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Technetium-99m-Furifosmin as an Agent for
Functional Imaging of Multidrug Resistance

in Tumors
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There has been a preliminary report that furifosmin, like the other
lipophilic ®*™Tc cations sestamibi and tetrofosmin, is a substrate for
P-glycoprotein, the membrane transporter that is a mechanism of
multidrug resistance (MDR) in tumors. This has been further inves-
tigated in the rat mammary carcinoma cell line MatB/WT and its
doxorubicin-selected resistant variant MatB/AdrR. Methods: In vitro
studies were performed by adding furifosmin to stirred single-cell
suspensions of MatB/WT and MatB/AdrR in the presence or ab-
sence of the Pgp-modulating drug PSC833. Dynamic imaging
studies over 30 min were performed in rats bearing MatB/WT or
MatB/AdrR tumors growing in the leg. Results: Accumulation of
furifosmin in MatB/AdrR cells in vitro was much lower than that in
MatB/WT cells. The addition of 1 uM PSC833 increased the plateau
accumulation in MatB/AdrR cells 2.4-fold, but did not affect accu-
mulation in MatB/WT cells. In rats, furifosmin accumulated rapidly in
MatB/WT tumors and washed out with a mean t; of 78 min.
Washout from MAtB/AdrR tumors was more rapid, with a t, of 46
min (p < 0.025). Following dissection of animals at 30 min, mean
tumor-to-muscle ratios were 1.57 and 1.05 in MatB/WT and MatB/
AdrR tumors, respectively (p < 0.025). Conclusion: Furifosmin is
suitable for functional imaging of multidrug resistance in tumors.
Key Words: technetium-39m-furifosmin; multidrug resistance; P-
glycoprotein; breast cancer
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nough developed as agents for myocardial perfusion imag-
ing, both sestamibi and tetrofosmin have been useful for tumor
imaging (/-6). In particular, sestamibi has been evaluated
extensively for scintimammography and may play a role when
the mammogram is indeterminate and in women who have
dense breasts or who have had previous breast surgery (7-9). In
screening the accumulation of sestamibi in a variety of tumor
cell lines in vitro, Piwnica-Worms’ group noted that certain cell
lines accumulated very little sestamibi (/0). They later corre-
lated this low accumulation with overexpression of P-glycopro-
tein (Pgp), a transmembrane pump that is a mechanism of
multidrug resistance (MDR) in tumors (/7). This work has been
extended to insect cells transfected with the human MDRI gene
(12) and to an animal model (/3). Del Vecchio’s group from
Naples has presented results which show a correlation between
sestamibi efflux rates and Pgp expression in biopsy samples
(14,15) and response to chemotherapy (/6) in patients with
breast cancer. Other authors have also suggested that low
accumulation of sestamibi corresponds to MDR in patients with
lymphoma (/7) and lung cancer (/8).

We have demonstrated that tetrofosmin, a myocardial perfu-
sion agent that is a phosphine rather than an isonitrile, is also a
substrate for Pgp in vitro and has properties very similar to
sestamibi (/9).

Furifosmin is another **™Tc-labeled myocardial perfusion
agent (20) that has been shown to be a substrate for Pgp in vitro
(21). We have further evaluated this phenomenon, extending
studies to an in vivo model of breast cancer, the results of which
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FIGURE 1. Time course of accu-
mulation of %™ Tc-furifosmin in
MatB/WT and MatB/AdrR celis in
the presence or absence of 1 uM
PSC833. Each point is the
mean * s.d. of 3-5 separate ex- -

periments. O, MatB/WT; W, o3 T 30 4
MatB/WT + PSC833; O, MatB/
AdrR; @, MatB/AdrR + PSC833.

Time (minutes)

suggest that furifosmin imaging can differentiate sensitive and
MDR tumors.

MATERIALS AND METHODS

Reagents

Technetium-99m-furifosmin was prepared by reconstituting kits
with ~200 MBq [**™Tc]pertechnetate in 2 ml saline and heating in
a boiling water bath for 10—15 min to complete the labeling
reaction. Labeling efficiency, which was determined by thin-layer
chromatography, was >90%. This stock solution was then diluted
to a working concentration of 10 MBq/ml with saline.

Modulator stock solutions were prepared fresh by dilution of
pharmaceutical forms (cyclosporin A, verapamil) or ethanolic
solution (PSC833) immediately before the experiments.

Cell Culture

The rat breast adenocarcinoma cell line MatB 13762 wild-type
(MatB/WT) and its multidrug-resistant variant MatB/AdrR (22)
were obtained from Dr. Gerald Batist, McGill University, Mon-
treal, Canada. The MatB/AdrR cell line had been selected with
doxorubicin and was confirmed in our laboratory to possess
>200-fold resistance to doxorubicin compared to the parental line.
Cells were grown as monolayers in Nunclon tissue culture flasks in
alpha-MEM medium supplemented with 10% fetal bovine serum.
For in vitro experiments, cells were trypsinized, centrifuged and
prepared as a single-cell suspension in fresh medium at a concen-
tration of 1 X 10° cells/ml. For animal experiments, the same
method was followed except that cells were resuspended at 1.2 X
10% cells/ml in phosphate-buffered saline.

In Vitro Studies

Cell suspensions were incubated with stirring in a water bath at
37°C under room air. At 1, 15, 30, 45 and 60 min after addition of
99mTc-furifosmin (0.1 MBq/ml final concentration) to the cell
suspensions, duplicate samples of 500 ul were taken and trans-
ferred to 1.5-ml microcentrifuge tubes containing 500 ul ice-cold
saline. After the tubes had been centrifuged at 12,000 rpm for 2
min, 100-ul aliquots of supernatant were transferred to counting
tubes. The remaining supernatant was aspirated and the pellets
were washed gently with 1 ml ice-cold saline. The tips of the tubes
containing the pellets were then clipped into counting tubes and the
radioactivity was measured at 90-190 keV in a gamma well
counter. The accumulation ratio was calculated as the ratio of
radioactivity concentration inside the cell to that in an equal
volume of supernatant medium as described previously (13,19).
For experiments in which modulator effects were assessed, the
modulator (verapamil, cyclosporin A, or PSC833, a potent, non-
immunosuppressive, non-nephrotoxic analog of cyclosporin) was
added at the desired concentration 5-10 min before the tracer.

Parallel studies were performed with flow cytometry using
fluorescence of daunorubicin at a concentration of 2 ug/ml in the

MatB/WT

MatB/AdrR

1 min

30 min

FIGURE 2. Gamma camera images of rats bearing MatB/WT (left column) or
MatB/AdrR tumors (right column) implanted in the leg (arrow). Images were
acquired for 60 sec at 1 min (upper row) or 30 min (lower row) after injection
of 2 MBq furifosmin via a cannula in the jugular vein.

absence or presence of 2 wM cyclosporin A. The instrument
(EPICS, Coulter Electronics, Hialeah, FL) had an excitation at 488
nm and emission at 575 nm.

Animal Studies

Female Fisher 344 rats, 8—10 wk old, received a bolus injection
of 5 X 10° cells in 400 ul subcutaneously in the upper hind leg.
When the tumors reached a diameter of 5-10 mm, the animals were
prepared for imaging. The animals were anesthetized with intra-
peritoneal ketamine/xylazine (1:2), and the jugular vein was
dissected and cannulated as a route for drug administration.
Imaging was performed on a gamma camera equipped with a
low-energy, all-purpose, parallel-hole collimator and interfaced to
a computer. Anesthetized animals were placed prone on the face of
the collimator with their legs fully extended to allow visualization
of the tumor. Technetium-99m-furifosmin (2 MBq in 0.2 ml) was
administered as a bolus via the jugular cannula followed by a saline
flush to clear the line. Dynamic images were obtained at 1
frame/min beginning immediately upon injection and continuing
for 30 min. The images were later analyzed for tracer efflux rates
by defining and marking the region of interest (ROI) as the area of
the tumor showing highest activity and recording tracer counts over
this area for each of the 30 frames. These counts were normalized
to the peak counts and fitted to a monoexponential equation by the
method of least squares to allow calculation of tracer efflux rate as
described previously (/3). The animals were euthanized by barbi-
turate overdose at the end of the imaging session and samples of
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FIGURE 3. Time-activity curves for furifosmin in MatB/WT or MatB/AdrR
tumors in rats. Each point is mean *+ s.d. for 10 animals. Efflux half-times
were calculated by fitting data to a monoexponential equation.

blood, kidney, liver, heart, tumor and skeletal muscle were taken in
that order. These samples were weighed and assayed for tracer
radioactivity, and the percent injected dose per gram of tissue was
calculated. Statistical comparisons were made using Student’s
t-test for unpaired data.

RESULTS

In Vitro Studies

Furifosmin partitioned rapidly into MatB/WT cells and ac-
cumulated in a linear fashion for 30 min, after which the rate of
accumulation slowed and the ratio of radioactivity concentra-
tion inside the cell to that outside (C;,/C,,,) reached a plateau
value of 264 = 7.1 (mean * s.d.) by 60 min (Fig. 1). In
contrast, accumulation of furifosmin in MatB/AdrR cells was
much slower and reached a value of only 3.6 * 0.5 by 60 min,
for a MatB/WT-to-MatB/AdrR differential of 7-fold. The addi-
tion of 1 uM PSC833, a modulator of Pgp function, to the
medium did not significantly affect the accumulation of furi-
fosmin in MatB/WT cells, but the same concentration of
PSC833 produced a 2.4-fold increase in the accumulation of
furifosmin in MatB/AdrR cells over 60 min. From experiments
carried out with the addition of different concentrations of
modulators, the rank order of potency of modulators was
PSC833 > cyclosporin A > verapamil, with each difference
being approximately one order of magnitude (data not shown).

By using flow cytometry, daunorubicin fluorescence in
MatB/WT cells was 15.0 mean fluorescence units, which
increased only slightly to 16.3 units when 2 uwM cyclosporin A
were added. In contrast, daunorubicin fluorescence was 2.4
units in MatB/AdrR cells, which increased to 15.9 units upon
addition of cyclosporin A. Thus, the MatB/WT-to-MatB/AdrR
differential of sixfold in daunorubicin content is similar to the
sevenfold differential in furifosmin content previously men-
tioned.

Animal Studies

When administered to tumor-bearing rats as a bolus via an
intravenous cannula, furifosmin distributed rapidly throughout
the body, with the greatest amounts of radioactivity accumulat-
ing in the liver and kidneys. Excretion into the urinary bladder
was evident by 3 min after injection and the bladder quickly
became the organ with the highest amount of radioactivity.
Clearance through the liver was also seen over 30 min.

TeCHNETIUM-99m-FuriFosMin AND MDR « Ballinger et al.

TABLE 1
Tissue Distribution of Furifosmin 30 Min after Intravenous
Administration to Rats Bearing MatB/WT or MatB/AdrR Tumors

Parameter MatB/WT MatB/AdR t-test
% Injected dose per
gram tissue
Blood 0.18 = 0.11 0.18 = 0.13 ns
Heart 1.51 = 0.64 1.49 + 0.48 ns
Liver 0.44 + 0.26 0.38 = 0.15 ns
Kidneys 3.35+127 3.16 = 0.80 ns
Muscle 0.17 = 0.07 0.13 = 0.05 ns
Tumor 0.25 = 0.08 0.13 x 0.07 p < 0.005
Tumor-to-Blood 1.67 = 0.53 0.82 + 0.36 p < 0.001
Ratio
Tumor-to-Muscle 157 + 0.41 1.05 = 0.42 p < 0.0025
Ratio

Each value is mean * s.d. for 10 rats.

As shown in Figure 2, the upper threshold had been reduced
to mask radioactivity in the liver, kidneys and bladder and allow
tumor visualization. The same threshold was used for MatB/WT
and MatB/AdrR images at each time point. In the images
obtained at 1 min postinjection (upper row), both the MatB/WT
and MatB/AdrR tumors are clearly seen. In contrast, in the
30-min postinjection images (lower row), the MatB/WT tumor
is still visible, but most of the radioactivity had washed out of
the MatB/AdrR tumor.

Quantification was performed by drawing an ROI around the
tumor on the 1-min image and recording the counts in that ROI
in each of the 30 images. The tumor activity in the images
obtained at 1 min reflects perfusion and did not differ between
MatB/WT and MatB/AdrR tumors when corrected for tumor
weight. Washout rates were calculated from the time-activity
curves and yielded half-times of 78 * 36 min for MatB/WT
tumors and 46 * 17 min for MatB/AdrR tumors (p < 0.025).
The mean data and fitted monoexponential equations are
presented in Figure 3.

Following the 30-min imaging study, the rats were eutha-
nized and dissected, and the tissues were assayed in a gamma
counter. Biodistribution data are summarized in Table 1 and
indicate that radioactivity in normal tissues did not differ
between rats bearing MatB/WT or MatB/AdrR tumors. In
contrast, radioactivity in the MatB/AdrR tumors, despite similar
perfusion as documented above, was significantly lower than
that in MatB/WT tumors whether expressed as the percent
injected dose per gram, tumor-to-blood ratio or tumor-to-
muscle ratio.

TABLE 2
Comparison of Properties of Furifosmin, Sestamibi and
Tetrofosmin in MatB/WT and MatB/AdrR Cells In Vitro

Furifosmin  Sestamibi  Tetrofosmin
Parameter (this work) (13) (19)

Ci/Cou ratio @ 60 min

MatB/WT 264*+71 218*19 709=*150

MatB/AdrR 36+05 133*x20 28=*10

WT/AdrR ratio 73 16.4 253
Enhancement by 1 uM

PSC833 @ 60 min

(MatB/AdrR + PSC833) 24 8.9 1

/MatB/AdrR — PSC833)

Each value is mean or mean * s.d. for 3-5 experiments.
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TABLE 3
Comparison of Properties of Furifosmin, Sestamibi, and
Tetrofosmin in Rats Bearing MatB/WT or MatB/AdrR Tumors

Parameter Furifosmin Sestamibi  Tetrofosmin
Efflux t,,, (min)
MatB/WT 78 + 36 119+ 29 81+ 36
(10) ®) @
MatB/AdrR 46 * 17 47 =17 nd.
(10) @
Tumor-to-Muscle ratio
@ 30 min.
MatB/WT 157 + 041 1.69 =045 1.88 + 0.32
(10) ™ @
MatB/AdrR 1.05+042 1.13+0.09 nd.
(10) @

Each value is mean * s.d. for (n) rats

DISCUSSION

It has recently been reported that furifosmin is a transport
substrate for Pgp (27). In the present work, the accumulation
characteristics of furifosmin in a rat breast cancer cell line,
MatB/WT, and its doxorubicin-selected resistant variant, MatB/
AdrR, are compared to those of sestamibi (/3) and tetrofosmin
(19) in vitro and in vivo. Qualitatively, the in vitro behavior of
the three tracers is similar in that MatB/WT cells accumulate
much more radioactivity than MatB/AdrR cells, and the addi-
tion of a Pgp modulator such as PSC833 increases the accumu-
lation in MatB/AdrR cells but not in MatB/WT cells. However,
there are quantitative differences as seen in Table 2. The rank
order of absolute accumulation (i.e., plateau C;,/C,,, value) in
MatB/WT cells is sestamibi > tetrofosmin > furifosmin,
whereas for the difference between MatB/WT and MatB/AdrR
cells, the sequence is tetrofosmin > sestamibi > furifosmin.
Sestamibi and tetrofosmin are similar in their response to
modulating agents (enhancement by 1 uM PSC833 and ECjs,
values), while the amplitude of furifosmin enhancement is not
as great but occurs at similar EC, values.

Both MatB/WT and MatB/AdrR tumors could be visualized
immediately following intravenous administration of furifosmin
to rats. However, over the course of 30 min, the radioactivity
washed out of the MatB/AdrR tumors more rapidly than it did
from MatB/WT tumors, and at the end of that time the
MatB/AdrR tumors were barely visible (Fig. 2). As with
sestamibi (/3), image manipulation by thresholding was re-
quired to allow visualization of the tumor because of radioac-
tivity retention in the abdomen; however, in the comparison
images presented in Figure 2, the degree of thresholding was
identical for MatB/WT and MatB/AdrR tumors at each time
point. The washout rate of furifosmin from the tumor was fit to
a monoexponential function with half-times of 78 and 46 min
for the MatB/WT and MatB/AdrR tumors, respectively (Fig. 3).
It is evident that a monoexponential function does not ade-
quately describe the efflux pattern, but this approach was used
for comparative purposes.

These results can be compared with data for sestamibi
obtained previously in the same animal model at our institution
(13). As seen in Table 3, sestamibi washout half-times were
comparable to those obtained with furifosmin except that the
washout of sestamibi from MatB/WT tumors was slower than
that of furifosmin. The tumor-to-muscle ratios obtained from
the dissected tissues were very similar for furifosmin and
sestamibi (Table 3). In a limited number of in vivo experiments
with tetrofosmin in MatB/WT tumors, the efflux rate and

tumor-to-muscle ratio at 30 min were also similar to the values
obtained with the other two tracers (Table 3).

Furifosmin (Q12) is a member of a class of mixed-ligand
99mT¢ cations known as Q-complexes. Several of these analogs
have been shown to be transport substrates for Pgp in vitro
(21,23). Two in particular, Q58 and Q63, demonstrate in vitro
properties that are far superior to those seen with furifosmin in
terms of differential between levels of accumulation in WT and
resistant cells and in response to Pgp modulation (23). The
results in the present article, which show that furifosmin can
image MDR, make it important to evaluate these new analogs
whose in vitro properties suggest they might offer improved
signal-to-noise ratios and tissue contrast.
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We present radiation dose estimates for '''In-pentetreotide.
Methods: Kinetic data were gathered in 10 subjects at two different
sites. A compartmental model was used to fit the data, including
retention, in three major organs and excretion. Results: The data
were consistent for the subjects at both sites. The organ receiving
the highest dose was the kidneys (0.52 mGy/MBq); the effective
dose equivalent was 0.1 mSv/MBq, and the effective dose was
0.073 mSv/MBq. Conclusion: The results of this study provide the
basis for evaluation of radiation safety of this drug.

Key Words: dosimetry; indium-111-pentetreotide; somatostatin re-
ceptors; brain
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'Il‘w molecule '?*I-tyrosine (Tyr) (3)-octreotide is a somatosta-
tin receptor imaging agent for use in the scintigraphic localiza-
tion of neuroendocrine tumors (/). A similar molecule, pente-
treotide, has been successfully labeled with '''In complexed to
the diethylenetriamine pentaacetic acid (DTPA) molecule and
shows improved clinical results when used to study this system
(2), due to higher renal clearance relative to hepatobiliary
clearance. This article presents the radiation dosimetry of
""'[n-DTPA-labeled pentetreotide based on two separate human
studies involving a total of 10 patients. All results from the two
studies will be shown; we believe that the results are in
agreement and that a combined result, using data from all 10
patients, is recommended to establish the radiation dosimetry of
this agent. It is hoped that the data presented in this article will
be useful to regulators, users and others in understanding the
radiation dosimetry of this agent in adults. The extension of
these results to children and pregnant women will be discussed
briefly.

MATERIALS AND METHODS

Human studies were undertaken by the University Hospital
Dijkzigt in Rotterdam, the Netherlands, and at Gunma University
in Gunma, Japan. The study in Holland involved six subjects; the
study in Japan involved four subjects. In each study, '''In-DTPA
pentetreotide was administered to the subjects in quantities typical
of a clinical imaging study, and the subsequent retention and
excretion was studied through a combination of quantitative
gamma camera imaging and urine collection and analysis. Fecal
analysis was performed in only four subjects; it was thought that
this pathway would not be very significant. The modeling results
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and a limited number of analyzed samples predicted a fairly low
average gastrointestinal (GI) tract clearance (around 0.5%—2%, see
Results), which agreed with the impressions from the gamma
camera images. The methods for imaging and image quantitation
are described in other works (3,4), although the energy windows in
the Bakker et al. study (3) were changed from those used for 2
to ensure their appropriateness for '''In imaging. Briefly, in the
studies conducted in the Netherlands, planar images were obtained
with a large field of view camera equipped with a parallel-hole
collimator. Anterior and posterior whole-body scintigrams were
taken at 30 min postinjection, and again at 4 and 24 hr, and, in
some cases, at 48 hr. Radioactivity in the blood, urine and feces
was collected at various intervals over the course of the study, up
to 48 hr, and measured in either a dose calibrator or a GeLi detector
system. In the Japanese studies, anterior and posterior images were
taken at 30 min and at 1, 2, 4, 6, 24 and 48 hr postinjection.
Whole-body and SPECT imaging was performed using a gamma
camera equipped with a medium-energy collimator. A 20% energy
window centered at 173 and 247 keV was used. Geometric means
of the anterior and posterior counts in regions of interest over the
major organs were calculated. Urine samples were also collected at
various times over the course of the study (to 48 hr) and analyzed
in a dose calibrator.

Time-activity data gathered in the human studies were expressed
as a percent of the administered activity and fit with a compartment
model (Fig. 1) using the Simulation, Modeling and Analysis
(SAAM) software (5). This model, when solved, is meant only to
be descriptive of the observed kinetics of this agent for the purpose
of developing radiation dose estimates. It generally provides two
compartments to represent most organs and has two pathways for
handling excretion (urinary and fecal). Areas under the time-
activity curves for most organs were estimated directly from the
fitted functions integrated over time and expressed as residence
times (6). In the case of the urinary bladder, the program fit the
cumulative urine activity curve, and then the bladder was assumed
to void every 4.8 hr. The residence time for the bladder was then
integrated from the time-activity curve assuming this voiding
pattern. Activity entering the GI tract was assumed to clear through
the gallbladder, small intestine, upper large intestine and lower
large intestine according to the kinetics, as published previously
().

Absorbed dose estimates were calculated using the standard
MIRD technique (6), implemented in the MIRDOSE 3.1 computer
software (8). The effective dose equivalent, as defined in ICRP
Publication 30 (7), and the effective dose, as defined in ICRP
Publication 60 (9), are shown in the tables. There is currently some
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