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ABSTRACT
99m

Tc-sestamibi, a substrate of the multidrug transporter
P-glycoprotein (Pgp), has been used as a functional imaging
agent for the multidrug resistance-1 (MDR1) phenotype.
In vitro, retention of 99mTc-sestamibi by cells that overexpress Pgp can be enhanced by the addition of Pgp inhibitors. XR9576 (Tariquidar) is a potent and selective noncompetitive inhibitor of Pgp that is active at 25– 80 nM. A Phase
I trial of XR9576 in combination with vinorelbine (Navelbine) was conducted in 26 patients with metastatic cancers.
A 99mTc-sestamibi scan was obtained at baseline followed
48 –96 h later by a second scan 1–3 h after the administration of XR9576. Time activity curves and areas under the
curves (AUCs) were obtained for tumor, liver, lung, and
heart, and tissue:heart AUC ratios were calculated. XR9576
enhanced 99mTc-sestamibi accumulation and retention in
the liver of all but two patients with a mean change of
ⴙ128%. Furthermore, in 13 of 17 patients with tumor
masses visible by 99mTc-sestamibi, the tumor:heart 99mTcsestamibi AUC0 –3 h increased after the administration of
XR9576, with increases of 36 –263% seen in 8 patients. We
conclude that in vivo administration of XR9576 inhibits
99m
Tc-sestamibi efflux in both the normal liver and in drug
resistant tumors. This study provides convincing evidence of
the existence of XR9576-inhibitable 99mTc-sestamibi efflux
in a large fraction of drug resistant tumors. One can predict
that efflux of Pgp substrates also occurs in these tumors.
XR9576 provides an efficient way to inhibit this efflux and
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offers the potential to increase drug exposure in human
cancer.

INTRODUCTION
Drug resistance is a major impediment to chemotherapy in
many human cancers. Pgp2, a 170-kDa membrane glycoprotein,
encoded by the MDR-1 gene, is the most intensively studied
mechanism of drug resistance. Pgp is an energy-dependent
efflux pump that lowers the intracellular concentrations of a
variety of chemotherapeutic agents, primarily natural products
(1–3). Expression of the MDR-1 gene at levels found in many
clinical tumor samples can confer multidrug resistance in vitro,
suggesting that MDR-1/Pgp-mediated drug resistance is clinically relevant.
The anthranilic acid derivative, Tariquidar (XR9576), is a
potent and selective Pgp inhibitor that is being developed clinically for the treatment of multidrug-resistant tumors. At concentrations of 25– 80 nM, XR9576 can restore the sensitivity of
many multidrug-resistant human tumor cell lines to the anthracyclines, Vinca alkaloids, taxanes, and epipodophyllotoxins by
inhibiting Pgp-mediated drug efflux (4, 5). The duration of
action of XR9576 is superior to other inhibitors tested, persisting for at least 22 h after removal of drug from the culture
medium. XR9576 uptake into cells is independent of Pgp expression, and the Pgp transport substrates vinblastine and paclitaxel only partially displaced the binding of XR9576 to Pgp.
These data suggest that XR9576 is not a transport substrate of
Pgp and that the XR9576-mediated inhibition of Pgp transport is
noncompetitive.
First generation Pgp inhibitors such as verapamil and cyclosporine had potent pharmacological effects in addition to
their ability to inhibit Pgp, and as a result, the dose of these
agents was limited by toxicity. Third generation Pgp inhibitors
such as XR9576 have been developed to specifically target Pgp
and these agents appear to have minimal toxic effects, which are
not dose limiting. The optimal dose of third generation Pgp
inhibitors will be best assessed with in vivo assays that measure
a drug’s ability to inhibit its target, Pgp, in tumor tissue or in a
surrogate tissue. The recognition that 99mTc-sestamibi, a radionuclide imaging agent marketed for evaluation of cardiac function and for breast imaging, is a Pgp substrate led to its development as an in vivo imaging agent for assessment of Pgp
inhibition (6, 7).
In this study, we describe the use of 99mTc-sestamibi imaging of the normal liver and tumors before and after the
administration of XR9576 to assess the effect of XR9576 on
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The abbreviations used are: Pgp, P-glycoprotein; TAC, time activity
curve; AUC, area under the curve; MDR1, multidrug resistance 1.
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Pgp-mediated efflux of this targeted imaging agent. 99mTcsestamibi scans showed enhanced retention of the tracer in liver
and tumor, suggesting that Pgp-mediated drug efflux occurs in
drug resistant tumors and can be modulated by nontoxic doses
of XR9576.

not included in the initial 30 min of scanning, the raw AUC values
were used.
The percentage change in liver:heart 99mTc-Sestamibi
AUC0 –3 h shown in Table 1 was calculated using the following formula: [(liver:heart AUC0 –3 h after XR) ⫺ (liver:heart
AUC0 –3 h before XR)]/(liver:heart AUC0 –3 h before XR) ⫻ 100.

PATIENTS AND METHODS
Patients. Twenty-six patients with metastatic cancer
were enrolled in a Phase I study combining bolus vinorelbine
(Navelbine) administered on a day 1, day 8 schedule with the
Pgp antagonist XR9576. All patients consented to undergo two
99m
Tc-sestamibi scans. Twenty-five patients had two 99mTcsestamibi scans and received protocol therapy; 1 patient, found
to have brain metastases after enrollment, was removed from
study and received radiation therapy. Patients initially had a
baseline (pretreatment) 99mTc-sestamibi scan. Forty-eight to
96 h later, a 150-mg dose of XR9576 alone was administered
i.v., followed by a second 99mTc-sestamibi scan 1–3 h later. In
subsequent cycles, patients received a 150-mg i.v. dose of
XR9576 administered over 30 min, beginning 60 min prior to
the start of vinorelbine (Navelbine) on days 1 and 8 of a 4-week
cycle.
Imaging. Anterior and posterior images were acquired
using low-energy/high resolution collimators and a 20% window centered over the 140-keV photopeak of 99mTc. Large field
of view, dual-headed cameras were used (ADAC Laboratories,
Milpitas, CA). The same camera was used for both studies in all
but 1 patient in whom the camera used at baseline malfunctioned.
Patients were positioned under the camera such that known
metastatic lesions were in the field of view with the heart and
liver also included whenever possible. Immediately after a bolus
administration of 20 mCi of 99mTc-sestamibi, 30 1-min sequential images were acquired. These were followed by 5-min spot
images that were repeated at ⬃1, 2, and 3 h after the administration of 99mTc-sestamibi. A conventional whole body scan was
also performed after the initial 30-min images.
Image Analysis. Tumor visualization was determined by
the nuclear medicine physician without knowledge of the results
of other imaging procedures. In patients with tumor masses
visualized by 99mTc-sestamibi, one or more lesions were chosen
for analysis. These were lesions that were visualized best and
had the least overlap with other normal structures that took up
99m
Tc-sestamibi. Using either anterior or posterior images, regions of interest were drawn over the metastatic lesions, normal
liver, heart muscle, and lung when possible, and TACs were
generated. Curves were background, decay, and dose corrected.
Using the corrected TACs, AUCs were calculated for 0 –3 h
for each TAC using the linear trapezoidal method. To compare
99m
Tc-sestamibi uptake at baseline to that after XR9576 administration, a ratio of the AUC0 –3 h in tissue or tumor to the AUC0 –3 h
heart was generated to yield tissue:heart AUC0 –3 h. Tissue and
tumor AUCs were normalized to the heart muscle AUC to correct
for the fact that 3-h images were not always acquired at exactly 180
min after sestamibi injection. Heart muscle was chosen because the
heart contains relatively little Pgp and uptake into the heart should
not be affected by XR9576 (8, 9). In two cases where the heart was

RESULTS
Table 1 summarizes the characteristics of the 25 patients
that had two 99mTc-sestamibi scans and received protocol therapy. Patient’s ages ranged from 28 to 80 years old (median, 54
years). Eleven were males and 14 were females. Nineteen of 25
patients had disease at more than one site or organ. Seven
patients had not received prior chemotherapy, including 6 of 7
patients with renal cell carcinoma, and the patient with carcinoma of the parotid gland. The other 18 patients had received
one to seven prior chemotherapy regimens with a median of 3.
In these 18 patients, prior chemotherapy regimens included 0 –3
Pgp substrates (mean of 2). In an attempt to more accurately
reflect the cumulative exposure to Pgp substrates and highlight
the extent of prior therapy, the number of doses of Pgp substrates is summarized in Table 1. In these calculations, for
example, a patient who received eight cycles of a drug combination consisting of 3 Pgp substrates is shown as having received 24 doses of Pgp substrates. As tabulated in Table 1, these
patients had received 0 – 60 doses of Pgp substrates (median of
30 and mean of 18.3). Although this presentation has limitations
and has not been previously validated, it provides some insight
into cumulative exposure to Pgp substrates. Those with breast,
ovarian, and non-small cell lung cancers had received a median
of five prior chemotherapy regimens, including a median of 18.5
doses of Pgp substrates, and were considered drug resistant and
eligible for experimental therapy.
Comparison of baseline scans with those performed after
the administration of XR9576 showed no obvious visual
changes in 99mTc-sestamibi uptake and retention in normal lung
or heart muscle. The lung:heart AUC0 –3 h in the right and left
lungs also showed no substantial effect of XR9576 (mean percent change, right lung ⫽ ⫹9%; left lung ⫽ ⫹2%). For the
heart, the mean change in AUC0 –3 h was ⫹2%. In contrast, an
increase in retention of 99mTc-sestamibi was visibly apparent in
the liver in almost all patients after XR9576 administration, and
this was confirmed by a corresponding increase in liver:heart
AUC0 –3 h ratios in 23 of 25 patients. As summarized in Table 1,
the mean (range) percentage change from baseline in liver:heart
99m
Tc-sestamibi AUC0 –3 h was ⫹128% (range, ⫺14 to
⫹278%). A substantial increase in 99mTc-sestamibi accumulation was observed in most patients; however, the degree of
enhancement of 99mTc-sestamibi uptake by XR9576 was variable. Although patients received a fixed 150-mg dose of
XR9576, there was no correlation between either body surface
area or serum levels of XR9576 and the percentage change in
liver:heart 99mTc-sestamibi AUC0 –3 h.
In addition to enhanced hepatic accumulation of 99mTcsestamibi, tumor visualization was also frequently enhanced
after XR9576 (Table 1 and Fig. 1). In 17 of 25 patients, at least
one tumor mass was visualized and a 99mTc-sestamibi AUC0 –3 h
calculated. In three of these patients, the tumor was only visu-
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Table 1

Patient characteristics and results of
Prior chemotherapy
with Pgp substratesa

Patient
no.

Diagnosis

Age
(yr)

Sex

No. of
agents

No. of
doses

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Clear cell carcinoma
Clear cell carcinoma
Clear cell carcinoma
Clear cell carcinoma
Clear cell carcinoma
Clear cell carcinoma
Papillary carcinoma
Adrenal cancer
Adrenal cancer
Adrenal cancer
Adrenal cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer
Breast cancer
Ovarian carcinoma
Ovarian carcinoma
Ovarian carcinoma
Melanoma
NSCLS
Parotid gland carcinoma
Basal call carcinoma
Cervical adenocarcinoma
Ewing’s sarcoma

58
36
54
53
63
44
63
43
69
32
31
80
55
55
57
52
33
63
44
66
49
28
48
42
35

M
M
M
M
M
M
F
F
F
M
M
F
F
F
F
F
F
F
F
F
M
F
M
F
M

0
0
0
0
0
0
0
3
3
3
3
2
2
3
3
1
2
3
2
1
2
0
0
1
2

0
0
0
0
0
0
0
30
24
32
48
11
21
21
5
6
14
32
11
3
9
0
0
2
60

99m

99m

Tc-sestamibi imaging

% change
liver:heart
Tc-sestamibib
AUC0–3 h
111
130
114
75
59
198
110
229
222
190
278
152
56
84
218
253
167
174
⫺14
48
⫺3
67
111
95
122

Lung/chest
wallc

Liverc

INCd
INC
INC
INC
NV
NV

INC

NV
INC
INC
INC
NV
NOT INC
NV

NV

Lymph
nodec
NV
INC
NV
V
NOT INC
NV

Bone/soft
tissuec
NV
NV
INC
NV
INC
NV

NV
INC
NV
INC
NV
NV

NV
NOT INC

NV

NV

NV

NV

NOT INC

V

NOT INC
NOT INC
INC
INC

NV

NV
NV

NV
NV
INC
INC

NV
NOT INC
NV
NV
NV
NV
NV
NV
NV

a
Prior chemotherapy: each prior Pgp substrate administration was counted as a separate dose. Thus, for example, patient 8 was treated with 3
Pgp substrates on 10 successive cycles (3 ⫻ 10 ⫽ 30 doses); whereas patient 11 was treated with 3 Pgp substrates for a total of 16 cycles (3 ⫻ 16 ⫽
48 doses).
b
See “Patients and Methods” for calculation used to derive percentage change liver:heart 99mTc Sestamibi AUC0 –3 h.
c
Four columns on the right indicate sites of disease documented by exam or radiographic studies. Empty box ⫽ no metastatic disease at this
site or organ.
d
Results of 99mTc Sestamibi imaging are summarized as follows: INC, tumor mass visualized in baseline 99mTc-sestamibi image and tumor:heart
AUC0 –3 h increased after XR9576; NOT INC, tumor visualized in baseline 99mTc-sestamibi image but tumor:heart AUC0 –3 h unchanged or decreased
after XR9576; V, tumor visualized but not included in initial field of view, so change in AUC unknown; and NV, 99mTc-sestamibi imaging did not
visualize tumor mass at baseline nor after XR9576 (in patients 7, 8, 14, 15, 17, 18, 20, and 25 tumors not visualized).

alized on the post XR9576 scan. Overall, 99mTc-sestamibi imaging was able to detect tumor metastases in 17 patients. This
included lung metastases in 63% of patients with radiographic
documentation of lung lesions, and liver, lymph node, and
bone/soft tissue foci in 40, 36, and 28% of patients with known
disease in those areas, respectively. In some patients, liver
lesions were seen as a photopenic defect.
In 13 of 17 patients with tumor masses visible by 99mTcsestamibi, the tumor:heart 99mTc-sestamibi AUC0 –3 h increased
after the administration of XR9576, with increases of 36 –263%
seen in 8 patients. As can be seen in Fig. 1, the magnitude of the
increase in tumor:heart 99mTc-sestamibi AUC0 –3 h varied
among the various lesions in a patient with multiple lesions and
among patients. There were two patients with objective responses (patients 3 and 13 in Table 1), and in both of these
patients, sestamibi accumulation increased after administration
of XR9576. Tumor masses in 5 of 7 patients with renal cell
carcinoma and 3 of 4 patients with adrenocortical carcinoma had
enhanced uptake of 99mTc-sestamibi after XR9576. The patients
with adrenocortical carcinoma were known to express Pgp as
proven on biopsies obtained in prior studies. Because this was a

Phase I study, the other patients in this trial did not undergo
biopsy to assess the degree of Pgp expression in their tumors.
The 99mTc-sestamibi images at baseline and after administration
of XR9576 for 3 patients (patients 3, 5, and 10 in Table 1) are
shown in Fig. 2. Increases in 99mTc-sestamibi accumulations in
multiple lung and soft tissue metastases are demonstrated. The
thigh metastasis shown in the first example was discovered for
the first time on the baseline 99mTc-sestamibi whole body scan.
Fig. 3 demonstrates the effect of XR9576 on 99mTc-sestamibi
clearances in a patient with adrenocortical cancer.

DISCUSSION
This study describes the results of 99mTc-sestamibi imaging
studies in patients enrolled in a Phase I trial of XR9576, a potent
and specific Pgp antagonist currently undergoing evaluation as a
modulator of multidrug resistance (4, 5). A single 150-mg dose of
XR9576 inhibited efflux of 99mTc-sestamibi from the normal liver
and from tumors at various sites in patients with drug resistant
cancers. The observation that accumulation of 99mTc-sestamibi in
tumors could be enhanced by XR9576 provides strong evidence of

Downloaded from clincancerres.aacrjournals.org on January 22, 2021. © 2003 American Association for
Cancer Research.

Clinical Cancer Research 653

Fig. 1 Changes in 99mTc-sestamibi accumulations after XR9576 in the
33 tumors visualized and quantified in the 17 patients with visualized
tumors categorized by tumor type. Each patient is represented by a
different symbol. One to five lesions were quantified in each patient, and
these are shown as individual data points, but all lesions from the same
patient have the same symbol. The two data points identified as 5 and 10
represent lesions from patients 5 and 10. Images from these patients are
shown in Fig. 2. The “Other Cancers” group includes from left to right:
ovarian carcinoma; non-small cell lung cancer; parotid gland carcinoma;
basal cell carcinoma; and cervical adenocarcinoma.

the expression of the Pgp drug efflux pump in patient’s tumors.
Previous Pgp antagonists have been hampered by either a lack of
potency, the occurrence of dose-limiting side effects, or the need to
reduce the dose of chemotherapy because of pharmacokinetic drug
interactions (10 –13). Because XR9576 and other third generation
Pgp blockers appear to be more potent and selective Pgp inhibitors,
it should now be possible to properly test the value of blocking Pgp
clinically. We would note that in the present study the addition of
XR9576 had no effect on vinorelbine pharmacokinetics.3
For relatively nontoxic agents such as XR9576, the optimal
dose would best be defined using a therapeutic end point rather
than toxicity (maximum-tolerated dose), and a variety of in vivo
and ex vivo assays to measure Pgp function and inhibition have
been developed (5, 6, 14, 15). 99mTc-sestamibi imaging has
been used to evaluate the efficacy of Pgp inhibitors (16 –19), and
other studies have correlated 99mTc-sestamibi imaging with
either Pgp expression or clinical response. In breast cancer,
several studies have correlated retention of 99mTc-sestamibi
with the levels of Pgp quantified by 125I-labeled MRK-16 binding or more traditional immunohistochemical methods (20 –24).
Trials evaluating primary and locally advanced breast cancer
have demonstrated a correlation between Pgp expression and
99m
Tc-sestamibi retention. In addition, several groups have re-

3

J. Abraham et al., manuscript in preparation.

ported that tumors that do not visualize with 99mTc-sestamibi
frequently do not respond to chemotherapy (25–30).
As previously shown for other antagonists, a marked effect
was observed on 99mTc-sestamibi accumulation in the normal
liver, most likely reflecting inhibition of Pgp-mediated biliary
excretion (16 –19, 31). In the absence of XR9576 (baseline
studies), 99mTc-sestamibi is rapidly taken up and then excreted
from the liver; and after a period of efflux, 99mTc-sestamibi
levels in the liver are generally well below levels in the heart,
which contains relatively little Pgp (32). In contrast, after the
administration of XR9576, 99mTc-sestamibi accumulates in the
liver and is retained there. The efflux of 99mTc-sestamibi is
the phase that is markedly affected by XR9576. It is clear that
an XR9576-inhibitable efflux system, presumably Pgp, pumps
99m
Tc-sestamibi out of the liver. However, close examination
revealed that in 13 of 25 patients, the initial rate of liver uptake
of 99mTc-sestamibi in the baseline studies was faster than after
the administration of XR9576. This suggests that an XR9576inhibitable system may also be involved in the uptake of 99mTcsestamibi in the liver, raising the possibility that Pgp is also
present and active at the blood/liver interface and mediates the
accumulation of 99mTc-sestamibi in the liver. Although unlikely, it should be noted that one cannot rule out alterations
in hepatic blood flow after administration of XR9576 as an
alternative explanation. More importantly, enhanced 99mTcsestamibi accumulations were seen in tumors in a majority of
patients. The rapid efflux of 99mTc-sestamibi from tumors at
baseline was blocked after the administration of XR9576, likely
representing blockage of Pgp-mediated efflux. The gradual decline of 99mTc-sestamibi activity seen after the administration of
XR9576 may represent non-Pgp mediated efflux, as sestamibi is
known to be effluxed by a second ABC transporter, the multidrug resistance-associated protein, which is widely expressed
and not blocked by XR9576 (33, 34). Our results raise two
questions: (a) how sensitive is 99mTc-sestamibi imaging to Pgp
expression within tumors and (b) is the magnitude of the enhancement of accumulation of 99mTc-sestamibi by a Pgp
blocker significant? Although this Phase I study cannot provide
an accurate estimate of sensitivity, some tentative conclusions
can be reached. The accumulated data suggests that lung lesions
are most likely to be successfully visualized. In this study,
pulmonary metastases were detected by 99mTc-sestamibi in 63%
of patients with known lung metastases. Larger lesions are not
necessarily easier to image as demonstrated by a patient with
adrenocortical cancer who had too numerous to count lung
metastases, many of which were visualized only after the administration of XR9576, whereas in other patients, larger metastases were not seen. 99mTc-sestamibi was less successful in
visualizing liver metastases, which were often seen as photopenic defects in the scans. This is likely because of the avid
uptake of 99mTc-sestamibi by normal liver. Finally, lymph node
and bone or soft tissue metastases were detected with a sensitivity of ⬃28 – 40%. Although some of these were ideally located in peripheral sites, overlapping sestamibi activity from the
heart and the gastrointestinal tract often obscured others in the
mediastinum and retroperitoneum. Attenuation by overlapping
structures also undoubtedly contributed to the failure of many
deep lesions to visualize with sestamibi. Also, because only one
region could be chosen for the early 0 –30-min images, lesions
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Fig. 2 99mTc-sestamibi images at baseline and
after administration of XR95767 for patients 3, 5,
and 10. Patient numbers are shown in parentheses.
A, arrow identifies a left thigh mass that had gone
undetected until the whole body 99mTc-sestamibi
scan was performed (patient 3, renal cell carcinoma, 263% increase in tumor:heart AUC0 –3 h ratio). B, arrow indicates a soft tissue mass invading
the iliac bone (patient 5, renal cell carcinoma, 18%
increase in tumor:heart AUC0 –3 h ratio). C, arrows
indicate numerous bilateral lung metastases that
are all more readily visualized after the administration of XR9576 (patient 10, adrenocortical carcinoma, 76 –191% increase in tumor:heart AUC0 –
3 h ratios).

elsewhere in the body with rapid washout of sestamibi were
likely missed by the whole body scan performed 30 min after
the administration of 99mTc-sestamibi. Thus, these sensitivities
are likely to be underestimates.
As for the significance of the magnitude of the changes in
uptake of 99mTc-sestamibi after XR9576, several facts must be
considered. The percentage increases in AUCs are for a 3-h period
and thus represent an underestimation of the total increase. More

importantly, however, is the fact that the results are based on planar
imaging. Regions of interest drawn on planar images include all of
the tissue between the tumor and the camera detector, as well as the
tissue located behind the tumor in that plane. The inclusion of
activity from these overlapping areas diminishes the magnitude of
the changes in the tumor. Better results are expected in the future
with the development of positron emission tomography using
94m
Tc-sestamibi scanning, which will allow for true quantitation.
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Fig. 3 Effect of XR9576 on 99mTc-sestamibi disposition in normal heart and liver and two pulmonary metastases in a patient with adrenocortical
carcinoma (patient 10). Administration of XR9576 has little effect on 99mTc-sestamibi accumulation in the heart but results in marked delay in hepatic
clearance. The rapid decline in 99mTc-sestamibi levels in the tumors seen in the baseline scan is partially blocked by the administration of XR9576.

In summary, we report the evaluation of the ability of
XR9576 to affect 99mTc-sestamibi accumulation by various
tissues and tumors. As has been previously reported with
other Pgp antagonists, a marked effect was observed on the
accumulation of 99mTc-sestamibi in the liver of patients after
the administration of XR9576. More importantly, the increases observed in tumors after the administration of
XR9576 compare very favorably with those reported with
previous Pgp antagonists, suggesting XR9576 might be a
more potent antagonist than its predecessors (35). The demonstration that 99mTc-sestamibi accumulation can be increased by XR9576 provides evidence of the existence of
inhibitable 99mTc-sestamibi efflux and functioning Pgp in
these drug-resistant tumors.

Note added in proof:
XR9576 has been assigned the international nonproprietary
name, Tariquidar.
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