affect the rate of migration from the injection site. To maximize
the rate of migration and the overall migration success rate of
the tracer to the sentinel node in our clinical setting, we used kit
preparations in which the *™Tc-sulfur colloid was heated for 3
min, allowed to cool for 2 min and used pertechnetate that had
the highest amount of ingrowth of [**™Tc]pertechnetate. Use of
this preparation procedure in addition to withdrawing the
patient dose through a sterile 5-um filter and making 4-6
intradermal injections, 50—-100 ul each, around the primary site,
resulted in an excellent agent for lymphoscintigraphy studies
for malignant melanoma. We have successfully imaged 97%
(106/109) of our patients and have also used rapid dynamic
scans to map and image the lymphatic drainage system (/7-20).
In addition to rapid movement, the preparation demonstrated
prolonged retention within the nodes. At our institution, this
preparation, in combination with imaging and a gamma hand-
held detector, plays an important role in the detection, localiza-
tion and excision of the sentinel node.

Currently, several studies are underway to identify additional
methods that would further reduce the average particle size
formed during the preparation of **™Tc-sulfur colloid. Particle
size studies utilizing [*™Tc)-sodium pertechnetate obtained
from generators having up to 7 days of ingrowth of [**™Tc]-
pertechnetate are currently being investigated. Also, studies in
which an additive is placed into the kit before heating, which
provides more nucleation sites for particles to form, are under-
way.
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Technetium-99m-Tetrofosmin as a Substrate for
P-Glycoprotein: In Vitro Studies in Multidrug-
Resistant Breast Tumor Cells
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The accumulation of ®®™Tc-tetrofosmin (TFos) was studied in wild-
type (WT) and doxorubicin-resistant (Adr") variants of the rat MatB
and human MCF-7 breast tumor cell lines to determine whether
TFos, like ®®™Tc-sestamibi (MIBI), is a substrate for P-glycoprotein
(P-gp), a multidrug-resistance transporter. Methods: The time
course of accumulation of TFos and MIBI in WT and Adr® cells over
1 hr was studied using single-cell suspensions at 1 x 108 cells/ml
incubated at 37°C in the presence or absence of PSC833, a potent
modulator of P-gp. Modulator dose-response curves were gener-
ated for PSC833, cyclosporin A, and verapamil. Results: In both
MatB and MCF-7 cells, TFos and MIBI accumulated extensively in
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WT cells and accumulation was not affected by PSC833. In contrast,
Adr® cell lines accumulated very little of either tracer, but addition of
PSC833 or other modulator increased this accumulation in a dose-
dependent fashion. TFos and MIBI did not differ significantly in their
behavior. Conclusion: TFos shares with MIBI the property of being
a substrate for P-gp and thus TFos may be useful for functional
imaging of tumor P-gp status.

Key Words: technetium-39m-tetrofosmin; technetium-99m-sesta-
mibi; multidrug resistance

J Nucl Med 1996; 37:1578-1582

Multidrug resistance (MDR) involving overexpression of
P-glycoprotein (P-gp), a transmembrane pump which acts as a
natural defense mechanism by pumping xenobiotics out of

1578 THe JourNAL OF NUCLEAR MEDICINE « Vol. 37 « No. 9 « September 1996



cells, is believed to be a factor contributing to the failure of
some tumor’s response to antineoplastic agents such as doxo-
rubicin and paclitaxel (/). A variety of modulators, including
cyclosporin A (CsA) and verapamil (Vrp), are capable of
reversing resistance attributable to P-gp in model systems,
although clinical efficacy has been difficult to demonstrate,
possibly due to inadequate concentrations of the modulator
reaching the tumor (/,2). Noninvasive assessment of the P-gp
status of tumors and monitoring the effect of potent second-
generation modulating agents such as PSC833 and GG918 with
a nuclear medicine technique could lead to improved response
in the treatment of resistant tumors (3).

Thallium-201 and **™Tc-sestamibi are myocardial imaging
agents which are also useful for the detection of a variety of
tumors (4,5). Both tracers accumulate in viable tumor cells;
however, **™Tc-sestamibi is a substrate for P-gp and thus may
provide additional information about the P-gp status of tumor
cells. This property of **™Tc-sestamibi was discovered by
Piwnica-Worms et al. using cultured tumor cells in vitro (6),
validated in an animal model (6) and confirmed by gene
transfection experiments (7). We have observed a three-fold
difference in the washout rate of *™Tc-sestamibi from sensitive
and doxorubicin-resistant breast tumors in rats (8), and have
confirmed that 2°' Tl is not a substrate for P-gp (9). Preliminary
reports on the clinical use of functional imaging of tumor P-gp
status with ®*™Tc-sestamibi are beginning to appear (/10-15).
Notably, in a series of patients with breast tumors, Ciarmiello et
al. (12) determined ®*™Tc-sestamibi washout rates by quantifi-
cation of serial images over 4 hr and P-gp expression was
measured independently in biopsy specimens from the same
patients. There was a statistically significant correlation be-
tween *™Tc-sestamibi washout rates and P-gp expression, and
a three-fold difference in washout rate between tumors with
baseline levels of P-gp and those with elevated levels.

Technetium-99m-tetrofosmin is a lipophilic phosphine cation
like ®°™Tc-sestamibi, that is developed for myocardial perfu-
sion imaging (/6) and has recently been shown to accumulate
in some tumors (/7-20). Gros et al. (21) have suggested that
lipophilic cations are a class of compounds which are substrates
for P-gp. We therefore studied **™Tc-tetrofosmin in sensitive
and multidrug-resistant rodent and human breast tumor cell
lines in vitro to determine whether *°™Tc-tetrofosmin is a
substrate for P-gp and may potentially be useful for functional
imaging of the P-gp status of tumors.

MATERIALS AND METHODS

The wild-type (WT) rat breast adenocarcinoma cell line MatB
13762, its doxorubicin-resistant variant MatB/AdrR, and a doxoru-
bicin-resistant variant of the human breast carcinoma cell line
MCF-7 (MCF-7/Adr®) were obtained from Dr. G. Batist, McGill
University, Montréal, Canada (22,23). The wild-type MCF-7 cell
line was obtained from the American Type Tissue Culture Collec-
tion (Rockville, MD). The MatB/Adr® and MCF-7/Adr® cell lines
both showed 200-fold resistance to doxorubicin relative to the
respective parental cell lines and their overexpression of P-gp has
been characterized (22,23). Cells grown in monolayer in alpha
minimum-essential medium that was supplemented with 10% fetal
bovine serum were harvested with trypsin and resuspended at a
concentration of 1 X 10° cells/ml in fresh medium. Technetium-
99m-tetrofosmin and **™Tc-sestamibi were prepared from kits
and diluted to 10 MBg/ml with saline. The radiochemical purity of
the two agents was determined by TLC and on every occasion
was > 90%. Accumulation experiments were performed as de-
scribed previously (8,9,24) using stirred single-cell suspensions
incubated at 37°C under room air. Aliquots of 100 ul (1 MBq) of
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Time (minutes)

FIGURE 1. Time-course of accumulation of %™ Tc-tetrofosmin in MatB/WT
and MatB/Adr® cells in the presence or absence of 1 uM PSC833. Each
point is the mean * s.d. of 3-5 separate experiments. MatB/WT, O;
MatB/WT + PSC833, I, MatB/Adr®, O; MatB/Adr® + PSC833, @.

the diluted tracer were added to vials containing 5-ml aliquots of
cell suspension. At 1, 15, 30, 45 and 60 min after addition of the
tracer, duplicate samples of 400 ul were removed from each vial
and transferred to 1.5-ml microcentrifuge tubes containing 600 pul
ice-cold saline and then centrifuged at 14,000 g for 2 min. The
supernatant was aspirated and the cell pellet was carefully washed
with 500 ul ice-cold saline. The tip of the tube containing the pellet
was clipped off, placed in a counting tube and assayed for
radioactivity in a gamma well counter. In experiments with CsA,
Vip, or the nonimmunosuppressive cyclosporin analog PSC833,
the modulator was prepared by fresh serial dilution of a stock
solution with saline and added to the cell suspension 5 min before
the tracer. For experiments with different concentrations of mod-
ulator (dose-response curves), a single incubation time of 10 min
was used; the ranges of modulator concentration evaluated were
0.1-10 uM for PSC833 and 1-100 wM for CsA and Vrp.

From the measurements of radioactivity in the cell pellets and a
standard representing the supernatant concentration, together with
an independent measurement of cell volume, the accumulation
ratio could be calculated as the ratio of radioactivity concentration
inside the cell to that outside the cell (C;,/C,,,), as described
previously (8,24). The trapping of supernatant liquid in the cell
pellet was determined to contribute < 0.2 C;/C,, unit. The
C,/C,.: ratio can be converted to the more physiologically relevant
unit fmol per mg protein per nM, by dividing by the cellular
protein concentration. From the modulator dose-response curves,
EC,, values were determined by interpolation on semilog plots.

RESULTS

Within 1 min of the addition of **™Tc-tetrofosmin to rat
MatB/WT cells, the tracer had partitioned into the cells to the
extent that the ratio of activity concentration inside to that
outside the cells (C,,/C,,,) was 5.2 * 2.8 (Fig. 1). Accumula-
tion continued over a 60-min period to reach a C,,/C,,, value of
70.9 = 15.0, although the rate of accumulation began to
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FIGURE 2. Time-course of accumulation of ®™Tc-tetrofosmin in MCF-7/WT
and MCF-7/Adr® cells in the presence or absence of 1 uM or 10 uM
PSC833. Each point is the mean * s.d. of 3 separate experiments (except
where noted). MCF-7/WT, O; MCF-7WT + 1 uM PSC833, B, (h = 1);
MCF-7/Adr®, O; MCF-7/Adr® + 1 uM PSC833, @; MCF-7/Adr® + 10 uM
PSC833, V.

decrease. Conversely, when 99mT_tetrofosmin was added to
MatB/Adr® cells, the initial C,/C,, was 0.58 * 0.14 and
accumulation increased only modestly over 60 min to a value of
2.77 = 1.02, by which time there was a 26-fold difference in
tracer accumulation between MatB/WT and MatB/Adr® cells.
The addition of 1 uM PSC did not significantly affect the
accumulation of *™Tc-tetrofosmin in MatB-WT cells, whereas
it did cause an increase in accumulation in MatB-Adr® cells to
a value of 11-fold over control MatB/Adr® cells by 60 min,
thereby reducing the difference between MatB/WT and MatB-
Adr® cells from 26-fold to 2.5-fold (Fig. 1). These results are
similar to those we reported previously for *™Tc-sestamibi in
the same pair of cell lines (8).

The pattern observed with *™Tc-tetrofosmin in human MCF-
7/WT and MCF-7/Ad® cells paralleled that in MatB/WT and
MatB/AdrR (Fig. 2). Accumulation of **™Tc-tetrofosmin in
MCF-7/WT cells was high and not affected by the addition of
1 wM PSC833. Although accumulation of **™Tc-tetrofosmin in
MCF-7/Adr® cells was as low and flat as that in MatB/Adr®
cells (WT/Adr® differential at 60 min was 35-fold), addition of
1 uM PSC833 produced only a modest and short-lived increase
in accumulation tracer by MCF-7/Adr® cells. However, 10 uM
PSC833 produced a more extensive and prolonged increase in
accumulation of tracer (WT/Adr® differential at 60 min was
2.5-fold).

Technetium-99m-sestamibi was also studied in MCF-7/WT
and MCF-7/Adr® cells, and the results presented in Fig. 3 were
both qualitatively and quantitatively similar to those obtained
with "™Tc-tetrofosmin in the same cell lines (Fig. 2). As seen
with **™Tc-tetrofosmin, 1 wM PSC833 produced a transient
response while 10 wM produced a substantial increase in
accumulation of **Tc-sestamibi in MCF-7/Adr® cells. The
WT/Ad® differentials for *™Tc-sestamibi accumulation at 60

Time (minutes)

FIGURE 3. Time-course of accumulation of ®™Tc-sestamibi in MCF-7/WT
and MCF-7/Adr® cells in the presence or absence of 1 uM or 10 uM
PSC833. Each point is the mean * s.d. of 3 separate experiments. MCF-7/
WT, O0; MCF-7/Adr®, O; MCF-7/Adr® + 1 uM PSC833, @; MCF-7/Adr" + 10
M PSC833, V.

min were 33-fold without the modulator and 2.2-fold in the
presence of 10 uM PSC833.

Dose-response curves for three modulators (PSC833, CsA
and Vrp) were generated for both tracers in both resistant cell
lines. ECs, values for 10-min incubations at 1 X 10° cells/ml
are reported in Table 1. The rank order of potency of modula-
tors was PSC833 > CsA > Vrp for both tracers and both cell
lines. With MatB/Adr® cells, the differences in potency were
approximately one order of magnitude between each modulator
and the potencies were similar for both tracers. However, with
MCF-7/Ad® cells, the EC%%H:/alues for all three modulators
were 2—4 times higher for >>™Tc-tetrofosmin than for **™Tc-
sestamibi, and the differences between modulators were not as
pronounced.

DISCUSSION
Technetium-99m-tetrofosmin is a recently introduced agent
and very limited information is available about its properties for

TABLE 1
Comparison of Potencies of P-gp Modulators for Accumulation of
Technetium-99m-Tetrofosmin and Technetium-99m-Sestamibi in

MatB/Adr" and MCF-7/Adr" Cells
ECso (M)
Cell line Tracer PSC833 Cyclosporin A Verapamil
MatB/Ad®  Tetrofosmin 1.2 + 0.4 3407 250*13
Sestamibi 04 +01 4.5+ 0.1 240+ 3.6
MCF-7/ Tetrofosmin  12.8 + 1.8 143 +38 > 50
Adr? Sestamibi 30*141 75+27 253+ 0.2

Each value is mean * s.d. for 3-4 replicates performed at 1 x 10°
cells/ml.
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tumor imaging (/7-20). In vitro studies, particularly with
respect to MDR, are particularly important to predict its
potential clinical utility in this area.

The patterns obtained with “*™Tc-tetrofosmin in rat
MatB/WT and MatB-Ad® cells in terms of time course of
accumulation, WT versus Adr® differences and responsiveness
to modulation by 1 uM PSC833 (Fig. 1) were virtually identical
to those previously reported with *™Tc-sestamibi in the same
pair of cell lines (8). The only difference was in the absolute
values for accumulation of the two tracers, with *™Tc-sesta-
mibi values being ~3-fold higher than **™Tc-tetrofosmin val-
ues. This could reflect differences in responsiveness of the two
tracers to membrane potentials (6).

The two tracers also behaved similarly in human MCF-7/WT
and MCF-7/Adr® cells (Figs. 2, 3). With this pair of cell lines,
the absolute values for the two tracers were in the same range.
However, MCF-7/AdrR cells differed from MatB/Adr® cells in
that much higher concentrations of modulator were required to
enhance accumulation of the tracers (i.e., 10 uM PSC833
produced a similar effect with MCF-7/Adr® in Figs. 2 and 3 as
1 uM did with MatB/Adr® in Fig. 1 and reference 8). This
difference is reflected in the ECy, values for PSC833 reported
in Table 1. The data in Figures 2 and 3 and in Table 1 also
suggest that *™Tc-tetrofosmin required higher concentrations
of modulator than did **™Tc-sestamibi to enhance accumulation
in MCF-7/Adr®. Although both MatB/Adr® and MCF-7/Adr®
were selected by growth in the presence of increasing concen-
trations of doxorubicin (adriamycin), and both are reported to
show 200-fold resistance to doxorubicin compared to their
parental WT lines (22,23), the extent to which P-gp is respon-
sible for resistance may differ between MatB/Adr" and MCF-
7/Adr®. Hendrikse et al. (25) reported that ®™Tc-sestamibi is a
substrate for the multidrug resistance-associated protein (MRP),
an alternative transporter discovered by Cole et al. (26). It could
be that *™Tc-tetrofosmin is also a substrate for MRP but has a
different affinity than *™Tc-sestamibi.

The in vitro observation that *™Tc-sestamibi is a substrate
for P-gp (6) has recently been extended into the clinic, with
reports of correlation between **™Tc-sestamibi efflux rates and
P-gp expression in breast tumors (/2), and between **™Tc-
sestamibi avidity and prognosis in lymphoma (/0). The results
of our study suggest that >>™Tc-tetrofosmin shares with *™Tc-
sestamibi the property of being a substrate for P-gp; thus, it is
potentially useful for functional imaging of P-gp. This property
of ®™Tc-tetrofosmin is important for several reasons. First,
99MTc-tetrofosmin has some advantages over **™Tc-sestamibi
as a radiopharmaceutical. Labeling of **™Tc-tetrofosmin is
performed at room temperature, which is more convenient than
the heating step required with **™Tc-sestamibi. Technetium-
99m-tetrofosmin shows §19'S1ater renal clearance and less hepa-
tobiliary excretion than ““™Tc-sestamibi, which offers advan-
tages in imaging abdominal tumors. Second, since the primary
use of these agents is for myocardial perfusion imaging and a
clinic might switch from one agent to the other, it is important
to know that both can be used for functional tumor imaging.
Third, it can be useful to have a variety of agents available and
each may turn out to have a different niche. Another new
99mTc-labeled myocardial imaging agent, **™Tc-furifosmin,
also appears to be a substrate for P-gp, although not to the same
extent as the other two (27 and unpublished work from this
laboratory). On the other hand, preliminary evidence suggests
that *™Tc-teboroxime, a neutral lipophilic myocardial agent, is
not a substrate for P-gp (Ballinger and Hartman, unpublished
work); this is consistent with the work of Gros et al. (21).
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CONCLUSION

The results of the present studies suggest that “™Tc-tetro-
fosmin shares with *™Tc-sestamibi the property of being a
substrate for P-gp and thus is potentially useful for functional
imaging of P-gp. These results form the groundwork for further
investigation of *™Tc-tetrofosmin as a tumor agent in vitro and
in the clinic.
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FIRST IMPRESSIONS

With the intensity increased, activity in the facial bones
can be detected (Fig. 3).
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Figure 1. Figure 2.
PURPOSE TRACER
Figure 1 is a right lateral view of the skull from a bone Technetium-99m-MDP, 925 MBq
carcinoma. Anterior and posterior total-body images, Intravenous
however, are characteristic of extensive skeletal
metastases (Fig.2). There is increased activity in the axial TIME hA"ER INJECTION
skeleton, proximal extremities and cranium. The lateral Three hours
view demonstrates virtually absent activity in the facial INSTRUMENTATION
bones. No activity is seen in the kidneys or bladder. This ~ Prism (Picker) 2000 gamma camera
patient has a “superscan” with osseous metastases from CONTRIBUTORS
prostate carcinoma which spare the distal extremitiesand  Ajan Siegel, Jill Hagerty, Dartmouth-Hitchcock Medical
facial bones and “disappear” on photographic display. Center, Lebanon, NH
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