PET Imaging of Norepinephrine
Transporter—Expressing Tumors Using
76Br-meta-Bromobenzylguanidine

Shigeki Watanabe'!, Hirofumi Hanaoka?, Ji Xin Liang!, Yasuhiko Iida?, Keigo Endo?, and Noriko S. Ishioka'

!Medical Radioisotope Application Group, Quantum Beam Science Directorate, Japan Atomic Energy Agency, Takasaki, Gunma,
Japan; ?Department of Bioimaging Information Analysis, Gunma University Graduate School of Medicine, Maebashi, Gunma,
Japan; and 3Department of Diagnostic Radiology and Nuclear Medicine, Gunma University Graduate School of Medicine,

Maebashi, Gunma, Japan

Meta-iodobenzylguanidine (MIBG) labeled with 23| or 31| has
been widely used for the diagnosis and radiotherapy of norepi-
nephrine transporter (NET)-expressing tumors. However,
1281/1811-MIBG has limitations for detecting small lesions
because of its lower spatial resolution than PET tracers. In this
study, meta-bromobenzylguanidine (MBBG) labeled with 76Br
(half-life, 16.1 h), an attractive positron emitter, was prepared
and evaluated as a potential PET tracer for imaging NET-
expressing tumors. Methods: 7Br-MBBG was prepared by a
halogen-exchange reaction between the 76Br and iodine of non-
radioactive MIBG. The stability of MBBG was evaluated in vitro
and in vivo by high-performance liquid chromatography analy-
sis. Cellular uptake studies with or without NET inhibitors were
performed in NET-positive PC-12 cell lines. Biodistribution
studies were performed in PC-12 tumor-bearing nude mice
by administration of a mixed solution of MBBG, MIBG, and
18F-FDG. The tumor was imaged using "®Br-MBBG and '8F-
FDG with a small-animal PET scanner. Results: MBBG was
stable in vitro, but some time-dependent dehalogenation was
observed after administration in mice. MBBG showed high
uptake in PC-12 tumor cells that was significantly decreased
by the addition of NET inhibitors. In biodistribution studies,
MBBG showed high tumor accumulation (32.0 + 18.6 percent-
age injected dose per gram at 3 h after administration), and the
tumor-to-blood ratio reached as high as 54.4 + 31.9 at 3 h after
administration. The tumor uptake of MBBG correlated well with
that of MIBG (r = 0.997) but not with that of '8F-FDG. 7®Br-
MBBG PET showed a clear image of the transplanted tumor,
with high sensitivity, which was different from the lesion shown
by '8F-FDG PET. Conclusion: 7®Br-MBBG showed high tumor
accumulation, which correlated well with that of MIBG, and
provided a clear PET image. These results indicated that 76Br-
MBBG would be a potential PET tracer for imaging NET-
expressing neuroendocrine tumors and could provide useful
information for determining the indications for 31I-MIBG ther-

apy.
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M eta-iodobenzylguanidine (MIBG) is a functional ana-
log of norepinephrine and specifically taken up by the nor-
epinephrine transporter (NET) (/,2). Because of this uptake
mechanism, '2’I- or !3'I-labeled MIBG has been widely
used for the diagnosis of NET-expressing neuroendocrine
tumors, such as pheochromocytoma, paraganglioma, carci-
noid tumor, medullary thyroid carcinoma, and neuroblas-
toma (3). MIBG labeled with 13! has also been used for
systemic radionuclide therapy of NET-expressing tumors
(4-6). 3'I-MIBG therapy is a generally safe and reasonably
well-tolerated treatment option and confers symptomatic
benefits in patients with NET-expressing neuroendocrine
tumors. One of the keys to the success of 31I-MIBG therapy
is the selection of a good responder. The tumor accumula-
tion level of '3'I-MIBG is one of the most important factors,
and small tumors or early metastases are considered to re-
spond better than large tumors or cases of advanced disease.
However, '23I/'3'1-MIBG is not useful for quantifying the
tumor accumulation level and has some limitations for de-
tecting small lesions and unexpected metastasis because of
its lower-spatial-resolution PET tracers.

18F-FDG, the main PET tracer in oncology, also has been
used for imaging neuroendocrine tumors and can detect
tumors with high sensitivity (7-9). '8F-FDG is useful for
imaging poorly differentiated tumors and can identify
1231/131L_.MIBG-negative lesions. On the other hand, well-dif-
ferentiated neuroendocrine tumors are usually characterized
by a slow-growth pattern and low 3F-FDG sensitivity.
Because the accumulation pattern of '8F-FDG is different
from that of MIBG (10,11), it is difficult to use '8F-FDG for
the selection of patients amenable to '3!I-MIBG therapy.
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It is widely acknowledged that PET tracers have many
advantages over '23I- or !3'I-labeled SPECT tracers, and
among the many positron emitters, we selected 7°Br (half-
life, 16.1 h; B*, 57%; electron capture, 43%) because this
radionuclide has chemical properties similar to those of
iodine (/2) and a suitable half-life for tracing the behav-
ior of MIBG analogs. 7°Br-meta-bromobenzylguanidine
("°Br-MBBG) (Fig. 1) was initially reported as a PET tracer
of MIBG analogs for imaging myocardial functions (13, 14)
and has also been investigated for use in imaging NET-
expressing tumors (15). 7°Br-MBBG showed a high accu-
mulation in the tumors of nude mice. Thus, °Br-MBBG
would be a potential tracer for imaging NET-expressing
tumors. However, the usefulness of 7°Br-MBBG has not
been fully assessed in a detailed comparison with
123[/1311_.MIBG, and PET has not yet been performed using
76Br-MBBG. In this study, we prepared 7*Br-MBBG and
evaluated its utility by comparing its stability, cellular
uptake, and biodistribution in tumor-bearing mice with that
of 1»I-MIBG and by comparing its tumor accumulation
and detectability in PET with that of '8F-FDG in tumor-
bearing mice.

MATERIALS AND METHODS

Chemicals

Enriched 7°Se (99.67%) was purchased from Isoflex. Cu,"Se
was purchased from Sigma-Aldrich. Other reagents were pur-
chased from Wako Pure Chemical Industries. wBondapak C-18
semipreparative columns (length, 300 mm; internal diameter,
7.6 mm) were purchased from Waters. NaH,PO, and acetonitrile
were used without further purifications. '»’I-MIBG was kindly
provided by Fujifilm RI Pharma Co., Ltd. Reversed-phase C-18
thin-layer chromatography plates were purchased from Merck. '8F
was produced with a biomedical cyclotron (Cypris HM-18; Sumi-
tomo Heavy Industries, Ltd.), and '8F-FDG was synthesized with
an automated apparatus used in our clinical work.

Production of No-Carrier-Added Radiobromine
No-carrier-added 7°Br and 77Br, the latter of which is the more
suitable radiobromine for basic studies because of its longer
half-life (57.1 h), were produced by the procedures reported by
Tolmachev et al. (/6), with some modifications. Irradiation was
performed with proton beams (20 MeV) using an azimuthally
varying-field cyclotron at the research facility Takasaki Ion Accel-
erators for Advanced Radiation Application at the Japan Atomic
Energy Agency. Separated radiobromine was trapped into 15 mL
of Milli-Q water, which was concentrated to 100-200 L to pro-

A )NI\H B JNLH
N° 'NH N” NH
H 2 H 2
7GBr 123/131|
FIGURE 1. Chemical structures of 76Br-MBBG (A)

and 12%/131|-MIBG (B).
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vide for the synthesis of 7°Br- or 7’Br-labeled MBBG. Radiobro-
mine was characterized by y-ray spectrometry using a high-purity
germanium detector (crystal diameter, 58 mm; length, 67.3 mm)
coupled to a multichannel analyzer (EG&G 7700 MCA; Seiko
Instruments). The radioactivity was determined by considering
the y-ray energy (7°Br, 559 keV; 7Br, 239 keV).

Preparation of MBBG

MBBG was synthesized according to the procedures reported
by Loc’h et al. (/3), with some modifications. 7°Br- or 7’Br-
labeled MBBG was characterized with analytic reversed-phase
high-performance liquid chromatography (RP-HPLC) (mobile
phase: 0.01 M NaH,PO, solution:acetonitrile, 85:15; flow rate,
2 mL/min) and reversed-phase thin-layer chromatography (mobile
phase: 0.001 M H3PO, solution:acetonitrile, 70:30) with a well-
type y-counter (ARC-7001; Aloka Co., Ltd.). The radiochemical
purity was determined by RP-HPLC. Specific activity was also
determined by the quantification of nonradioactive MBBG with
analytic RP-HPLC.

In Vitro and In Vivo Stabilities

The animals were cared for and treated in accordance with the
guidelines of the Animal Care and Experimentation Committee of
Gunma University. For in vitro stability, a mixed solution of 7"Br-
MBBG and 'I-MIBG (20 pL) was added to 180 wL of freshly
prepared mouse serum. After incubation for 1, 6, or 24 h at 37°C,
the radioactivity of the samples was analyzed by RP-HPLC. For
the evaluation of in vivo stability, blood and urine were collected
from normal ddY mice at 2, 5, 10, and 30 min and at 1 and 3 h
after the intravenous administration of a mixed solution of 7’Br-
MBBG (2 MBq) and '’I-MIBG (740 kBq). Blood samples were
centrifuged at 3,000 rpm for 10 min at 4°C, and then the resultant
serum was filtered through a 10-kDa cutoff ultrafiltration mem-
brane (Vivaspin 500; Sartorius). Urine samples were directly fil-
tered through a 10-kDa cutoff ultrafiltration membrane. The
radioactivity was analyzed by RP-HPLC under the same condi-
tions described for the preparation of MBBG.

Cellular Uptake In Vitro

The rat pheochromocytoma cell line PC-12 was purchased from
the American Type Culture Collection. A mixture of 7’Br-MBBG
and '»I-MIBG (each 3 kBq) was added to the medium containing
PC-12 cells, and then the medium was incubated for 10 min,
30 min, 1 h, 3 h, or 6 h at 37°C. The cell suspension was washed
and then centrifuged (3,000 rpm for 3 min). The radioactivity of
cell fractions was measured with a well-type y-counter, and the
uptake of 77Br-MBBG and '*I-MIBG was calculated as a per-
centage of the added activity. The reduced uptake of 7’Br-MBBG
and '?’I-MIBG using desipramine and nisoxetine was also exam-
ined, by incubation with 50 mM of the NET inhibitors for 3 h at
37°C. The results are shown as a percentage of the uptake without
a NET inhibitor.

Biodistribution Studies in PC-12 Tumor-Bearing Mice
PC-12-bearing mice were prepared by implanting PC-12 tumor
cells (5 x 10° cells) into the flanks of BALB/c nude mice. When
the tumors were palpable (~3 wk after implantation), the mice
were used for biodistribution studies. A mixture of 77Br-MBBG
(30 kBq) and '*’I-MIBG (20 kBq) was administered intravenously
to PC-12-bearing mice. Groups of 5 mice were sacrificed at
30 min, 1 h, 3 h, or 6 h after administration of the radiotracers.
I8F-FDG (100 kBq) was also administered to PC-12-bearing
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mice, which were then sacrificed at 1 and 3 h after administra-
tion. For comparison studies, a mixed solution of 77Br-MBBG
(30 kBq), '>’I-MIBG (20 kBq), and '8F-FDG (100 kBq) was
administered to PC-12-bearing mice (n = 20), and the mice were
sacrificed at 3 h after administration. In both experiments, the
tissues of interest were excised and weighed. Radioactivity was
measured using a well-type y-counter. Briefly, the total radioac-
tivity of '8F and 77Br was measured. Then, the radioactivity of
77Br was determined by measuring at 1 d after the first measure-
ment, because the count of '8F was negligible at that time. The
radioactivity of 7’Br was calculated using these 2 measurements.
Finally, a few weeks later, the radioactivity of '>°I was measured.
The tissue concentration was expressed as a percentage injected
dose per gram. A subset of blood samples was centrifuged to
prepare the serum. Finally, the serum epinephrine and norepi-
nephrine levels were measured using a competitive enzyme-linked
immunosorbent assay kit (LDN) according to the manufacturer’s
protocol.

PET Studies with 76Br-MBBG and '8F-FDG

PC-12-bearing mice were intravenously administered 10 MBq
of '8F-FDG. The mice were anesthetized with a sodium pentobar-
bital solution, and PET scans were performed at 1 h after admin-
istration using a small-animal PET scanner (Inveon; Siemens)
with 20-min emission scanning. Two days after '®F-FDG PET,
the tumor-bearing mice were intravenously administered 7 MBq
of 7Br-MBBG and also anesthetized with sodium pentobarbital
solution. PET scans were then obtained at 1, 3, and 6 h after
administration. Semiquantitative analysis was performed for each
identified tumor using the tumor-to-background ratio according to
a previously described method (/7). The target region of interest
was placed on the most active area of the tumor mass, and the
background region of interest was placed on the lung. The tumor-
to-background ratio was finally calculated by dividing the maxi-
mum tumor uptake by the mean background uptake. After PET,
the tumors were excised and embedded in paraffin (n = 13).
Consecutive 4-pwm-thick sections were prepared from each tumor,
and the sections were stained with hematoxylin and eosin. The
degree of tumor differentiation was determined using cellularity,
necrosis, and a zellballen pattern (a nest of tumor cells surrounded
by a highly vascular network; the zellballen pattern is the most
prevalent pattern for pheochromocytoma) according to a previ-
ously described method (/8), with some modifications. Differen-
tiation was classified as follows: well-differentiated was low
cellularity, no necrosis, and zellballen pattern; moderately differ-
entiated was moderate cellularity and little or no necrosis; and
poorly differentiated was high cellularity and a lot of necrosis.

Statistical Analysis

Data are expressed as mean * SD, where appropriate. Results
were analyzed using the unpaired ¢ test. Differences were consid-
ered statistically significant when the P values were less than 0.05.

RESULTS
Production of No-Carrier-Added 76Br and Synthesis
of °Br-MBBG

In this study, we prepared 250-550 MBq of no-carrier-
added 7°Br and 30-70 MBq of no-carrier-added ’Br for the
synthesis of MBBG (radionuclide purity, >99%). 7°Br-
MBBG (20-30 MBq) was synthesized with an average
labeling efficiency of 44%. The radiochemical purity
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was more than 97% in all experiments. The specific activity
of 7°Br-MBBG was estimated to be more than 18.6
GBg/pmol.

In Vitro and In Vivo Stability

After incubation in murine serum for 24 h at 37°C, more
than 95% of 77Br-MBBG existed in an intact form (Fig. 2).
125-MIBG was also stable under the same conditions (data
not shown).

Analytic RP-HPLC of blood samples showed that more
than 90% of radioactivity was attributable to intact 7’Br-
MBBG, and no free 77Br was observed at 2 min after
administration (Fig. 3). Over time, the percentage of total
radioactivity attributable to 77Br-MBBG decreased and that
attributable to free 7’Br increased. In the case of !%I-
MIBG, free !251 was already present at 2 min, and it
accounted for 60% of total radioactivity at 10 min. In the
urine analysis, no free 7’Br was observed until 1 h, whereas
free 12°] was observed in urine at 2 min (data not shown).

Tumor Cellular Uptake

The uptake of 77Br-MBBG increased in a time-
dependent manner and reached a plateau at 3 h, but it
was slightly lower than the uptake of '>I-MIBG at all time
points (Fig. 4A). In the presence of the NET inhibitors
desipramine or nisoxetine, uptake of 77Br-MBBG was sig-
nificantly decreased to less than 40% of the control value
(Fig. 4B) (*P < 0.01).
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FIGURE 2. Radioactivity profiles of 77Br-MBBG after
incubation in murine serum at 37°C for 1, 6, and 24 h.
Retention times of 77Br-MBBG and free “’Br were 14—
15 min and 4 min, respectively.
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FIGURE 3. Radioactivity profiles in blood after administra-
tion of 77Br-MBBG (A) and 25I-MIBG (B) to mice. Blood was
drawn from heart of mice at 2, 5, 10, and 30 min and at 1 and
3 h after administration and analyzed by RP-HPLC. Results
are shown as percentage of total radioactivity in blood.

Biodistribution Studies

In biodistribution studies with PC-12 tumor—bearing
mice, high accumulation of 77Br-MBBG was observed in
the transplanted tumor and other NET-positive organs, such
as the heart and adrenal glands (Table 1). Biodistribution of
77Br-MBBG was comparable to that of '’I-MIBG and
slightly higher than that of !> [-MIBG in the NET-
expressing organs (tumor, heart, and adrenal glands). The
tumor uptake of 77Br-MBBG peaked at 3 h after adminis-
tration (32.0 * 18.6 percentage injected dose per gram),
resulting in high tumor-to-blood and tumor-to-muscle ratios
of 54.4 = 31.9 and 33.1 * 24.9, respectively. '8F-FDG also
showed accumulation and retention in the tumor (Table 2).

The tumor uptake of 77Br-MBBG was well correlated
with that of '»I-MIBG (r = 0.997) (Fig. 5A), but there
was no correlation with '3F-FDG (Fig. 5B). The serum
epinephrine and norepinephrine levels ranged from 1.4 to
8.8 ng/mL and from 16.6 to 53.7 ng/mL, respectively, and
were not correlated with each other or with the tumor
uptake of 77Br-MBBG (data not shown).

PET Studies with 76Br-MBBG and 8F-FDG
Small-animal PET demonstrated that the transplanted
PC-12 tumor was successfully imaged at 3 h after admin-
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Time (h) Tgr-MBBG  '25-MIBG

FIGURE 4. Time course of cellular uptake of “’"Br-MBBG
and '25|-MIBG in PC-12 cells (A), and reduction of uptake of
7Br-MBBG and '25-MIBG by NET inhibitors (desipramine
and nisoxetine) (B). All results are shown as mean + SD.
*P < 0.01.
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istration. High accumulation was also observed at this time
point in the bladder, liver, stomach, and intestines and
around the throat (Fig. 6), after which 7°Br-MBBG was
gradually cleared from these nontarget organs. In mouse 1,
76Br-MBBG was able to detect a small tumor (~5 mg;
lower arrow), which was undetected before PET. On the
other hand, '8F-FDG failed to detect an even larger tumor.
In mouse 2, 2 tumors showed differential uptake of 7°Br-
MBBG and '8F-FDG. That is, 7°Br-MBBG showed high
accumulation in the lower tumor, but '8F-FDG showed high
accumulation in the upper tumor. In mouse 3, both 7°Br-
MBBG and '®F-FDG showed high accumulation in each
tumor. The tumors in mouse 2 appeared to be different in
color (Fig. 7A). In addition, histopathologic analysis
showed that diffuse proliferation of small cells with high
cellularity and necrosis was observed in the upper tumor,
indicating that it was poorly differentiated (Fig. 7B), and
demonstrated a zellballen pattern in the lower tumor, indi-
cating that it was well-differentiated (Fig. 7C). By histo-
logic analysis, 6 of the 13 excised tumors were classified as
“well-differentiated,” 3 as “moderately differentiated,” and
4 as “poorly differentiated.” The relationship between '3F-
FDG and 7°Br-MBBG uptake and differentiation in the
tumor is plotted in Figure 7D. Well-differentiated tumors
showed 7°Br-MBBG-strong and '3F-FDG-weak uptake,
and poorly differentiated tumors showed 7°Br-MBBG-
weak and '8F-FDG-strong uptake.

DISCUSSION

Although the availability of 7°Br is currently limited,
this situation is expected to change, and 7°Br-labeled PET
tracers will thus attract increasing attention. Due to the
relatively long half-life of 76Br, it may be possible for
commercial companies or large facilities to produce 7°Br-
labeled PET tracer and deliver it to medical facilities.
Human studies of some 7°Br-labeled tracers have already
been performed and showed clear PET images of tumors
(19,20), indicating the applicability of 7®Br to the clinical
phase. The 7°Br-MBBG synthesized in this study was of
high radiochemical purity and exhibited specific activity
(>18.6 GBg/pmol). Thus, the results indicate that a suffi-
cient quality of 7°Br-MBBG can be synthesized for use in
clinical applications using no-carrier-added 7°Br. Because
of these qualities and the relatively long half-life, it would
indeed be possible for commercial companies or large
facilities to produce the 7°Br-MBBG and deliver it to med-
ical facilities for the imaging of NET-positive tumors.

MIBG analogs labeled with other positron emitters have
already been reported. The 2 PET nuclides currently
available—!'C- and '8F-labeled MIBG analogs—have been
investigated in the preclinical phase (2/-24). However, the
short half-life of ''C is not ideal for tracing MIBG kinetics,
and the lower labeling efficiency and complicated synthesis
steps of the '8F-labeled MIBG analog may prevent its
development for clinical applications. MIBG labeled with
a positron-emitting radioiodine, '>*I (half-life, 100.2 h; B+,
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TABLE 1. Biodistribution and Tumor-to-Organ Ratio of 7’Br-MBBG and '25|-MIBG in PC-12—Bearing Mice

Tracer/organ

7Br-MBBG

Blood

Liver

Kidney

Intestine

Stomach

Heart

Adrenal

Muscle

Tumor

Tumor-to-blood ratio

Tumor-to-muscle ratio
125|-MIBG

Blood

Liver

Kidney

Intestine

Stomach

Heart

Adrenal

Muscle

Tumor

Tumor-to-blood ratio

Tumor-to-muscle ratio

Time after injection

30 min

0.86 = 0.11
8.39 = 0.45
2.03 = 0.28
5.45 = 0.45
2.24 = 0.30
16.81 = 1.71
14.85 * 3.35
1.11 = 0.43
20.29 = 7.50
234 =79
20.2 = 10.1

1.00 = 0.14
8.52 = 0.65
2.29 = 0.33
5.35 = 0.43
3.20 = 0.54
14.82 + 1.53
12.44 = 1.69
1.02 = 0.45
16.17 = 6.15
16.2 £ 5.8
17.8 = 8.8

1h 3h 6h
0.83 = 0.02 0.59 * 0.10 0.52 = 0.03
7.62 = 0.37 3.95 = 0.37 2.30 = 0.11
1.62 = 0.12 1.36 = 0.18 1.07 = 0.17
4.83 = 0.16 4.93 = 0.59 3.58 = 0.23
2.16 = 0.21 2.18 = 0.58 1.43 = 0.32
13.24 = 0.95 14.16 = 5.25 9.04 = 0.73
12.86 = 2.57 16.50 = 4.21 17.27 = 4.38
1.01 £ 0.17 1.04 = 0.24 0.75 = 0.15
22.00 = 10.33 32.00 + 18.60 23.71 = 5.91
26.2 = 12.0 54.4 = 31.9 45.2 = 10.1
231 = 12.4 33.1 = 24.9 33.1 = 13.5
0.91 = 0.05 0.55 = 0.12 0.32 = 0.04
7.78 £ 0.42 417 = 0.42 223 = 0.12
1.69 = 0.13 1.36 = 0.25 0.94 = 0.19
4.92 + 0.23 5.39 = 0.60 3.79 = 0.22
2.96 = 0.07 3.15 = 0.58 1.95 + 0.43
11.39 £ 0.74 12.52 = 4.67 8.10 = 0.68
9.92 = 1.78 12.62 = 4.12 11.39 = 3.23
0.87 = 0.15 0.92 = 0.23 0.63 = 0.12
18.11 = 8.28 25.11 £ 14.95 19.35 = 4.94
19.6 £ 8.3 46.4 = 27.4 61.4 = 14.6
21.7 = 11.0 28.7 = 20.1 32.2 = 13.3

Each value represents mean = SD of 5 animals. Values are expressed as percentage injected dose per gram of organ except for
tumor-to-blood and tumor-to-muscle ratios.

23%; electron capture, 77%), has already been investigated
in preclinical and clinical investigations (25,26). However,
the longer half-life of '2*I is not ideal for tracing MIBG
kinetics. At the current stage of development, production of
1241 is too expensive to allow routine clinical application.
In the present study, the cellular uptake of MBBG was
high and significantly reduced by NET inhibitors, indicat-
ing that MBBG was specifically taken up by the pheochro-
mocytomas via NET, just like MIBG. However, the uptake
of MBBG was slightly lower than that of MIBG, which was
attributed to the lower lipophilicity of MBBG, as previously
described (22). Stability studies indicated that MIBG was

- 30 .
TABLE 2. Biodistribution of '8F-FDG in PC-12-Bearing A B 12 .
Mice o 2 o
g 20+ a S .
Time after administration (h) :D\" SI ':u

Organ 1 3 % é . .
Blood 0.51 + 0.04 0.22 + 0.01 g "] r=0997 & 4
Liver 0.97 = 0.08 0.69 = 0.05
Kidney 1.18 = 0.15 0.59 + 0.08 0 R 0
Intestine 2.52 £ 0.97 1.71 = 0.10 0 10 20 30 40 0 10 20 30 40
Heart 45.04 + 20.78 34.36 = 14.82 77Br-MBBG %ID/g 77Br-MBBG %ID/g
Muscle 1.70 £ 0.45 1.97 = 0.28
Tumor 4.40 = 0.94 3.92 + 1.02

Each value represents mean = SD of 5 animals. Values are
expressed as percentage injected dose per gram of organ.
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rapidly metabolized to free iodine, which was excreted into
the urine, whereas MBBG was relatively more stable. Thus,
a larger amount of MBBG would be able to reach the target
tissues without degradation and, consequently, the accumu-
lation of MBBG in the tumor may be higher than that of
MIBG. Therefore, although the biodistribution of the 2
tracers is similar, MBBG has advantages both as a PET
tracer and from the point of view of tumor accumulation.
Our results suggest that 7Br-MBBG has the potential to
image NET-positive tumors with a higher detectability than
I23_MIBG, which is currently used as the gold standard.

FIGURE 5. Comparison of tumor uptake between 77Br-
MBBG and '25-MIBG (A) and 7’Br-MBBG and '8F-FDG (B)
at 3 h after administration in PC-12 tumor-bearing mice (n =
20). %ID/g = percentage injected dose per gram.
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Mouse-1

Mouse-2

Mouse-3

In vivo tumor uptake of 7’Br-MBBG correlated well with
that of '>[-MIBG but not with that of '3F-FDG. 7Br-
MBBG would be a powerful tool to estimate the '3'I-MIBG
accumulation level, which would enable the stratification of
patients for their potential response to '3'I-MIBG therapy.
Recently, several PET tracers specific for neuroendocrine
tumors, such as 6-'8F-fluoro-L-dopa ('®F-FDOPA) (27-29)
and '8F-labeled 6-fluorodopamine (30-33) were developed.
IBE_.FDOPA is based on the capacity of neuroendocrine
tumors to take up L-dihydroxyphenylalanine and to decar-
boxylate it by aromatic L-amino acid decarboxylase. '8F-
FDOPA is a highly sensitive and specific tool that can provide
additional independent information for the diagnosis and

FDG

FIGURE 6. PET images of PC-12-bear-
ing mice obtained using “6Br-MBBG and
18F-FDG. Mice were imaged at 1, 3, and 6
h after administration of 7°Br-MBBG and
at 1 h after administration of '8F-FDG.
Yellow arrows indicate position of
implanted tumor, and red arrows show
tumor detected by PET studies. Tumor
weights were as follows—mouse 1:
upper, 25 mg, and lower, 5 mg; mouse
2: upper, 110 mg, and lower, 70 mg;
and mouse 3: upper, 96 mg, and lower,
53 mg.

localization of benign and malignant pheochromocytomas
(28). However, MIBG and '8F-FDOPA images do not com-
pletely overlap (29). !'8F-6-fluorodopamine shows higher
sensitivity than MIBG for the localization of metastatic pheo-
chromocytoma (32,33) but has an accumulation pattern dis-
tinct from that of MIBG (30). Thus, these tracers are not
sufficient for the selection of responders to '3'I-MIBG therapy.

In the present study, the tumor accumulation level of 77Br-
MBBG showed a large variation that was not dependent on the
serum epinephrine or norepinephrine levels. Although these
catecholamines would compete with MBBG uptake, in our
study, 7’Br-MBBG accumulation in the tumor was not sub-
stantially affected by the serum catecholamine level. In our

) O

20

TER (7®Br-MBBG
L]

FIGURE 7. Histologic analysis of
excised tumors. After PET studies,
tumors in mouse 2 were excised (A),
and upper (B) and lower (C) tumors were
stained with hematoxylin and eosin.
Relationship between tumor uptake of
= 18F-FDG or 7®Br-MBBG and tumor dif-
ferentiation was examined (D). Accumu-
o lations of 76Br-MBBG and '8F-FDG
were evaluated using tumor-to-back-

TBR ('8F-FDG)

ground ratio (TBR). MD = moderately
differentiated; PD = poorly differenti-
ated; WD = well differentiated.

76BrR-MBBG For TumoR IMAGING wiTH PET ¢ Watanabe et al.

1477



biodistribution studies, each of the excised tumors had a
different color (intensity of redness), which would have
been due mainly to the vascular density. Histologic stain-
ing of the tumors after PET demonstrated that vascular
density reflected the differentiation of individual tumors.
Therefore, the variation of tumor differentiation was con-
sidered to have contributed to the variation in the accu-
mulation level of 7°Br-MBBG.

Our small-animal PET studies demonstrated that 7°Br-
MBBG could image small tumors (<10 mg) clearly at 3 h
after administration. The accumulation patterns of 7°Br-
MBBG and '3F-FDG in the tumors differed from mouse
to mouse and even from lesion to lesion within individual
animals. Histologic staining of the tumors indicated that
MBBG-strong and '8F-FDG-weak tumors were well dif-
ferentiated and 7Br-MBBG-weak and !'3F-FDG-strong
tumors were poorly differentiated (/8), which agrees well
with the clinical data (34). In the clinical phase, the accu-
mulation patterns of '8F-FDG and MIBG in neuroendocrine
tumors have also been shown to differ from lesion to lesion
in the same patient (/1,29). Thus, 7°Br-MBBG PET alone
would not be sufficient to detect neuroendocrine tumors, and
I8E-FDG PET can sometimes play a complementary role.

An algorithm for the treatment of metastatic pheochro-
mocytoma has been proposed (35). If the progression of the
tumor is slower, 13! [-MIBG therapy is currently the preferred
approach for patients with a positive '23I/1311-MIBG scan.
Because PET using 7SBr-MBBG can detect small lesions, it
would be useful to determine the indications for 3'I-MIBG
therapy. A good response is expected if small tumors are
treated early. In addition, 7°Br-MBBG PET would be a
promising method to determine a treatment plan for each
patient with NET-expressing tumors. For example, in cases
in which 7°Br-MBBG detects some—but not all—lesions,
BIL-MIBG therapy would not be sufficient and other treat-
ments such as chemotherapy would be needed. A trial of
high-dose '3'I-MIBG therapy is currently under way (36)
and has shown a good therapeutic effect, although the tox-
icity of 3'I-MIBG is a concern. For such high-dose therapy,
7Br-MBBG would be useful not only for patient selection
but also for evaluation of tumor and organ dosimetry, which
would help in dose optimization and the prediction of side
effects.

CONCLUSION

In the present study, MBBG showed a higher level of
tumor accumulation than did MIBG. The tumor uptake of
MBBG correlated well with that of MIBG but not with that
of '8F-FDG. In PET studies, 7°Br-MBBG provided a clear
image, with high sensitivity, and its accumulation pattern
was distinct from that of '8F-FDG. These results indicate
that 7Br-MBBG is a potential tracer for imaging NET-
expressing neuroendocrine tumors and may provide useful
information for determining a treatment plan that incorpo-
rates 1311-MIBG therapy.
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