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The purpose of this study was to evaluate the properties of 4-fluoro-
3-["*"ljiodobenzylguanidine ([**'JFIBG), a potential neuroendocrine
tumor and myocardial imaging radiopharmaceutical. Methods: The
binding of ['*'JFIBG and [**|MIBG was compared in vitro using the
SK-N-SH human neuroblastoma cell line. The role of the active
uptake-1 mechanism was investigated by determining the effect on
cell binding of desipramine (DMI), ouabain, norepinephrine (NE),
unlabeled MIBG and FIBG and by incubation at 4°C. Finally, the
tissue distributions of ['*'JFIBG and ['2*]MIBG were compared in
normal mice. Results: The specific binding of ['*'JFIBG remained
fairly constant (456%-60%) over a 2-3-log activity and consis-
tently was 11%-14% higher (p < 0.05) than that of [25]MIBG. The
uptake of ["*'[FIBG was reduced to 13% of control values by 1.5
M DM, to 31% by 1 mM ouabain, to 8% by lower temperature, to
8% by 50 uM NE and to 6% and 5% by 10 uM each of unlabeled
MIBG and FIBG, respectively. The amount of ['3'[FIBG retained by
SK-N-SH cells was significantly higher than that of ['25MIBG with
the maximum difference observed at 72 hr. In mice, the uptake of
[*'FIBG was higher than that of ['2°[MIBG not only in target
tissues (heart and adrenals) but also in many other normal tissues;
convi , thyroidal uptake of ['3'[|FIBG was 2-3-fold lower than
that of ['2°]MIBG. The uptake of [''[JFIBG in the heart and adrenals
was reduced by DMI. Conclusion: lodine-131-FIBG is an analog of
MIBG with prolonged binding to neuroblastoma cells in vitro and
retention in the myocardium in vivo.
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“’hen labeled with iodine radionuclides, the guanethedine
analog MIBG is useful for scintigraphy and treatment of neural
crest tumors such as pheochromocytoma and neuroblastoma
(1,2), as well as myocardial imaging (3,4). Newer radiolabeling
methods and MIBG analogs have been developed in an attempt
to enhance the clinical usefulness of this approach. For exam-
ple, the preparation of MIBG at a no-carrier-added level as a
possible means to augment its uptake has been reported (5,6).
Analogs of MIBG, labeled with radionuclides with physical
properties more suitable for some potential imaging and therapy
applications, also have been developed (7-14).

For imaging, ['**I)MIBG in combination with SPECT has
advantages compared with planar scintigraphy with ['*'[]MIBG
(15). It may be possible to obtain better images by combining
the distribution properties of MIBG with the superior imaging
capabilities of PET. MIBG analogs labeled with the positron
emitters '2*I and "°Br have been reported; however, use of these
agents for PET has been hindered by suboptimal physical
properties and lack of routine availability of these radionu-
clides. The development of meta- and para-['*F]fluorobenzyl-
guanidines has been reported, but, compared with MIBG, their
specific binding to SK-N-SH human neuroblastoma cells in
vitro and their myocardial uptake in mice were significantly

Received Nov. 28, 1995; revision accepted Mar. 6, 1996.
For correspondence or reprints contact: Ganesan Vaidyanathan, PhD, Department of
Radiology, Duke University Medical Center, Box 3808, Durham, NC 27710.

330

lower (/4). We recently described (9,10) the preparation and
validation of 4-['®F]fluoro-3-iodobenzylguanidine (['*F]FIBG;
Figure 1). Preliminary results indicated that ['®*F]FIBG is a
suitable analog of MIBG and may find application in PET
imaging of neuroendocrine tumors and the myocardium.

With regard to the oncologic strategy of using PET as a
prelude to radionuclide therapy, utilization of radionuclides of
the same element for both diagnosis and treatment would be
advantageous, particularlg' if PET is to be used for dosimetry
planning. For example, '“*I and '*'I, while not ideal, may be a
useful pair of radionuclides for labeling MIBG or an MIBG
analog with increased retention on neuroblastoma cells. Since
our results with ['®F]FIBG suggest that ['*'[JFIBG may offer
higher binding to neuroblastoma cells than MIBG itself, we
developed a no-carrier-added synthesis of ['*'IJFIBG from a
silicon precursor (/6). In the current study, we evaluated
["*'TJFIBG with regard to both its uptake and retention by
SK-N-SH human neuroblastoma cells in vitro and its tissue
distribution in normal mice.

MATERIALS AND METHODS

All chemicals were purchased from Aldrich Chemical Company
except as noted. Desipramine (DMI) and norepinephrine (arterenol;
NE) were obtained from Sigma. A previously reported method (9)
was used to prepare unlabeled 4-fluoro-3-iodobenzylguanidine.
Sodium ['*"'?*I}iodide in 0.1 N NaOH was supplied by DuPont-
New England Nuclear (North Billerica, MA). Iodine-131-FIBG
and ['"*I]MIBG were prepared following previously reported
procedures (5,16).

Cells and Culture Conditions

The human neuroblastoma cell lines SK-N-SH (uptake-1 posi-
tive) and SK-N-MC (uptake-1 negative) (17) were purchased from
the American Type Culture Collection (Rockville, MD). The
incubation medium (JRH Biosciences, Lenexa, KS) was made by
mixing 440 ml RPMI 1640, S0 ml of Serum Plus, 5 ml of
penicillin-G/streptomycin (5000 U penicillin and 5000 ug strepto-
mycin in 1 ml) and 5 ml glutamine (200 mM in saline).

Paired-Label Binding of lodine-131-FIBG and lodine-125-
MIBG to SK-N-SH Human Neuroblastoma Cells

The cells were seeded into 24-well plates (4 X 10° cells per well
in 500 pl medium) and incubated for 24 hr at 37°C in a 5% CO,
humidified atmosphere. After removing the medium, fresh medium
containing 100 nCi each of ['*'IJFIBG and ['?*[)MIBG was added
to each well and incubated at 37°C. After 0.5, 1 and 2 hr, the
medium was removed and the cells were washed twice with
phosphate-buffered saline (PBS). The cells were solubilized with
500 ul of 0.5 N NaOH for 30 min at room temperature and then
removed with cotton swabs. The cell-bound activity was counted
along with input standards using an LKB 1282 (Wallac, Finland)
automated gamma counter with crossover correction for '*'I in the
125] counting window. Nonspecific binding was determined either
by preincubating cells with desipramine (50 wM) for 30 min
before adding the tracers or by measuring binding to the negative
cell line SK-N-MC; both methods gave equivalent results. Each
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FIGURE 1. Chemical structures of [*'[MIBG, ['*'[[FIBG and ['*FFIBG.
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measurement was performed in quadruplicate. A 2-hr incubation
was selected to determine whether tracer uptake was saturable at
higher activity levels. Cells were incubated with 7.5-750 nCi each
of ['*'IJFIBG and ['*I]MIBG and cell-bound activity was deter-
mined as described above.

Specificity of Uptake of lodine-131-FIBG in SK-N-SH Cells

The cells were seeded into 24-well plates (4 X 10° cells per well
in 500 wl medium) and incubated for 24 hr. Before addition of
['*'IJFIBG (75 nCi), cells were incubated for 30 min at 37°C with
500 wl of medium containing either 1.5 wM DMI or 1 mM
ouabain. The potential blocking effects of NE (50 uM), MIBG (10
uM) and FIBG (10 wM) were determined by co-incubating the
cells with these agents. All incubations were performed for 2 hr at
37°C. To determine the effect of temperature, cells were equili-
brated with 450 ul of medium at 4°C for at least 1 hr. Subse-
quently, 75 nCi ["*'I]FIBG were added and incubated for 2 hr at
4°C. In all experiments, the cell-associated activity was determined
as described before. The percent binding to the cells was normal-
ized to simultaneously performed incubations without interven-
tional agents (control). Each measurement was performed in
quadruplicate.

Paired-Label Binding and Retention of lodine-131-FIBG
and lodine-125-MIBG in SK-N-SH Cells

SK-N-SH cells (5 X 10° cells per well in 500 ul of medium) in
24-well plates were incubated at 37°C for 24 hr. The medium was
replaced with fresh medium containing 150 nCi of each tracer in a
total volume of 500 ul per well. The cells were incubated for 2 hr
at 37°C, the medium was removed and then supplemented with 500
pul of fresh medium. Cell-bound activity was determined in
quadruplicate at 0, 2, 4, 8, 24, 48, 72 and 96 hr. The specificity of
cell-associated activity was determined in parallel wells to which
1.5 uM DMI had been added after the initial tracer incubation
period.

Biodistribution in Normal Mice

Three experiments were performed. Groups of five BALB/c
mice were used for each time point. The mice were killed by an
overdose of halothane, tissues of interest were isolated, washed,
blot-dried and counted for '*'I, and %I, using a single-label or a
dual-label program on the automated gamma counter (LKB 1282).
A 5% or 10% aliquot of the injected dose was also counted and the
percentage of injected dose per organ or per gram of tissue was
computed.

In an initial experiment, 3 uCi each ['*'IFIBG and ['**I]MIBG
were administered and the tissue distribution was determined at 1,
4 and 24 hr. In a subsequent study, 6 uCi of each tracer was
injected and the tissue distribution was measured at 1, 2, 3, 6 and
7 days. Finally, the specificity of heart and adrenal uptake of
[*'I]JFIBG was determined at 5 min and 1 hr by pretreatment of the
animals with DMI (10 mg/kg in PBS) or PBS i.p. 30 min before
tracer injection.
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FIGURE 2. Paired-label binding of ["*'[FIBG and ['?°]MIBG to SK-N-SH
human neuroblastoma cells in vitro as a function of activity concentration.

RESULTS

lodine-131-FIBG Binding to SK-N-SH Neuroblastoma Cells

To determine the optimum time required for maximal bind-
ing, an assay was performed in a paired-label format using
[**'JFIBG and ['**I]MIBG. The uptake was similar for both
tracers at all time points and the percent binding appeared to
level off at 2 hr. For example, with ['*'IJFIBG, the percentage
activity bound to the cells was 46.5% * 3.2%, 68.4% * 1.6%
and 81.1% * 1.0%, at 0.5, 1 and 2 hr, respectively.

The percent uptake of ['*'IJFIBG and ['**I]MIBG by SK-
N-SH cells as a function of activity concentration is shown in
Figure 2. The binding of ['*'IIFIBG (45%—60%) was fairly
constant over a 2-3-log activity range and was 11%—14% higher
than that of ['2’IJ]MIBG (p < 0.05) at all activity concentrations
tested. Nonspecific binding was less than 2% in all cases.

Specificity of lodine-131-FIBG Uptake by SK-N-SH Cells
The uptake of ['>'I]FIBG was blocked to varying degrees by
several interventional agents and by performing the incubation
at 4°C. The uptake-1 inhibitor DMI (1.5 wM) reduced the
binding of ['*'IJFIBG to 13% of the control value. Quabain (1
mM) and incubation at 4°C reduced the uptake to 31% and 8%
of the control value, respectively, suggesting that ['*'IJFIBG
uPtake in this cell line is energy-dependent. The specificity of
[*'1]JFIBG uptake is further demonstrated by the reduction of
its binding to 8%, 6% and 5% of control value by 50 uM
norepinephrine, 10 uM MIBG and 10 uM FIBG, respectively.

Retention of lodine-131-FIBG and lodine-125-MIBG by SK-
N-SH Cells

As shown in Figure 3, 76% of the originally bound
['*'I]JFIBG activity was retained in SK-N-SH cells after 3 days
compared with 30% for ['2*[J]MIBG. Using these binding data,
time-activity curves were constructed assuming that both trac-
ers were labeled with '*'I. The area under the FIBG time-
activity curve extrapolated to infinity was about twice that for
MIBG, suggesting a significant advantage in radiation absorbed
dose to this cell line might be achievable with ['*'I]JFIBG.
Further, it was demonstrated that DMI enhanced the washout of
initially bound ['?’I)MIBG and ['*'IJFIBG, indicating that
tracer retention is mediated by the re-uptake of released activity.
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FIGURE 3. Retention of ['3'[JFIBG and ['25]MIBG by SK-N-SH celis in the
absence and presence of DM, after removal of unbound activity.

Biodistribution Studies

The results of tissue distribution of ['*'IJFIBG and
['**IMIBG in normal mice are summarized in Table 1 and in
Figure 4. High u;)take of ['*'IJFIBG was seen in both heart and
adrenals. The ['*'IJFIBG/['**I]MIBG myocardial uptake ratio
increased from slightly less than 1 at 1 hr to 1.3, 3.8 and 12.2
at 4 hr, 1 day and 3 days, respectively. In the adrenals, the
uptake of both tracers was similar up to 2 days; however, a
1.4-2-fold higher retention of ['*'I)FIBG was noted from 3 to 7
days postinjection. Several other tissues also retained
['*'IJFIBG to a significantly higher degree than ['>’I]MIBG. A
notable exception was the thyroid. At 24 hr, thyroidal uptake of
311 (1.9 * 0.4% ID/g) was half that of %51 (3.7 = 1.7% ID/g;
p < 0.05). On Days 6 and 7, thyroidal retention of '*'I was only
one-third that of '2°, suggesting that ['*'I]JFIBG is less suscep-
tible to deiodination than ['>*I]MIBG.

Inhibition of ["*'I|FIBG accumulation in the heart and

® ["'jriIBG

O ["™wBG

Heart

T
120 150 180

10

O
60

v -
90 120 150 180 o0 30 60 90 120 150 180

FIGURE 4. Paired-label uptake of ['*'[[FIBG and ['>5[MIBG in mouse heart,
adrenals, liver and blood.

adrenals by DMI pretreatment confirmed the specificity of
uptake in these tissues. Five minutes after injection, the heart
and adrenal uptake of DMI-treated mice was reduced to 80%
and 73% of control values, respectively. One hour after tracer
in;ection, DMI reduced the heart and adrenal uptake of
[**'IJFIBG to 48% and 60% of the control values, respectively.
The reductions in heart and adrenal accumulation by DMI were
statistically significant (p < 0.05).

DISCUSSION

FIBG is an MIBG analog that can be labeled either with '*F
or a variety of iodine radionuclides. When labeled with '°F,
FIBG exhibited 10%—15% higher specific binding to SK-N-SH

TABLE 1

Paired-Label Tissue Distribution of Radioactivity in Normal Mice after Intravenous Injection of lodine-131 FIBG and lodine-125-MIBG

Percent injected dose per gram of tissue*

1hr 4hr 1d 3d
Tissue [MBG  [*'IFIBG  [*MBG  [*'FIBG  [*IMIBG  [*'FBG  [®IMBG  [*'IFIBG

Liver 872+056 1080+084 568+025 9013+039 1.14+014 298+038 013+003 069=0.18
Spieen 513+060 472:050 472*054 481+048 1.78+035 354x074  030*014 1.82=041
Lungs 1304=176 1688+217 440119 625+168 1102054 250=104 012005 067 +032
Heart 2826+256 2667212 2085+252 27.00+276 354*075 1329177 033012 403+1.78
Kidney 304+045 309+050 237+014 281=016 080+014 163+030 019+010 064=0.19
Stomach 557+120 464118 324+063 279+052 172+036 233+063  050%007 1.09=0.15
Smallintestine 728100 611104  507%019 423:020 143119 222%033  030%034 103%120
Largeintestne 408052 353+045 660+027 496+038 184019 217+033  020+008 062*0.15
Thyroid 355+059 318+052 376069 312x052 370+172 187x044  362%172 138=047
Muscle 247+017 217015 187020 187+019' 042:006 070009  005+001 020=004
Bone 168+014 166=014" 123+015 133+012 023+004 034+009 004+004 0.11:008
Blood 103010 088+011  058+023 052:007' 010=002 012+009  002+001 003001
Brain 015+001 015+001" 011003 012*x002" 006+006 011x011  001%000 002001
Adrenals 2576 +371 2387+350 2277+198 2067*186 2861:439 3239x7.13" 13912427 1974 x 651

*Mean * s.d.; n = 5-10 animals per group.
TDifferences not statistically significant by paired t-test (p > 0.05).
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human neuroblastoma cells than MIBG itself (/0). While this
property might be advantageous for imaging, it might be even
more useful for therapeutic application, particularly if the
higher retention of ['*'IJFIBG in tumor cells could be main-
tained for several days. Retention of radionuclide in tumor for
a period compatible with their physical half-life is desirable to
maximize therapeutic efficacy. With ['*'I]MIBG, this is not the
case, since considerable amounts of ['*'[JMIBG generally are
released from SK-N-SH cells within 24 hr (8,/8-21). A similar
observation has been made with other human neuroblastoma
cell lines (22,23).

In the current study, FIBG was labeled with '*'I and its
binding properties compared with MIBG. As observed previ-
ously with ['8F]FIBG, specific binding of ['*'IJFIBG to SK-
N-SH cells was higher than that of ['2*IJ]MIBG. The nonspecific
binding of ['*'IJFIBG, like ['*I]MIBG, was only 1%-2%,
suggesting that the higher uptake of ['*'IJFIBG in SK-N-SH
cells was not due to its slightly higher lipophilicity (9). Perhaps
the most significant observation in the current study was the
fact about 75% of the ['*'IJFIBG taken up by SK-N-SH cells
remained cell-associated after 3 days compared with about 30%
for ['*I]MIBG. These results suggest that a higher tumor dose
might be achieved by using ['*'IJFIBG instead of ['*'I]MIBG.
The presence of DMI in the incubation medium enhanced the
release of ['*'IJFIBG, albeit to a lesser degree than observed
with ['2°I]MIBG, suggesting some difference in the mecha-
nisms for cellular retention of the two agents.

It is well established that MIBG is taken up in SK-N-SH cells
by an active uptake-1 mechanism (/8,19). This mechanism is
characterized by sodium- and temperature-dependency, high
affinity and low capacity, saturability and ouabain- and DMI-
sensitivity (24). Our results indicate that ['*'IJFIBG is similar
to MIBG in this respect. The tricyclic antidepressant drug DMI,
an inhibitor of the uptake-1 mechanism, reduced the uptake of
['*'IJFIBG to 13% of the control values, a reduction similar to
that reported for MIBG (18). The specificity of ['*'IJFIBG
uptake was further demonstrated by its ability to be blocked by
NE as well as unlabeled MIBG and FIBG. Again, the extent of
blocking observed with NE and MIBG was similar to that
reported for ['”IJMIBG (18) and ['®F]FIBG (10). The energy
dependence of ["°'I]JFIBG uptake was demonstrated by the fact
that pretreatment with ouabain and incubation at 4°C resulted in
substantially lower accumulation in SK-N-SH cells. These data
demonstrate that ['*'I)FIBG, like MIBG, is taken up in SK-
N-SH cells through uptake-1 mechanism.

Although not universally accepted, it has been proposed that
the polar basic guanidino group of benzylguanidines is respon-
sible for their high affinity interaction with the norepinephrine
transporter (24-26). If this is the case, then it is not clear why
substitution of an aromatic hydrogen by fluorine would result in
such significant difference in halobenzylguanidine re-uptake by
neuroblastoma cell lines. Recently, it has been proposed that
cellular release of MIBG is mediated by a specific carrier, most
probably an uptake carrier working in reverse mode (27). It is
tempting to speculate that FIBG may be a good substrate for the
uptake carrier and not for the reverse one. Another reasonable
explanation may be differential retention of label on the two
tracers in the intracellular environment (vide infra). Regardless
of the mechanism of retention, the ability to retain the intact
tracers may be similar; however, MIBG and FIBG may be
deiodinated at different rates. Experiments are under way to
identify the catabolic products of MIBG and FIBG that are
retained and released by SK-N-SH cells over time.

Paired-label tissue distribution studies were performed in
normal mice to compare the tissue distribution of ['*'IJFIBG
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and ['?’IJMIBG. The initial uptake of both tracers was similar;
however, in most tissues, '>'I levels were higher than '%°I with
this difference increasing with time. Differences were most
striking in the heart, an organ with an active uptake-1 mecha-
nism, with an FIBG:MIBG uptake ratio of 12 observed at 3
days. Conversely, in the adrenals, another tissue which can
accumulate MIBG by an uptake-1 process, only modest differ-
ences in '>°I and '*'I levels were seen. While the reason for the
different uptake ratios seen in heart and adrenals is unclear, it
should be noted that the clearance of MIBG is relatively fast
from the heart and relatively slow in the adrenals, suggesting
that different factors influence halobenzylguanidine retention in
these tissues.

Although MIBG is considered to be metabolically stable
(28), our results indicate that FIBG is more inert towards
deiodination in vivo than MIBG. This is reflected by the fact
that ["*'[JFIBG uptake was considerably lower than that of
[***I]MIBG in the thyroid. Thyroid uptake of radioiodine is
frequently used as an indicator of the susceptibility to deiodi-
nation of radioiodinated compounds (29). The fact that FIBG is
less susceptible to deiodination than ['“*I]MIBG is surprising
since the substitution of an aromatic hydrogen by a fluorine
should enhance the susceptibility to deiodination if in vivo
deiodination goes through the expected nucleophilic displace-
ment pathway.

Future studies will endeavor to determine the labeled cata-
bolic products resultant from the exposure of ['*'IJFIBG and
['**I]MIBG to tissues in vivo and in vitro. Although the
increased retention of ['>'IJFIBG in neuroblastoma cells in vitro
is encouraging, the higher normal tissue retention of this agent
could be problematic. Further studies in human neuroblastoma
xenograft models will be needed to determine whether the
integrated dose advantage observed in vitro can be extended to
in vivo situations and whether tumor-to-normal tissue radiation
absorbed dose ratios for FIBG will be more favorable than those
for MIBG.

CONCLUSION

Various in vitro and in vivo assays demonstrated that
['*'I)FIBG possesses characteristics similar but not identical to
MIBG. In vitro retention studies showed a two-fold advantage
in the integrated tumor dose that might be achievable with
['*'IJFIBG compared with ['*'I]MIBG. However, the practical
significance of this difference must be confirmed in human
tumor xenograft models because ['*'IJFIBG is also retained to
a greater extent in many normal tissues. Prolonged retention in
normal target tissues such as heart and adrenals may be of
potential utility in the imaging of these organs at extended time
points. This may be of particular relevance for serial PET
imaging with ['**I)FIBG.
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Weighted Summation of Oxygen-15-Water PET
Data to Increase Signal-to-Noise Ratio for

Activation Studies

Jesper L.R. Andersson and Harald Schneider

Uppsala University PET Centre, Department of Radiation Sciences, Subfemtomole Biorecognition Project, Uppsala, Sweden

Data with the highest possible signal-to-noise (S/N) ratios are
desirable when ing nonquantitative perturbation studies
with PET and '°O-water. To achieve this, protocols have been
suggested in which the stimulus is switched off before the washout
phase. An alternative strategy is suggested for cases in which the
stimulus is not easily discontinued. Methods: For a given subject, a
theoretical signal curve is created by simulating tissue time-activity
curves for baseline and activated states and their subtraction. The
curve is created from a typical arterial curve, and values for delay
and flow are estimated for that subject. When summing the activity
data before image reconstruction, the values from the signal curve
are used as weights. Thus, data with high information content
regarding changes in blood flow are given a large weight, and data
with less information are given a smaller weight. The method is
examined by simulations, and the results are validated by applica-
tion to data from 10 individuals from an activation study. Resuits:
Simulations show that the S/N ratio peaks for a given summation
time and then decline for longer times when performing a straight
summation of data. This time is not constant and varies both with
the whole brain flow level and the magnitude of the activation. When
using weighted summation on the other hand, the S/N ratio ap-
proaches asymptotically its optimal value. The optimal S/N value for
weighted summation is 5%-10% higher than the peak value ob-
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tained with straight summation. The results are confirmed by the
experimental data, indicating a shift in optimal summation time from
60-100 sec and an increase by 6% in the S/N ratio for weighted
compared to straight summation. Conclusion: The method pre-
sented in this paper offers a way to significantly increase the S/N
ratio in 'SO-water perturbation studies without increasing invasive-
ness or complicating the experimental protocol.
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Per studies with '50-water are a powerful tool to study
altered cerebral blood flow as a consequence of physiological
activation (/), pharmacological perturbation (2) or physiologi-
cal or pathophysiological state (3). The methodology is based
on the detection of regional differences between two or more
scans in which the subject is in different states. Absolute
quantification of the magnitude of change requires arterial
sampling (4,5) and is therefore often sacrificed to enable
simpler and less invasive procedures (6). There has been,
however, some controversy about which integration time to use
for optimal S/N ratios with respect to changes in blood flow.
Time suggestions range from 60 to 100 sec after the arrival of
the bolus to the brain (7,8). While the noise level tends to
decrease with increased integration time, the signal will peak
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