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Introduction

Scintigraphic in vivo evaluation of complex cellu-
lar processes such as proliferation, apoptosis, re-
ceptor/ligand interactions, transport of substrates
and metabolism of nutrients in human cancers is a
wide and continuing evolving area of investigation
in nuclear medicine (Denoyer, et al. 2006; Been et al.
2004; Corsten et al. 2006; Weissleder 2006). A major
purpose in this area is the non-invasive detection of
well-known biochemical, molecular and histologi-
cal markers of tumor aggressiveness, invasiveness
and resistance to therapy, which may provide ratio-
nal criteria for a fine tuning of therapeutic strategies
in individual patients.

In the last decade, **™Tc-labeled lipophilic cations,
originally developed as myocardial perfusion agents
and subsequently used as tumor-seeking agents in
a variety of human neoplasms, emerged as suitable
tools to explore specific cellular processes and func-

tions in malignant tumors. The class of **™Tc-labeled
lipophilic cations includes several tracers such as
99mTc MIBI, *°™Tc-tetrofosmin and *°™Tc-furifosmin,
which share common biophysical, chemical and phar-
macokinetic properties (Sharma 2004). In particular,
99mTc-MIBI and analogous *™Tc-labeled agents share
similar mechanisms of uptake in both normal and
malignant cells. A number of studies consistently
show the passive influx of these lipophilic cations
in response to large negative plasma membrane and
mitochondrial membrane potentials as well as the re-
versible accumulation within mitochondria of both
normal and malignant cells (Piwnica-Worms et al.
1990; Delmon-Moingeon et al. 1990; Carvalho et al.
1992).

Another common property of these tracers is the
ability to interact with P-glycoprotein (Pgp), which
is responsible for their active outward transport in
the extracellular compartment (Piwnica-Worms et
al. 1993). Human P-glycoprotein is a 170-kDa trans-
membrane protein that is encoded by the MDR1 gene
and acts as an energy-dependent drug efflux pump
of broad specificity (Szakacs et al. 2006). Overex-
pression of this protein confers resistance to a large
number of chemotherapeutic agents including an-
thracyclines, Vinca alkaloids, epipodophyllotox-
ins, actinomycin D and taxol. A number of studies
document that ™Tc-MIBI is a transport substrate
of Pgp in a variety of tumor cells, and similar Pgp
recognition properties have been reported for ™Tc-
tetrofosmin and *°™Tc-furifosmin (Sharma 2004) as
well as positron-emitter labeled compounds (Bigott
et al. 2005; Sharma et al. 2005; Elsinga et al. 2004).
Several studies report that *™Tc-MIBI is a also a
substrate for the multidrug resistance associated
protein (MRP1), a multispecific organic anion trans-
porter that differs from Pgp in that it has a substrate
specificity for glutathione-, glucuronate- or sulfate-
conjugates of drugs, and it is sensitive to glutathione
depletion (Hendrikse 2000).
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Because of the extensive literature on the use of
9mTc-MIBI for the biological characterization of
breast lesions, the present chapter will primarily fo-
cus on the ability of this compound to trace specific
cellular processes in breast cancer. However, the
principles outlined for *™Tc-MIBI can be equally
applicable to other agents of the same class of com-
pounds. Clinical studies performed to correlate
99mTc-MIBI uptake or clearance with histological,
molecular and biochemical markers of several cel-
lular processes including apoptosis, proliferation,
P-glycoprotein expression and neoangiogenesis
will be reviewed and discussed. Since the existence
of such correlations does not necessarily imply a
direct dependence of the imaging findings from a
specific cellular process or a cause-effect relation-
ship, attempts will be made to define which cellular
process directly affects “™Tc-MIBI uptake or clear-
ance. Furthermore, efforts will be made to explain
the apparent discrepancy in the results of different
studies and to address specific issues such as the
clinical relevance of correlations and the possibility
to set criteria for daily clinical applications. Finally,
the opportunity to translate the same principles to
other human neoplasms will be taken into account
by reporting parallel evidence of similar correla-
tions in other types of cancer.

7.2
99mTc-MIBI and Apoptosis:
Biological Significance of False Negatives

Apoptosis is an energy-dependent, highly regu-
lated process leading to selective cell death. Several
stimuli including drugs, toxins, gamma irradiation,
cytokines of the TNF family and growth factor with-
drawal may trigger an apoptotic response. Three
main apoptotic pathways originating from three
different subcellular compartments have been iden-
tified as the death receptor-mediated pathway, the
mitochondrial apoptotic pathway and the recently
recognized endoplasmic reticulum pathway (Danial
and Korsmeyer 2004). All pathways lead to the ac-
tivation of the executioner caspases, which in turn
cleave cellular substrates and cause the biochemical
and morphological changes that are characteristic of
apoptosis (Igney and Krammer 2002).

The mechanisms involved in the induction of
apoptosis by most anticancer agents are believed to

be largely mediated by the mitochondrial pathway
(Johnstone et al. 2002). However, it has been increas-
ingly recognized that the endoplasmic reticulum
(ER) cooperates in drug-induced apoptosis and the
interaction between mitochondria, and ER is an
emerging topic of investigation (Bassik et al. 2004;
Scorrano et al. 2000). When a death signal converges
onto mitochondria, it causes an early increase in the
permeability of the mitochondrial membrane and
the release of cytochrome-c and other apoptogenic
factors that trigger the downstream sequence of re-
actions (Kroemer and Reed 2000). Consistent evi-
dence indicates that mitochondrial membrane per-
meabilization is regulated by the opposing actions
of pro- and anti-apoptotic members of Bcl-2 family
(Cory and Adams 2002). Although the complex in-
terplay among these members remains controversial
and several competing models have been proposed
to explain how apoptogenic factors are released into
the cytosol, it is generally accepted that this event re-
sults in mitochondrial dysfunction and dissipation
of mitochondrial membrane potentials (Kroemer
and Reed 2000; Cory and Adams 2002).

Due to the reversible accumulation of *™Tc-MIBI
within mitochondria and the dependence of tracer
uptake on mitochondrial membrane potentials, the
relationship between *™Tc-MIBI uptake and apop-
tosis has been explored both in vivo and in vitro.
In particular, we obtained consistent evidence that
breast carcinomas that fail to accumulate *™Tc-
MIBI, have high levels of the anti-apoptotic protein
Bcl-2 (Del Vecchio et al. 2003). The expression of the
anti-apoptotic protein was also inversely correlated
with the early tumor-to-background ratio in malig-
nant lesions capable of accumulating **™Tc-MIBI. A
cause-effect relationship between Bcl-2 overexpres-
sion and reduction of **™Tc-MIBI uptake in breast
carcinomas has also been confirmed by transfecting
breast cancer cell lines with the human bcl-2 gene
(Aloj et al. 2003). A dramatic reduction of **™Tc-
MIBI uptake was observed in Bcl-2 overexpressing
clones as compared to control cells. Interestingly,
treatment with staurosporine, a potent inducer of
apoptosis, caused an early, partial and transitory re-
cover of tracer uptake in transfected cells.

Overexpression of the anti-apoptotic protein Bcl-
2 has been reported in various types of cancer and
correlates with relative resistance to chemotherapy
and radiation therapy due to a defective apoptotic
program (Reed 2006). In the breast, Bcl-2 is ex-
pressed in normal glandular epithelium and is up-
regulated by estrogen possibly by direct transcrip-
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tional induction (Teixeira et al. 1995). High levels
of Bcl-2 have been found in a considerable percent-
age of breast carcinomas ranging between 32% and
86% (Arun et al. 2003). Recently, the expression of
13 biomarkers including Bcl-2 was evaluated in 930
breast cancers by immunohistochemistry on a tis-
sue microarray, and positivity for Bcl-2 was reported
to be a favorable prognostic marker in breast cancer
independently of lymph node status, tumor size and
grade combined in the Nottingham Prognostic Index
(Callagy et al. 2006). Another recent study reported
an inverse correlation between bcl-2 levels and rate
of proliferation as determined by protein profiling
using tissue microarray technology including Ki67
staining (Ruiz et al. 2006). Despite the recent reports
on the positive prognostic role of Bcl-2, it remains
controversial whether Bcl-2 overexpression is a sig-
nificant independent predictor of response to treat-
ment in breast cancer. There is evidence indicating
that the ratio between Bcl-2 and the pro-apoptotic
protein Bax, which is reported to be modulated in
a p53-dependent manner, is a more reliable predic-
tor of tumor response (Ziyaie et al. 2000). Also, pro-
apoptotic members of Bcl-2 family were reported to
be included in the clusters of genes associated with
a pathological complete response to chemotherapy
(Gianni et al. 2005). Finally, several studies reported
that the absence of Bcl-2 in locally advanced breast
cancer was significantly associated with a better
pathological response to chemotherapy (Ogston et
al. 2004; Pusztai et al. 2004; Prisack et al. 2005).

The exact mechanism by which Bcl-2 overex-
pression prevents **™Tc-MIBI uptake in breast car-
cinoma is presently unknown. However, a clue can
emerge considering that Bcl-2 is an integral protein
of the outer mitochondrial membrane and endoplas-
mic reticulum. At the mitochondrial level, it exerts
a strong inhibitory effect on the permeabilization of
mitochondrial membrane. Bcl-2 is reported indeed
to inhibit cytochrome c release from mitochondria
(Yang et al. 1997), the opening of mitochondrial per-
meability transition pore (Hirsch et al. 1997; Marzo
et al. 1998), and the disruption of mitochondrial
membrane potentials (Shimizu et al. 1998). How-
ever there is growing evidence that the Bcl-2 family
controls apoptosis from the ER by regulating Ca2+
dynamics and crosstalk with mitochondria (Bassik
etal. 2004; Scorrano et al. 2000; Oakes et al. 2005). At
the endoplasmic reticulum level, the anti-apoptotic
protein Bcl-2 can bind and sequester proapoptotic
proteins, thus preventing the oligomerization and
insertion of “multidomain” pro-apoptotic proteins

such as Bax and Bak into the outer mitochondrial
membrane and therefore pore formation and cyto-
chrome-c release (Bassik et al. 2004; Scorrano et al.
2000; Oakes et al. 2005). Furthermore phosphory-
lated Bcl-2 predominantly localizes to the ER where
it is reported to physically interact with inositol tri-
sphosphate receptors I and III and directly or indi-
rectly control the phosphorylation status and Ca2+
leak through these receptors (Oakes et al. 2005; Chen
et al. 2004; Orrenius et al. 2003). Thus high levels
of Bcl-2 in breast carcinomas may similarly affect
the trafficking of *™Tc-MIBI cations across endo-
plasmic reticulum and prevent tracer uptake within
mitochondria despite the stabilization of mitochon-
drial membrane potentials (Fig. 7.1).

There are several reports in theliterature address-
ing the issue of ®™Tc-MIBI uptake in cells or tumors
undergoing apoptosis after exposure to drugs or
gamma irradiation (Zhu et al. 2002; Vergote et al.
2001; Moretti et al. 2005). In particular, *™Tc-MIBI
uptake has been reported to decrease in breast can-
cer cell lines after treatment with anti-cancer drugs
(Vergote et al. 2001). The decrease of tracer uptake
has been reported to be dose-dependent and time-
dependent usually reaching a maximum at 72 h. Al-
though cells may still appear viable, the downstream
progression through the apoptotic cascade may lead
to the disruption of mitochondrial membrane po-
tential and dissipation of the driving force behind
99mTc-MIBI uptake.

Recently, we have obtained evidence that treat-
ment of Bcl-2 transfected breast cancer cells and
control parental cells with different anti-cancer
agents results in opposite changes of **™Tc-MIBI
uptake (unpublished data). After 24 h of drug expo-
sure, Bcl-2 overexpressing clones show an increase
of ¥MTc-MIBI uptake as compared to untreated con-
trols. Conversely, parental cells with no detectable
levels of Bcl-2 show a reduction of tracer uptake af-
ter treatment.

The picture emerging from these findings is that,
in the absence of biological barriers limiting the free
diffusion of the tracer from blood to tumor, the up-
take of *™Tc-MIBI reflects the status of mitochon-
drial membranes and endoplasmic reticulum. In
particular it reflects the permeability of mitochon-
drial membrane, the preservation of mitochondrial
membrane potentials and likely the integrity of
interorganelle cross-talk. Alterations of these fac-
tors normally occur in cancer during drug-induced
apoptosis and finally result in mitochondrial dys-
function with consequent reduction of **™Tc-MIBI
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Fig. 7.1. Schematic representation of the uptake and efflux modalities of *™Tc-MIBI. Uptake: the
passive movement of *™Tc-MIBI from the extracellular to the intracellular compartment and its
reversible accumulation within mitochondria is driven by the electronegative plasma membrane
and mitochondrial membrane potentials. Mitochondria are also main executioners of apoptosis,
and mitochondrial membrane permeabilization is required for apoptosis. Permeability of mito-
chondrial membrane is regulated by the opposing actions of pro- and anti-apoptotic members
of Bcl-2 family. The pro-apoptotic members such as Bax and Bad promote release of cytochrome
¢, whereas the anti-apoptotic members such as Bcl-2 and BclXL inhibit permeabilization of mi-
tochondrial membrane and release of cytochrome c. Once in the cytosol, cytochrome c activates
caspase-9 (casp-9) by binding to Apaf-1. High levels of Bcl-2 prevent **™Tc-MIBI to accumulate
within mitochondria. Efflux: overexpression of P-glycoprotein in resistant tumor cells represents
a powerful mechanism of *™Tc-MIBI extrusion from cells. The Pgp-dependent outward transport

of the tracer can be visualized and estimated in **™Tc-MIBI positive malignant lesions

uptake. Overexpression of the antiapoptotic protein
Bcl-2, with its dual inhibitory role on mitochondrial
permeability and disruption of mitochondrial mem-
brane potentials as well as its potential ability to
control mitochondrial function from the endoplas-
mic reticulum, prevents **Tc-MIBI accumulation
in untreated breast carcinoma, and this effect may
be counteracted during the early phases of drug-
induced apoptosis allowing a transitory increase of
tracer uptake.

Many well-known factors including tumor size,
cellularity, blood supply and cell viability can cause
false-negative results at scintimammography. How
and when false-negative results at *™Tc-MIBI scan
may provide a piece of information on breast cancer
biology? A possible way to address this issue is to
perform a stress test. In other words, a **™Tc-MIBI

scan performed before and immediately after treat-
ment with anti-cancer agents may reveal changes in
tracer accumulation, which depends on Bcl-2 levels
in mitochondrial and ER membranes. For instance,
99mTc-MIBI negative lesions, which become positive
early after treatment with anti-cancer agents, would
presumably express high levels of Bcl-2. A decrease
of tumor-to-background ratio in **™Tc-MIBI positive
lesions after treatment would indicate the absence
of significant levels of Bcl-2. Further studies are
needed to validate this hypothesis and to translate
this approach into clinical applications. However,
many clinical studies have highlighted the prognos-
tic value of absent or reduced early **™Tc-MIBI up-
take in different types of tumors. In particular, the
absent or reduced early #™Tc-MIBI uptake in lung
cancer predicts poor response to chemotherapy and
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radiation therapy independently of tracer clearance
(Bom et al. 1998; Yamamoto et al. et al. 1998; Yuksel
et al. 2002; Nishiyama et al. 2000). Also, lymphoma
lesions not visualized at *™Tc-MIBI scan are refrac-
tory to subsequent chemotherapy (Kapucu et al.
1997; Kao et al. 2001).

7.3
99mTc-MIBI and Proliferation:
Biological Significance of True Positives

Several studies have been undertaken to elucidate
the relationship between °™Tc¢ MIBI uptake and
proliferation in breast cancer. Cutrone et al. (1998)
evaluated several histological variables, including
tumor cell proliferation, in 42 surgical excised breast
lesions. They found a moderate, but significant cor-
relation between degree of **™Tc-MIBI uptake and
cellular proliferation in such lesions. In malignant
lesions with a diameter lower than 1.5 ¢m, Bon-
azzi et al. (2001) found that breast carcinomas with
detectable **™Tc-MIBI uptake showed an increased
proliferative activity as compared to **™Tc-MIBI
negative malignant lesions. In 42 breast carcino-
mas with a diameter higher than 1.8 cm, we could
not find any significant difference in mitotic index
between MIBI-positive and MIBI-negative lesions,
but the apoptotic index was dramatically reduced
in MIBI-negative malignant lesions (Del Vecchio
et al. 2003). Furthermore, a strong, significant and
direct correlation between the rate of proliferation
and the apoptotic index was found in MIBI-positive
lesions, and the apoptotic index was significantly
and directly correlated with the early tumor-to-
background ratio, whereas proliferation showed a
borderline correlation. Evidence of a strong and di-
rect correlation between the proliferation rate and
99mTc-MIBI uptake has been reported also for brain
tumors (Nagamachi et al. 2001; Ak et al. 2003).
These observations, taken together, raised the
question whether proliferation is more important
than apoptosis in determining the degree of *™Tc-
MIBI uptake in malignant breast tumors. Although
cell proliferation and cell death appear to be oppos-
ing and mutually contradictory processes, substan-
tial evidence indicates that their pathways are gen-
erally coupled in human malignancies (Lowe et al.
2004). Many dominant oncogenes, which are well
known promoters of cell proliferation, actually also

possess proapoptotic activity, and their mitogenic
and pro-apoptotic properties are often genetically
inseparable (Pelengaris et al. 2002; Nahle et al. 2002).
Similar findings have been reported for certain
functionally inactive tumor suppressors (Lowe et al.
2004; Hickman et al. 2002). Therefore in cells with
deregulated oncogenes or inactive suppressors, the
activation of the proliferative machinery by appro-
priate growth signals primes also the cellular apop-
totic program or alternatively sensitizes growing
cells to apoptotic signals. In the absence of further
alterations impairing the apoptotic response such
as, for instance, Bcl-2 overexpression, the enhanced
proliferative activity in response to growth signals is
accompanied by an enhanced apoptotic response to
death signals in malignant tumors. In this respect,
a direct and significant correlation between the pro-
liferative and apoptotic index has been reported in
breast cancer (de Jong et al. 2000; Archer et al. 2003).
Therefore it is not surprising that both the prolifera-
tive and apoptotic indexes have been found to cor-
relate directly with *™Tc-MIBI uptake. Furthermore,
detection of apoptosis in tumor tissues is usually per-
formed by staining of DNA fragments or by counting
cells with peculiar morphological changes and iden-
tifies the fraction of cells that had already completed
the apoptotic program. Although directly correlated
to the rate of proliferation, this fraction is usually
limited in breast cancer, accounting for less than 5-
10% of total tumor cells. At present, we do not have
any marker to recognize cells that have been primed
for apoptosis or sensitized to death signals by dereg-
ulated oncogenes or inactive suppressors. It remains
to be elucidated whether early *™Tc-MIBI uptake can
be a surrogate marker to identify such cells.

7.4
99mTc MIBI and P-Glycoprotein Expression:
Biological Significance of Tracer Clearance

Despite the large number of anticancer drugs that
have been developed and tested, multidrug resis-
tance remains the primary cause of treatment fail-
ure in cancer patients. Multiple cellular mechanisms
may contribute to the development of the multi-
drug-resistant phenotype using different modes of
action. Reduced uptake of water-soluble drugs, al-
tered metabolism of drugs, increased repair of DNA
damage, reduced apoptosis and enhanced efflux of
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hydrofobic drugs through energy-dependent trans-
porters may potentially cause resistance of cancer
cells (Szakacs et al. 2006). One of the most exten-
sively studied mechanisms of multidrug resistance
in human tumors involves the overexpression of P-
glycoprotein (Pgp), a member of the ATP-binding
cassette (ABC) family of transporters. A number of
physiological, biochemical and genetic studies indi-
cates that high levels of Pgp enable cancer cells to ex-
trude many chemotherapeutic agents, circumvent-
ing their lethal effects (Gottesman et al. 2002). The
human genoma contains 48 genes that encode ABC
transporters, which have been divided into seven
subfamilies named from ABCA through ABCG, and
at least 12 ABC transporters have a role in drug
resistance in cultured tumor cells. Whether each of
these transporters has a role in clinical anticancer
drug resistance in patients remains to be established
(Leonard et al. 2003). The association of high levels
of Pgp (ABCB1) with poor clinical outcome appears
to be consolidated in many human cancers includ-
ing breast carcinoma, sarcoma and certain types of
leukemia. In particular, a meta-analysis of 31 breast
cancer trials showed a three-fold reduction in re-
sponse to chemotherapy among tumors expressing
Pgp after treatment (Trock et al. 1997).

The clinical relevance of Pgp in determining
breast cancer response to treatment and the avail-
ability of **™Tc-labeled compounds such as *™Tc-
MIBI, *°™Tc-tetrofosmin and 9mTc- furifosmin
prompted investigating whether these tracers could
detect and monitor Pgp expression and function in
vivo (Fig. 7.1).

The first issue addressed by clinical studies in
breast cancer was whether *™Tc-MIBI uptake is re-
duced in Pgp-overexpressing tumors (Moretti et al.
1996; Kostakoglu et al. 1997; Sun et al. 2000; Kao et
al. 2001). Although the results of these studies in-
dicated an inverse relationship between net tracer
uptake and Pgp levels, the time-dependence of such
relationships was not proven since delayed images
were not obtained in these studies.

A tracer kinetic analysis was performed over a
4-h period in a series of 30 untreated patients with
9mTc-MIBI-positive breast carcinomas and re-
vealed a direct statistically significant correlation
between tracer efflux and Pgp levels (Del Vecchio et
al. 1997). A threshold value could also be established
to discriminate Pgp-overexpressing tumors from
breast carcinomas with basal levels of Pgp, and this
threshold corresponded to a time to half clearance
of 204 min. Tracer clearance was also tested for its

ability to predict response to subsequent treatment
in patients with locally advanced breast cancer can-
didates for neoadjuvant chemotherapy (Ciarmiello
et al. 1998). A rapid clearance of *™Tc-MIBI from
tumors was significantly associated with a highly
cellular macroscopic residual tumor at pathological
examination of surgical specimens indicating a lack
of tumor response to neoadjuvant chemotherapy. On
the contrary, the prolonged retention of the tracer
was associated with an effective pathological tumor
response to treatment in two-thirds of the patients.
Similar findings have been obtained by Sciuto et al.
(2002) in 30 patients with locally advanced breast
cancer undergoing neoadjuvant chemotherapy. They
used early (10 min) and delayed (4 h) *™Tc-MIBI up-
take ratio to derive the wash-out rate and found that
a cut-off of 45% provides a satisfactory discrimina-
tion between responders and non-responders.

Takamura et al. (2001) evaluated 46 patients
with locally advanced or recurrent breast carci-
noma and determined both early and delayed tu-
mor-to-background ratios on SPECT images. After
chemotherapy, tumor response was determined by
clinical examination. Both early and delayed tu-
mor-to-background ratios were significantly higher
in responders than in non-responders. Conversely,
Pgp levels determined by immunoperoxidase on bi-
opsy specimens prior to treatment were significantly
lower in responders than in non-responders.

Mubashar et al. (2002) evaluated early and de-
layed uptake ratios in 20 patients with breast carci-
noma before and after treatment with toremifene,
an antiestrogen with Pgp-modulating property. An
inverse correlation between the delayed uptake ratio
and Pgp expression in tumors was confirmed before
treatment. Although a clear cut-off value of tumor-
to-background ratio between Pgp-overexpressing
and Pgp-negative tumors could not be established,
analysis of the change between early and delayed
scan appeared to be a better predictor of Pgp status.
After toremifene treatment, the authors found that
the delayed uptake ratio significantly increased only
in Pgp-overexpressing tumors, whereas it decreased
in tumors with low Pgp levels. Interestingly, three of
the four patients whose tumors were not visualized
before toremifene failed to accumulate **™Tc-MIBI
also after treatment with the Pgp-modulator.

There are several reports in the literature corre-
lating a single early uptake ratio of **™Tc-MIBI with
response to treatment (Cayre et al. 2002; Cayre et
al. 2002). Although the absent or reduced uptake of
99mTc-MIBI in breast carcinoma is indeed correlated
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with a poor response to therapy, it is not clear, in
the absence of a direct evidence of Pgp expression in
individual tumors, whether resistance is due to the
overexpression of Pgp or to other Pgp-independent
mechanism of resistance such as Bcl-2 overexpres-
sion altering MIBI uptake. In order to distinguish in
vivo Pgp-dependent from Pgp-independent mecha-
nisms of multidrug resistance, the faster decline of
tracer uptake over time should be demonstrated
and estimated in individual patients. This should
be taken into account when setting the criteria for
a standardized procedure allowing the functional
imaging of Pgp in clinical practice and the selection
of patients that may benefit from treatment with Pgp
inhibitors.

Once patients with high efflux of Pgp substrates
have been identified, two alternative approaches
can be adopted, namely inhibition of Pgp function
or use of drugs that are able to evade efflux. Despite
the considerable efforts to develop drugs that inhibit
the function of efflux transporters that lead to the
identification of first, second and third generation
of Pgp inhibitors, clinical trials with these drugs
did not show significant clinical benefit in term of
overall survival and response rate (Szakacs et al.
2006). However, phase III trials with the last genera-
tion of inhibitors showing greater substrate speci-
ficity, lower toxicity and improved pharmacokinetic
profiles are currently ongoing. *™Tc-MIBI has been
used to test the effect of Pgp inhibitors in patients.
An enhanced liver uptake of **™Tc-MIBI was re-
ported following administration of several Pgp in-
hibitors (Chen et al. 1997; Peck et al. 2001; Agrawal
et al. 2003). This finding has been ascribed to Pgp
inhibition at physiological sites of protein expres-
sion and considered as a surrogate marker of effec-
tive Pgp inhibition (Wong et al. 2005; Hendrikse et
al. 2004). An increased accumulation of *°™Tc-MIBI
in drug resistant tumors has also been reported af-
ter the administration of third generation inhibitor
XR9576 (Agrawal et al. 2003; Pusztai et al. 2005.

On the other end, the number of drugs that are
able to evade efflux is currently limited, and mostan-
ticancer agents of the MDR spectrum are practically
irreplaceable in chemotherapy regimens (Szakacs et
al. 2006). Therefore the clinical impact of functional
imaging of multidrug resistance still remains unex-
ploited and appears to mainly rely upon the develop-
ment of novel anticancer agents designed to escape
efflux mechanisms.

7.5
99mTc-MIBI and Tumor Blood Supply

Since a prerequisite of *™Tc-MIBI uptake is an ef-
fective delivery of the tracer to the tumor mass, sev-
eral studies have been undertaken to evaluate the
relationship between *™Tc-MIBI uptake and tumor
blood supply. Mankoff et al. (2002) evaluated **™Tc-
MIBI kinetics and blood flow in locally advanced
breast carcinoma. They studied 37 patients with
99mTc-MIBI and 150-water PET imaging and found
a direct correlation between early **™Tc-MIBI up-
take and blood flow in agreement with the findings
reported for myocardial perfusion studies. Conflict-
ing results have been reported on neoangiogenesis
as a factor affecting ™Tc-MIBI uptake. The forma-
tion of new blood vessels is invariably required for
growth of breast cancer, and it has a recognized
role as an indicator of node metastases and survival
(Weidner et al. 1991; Neri and Bicknell 2005; Jain et
al. 2006). Cutrone et al. (1998) found no significant
difference in microvessel density in *™Tc-MIBI-
positive and *™Tc-MIBI-negative malignant lesions.
When neoangiogenesis was compared with tumor-
to-background ratio, a direct correlation has been
found in 31 untreated breast cancer patients (Yoon
et al. 1999). Scopinaro et al. evaluated microves-
sel density in 19 untreated breast carcinomas and
correlated this histological variable with nodal me-
tastases and ?*™Tc-MIBI findings (Scopinaro et al.
1994). The enhanced density of newly formed blood
vessels was associated with both nodal metastases
and detectable **™Tc-MIBI uptake in the primary
tumors. No correlation between intratumoral mi-
crovessel density and **™Tc-MIBI uptake ratio could
be found in patients with breast carcinomas in two
independent studies (Kim et al. 2002; Bekis et al.
2005). These findings, taken together, indicate that,
although a preserved blood supply is required for
tracer delivery to breast carcinoma, it is still con-
troversial whether *™Tc-MIBI uptake can be used
as an indicator of tumor angiogenesis.

7.6
Clinical Implications

All the cellular processes that have been examined
in relation to scintigraphic findings with **™Tc-MIBI
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are indeed relevant for tumor response to treatment.
Most anticancer drugs exert their lethal effect by in-
ducing apoptosis mainly through the mitochondrial
pathway that is governed by members of the Bcl-2
family. The lack of *™Tc-MIBI uptake in palpable
malignant lesions of the breast may indicate the
presence of high levels of the anti-apoptotic pro-
tein Bcl-2 in the mitochondrial membrane or en-
doplasmic reticulum. Whether this observation is
relevant to predict poor tumor response in breast
carcinomas remains to be established in perspective
clinical studies.

Conversely, a high early uptake in untreated
breast carcinoma is correlated with the rate of pro-
liferation. A high growth fraction usually indicates
a more aggressive tumor behavior, but also a bet-
ter and more rapid tumor response to treatment.
An orthodox concept in oncology suggests indeed
that cytotoxic agents are more effective against
rapidly proliferating cells. Therefore a high early
99mTc-MIBI uptake ratio in breast cancer, when as-
sociated with high tracer retention, would indicate
an effective tumor response to subsequent chemo-
therapy.

In addition, an enhanced tracer clearance in
99mTc-MIBI-positive malignant lesions of the breast
is indicative of a Pgp-mediated outward transport
of the tracer. Therefore tumors with a fast tracer
clearance are likely to become refractory to subse-
quent chemotherapy due to the drug transport ac-
tivity of Pgp. Since the clearance of **™Tc-MIBI can-
not be obviously evaluated in negative **™Tc-MIBI
malignant lesions, the expression of Pgp in those
tumors will remain indeterminate. An important
step toward the clinical application of functional
imaging of Pgp in breast cancer is the standardiza-
tion of the procedure. On the basis of the reported
observations, the most reliable and direct index
of Pgp function appears to be the tracer washout
or clearance. Furthermore, some cut-off values of
clearance and washout have been reported to cor-
rectly discriminate between responders and non-
responders in patients with locally advanced breast
cancer, and these values may be used in larger clin-
ical studies with the aim to confirm this evidence.

Although the influence of neoangiogenesis on
99mTc-MIBI uptake is still controversial, it is worth
to noting that a preserved tumor blood supply is rel-
evant not only for tracer delivery, but also to limit
tumor hypoxia, which can contribute to treatment
failure.

7.7
Conclusions

Both the uptake and efflux mechanisms of *™Tc-
MIBI and analogous **™Tc-labeled agents in breast
carcinomas involve cellular processes that are im-
portant for tumor response to treatment. The tracer
uptake reflects the status of mitochondria and en-
doplasmic reticulum, in terms of permeability of
mitochondrial membrane, preservation of mito-
chondrial membrane potentials and integrity of
cross-talk between the two cellular organelles. Mu-
tations or altered expression of key molecules par-
ticipating in the apoptotic process may profoundly
affect the function of mitochondria and endoplas-
mic reticulum and hence tracer uptake both in basal
conditions and during drug-induced apoptosis. In
the absence of such alterations, apoptosis and pro-
liferation are coordinately modulated in breast can-
cer, and this may explain the additional relationship
between the tracer uptake and rate of proliferation.
Although apparently contradictory, both processes
are considered important to sensitize cells to the le-
thal effects of drugs. Accordingly, malignant breast
lesions, which are able to accumulate and retain the
tracer, will likely respond to therapy. The role of
99mTc-MIBI and analogous agents in predicting tu-
mor response is reinforced by a number of studies
evaluating its ability to trace the activity of Pgp. In
this case the tracer efflux reflects the Pgp-mediated
outward transport of the tracer, and this clearance
mimics the kinetic behavior of anti-cancer drugs of
the MDR spectrum.

In conclusion, on the basis of the imaging pa-
rameter chosen for the analysis of the **™Tc-MIBI
scan in breast cancer patients, the biological infor-
mation provided may be related to different cellular
processes, but all of them appear ultimately related
to the susceptibility of breast carcinoma to treat-
ment. Nevertheless it remains important to dis-
criminate on the images alterations of the uptake
mechanism from enhancement of tracer clearance
because these observations may orient clinicians
towards a very different adjustment of therapy. A
number of efforts have been focused on the devel-
opment of Pgp-inhibitors and Bcl-2 antagonists.
The appropriate selection of patients based on the
mechanism primarily involved in the development
of a multi-drug resistant phenotype would hope-
fully improve the efficacy of individually tailored
therapeutic strategies.
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12.1
Introduction


Scintigraphic in vivo evaluation of complex cellular processes such as proliferation, apoptosis, receptor/ligand interactions, transport of substrates and metabolism of nutrients in human cancers is a wide and continuing evolving area of investigation in nuclear medicine (Denoyer, et al. 2006; Been et al. 2004; Corsten et al. 2006; Weissleder 2006). A major purpose in this area is the non-invasive detection of well-known biochemical, molecular and histological markers of tumor aggressiveness, invasiveness and resistance to therapy, which may provide rational criteria for a fine tuning of therapeutic strategies in individual patients.


In the last decade, 99mTc-labeled lipophilic cations, originally developed as myocardial perfusion agents and subsequently used as tumor-seeking agents in a variety of human neoplasms, emerged as suitable tools to explore specific cellular processes and functions in malignant tumors. The class of 99mTc-labeled lipophilic cations includes several tracers such as 99mTc-MIBI, 99mTc-tetrofosmin and 99mTc-furifosmin, which share common biophysical, chemical and pharmacokinetic properties (Sharma 2004). In particular, 99mTc-MIBI and analogous 99mTc-labeled agents share similar mechanisms of uptake in both normal and malignant cells. A number of studies consistently show the passive influx of these lipophilic cations in response to large negative plasma membrane and mitochondrial membrane potentials as well as the reversible accumulation within mitochondria of both normal and malignant cells (Piwnica-Worms et al. 1990; Delmon-Moingeon et al. 1990; Carvalho et al. 1992). 


Another common property of these tracers is the ability to interact with P-glycoprotein (Pgp), which is responsible for their active outward transport in the extracellular compartment (Piwnica-Worms et al. 1993). Human P-glycoprotein is a 170-kDa transmembrane protein that is encoded by the MDR1 gene and acts as an energy-dependent drug efflux pump of broad specificity (Szakacs et al. 2006). Overexpression of this protein confers resistance to a large number of chemotherapeutic agents including anthracyclines, Vinca alkaloids, epipodophyllotoxins, actinomycin D and taxol. A number of studies document that 99mTc-MIBI is a transport substrate of Pgp in a variety of tumor cells, and similar Pgp recognition properties have been reported for 99mTc-tetrofosmin and 99mTc-furifosmin (Sharma 2004) as well as positron-emitter labeled compounds (Bigott et al. 2005; Sharma et al. 2005; Elsinga et al. 2004). Several studies report that 99mTc-MIBI is a also a substrate for the multidrug resistance associated protein (MRP1), a multispecific organic anion transporter that differs from Pgp in that it has a substrate specificity for glutathione-, glucuronate- or sulfate-conjugates of drugs, and it is sensitive to glutathione depletion (Hendrikse 2000).


Because of the extensive literature on the use of 99mTc-MIBI for the biological characterization of breast lesions, the present chapter will primarily focus on the ability of this compound to trace specific cellular processes in breast cancer. However, the principles outlined for 99mTc-MIBI can be equally applicable to other agents of the same class of compounds. Clinical studies performed to correlate 99mTc-MIBI uptake or clearance with histological, molecular and biochemical markers of several cellular processes including apoptosis, proliferation, P-glycoprotein expression and neoangiogenesis will be reviewed and discussed. Since the existence of such correlations does not necessarily imply a direct dependence of the imaging findings from a specific cellular process or a cause-effect relationship, attempts will be made to define which cellular process directly affects 99mTc-MIBI uptake or clearance. Furthermore, efforts will be made to explain the apparent discrepancy in the results of different studies and to address specific issues such as the clinical relevance of correlations and the possibility to set criteria for daily clinical applications. Finally, the opportunity to translate the same principles to other human neoplasms will be taken into account by reporting parallel evidence of similar correlations in other types of cancer.


12.2
99mTc-MIBI and Apoptosis: Biological Significance of False Negatives


Apoptosis is an energy-dependent, highly regulated process leading to selective cell death. Several stimuli including drugs, toxins, gamma irradiation, cytokines of the TNF family and growth factor withdrawal may trigger an apoptotic response. Three main apoptotic pathways originating from three different subcellular compartments have been identified as the death receptor-mediated pathway, the mitochondrial apoptotic pathway and the recently recognized endoplasmic reticulum pathway (Danial and Korsmeyer 2004). All pathways lead to the activation of the executioner caspases, which in turn cleave cellular substrates and cause the biochemical and morphological changes that are characteristic of apoptosis (Igney and Krammer 2002). 


The mechanisms involved in the induction of apoptosis by most anticancer agents are believed to be largely mediated by the mitochondrial pathway (Johnstone et al. 2002). However, it has been increasingly recognized that the endoplasmic reticulum (ER) cooperates in drug-induced apoptosis and the interaction between mitochondria, and ER is an emerging topic of investigation (Bassik et al. 2004; Scorrano et al. 2000). When a death signal converges onto mitochondria, it causes an early increase in the permeability of the mitochondrial membrane and the release of cytochrome-c and other apoptogenic factors that trigger the downstream sequence of reactions (Kroemer and Reed 2000). Consistent evidence indicates that mitochondrial membrane permeabilization is regulated by the opposing actions of pro- and anti-apoptotic members of Bcl-2 family (Cory and Adams 2002). Although the complex interplay among these members remains controversial and several competing models have been proposed to explain how apoptogenic factors are released into the cytosol, it is generally accepted that this event results in mitochondrial dysfunction and dissipation of mitochondrial membrane potentials (Kroemer and Reed 2000; Cory and Adams 2002).


Due to the reversible accumulation of 99mTc-MIBI within mitochondria and the dependence of tracer uptake on mitochondrial membrane potentials, the relationship between 99mTc-MIBI uptake and apoptosis has been explored both in vivo and in vitro. In particular, we obtained consistent evidence that breast carcinomas that fail to accumulate 99mTc-MIBI, have high levels of the anti-apoptotic protein Bcl-2 (Del Vecchio et al. 2003). The expression of the anti-apoptotic protein was also inversely correlated with the early tumor-to-background ratio in malignant lesions capable of accumulating 99mTc-MIBI. A cause-effect relationship between Bcl-2 overexpression and reduction of 99mTc-MIBI uptake in breast carcinomas has also been confirmed by transfecting breast cancer cell lines with the human bcl-2 gene (Aloj et al. 2003). A dramatic reduction of 99mTc-MIBI uptake was observed in Bcl-2 overexpressing clones as compared to control cells. Interestingly, treatment with staurosporine, a potent inducer of apoptosis, caused an early, partial and transitory recover of tracer uptake in transfected cells.

Overexpression of the anti-apoptotic protein Bcl-2 has been reported in various types of cancer and correlates with relative resistance to chemotherapy and radiation therapy due to a defective apoptotic program (Reed 2006). In the breast, Bcl-2 is expressed in normal glandular epithelium and is upregulated by estrogen possibly by direct transcriptional induction (Teixeira et al. 1995). High levels of Bcl-2 have been found in a considerable percentage of breast carcinomas ranging between 32% and 86% (Arun et al. 2003). Recently, the expression of 13 biomarkers including Bcl-2 was evaluated in 930 breast cancers by immunohistochemistry on a tissue microarray, and positivity for Bcl-2 was reported to be a favorable prognostic marker in breast cancer independently of lymph node status, tumor size and grade combined in the Nottingham Prognostic Index (Callagy et al. 2006). Another recent study reported an inverse correlation between bcl-2 levels and rate of proliferation as determined by protein profiling using tissue microarray technology including Ki67 staining (Ruiz et al. 2006). Despite the recent reports on the positive prognostic role of Bcl-2, it remains controversial whether Bcl-2 overexpression is a significant independent predictor of response to treatment in breast cancer. There is evidence indicating that the ratio between Bcl-2 and the pro-apoptotic protein Bax, which is reported to be modulated in a p53-dependent manner, is a more reliable predictor of tumor response (Ziyaie et al. 2000). Also, pro-apoptotic members of Bcl-2 family were reported to be included in the clusters of genes associated with a pathological complete response to chemotherapy (Gianni et al. 2005). Finally, several studies reported that the absence of Bcl-2 in locally advanced breast cancer was significantly associated with a better pathological response to chemotherapy (Ogston et al. 2004; Pusztai et al. 2004; Prisack et al. 2005).


Figure 12.1


The exact mechanism by which Bcl-2 overexpression prevents 99mTc-MIBI uptake in breast carcinoma is presently unknown. However, a clue can emerge considering that Bcl-2 is an integral protein of the outer mitochondrial membrane and endoplasmic reticulum. At the mitochondrial level, it exerts a strong inhibitory effect on the permeabilization of mitochondrial membrane. Bcl-2 is reported indeed to inhibit cytochrome c release from mitochondria (Yang et al. 1997), the opening of mitochondrial permeability transition pore (Hirsch et al. 1997; Marzo et al. 1998), and the disruption of mitochondrial membrane potentials (Shimizu et al. 1998). However there is growing evidence that the Bcl-2 family controls apoptosis from the ER by regulating Ca2+ dynamics and crosstalk with mitochondria (Bassik et al. 2004; Scorrano et al. 2000; Oakes et al. 2005). At the endoplasmic reticulum level, the anti-apoptotic protein Bcl-2 can bind and sequester proapoptotic proteins, thus preventing the oligomerization and insertion of “multidomain” pro-apoptotic proteins such as Bax and Bak into the outer mitochondrial membrane and therefore pore formation and cytochrome-c release (Bassik et al. 2004; Scorrano et al. 2000; Oakes et al. 2005). Furthermore phosphorylated Bcl-2 predominantly localizes to the ER where it is reported to physically interact with inositol trisphosphate receptors I and III and directly or indirectly control the phosphorylation status and Ca2+ leak through these receptors (Oakes et al. 2005; Chen et al. 2004; Orrenius et al. 2003). Thus high levels of Bcl-2 in breast carcinomas may similarly affect the trafficking of 99mTc-MIBI cations across endoplasmic reticulum and prevent tracer uptake within mitochondria despite the stabilization of mitochondrial membrane potentials (Fig. 12.1).


There are several reports in the literature addressing the issue of 99mTc-MIBI uptake in cells or tumors undergoing apoptosis after exposure to drugs or gamma irradiation (Zhu et al. 2002; Vergote et al. 2001; Moretti et al. 2005). In particular, 99mTc-MIBI uptake has been reported to decrease in breast cancer cell lines after treatment with anti-cancer drugs (Vergote et al. 2001). The decrease of tracer uptake has been reported to be dose-dependent and time-dependent usually reaching a maximum at 72 h. Although cells may still appear viable, the downstream progression through the apoptotic cascade may lead to the disruption of mitochondrial membrane potential and dissipation of the driving force behind 99mTc-MIBI uptake. 


Recently, we have obtained evidence that treatment of Bcl-2 transfected breast cancer cells and control parental cells with different anti-cancer agents results in opposite changes of 99mTc-MIBI uptake (unpublished data). After 24 h of drug exposure, Bcl-2 overexpressing clones show an increase of 99mTc-MIBI uptake as compared to untreated controls. Conversely, parental cells with no detectable levels of Bcl-2 show a reduction of tracer uptake after treatment. 


The picture emerging from these findings is that, in the absence of biological barriers limiting the free diffusion of the tracer from blood to tumor, the uptake of 99mTc-MIBI reflects the status of mitochondrial membranes and endoplasmic reticulum. In particular it reflects the permeability of mitochondrial membrane, the preservation of mitochondrial membrane potentials and likely the integrity of interorganelle cross-talk. Alterations of these factors normally occur in cancer during drug-induced apoptosis and finally result in mitochondrial dysfunction with consequent reduction of 99mTc-MIBI uptake. Overexpression of the antiapoptotic protein Bcl-2, with its dual inhibitory role on mitochondrial permeability and disruption of mitochondrial membrane potentials as well as its potential ability to control mitochondrial function from the endoplasmic reticulum, prevents 99mTc-MIBI accumulation in untreated breast carcinoma, and this effect may be counteracted during the early phases of drug-induced apoptosis allowing a transitory increase of tracer uptake.


Many well-known factors including tumor size, cellularity, blood supply and cell viability can cause false-negative results at scintimammography. How and when false-negative results at 99mTc-MIBI scan may provide a piece of information on breast cancer biology? A possible way to address this issue is to perform a stress test. In other words, a 99mTc-MIBI scan performed before and immediately after treatment with anti-cancer agents may reveal changes in tracer accumulation, which depends on Bcl-2 levels in mitochondrial and ER membranes. For instance, 99mTc-MIBI negative lesions, which become positive early after treatment with anti-cancer agents, would presumably express high levels of Bcl-2. A decrease of tumor-to-background ratio in 99mTc-MIBI positive lesions after treatment would indicate the absence of significant levels of Bcl-2. Further studies are needed to validate this hypothesis and to translate this approach into clinical applications. However, many clinical studies have highlighted the prognostic value of absent or reduced early 99mTc-MIBI uptake in different types of tumors. In particular, the absent or reduced early 99mTc-MIBI uptake in lung cancer predicts poor response to chemotherapy and radiation therapy independently of tracer clearance (Bom et al. 1998; Yamamoto et al. et al. 1998; Yuksel et al. 2002; Nishiyama et al. 2000). Also, lymphoma lesions not visualized at 99mTc-MIBI scan are refractory to subsequent chemotherapy (Kapucu et al. 1997; Kao et al. 2001). 


12.3
99mTc-MIBI and Proliferation: Biological Significance of True Positives


Several studies have been undertaken to elucidate the relationship between 99mTc MIBI uptake and proliferation in breast cancer. Cutrone et al. (1998) evaluated several histological variables, including tumor cell proliferation, in 42 surgical excised breast lesions. They found a moderate, but significant correlation between degree of 99mTc-MIBI uptake and cellular proliferation in such lesions. In malignant lesions with a diameter lower than 1.5 cm, Bonazzi et al. (2001) found that breast carcinomas with detectable 99mTc-MIBI uptake showed an increased proliferative activity as compared to 99mTc-MIBI negative malignant lesions. In 42 breast carcinomas with a diameter higher than 1.8 cm, we could not find any significant difference in mitotic index between MIBI-positive and MIBI-negative lesions, but the apoptotic index was dramatically reduced in MIBI-negative malignant lesions (Del Vecchio et al. 2003). Furthermore, a strong, significant and direct correlation between the rate of proliferation and the apoptotic index was found in MIBI-positive lesions, and the apoptotic index was significantly and directly correlated with the early tumor-to-background ratio, whereas proliferation showed a borderline correlation. Evidence of a strong and direct correlation between the proliferation rate and 99mTc-MIBI uptake has been reported also for brain tumors (Nagamachi et al. 2001; Ak et al. 2003).


These observations, taken together, raised the question whether proliferation is more important than apoptosis in determining the degree of 99mTc-MIBI uptake in malignant breast tumors. Although cell proliferation and cell death appear to be opposing and mutually contradictory processes, substantial evidence indicates that their pathways are generally coupled in human malignancies (Lowe et al. 2004). Many dominant oncogenes, which are well known promoters of cell proliferation, actually also possess proapoptotic activity, and their mitogenic and pro-apoptotic properties are often genetically inseparable (Pelengaris et al. 2002; Nahle et al. 2002). Similar findings have been reported for certain functionally inactive tumor suppressors (Lowe et al. 2004; Hickman et al. 2002). Therefore in cells with deregulated oncogenes or inactive suppressors, the activation of the proliferative machinery by appropriate growth signals primes also the cellular apoptotic program or alternatively sensitizes growing cells to apoptotic signals. In the absence of further alterations impairing the apoptotic response such as, for instance, Bcl-2 overexpression, the enhanced proliferative activity in response to growth signals is accompanied by an enhanced apoptotic response to death signals in malignant tumors. In this respect, a direct and significant correlation between the proliferative and apoptotic index has been reported in breast cancer (de Jong et al. 2000;  Archer et al. 2003). Therefore it is not surprising that both the proliferative and apoptotic indexes have been found to correlate directly with 99mTc-MIBI uptake. Furthermore, detection of apoptosis in tumor tissues is usually performed by staining of DNA fragments or by counting cells with peculiar morphological changes and identifies the fraction of cells that had already completed the apoptotic program. Although directly correlated to the rate of proliferation, this fraction is usually limited in breast cancer, accounting for less than 5–10% of total tumor cells. At present, we do not have any marker to recognize cells that have been primed for apoptosis or sensitized to death signals by deregulated oncogenes or inactive suppressors. It remains to be elucidated whether early 99mTc-MIBI uptake can be a surrogate marker to identify such cells.


12.4
99mTc MIBI and P-Glycoprotein Expression: Biological Significance of Tracer Clearance


Despite the large number of anticancer drugs that have been developed and tested, multidrug resistance remains the primary cause of treatment failure in cancer patients. Multiple cellular mechanisms may contribute to the development of the multidrug-resistant phenotype using different modes of action. Reduced uptake of water-soluble drugs, altered metabolism of drugs, increased repair of DNA damage, reduced apoptosis and enhanced efflux of hydrofobic drugs through energy-dependent transporters may potentially cause resistance of cancer cells (Szakacs et al. 2006). One of the most extensively studied mechanisms of multidrug resistance in human tumors involves the overexpression of P-glycoprotein (Pgp), a member of the ATP-binding cassette (ABC) family of transporters. A number of physiological, biochemical and genetic studies indicates that high levels of Pgp enable cancer cells to extrude many chemotherapeutic agents, circumventing their lethal effects (Gottesman et al. 2002). The human genoma contains 48 genes that encode ABC transporters, which have been divided into seven subfamilies named from ABCA through ABCG, and at least 12 ABC transporters have a role in drug resistance in cultured tumor cells. Whether each of these transporters has a role in clinical anticancer drug resistance in patients remains to be established (Leonard et al. 2003). The association of high levels of Pgp (ABCB1) with poor clinical outcome appears to be consolidated in many human cancers including breast carcinoma, sarcoma and certain types of leukemia. In particular, a meta-analysis of 31 breast cancer trials showed a three-fold reduction in response to chemotherapy among tumors expressing Pgp after treatment (Trock et al. 1997).


 The clinical relevance of Pgp in determining breast cancer response to treatment and the availability of 99mTc-labeled compounds such as 99mTc-MIBI, 99mTc-tetrofosmin and 9mTc- furifosmin prompted investigating whether these tracers could detect and monitor Pgp expression and function in vivo (Fig. 12.1).


The first issue addressed by clinical studies in breast cancer was whether 99mTc-MIBI uptake is reduced in Pgp-overexpressing tumors (Moretti et al. 1996; Kostakoglu et al. 1997; Sun et al. 2000; Kao et al. 2001). Although the results of these studies indicated an inverse relationship between net tracer uptake and Pgp levels, the time-dependence of such relationships was not proven since delayed images were not obtained in these studies. 


A tracer kinetic analysis was performed over a 4-h period in a series of 30 untreated patients with 99mTc-MIBI-positive breast carcinomas and revealed a direct statistically significant correlation between tracer efflux and Pgp levels (Del Vecchio et al. 1997). A threshold value could also be established to discriminate Pgp-overexpressing tumors from breast carcinomas with basal levels of Pgp, and this threshold corresponded to a time to half clearance of 204 min. Tracer clearance was also tested for its ability to predict response to subsequent treatment in patients with locally advanced breast cancer candidates for neoadjuvant chemotherapy (Ciarmiello et al. 1998). A rapid clearance of 99mTc-MIBI from tumors was significantly associated with a highly cellular macroscopic residual tumor at pathological examination of surgical specimens indicating a lack of tumor response to neoadjuvant chemotherapy. On the contrary, the prolonged retention of the tracer was associated with an effective pathological tumor response to treatment in two-thirds of the patients. Similar findings have been obtained by Sciuto et al. (2002) in 30 patients with locally advanced breast cancer undergoing neoadjuvant chemotherapy. They used early (10 min) and delayed (4 h) 99mTc-MIBI uptake ratio to derive the wash-out rate and found that a cut-off of 45% provides a satisfactory discrimination between responders and non-responders. 


Takamura et al. (2001) evaluated 46 patients with locally advanced or recurrent breast carcinoma and determined both early and delayed tumor-to-background ratios on SPECT images. After chemotherapy, tumor response was determined by clinical examination. Both early and delayed tumor-to-background ratios were significantly higher in responders than in non-responders. Conversely, Pgp levels determined by immunoperoxidase on biopsy specimens prior to treatment were significantly lower in responders than in non-responders.

Mubashar et al. (2002) evaluated early and delayed uptake ratios in 20 patients with breast carcinoma before and after treatment with toremifene, an antiestrogen with Pgp-modulating property. An inverse correlation between the delayed uptake ratio and Pgp expression in tumors was confirmed before treatment. Although a clear cut-off value of tumor-to-background ratio between Pgp-overexpressing and Pgp-negative tumors could not be established, analysis of the change between early and delayed scan appeared to be a better predictor of Pgp status. After toremifene treatment, the authors found that the delayed uptake ratio significantly increased only in Pgp-overexpressing tumors, whereas it decreased in tumors with low Pgp levels. Interestingly, three of the four patients whose tumors were not visualized before toremifene failed to accumulate 99mTc-MIBI also after treatment with the Pgp-modulator. 


There are several reports in the literature correlating a single early uptake ratio of 99mTc-MIBI with response to treatment (Cayre et al. 2002; Cayre et al. 2002). Although the absent or reduced uptake of 99mTc-MIBI in breast carcinoma is indeed correlated with a poor response to therapy, it is not clear, in the absence of a direct evidence of Pgp expression in individual tumors, whether resistance is due to the overexpression of Pgp or to other Pgp-independent mechanism of resistance such as Bcl-2 overexpression altering MIBI uptake. In order to distinguish in vivo Pgp-dependent from Pgp-independent mechanisms of multidrug resistance, the faster decline of tracer uptake over time should be demonstrated and estimated in individual patients. This should be taken into account when setting the criteria for a standardized procedure allowing the functional imaging of Pgp in clinical practice and the selection of patients that may benefit from treatment with Pgp inhibitors.


Once patients with high efflux of Pgp substrates have been identified, two alternative approaches can be adopted, namely inhibition of Pgp function or use of drugs that are able to evade efflux. Despite the considerable efforts to develop drugs that inhibit the function of efflux transporters that lead to the identification of first, second and third generation of Pgp inhibitors, clinical trials with these drugs did not show significant clinical benefit in term of overall survival and response rate (Szakacs et al. 2006). However, phase III trials with the last generation of inhibitors showing greater substrate specificity, lower toxicity and improved pharmacokinetic profiles are currently ongoing. 99mTc-MIBI has been used to test the effect of Pgp inhibitors in patients. An enhanced liver uptake of 99mTc-MIBI was reported following administration of several Pgp inhibitors (Chen et al. 1997; Peck et al. 2001; Agrawal et al. 2003). This finding has been ascribed to Pgp inhibition at physiological sites of protein expression and considered as a surrogate marker of effective Pgp inhibition (Wong et al. 2005; Hendrikse et al. 2004). An increased accumulation of 99mTc-MIBI in drug resistant tumors has also been reported after the administration of third generation inhibitor XR9576 (Agrawal et al. 2003; Pusztai et al. 2005.

On the other end, the number of drugs that are able to evade efflux is currently limited, and most anticancer agents of the MDR spectrum are practically irreplaceable in chemotherapy regimens (Szakacs et al. 2006). Therefore the clinical impact of functional imaging of multidrug resistance still remains unexploited and appears to mainly rely upon the development of novel anticancer agents designed to escape efflux mechanisms.


12.5
99mTc-MIBI and Tumor Blood Supply


Since a prerequisite of 99mTc-MIBI uptake is an effective delivery of the tracer to the tumor mass, several studies have been undertaken to evaluate the relationship between 99mTc-MIBI uptake and tumor blood supply. Mankoff et al. (2002) evaluated 99mTc-MIBI kinetics and blood flow in locally advanced breast carcinoma. They studied 37 patients with 99mTc-MIBI and 15O-water PET imaging and found a direct correlation between early 99mTc-MIBI uptake and blood flow in agreement with the findings reported for myocardial perfusion studies. Conflicting results have been reported on neoangiogenesis as a factor affecting 99mTc-MIBI uptake. The formation of new blood vessels is invariably required for growth of breast cancer, and it has a recognized role as an indicator of node metastases and survival (Weidner et al. 1991; Neri and Bicknell 2005; Jain et al. 2006). Cutrone et al. (1998) found no significant difference in microvessel density in 99mTc-MIBI-positive and 99mTc-MIBI-negative malignant lesions. When neoangiogenesis was compared with tumor-to-background ratio, a direct correlation has been found in 31 untreated breast cancer patients (Yoon et al. 1999). Scopinaro et al. evaluated microvessel density in 19 untreated breast carcinomas and correlated this histological variable with nodal metastases and 99mTc-MIBI findings (Scopinaro et al. 1994). The enhanced density of newly formed blood vessels was associated with both nodal metastases and detectable 99mTc-MIBI uptake in the primary tumors. No correlation between intratumoral microvessel density and 99mTc-MIBI uptake ratio could be found in patients with breast carcinomas in two independent studies (Kim et al. 2002; Bekis et al. 2005). These findings, taken together, indicate that, although a preserved blood supply is required for tracer delivery to breast carcinoma, it is still controversial whether 99mTc-MIBI uptake can be used as an indicator of tumor angiogenesis.


12.6
Clinical Implications


All the cellular processes that have been examined in relation to scintigraphic findings with 99mTc-MIBI are indeed relevant for tumor response to treatment. Most anticancer drugs exert their lethal effect by inducing apoptosis mainly through the mitochondrial pathway that is governed by members of the Bcl-2 family. The lack of 99mTc-MIBI uptake in palpable malignant lesions of the breast may indicate the presence of high levels of the anti-apoptotic protein Bcl-2 in the mitochondrial membrane or endoplasmic reticulum. Whether this observation is relevant to predict poor tumor response in breast carcinomas remains to be established in perspective clinical studies. 


Conversely, a high early uptake in untreated breast carcinoma is correlated with the rate of proliferation. A high growth fraction usually indicates a more aggressive tumor behavior, but also a better and more rapid tumor response to treatment. An orthodox concept in oncology suggests indeed that cytotoxic agents are more effective against rapidly proliferating cells. Therefore a high early 99mTc-MIBI uptake ratio in breast cancer, when associated with high tracer retention, would indicate an effective tumor response to subsequent chemotherapy.


In addition, an enhanced tracer clearance in 99mTc-MIBI-positive malignant lesions of the breast is indicative of a Pgp-mediated outward transport of the tracer. Therefore tumors with a fast tracer clearance are likely to become refractory to subsequent chemotherapy due to the drug transport activity of Pgp. Since the clearance of 99mTc-MIBI cannot be obviously evaluated in negative 99mTc-MIBI malignant lesions, the expression of Pgp in those tumors will remain indeterminate. An important step toward the clinical application of functional imaging of Pgp in breast cancer is the standardization of the procedure. On the basis of the reported observations, the most reliable and direct index of Pgp function appears to be the tracer washout or clearance. Furthermore, some cut-off values of clearance and washout have been reported to correctly discriminate between responders and non-responders in patients with locally advanced breast cancer, and these values may be used in larger clinical studies with the aim to confirm this evidence. 


Although the influence of neoangiogenesis on 99mTc-MIBI uptake is still controversial, it is worth to noting that a preserved tumor blood supply is relevant not only for tracer delivery, but also to limit tumor hypoxia, which can contribute to treatment failure. 


12.7
Conclusions


Both the uptake and efflux mechanisms of 99mTc-MIBI and analogous 99mTc-labeled agents in breast carcinomas involve cellular processes that are important for tumor response to treatment. The tracer uptake reflects the status of mitochondria and endoplasmic reticulum, in terms of permeability of mitochondrial membrane, preservation of mitochondrial membrane potentials and integrity of cross-talk between the two cellular organelles. Mutations or altered expression of key molecules participating in the apoptotic process may profoundly affect the function of mitochondria and endoplasmic reticulum and hence tracer uptake both in basal conditions and during drug-induced apoptosis. In the absence of such alterations, apoptosis and proliferation are coordinately modulated in breast cancer, and this may explain the additional relationship between the tracer uptake and rate of proliferation. Although apparently contradictory, both processes are considered important to sensitize cells to the lethal effects of drugs. Accordingly, malignant breast lesions, which are able to accumulate and retain the tracer, will likely respond to therapy. The role of 99mTc-MIBI and analogous agents in predicting tumor response is reinforced by a number of studies evaluating its ability to trace the activity of Pgp. In this case the tracer efflux reflects the Pgp-mediated outward transport of the tracer, and this clearance mimics the kinetic behavior of anti-cancer drugs of the MDR spectrum.


In conclusion, on the basis of the imaging parameter chosen for the analysis of the 99mTc-MIBI scan in breast cancer patients, the biological information provided may be related to different cellular processes, but all of them appear ultimately related to the susceptibility of breast carcinoma to treatment. Nevertheless it remains important to discriminate on the images alterations of the uptake mechanism from enhancement of tracer clearance because these observations may orient clinicians towards a very different adjustment of therapy. A number of efforts have been focused on the development of Pgp-inhibitors and Bcl-2 antagonists. The appropriate selection of patients based on the mechanism primarily involved in the development of a multi-drug resistant phenotype would hopefully improve the efficacy of individually tailored therapeutic strategies.
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Fig. 12.1. Schematic representation of the uptake and efflux modalities of 99mTc-MIBI. Uptake: the passive movement of 99mTc-MIBI from the extracellular to the intracellular compartment and its reversible accumulation within mitochondria is driven by the electronegative plasma membrane and mitochondrial membrane potentials. Mitochondria are also main executioners of apoptosis, and mitochondrial membrane permeabilization is required for apoptosis. Permeability of mitochondrial membrane is regulated by the opposing actions of pro- and anti-apoptotic members of Bcl-2 family. The pro-apoptotic members such as Bax and Bad promote release of cytochrome c, whereas the anti-apoptotic members such as Bcl-2 and BclXL inhibit permeabilization of mitochondrial membrane and release of cytochrome c. Once in the cytosol, cytochrome c activates caspase-9 (casp-9) by binding to Apaf-1. High levels of Bcl-2 prevent 99mTc-MIBI to accumulate within mitochondria. Efflux: overexpression of P-glycoprotein in resistant tumor cells represents a powerful mechanism of 99mTc-MIBI extrusion from cells. The Pgp-dependent outward transport of the tracer can be visualized and estimated in 99mTc-MIBI positive malignant lesions
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