readout system are shown. In the equations, P; is the ADC output of ith anode of CP80068
system, /i(r;) is the ADC output of left (right) side of ith horizontal resistive chain of 16 channels readout system, a- b - ¢ - d represent the ADC outputs of
four terminals of four channels readout system. In four channels readout system, as the raw image (¥, ') is distorted, the corrected image (x, y) calculated
by TMultiDimFit class of ROOT [9] is indicated.

horizontal rows of H8500 are connected with 100Q chips constant = 66 ps), shaped (Clear Pulse CP4026, shaping
and the number of readout channels are reduced to 16. time = 2 us) and digitized (CAEN V785). The last dynode
Each reduced channel is preamplified (integrating time  output is used as the trigger signal.



