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Multidrug resistance (MDR) due to expression of a membrane-
associated permeability glycoprotein (P-glycoprotein [Pgp]) pre-
vents successful cytotoxic chemotherapy for breast cancer.
Identification of MDR would facilitate selection of chemotherapy
regimens and MDR modulators. This study aimed to evaluate
99mTc-sestamibi imaging for predicting overexpression of Pgp in
primary breast cancer and to measure the efficacy of torem-
ifene, the MDR modulator, in vivo. Methods: Twenty patients
with untreated breast cancer had 99mTc-sestamibi imaging 20
and 120 min after tracer injection before and after a 3-d course
of toremifene (780 mg/d). Tumor samples were obtained during
surgery for correlation of imaging and Pgp immunohistochem-
istry. Results: Sixteen of 20 tumors were visualized with sesta-
mibi. Before toremifene, there was a significant inverse corre-
lation (Spearman rank correlation coefficient [RS]) between
staining intensity, based on the anti-Pgp monoclonal antibodies
C494 and C219, and the tumor-to-background ratio (T/B) at 120
min (RS � �0.85; P � 0.001 and RS � �0.71; P � 0.001,
respectively). However, the correlation between the T/B and
immunohistochemistry at 20 min was significant only for C494
(RS � �0.57; P � 0.01). Similarly, before toremifene, there was
an inverse correlation between staining intensity and the change
in the T/B between 20 and 120 min (RS � �0.77; P � 0.001 and
�0.75; P � 0.001 for C494 and C219). After toremifene, an
inverse correlation between staining intensity and the T/B was
seen only at 120 min and only with C494 (RS � �0.68; P � 0.01).
However, the change in the T/B between 20 and 120 min
correlated significantly with staining intensity for C494 and
C219 (RS � �0.68; P � 0.01 and �0.7; P � 0.01 for C494 and
C219, respectively). Toremifene did not significantly alter the
overall T/B at either 20 or 120 min when data were compared
before and after toremifene. Nevertheless, at 120 min, 8 of 8
tumors with low Pgp expression showed reduced uptake after
toremifene, whereas 5 of 6 tumors with strong expression
showed increased uptake (P � 0.003). Moreover, there was a
significant correlation between the change in the T/B and stain-
ing intensity with C494 (RS � 0.59; P � 0.05) and C219 (RS �
0.56; P � 0.05) at 120 min but not at 20 min. Conclusion:

99mTc-Sestamibi accumulation in breast cancer correlates with
Pgp expression. Toremifene has a dual effect on this accumu-
lation, increasing it through an inhibitory effect on Pgp while at
the same time reducing it by a direct competition with sesta-
mibi. The latter implies that in response to Pgp modulation the
efflux of various agents may be affected differently.
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Intrinsic or acquired resistance to cytotoxic chemotherapy
represents a major obstacle to the successful treatment of
many solid cancers, including breast cancer (1). Frequently,
cancers exhibit simultaneous cross-resistance to several
chemically distinct cytotoxic agents, a phenotype known as
multidrug resistance (MDR) (2,3). This process involves
amplification or overexpression (or both) of specific DNA
sequences in drug-resistant, but not drug-sensitive, cells (4).
The mdr1 gene on chromosome 7q21-1, which encodes a
170-kDa membrane-associated permeability glycoprotein
(P-glycoprotein [Pgp]) (5), has been shown to be the chief
mediator of the MDR phenotype (2,3). Pgp functions as an
efflux pump for a diverse range of exogenous (and possibly
endogenous) substances, including the anthracyclines (doxo-
rubicin, epirubicin), epipodophyllotoxins (etoposide), vinca
alkaloids (vincristine, vinblastine), and taxanes (paclitaxel,
docetaxel) (6). For a variety of different tumor types, the
level of Pgp expression has been shown to correlate with
sensitivity to cytotoxic chemotherapy (7–10). In addition,
Pgp expression has been shown to act as a prognostic factor
in patients with breast, lung, gastrointestinal, and gyneco-
logic cancers (10–17).

For most patients, the realization that their tumor exhibits
the MDR phenotype comes only after chemotherapy has
failed to deliver a response. This has the deleterious effects
of exposing the patient to the potentially life-threatening
side effects of ineffective treatment, delaying instigation of
an alternative effective treatment, allowing the tumor to
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progress locally or metastasize to distant sites (or both)
during the period of ineffective treatment, and enhancing
selection of intrinsically aggressive clones by exposing
them to sublethal doses of DNA-damaging agents.

Identification of the presence of the MDR phenotype at
an early stage, preferably before beginning cytotoxic che-
motherapy, would offer the chance of selecting drugs that
are known not to be substrates for the Pgp efflux pump (if
such agents have proven activity against the specific tumor
type) or attempting to decrease the activity of Pgp through
the use of specific MDR modulators. Such agents include
calcium channel blockers, immunosuppressants, antiestro-
gens and steroids, antimalarials, calmodulin antagonists,
and antithrombotics (1). Several of these agents (e.g., verap-
amil, cyclosporin A, tamoxifen) have significant toxicities
at the doses required to modulate MDR in vivo (18–20).
This fact has limited the clinical application of MDR mod-
ulators and provided an impetus to search for novel com-
pounds or analogs of existing compounds with more accept-
able toxicity profiles. One such agent is toremifene, a
nonsteroidal triphenylethylene antiestrogenic analog of ta-
moxifen (21,22).

Lipophilic 99mTc-labeled imaging agents, such as sesta-
mibi (hexakis-2-methoxyisobutylisonitrile), that are sub-
strates for Pgp (23–25) offer the prospects of scintigraphy to
assay functional Pgp status qualitatively and quantitatively
in the whole tumor in vivo. In addition, should a tumor be
found to be functionally Pgp positive, imaging after admin-
istration of MDR-modulating agents would provide a means
of measuring the effect of such modulators before using
them in conjunction with cytotoxic chemotherapy. To-
gether, such noninvasive imaging protocols would promote
rational treatment selection for individual patients on the
basis of the functional Pgp status of their tumors. Therefore,
to assess these twin goals, 99mTc-sestamibi imaging was
performed on patients with newly diagnosed, primary breast
cancer before and after treatment with high doses of the
antiestrogenic MDR modulator, toremifene. The levels of
99mTc-sestamibi tumor accumulation were correlated with
the results of immunohistochemical staining for the pres-
ence of Pgp.

MATERIALS AND METHODS

Patients
The study was approved by the Local Research Ethics Com-

mittee. Patients with palpable, biopsy-proven, treatment-naive,
early breast cancer were eligible for inclusion in the study if they
were 40–75 y old, with a Karnofsky performance score of �70%
and normal hematologic and biochemical parameters. All 20 pa-
tients underwent routine preoperative assessment, including hema-
tologic, biochemical, and radiologic (chest radiography and mam-
mography or breast sonography [or both]) examinations and gave
written informed consent to participate in the study.

Immunohistochemistry
Tumor samples, obtained at the time of surgical excision, were

available for all 20 patients. Immunostaining was performed on 3-

to 5-�m formalin-fixed and paraffin-embedded tissue sections
using a 3-step immunoperoxidase method. Two murine IgG2a
monoclonal antibodies, C219 and C494 (Signet Laboratories, Lon-
don, Ontario, Canada), which recognize different epitopes on Pgp,
were used. In addition, QCRL-1 (Signet Labs.), a murine IgG1
monoclonal antibody that recognizes MDR-related protein (MRP),
was used to assess the presence of this mediator of the MDR
phenotype. Tissue sections were also stained with the murine
monoclonal antibody CK18 (ICRF Laboratories, London, U.K.) as
a means of confirming the epithelial origin of tissue samples.
Before staining, sections were microwaved (model AVM 902/WH;
Philips Whirlpool, Stockholm, Sweden) in citrate buffer to unmask
antigenic sites. All primary antibodies were diluted to between
1:10 and 1:40, from an original concentration of approximately 0.1
mg/mL, with phosphate-buffered saline (PBS) containing 0.1%
sodium azide and 1% bovine serum albumin and applied to the
tissue sections for 2 h at room temperature. Biotinylated rabbit
antimouse IgG secondary antibody (Dako A/S, Glostrup, Den-
mark) was applied for 1 h at room temperature at a dilution of
1:150 in PBS. Horseradish peroxidase–conjugated streptavidin
(ID Labs Inc., Glasgow, U.K.) at a dilution of 1:150 was applied
as a third layer for 45 min at room temperature and 3,3�-diamino-
benzidine (0.25% solution in 0.1% hydrogen peroxide) was added
as a chromogen. Sections were counterstained with fresh Cole’s
hematoxylin (Pioneer Research Chemicals, Colchester, U.K.),
dipped in Scott’s tap water, immersed briefly in acid alcohol (1%
hydrochloric acid/70% ethanol, v/v), dehydrated through sequen-
tial alcohol and xylene washes, and mounted using Pertex solution
(Cell Path House, Hemel Hempstead, U.K.).

Imaging
Breast imaging was performed after a bolus intravenous injec-

tion of 500 MBq 99mTc-sestamibi (Dupont Pharma, North Bil-
lerica, MA) using an MS2 dual-head camera (Siemens, Erlangen,
Germany) interfaced to a Macintosh-based computer system. The
energy window was set at 15% around the 140-keV photopeak to
minimize the effect of scatter. A low-energy, high-resolution col-
limator was used. The images were acquired using a 256 � 256
matrix at a zoom of 1.6 for the lateral view and 1.23 for the
anterior view. The patients were imaged in the following positions:
anterior view for immediate dynamic studies, anterior static view
for 10 min starting 10 min after injection, and prone lateral static
view for 10 min starting 20 min after injection. If the lesion was
close to the anterior chest wall, a 30° posterior oblique projection
was used. Lead shielding placed between the breasts reduced
crosstalk between the breasts. The above static acquisitions were
repeated at 2 h after injection of radiotracer.

Toremifene Administration
A 99mTc-sestamibi study was performed on day 1 before

toremifene administration. This was followed by 3 d (days 1–3) of
oral treatment with toremifene (Orion Corp., Turku, Finland), 780
mg/d in 3 divided doses. Another 99mTc-sestamibi study was
performed on day 4 within 2 h of the last dose of toremifene.
Patients underwent surgical excision of the breast tumor within
24 h of this study. The toxicity of toremifene treatment was
assessed by administering a questionnaire at the time the patient
underwent the second 99mTc-sestamibi study.

Data Analysis
Regions of interest (ROIs) were drawn around the tumor and

over adjacent background (as a circular line ROI), clearly sepa-
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rated from the tumor ROI. These ROIs, which contained identical
pixel numbers before and after toremifene, were copied onto the 2
sets of images by specially designed software that allowed accu-
rate repositioning without disturbance of their relative positions.
The accuracy of repositioning of the ROIs was further assessed by
comparing their relative positions with heart and liver as internal
markers. Counts in the background region were normalized by
dividing with the number of pixels in the background region and
then multiplying by the tumor areas. Tumor-to-background ratios
(T/B) were calculated by dividing the tumor counts by the nor-
malized background counts. The T/B were compared between
early and late images in scans before and after toremifene. The T/B
for a nonvisualized tumor was assigned a value of 1.

Statistical Analysis
Nonparametric statistics were used. Accordingly, the T/B at

individual times after sestamibi injection were expressed as a
median and range, whereas the correlations between Pgp expres-
sion on immunohistochemical staining and the T/B obtained from
99mTc-sestamibi imaging were expressed as the Spearman rank
correlation coefficient (RS). Paired data were assessed with the
Wilcoxon signed rank test, and proportions were compared using
the Fisher exact test. A P of �0.05 that a result could have
occurred by chance was regarded as significant.

RESULTS

Immunohistochemistry
All tumor samples showed positive staining with CK18,

confirming their epithelial origin. For Pgp staining, tumor
samples were examined and scored independently by 2
pathologists who were unaware of the results of the 99mTc-
sestamibi imaging. The following levels of staining inten-
sity for monoclonal antibodies C494 and C219 were de-
fined: complete absence of staining, scored as 0; weakly
positive (�5% cells positive), scored as 0.5; tumors with
5%–10% cells positive for Pgp, scored as 1; tumors with
�10% cells positive for Pgp, scored as 2; and cells with
strong staining, scored as 3. In contrast, all tumor samples
were negative for staining with the MRP-specific monoclo-
nal antibody QCRL-1. Representative examples of staining
are shown in Figure 1. The results of staining are summa-
rized in Table 1. As can be seen, there was good agreement
between the results obtained with C494 and C219.

99mTc-Sestamibi Imaging Before Toremifene
All 20 patients underwent 99mTc-sestamibi imaging be-

fore toremifene administration according to the described
protocol. In 4 patients, the tumor was not visualized at either
early or late imaging. The median T/B were 1.79 (range,
1–2.68) and 1.63 (range, 1–2.98) at 20 and 120 min, respec-
tively. For the 16 patients whose tumors were visualized,
the T/B increased in 6 and decreased in 10 patients between
20 and 120 min (median, �6.1%; range, �32% to 41%).
Representative images are shown in Figure 2. The data for
all 20 patients are summarized in Table 1.

The 4 tumors that were not visualized at either 20 or 120
min stained strongly positive for Pgp, all scoring as 3. For
all tumors, there was a significant inverse correlation be-
tween the staining intensity with C494 and C219 and the
120-min T/B before toremifene, with RS values of �0.85
(P � 0.001) for C494 and �0.71 (P � 0.001) for C219.
However, the correlation between the T/B and immunohis-
tochemistry at 20 min was significant only for C494 (RS �
�0.57; P � 0.01). With respect to a change in the T/B
between 20 and 120 min, there was a significant inverse
correlation with the staining intensity for C494 and C219,
with respective RS values of �0.77 (n � 16; P � 0.001) and
�0.75 (n � 16; P � 0.001).

99mTc-Sestamibi Imaging After Toremifene
Seventeen patients underwent imaging after toremifene

administration according to the described protocol. Of the
patients who did not have further scanning, 1 had diarrhea
that was probably attributable to the study medication and 2
withdrew from the study for reasons other than drug toxic-
ity. The overall imaging results were generally altered little
by the administration of toremifene (Table 1). Three of the
4 patients whose tumors were not visualized on scintigraphy
before toremifene had further imaging and, again, their
tumors were not seen. The median T/B after toremifene
were 1.71 (range, 1–3.26) and 1.61 (range, 1–2.67) at 20
and 120 min, respectively, neither significantly different
from the corresponding values before toremifene. Although
the T/B increased in only 1 patient and decreased in 13
patients between 20 and 120 min (median, �13.7%; range,

FIGURE 1. Immunohistochemical staining patterns for Pgp in breast cancer. (A) Negative, scored as 0. (B) Positive, scored as 1.
(C) Strongly positive, scored as 3.
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�37% to 34%), the overall change was not significant
compared with that before toremifene (P � 0.05; Wilcoxon
signed rank test).

After toremifene, a significant inverse correlation be-
tween staining intensity and the T/B was seen only at 120
min and only with C494 (RS � �0.68; n � 17; P � 0.01).
However, with respect to a change in the T/B between 20
and 120 min (excluding 3 tumors that were not visualized),
there was again a significant inverse correlation with the
staining intensity for C494 and C219, with respective RS

values of �0.68 (n � 14; P � 0.01) and �0.7 (n � 14; P �
0.01).

Comparison of Data Before and After Toremifene
Although toremifene had no significant effect on the

overall T/B at either 20 or 120 min, there were significant
positive correlations between the change, induced by
toremifene, in the T/B at 120 min and the staining intensities
based on C494 (RS � 0.59; n � 14; P � 0.05) and C219
(RS � 0.56; n � 14; P � 0.05). With respect to imaging at
20 min, the corresponding correlations did not reach signif-
icance (RS [C219] � 0.46 and RS [C494] � 0.39; n � 14;
P � 0.05). When patients were classified into those with no
staining or weak staining (scores, 0–1) or clear staining
(scores 2 and 3), then with either antibody, 8 of 8 patients
with low scores showed a decreased T/B at 120 min com-

pared with the value before toremifene at the same time,
whereas 5 of 6 patients with high scores showed an in-
creased T/B (P � 0.003; Fisher exact test). The picture at 20
min was less clear with corresponding fractions of 5 of 8
and 5 of 6 patients (P � 0.11). In other words, in the
absence of Pgp, toremifene decreased sestamibi uptake, but
this trend was reversed when Pgp was expressed.

Toxicity
Toremifene was generally well tolerated and no serious

grade III or grade IV toxicities were recorded. One patient
had diarrhea that necessitated withdrawal from the study
before further imaging after toremifene. Three patients re-
ported mild nausea and dizziness. In all cases, the side
effects resolved completely within 12 h of stopping
toremifene administration. All patients were able to undergo
surgical tumor resection within 24 h of completing
toremifene treatment, and no additional adverse events oc-
curred during the postoperative course that may have been
attributable to the drug.

DISCUSSION

Cytotoxic chemotherapy plays a central role in the man-
agement of breast cancer. Depending on the clinical situa-
tion, there are indications for the use of chemotherapy as

TABLE 1
Individual Patient Data

Diagnosis
Size
(mm)

T/B* before toremifene T/B* after toremifene† Pgp‡

20 min 120 min 20 min 120 min C494 C219

G2 ILC/IDC 30 1.65 1.99 1.35 1.81 0 0
G2 IDC 24 NV NV NA NA 3 3
G1 IDC 20 1.51 1.26 1.52 1.46 2 2
G3 IDC 27 1.76 1.63 1.65 1.36 3 3
G1 IDC 15 1.81 1.89 1.9 1.79 1 0.5
G2 IDC 17 1.84 1.64 1.71 1.61 1 0
G1 IDC 16 NV NV NV NV 3 2
G3 IDC 10 2.2 2.9 3.26 2.67 0 0
G3 IDC 20 1.72 0.64 NA NA 2 1
G3 IDC 14 NV NV NV NV 3 3
G3 IDC 14 NV NV NV NV 3 2
G3 IDC 25 2.05 1.62 2.17 1.81 3 3
G2 IDC 23 2.24 2.34 2.05 2.04 0 0
G2 IDC 37 2.25 1.52 2.44 1.53 3 3
G2 ILC 45 2.29 1.94 2.58 2.11 2 3
G1 IDC 30 2.68 2.65 2.04 1.99 0 0
G1 IDC 40 2.53 1.99 2.22 1.96 1 1
G2 IDC 15 2.53 2.98 NA NA 0 0
G3 IDC 25 1.41 1.21 1.52 1.27 2 2
G2 IDC 14 1.23 1.32 1.41 1.19 1 1

*T/B 20 or 120 min after injection of radiotracer.
†Three days after high-dose toremifene treatment.
‡Pgp expression in tumor determined by immunohistochemistry with monoclonal antibodies C494 and C219 (0, no expression; 1, slight

expression; 2, moderate expression; 3, strong expression).
G1, G2, G3 � well, moderately, and poorly differentiated, respectively; ILC � intralobular carcinoma; IDC � intraductal carcinoma; NV �

not visible; NA � not available.

522 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 43 • No. 4 • April 2002



induction (26,27), adjuvant (28), and palliative (29) treat-
ment. In recent years, there has been increasing interest in
the use of induction chemotherapy in patients with breast
cancer (26,27,30). This approach has several attractions: (a)
tumor downstaging in response to chemotherapy may per-
mit breast conservation in cases that would otherwise need
radical surgery; (b) the response of the primary tumor
predicts the likely chemosensitivity of distant micrometas-
tases; and (c) treatment of subclinical micrometastatic dis-
ease commences at the earliest opportunity. Adjuvant che-
motherapy has been shown to increase survival in patients
with early breast cancer and is widely used (28). Palliative
chemotherapy can deliver meaningful responses and im-
prove quality of life in patients with metastatic disease but
cannot achieve cures (29). Anthracyclines, vinca alkaloids,
and taxanes are key components of currently prescribed
chemotherapy regimens for breast cancer (26,27,30–32).

However, in patients with tumors that have an MDR
phenotype, existing regimens will not be optimal. The abil-
ity to predict this fact before starting chemotherapy might
permit selection of an alternative regimen without agents
that are Pgp substrates or the additional use of MDR mod-
ulators. Thus far, attempts to predict the presence of the
MDR phenotype have focused on immunohistochemical
staining of tumor biopsies for Pgp protein (11,12,17,33) or
detection of messenger RNA (mRNA) by the reverse tran-
scriptase polymerase chain reaction (RT-PCR) (10). Immu-

nohistochemistry has several potential disadvantages: (a)
the patient must undergo a core biopsy; (b) biopsy sampling
error may yield false-negative results; (c) Pgp staining pat-
terns may be heterogeneous and so a single histologic
assessment may not give an accurate estimate of the degree
of drug resistance in the whole tumor; and (d) positive
staining for mRNA does not necessarily predict the func-
tional status of Pgp. RT-PCR shares all of the potential
sampling problems of immunohistochemistry because only
material removed at biopsy is analyzed. In 1 study, RT-PCR
detected mRNA for Pgp in 84% of breast tumor samples,
most of which were negative for Pgp by immunohistochem-
istry (10), highlighting the potential for false-positive re-
sults with this technique. In contrast, 99mTc-sestamibi imag-
ing can give a global estimate of Pgp function for the whole
tumor. In addition, it provides a simple noninvasive means
of assessing the effect of putative MDR modulators in vivo.

In these studies, 99mTc-sestamibi imaging detected 80%
of primary breast cancers, which is in line with the findings
of previous studies (34–36). More important, the results
obtained with 99mTc-sestamibi were shown to correlate with
the presence of Pgp expression as assessed by immunohis-
tochemistry. Specifically, the 120-min T/B before and after
toremifene were inversely related to the strength of Pgp
staining by 2 monoclonal antibodies. However, there was no
clearly identified cutoff between the T/B of Pgp-positive
and Pgp-negative tumors at either 20 or 120 min. Therefore,

FIGURE 2. 99mTc-Sestamibi images of breast cancer obtained 20 min (early) and 120 min (late) after injection of radiotracer. (A)
Same patient as in Figure 1A with tumor showing T/B that increased from 1.65 to 1.99. (B) Same patient as in Figure 1C with tumor
showing T/B that decreased from 2.25 to 1.52.
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a single measurement of T/B will predict functional Pgp
status in breast tumors with limited reliability. Analysis of
the change in T/B between 20 and 120 min (for those
tumors in which such an analysis was possible) appeared to
be a better predictor of Pgp status. Thus, before toremifene,
all 11 tumors that scored 2 or 3 were not visualized or
decreased their T/B between 20 and 120 min (100% sensi-
tivity), whereas 6 of 9 tumors with scores of 0–1 increased
their T/B (67% specificity). It might be argued that such
data have limited clinical usefulness because they add little
or nothing to immunohistochemical staining. However, the
Pgp staining pattern may not always reflect the functional
status of Pgp and the phenotypic presence of MDR. Clearly,
further prospective evaluation of 99mTc-sestamibi imaging,
including assessment of subsequent response to chemother-
apy, will be required to test this hypothesis.

Significantly, there was evidence that administration of
toremifene, given at a dose that has been shown to yield
blood levels equivalent to the concentrations required for
reversal of MDR in vitro (22), altered the results of 99mTc-
sestamibi imaging. Although there were no significant dif-
ferences between the mean T/B for the scans before and
after toremifene at either 20 or 120 min, a significant
relationship was found between Pgp positivity and the
change in the 120-min T/B induced by toremifene. In ad-
dition to the latter findings, toremifene reduced the 120-min
T/B in 8 of 8 patients with tumor staining scores of 0–1.
The absence of any overall significant change in the T/B can
thus be explained by the interaction of 2 opposing effects of
toremifene: first, a tendency to modulate Pgp; and, second,
interference per se in the accumulation of sestamibi that is
unmasked in the absence of Pgp. The mechanism of this
latter finding is unclear but may be the result of cellular
depolarization that would interfere with the electrostatic
trapping of positively charged sestamibi in the negative
environment of mitochondria, an effect reported for tamox-
ifen (37). Moreover, this would be consistent with the
clearer results obtained with respect to changes in the T/B
between 20 and 120 min, or with 120-min data, as opposed
to 20-min data, results which suggest that the impact of Pgp,
and its modulation by toremifene, is more on retention of
substrate than on its initial accumulation.

CONCLUSION

These data suggest that the efflux of various agents may
be differentially affected in response to treatment with an
MDR modulator and that certain MDR modulators may
have properties, in addition to Pgp modulation, that oppose
the accumulation of Pgp substrates. Although, in this study,
the effect was manifest on a diagnostic radiotracer, it is
possible that certain cytotoxic agents might be affected
similarly with a resulting reduction in their therapeutic
efficacy. Therefore, the finding of a reduction in sestamibi
uptake in response to a modulator such as toremifene should

identify the likelihood of a limited or unsuccessful response
to therapy, whether or not Pgp is suppressed.
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