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Abstract
Recent advances in molecular imaging have permitted the noninvasive imaging of apoptosis, a critical
process underlying the pathogenesis of many diseases of the cardiovascular system including
atherosclerotic vascular disease, myocardial ischemia and reperfusion injury, chronic heart failure,
myocarditis, and cardiac allograft rejection. Multiple molecular targets including phosphatidylserine,
phosphatidylinositol 3-kinase, and caspases have been targeted by a variety of imaging agents and
modalities such as nuclear scintigraphy, PET, MRI, and fluorescent and bioluminescent imaging.
Translationally, methods utilizing radiolabeled annexin V have proven promising in several clinical
trials of ischemia-reperfusion injury and cardiac allograft rejection. New approaches using novel
molecular imaging agents show great potential for the ability to image apoptosis in the research and
clinical setting. Ultimately the ability to detect apoptosis noninvasively would help to identify
patients for emerging anti-apoptotic therapies and guide clinical management with the aim of
maximal myocardial preservation.
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Cardiomyocyte apoptosis underlies the pathogenesis of many diseases of the cardiovascular
system including atherosclerotic vascular disease, myocardial ischemia and reperfusion injury,
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chronic heart failure, myocarditis, and cardiac allograft rejection. In the past decade,
noninvasive methods to image molecular aspects of apoptosis have grown rapidly and are now
offering a wealth of information in both the biological and clinical arenas. In this review, we
highlight recent advances in noninvasive molecular imaging of apoptosis in cardiovascular
disease.

Molecular imaging
Molecular imaging is an emerging field that utilizes injectable imaging agents or genetically
encoded reporters to assay key cells and molecules involved in a biological process of interest.
While similar imaging hardware platforms can be utilized (e.g. nuclear scintigraphy, magnetic
resonance imaging, optical imaging), information gleaned from molecular imaging studies is
complementary to details obtained from structural and/or physiological imaging methods. As
a comprehensive review of imaging agent and hardware technology is beyond the scope of this
review, the interested reader is referred to several recent articles on molecular imaging in
general [1–3], and the cardiovascular system [4–9].

Apoptosis biology
The biology of apoptosis offers a roadmap for the development and discussion of apoptosis-
imaging strategies. In contrast to necrosis, apoptosis is a highly regulated, ATP-dependent,
noninflammatory process resulting in fragmentation of nuclear material, membrane blebbing,
and ultimately cell condensation and phagocytosis by neighboring cells [10]. Two central
pathways govern this process: the extrinsic pathway that utilizes cell-surface receptors and the
intrinsic pathway that involves the mitochondria and the endoplasmic reticulum (Fig. 1). The
extrinsic, or death-receptor pathway, relies on the binding of specific cytokines expressed by
other cells, including Fas ligand, tumor necrosis factor alpha, or other factors that bind to
specific cellular receptors that result in downstream activation of a group of specialized
proteases known as caspases. Caspase activation leads to a cleavage cascade that ultimately
results in cellular commitment to apoptosis. In the intrinsic pathway, mitochondria responding
to cellular stress, including ischemia, reperfusion injury, radiation, or toxins, release
proapoptotic factors into the cell that through cellular signaling results in the activation of an
enzyme complex known as the apoptosome [12,13]. This process ultimately converges with
the extrinsic pathway through activation of caspase-3 [14]. Interactions between the intrinsic
and extrinsic pathways are well described and can lead to amplification of signals for apoptosis
[15].

Molecular imaging agents and targets for direct imaging of apoptotic cells
Externalized phosphatidylserine on the apoptotic cell membrane

Molecular targets present on the cell membrane can be favorable for molecular imaging due
to their relative accessibility compared to cytoplasmic or nuclear targets. The vast majority of
studies involving noninvasive imaging of apoptosis to date have involved the detection of
phosphatidylserine (PS) on the cell membrane (Table 1). PS is a membrane aminophospholipid
that is normally expressed only on the inner plasma membrane layer. Under conditions of cell
stress, PS is rapidly translocated to the outer leaflet of the plasma membrane and thus becomes
readily accessible to imaging agents that enter the interstitium [41]. Physiologically, PS serves
as a marker for macrophages to phagocytose and remove apoptotic cells in a coordinated
manner [10].

Several ligands with specific, high-affinity binding to PS have been exploited as agents capable
of detecting apoptosis. The most investigated of these agents is the 37 kD protein annexin V,
which binds with high affinity to PS in a calcium-dependent manner [16]. Annexin V is widely
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used for in vitro apoptosis applications, where it is commonly conjugated to a fluorescent label
or biotinylated for immunohistochemical detection [42]. For noninvasive imaging, annexin V
has been conjugated to radioisotopes (e.g. 99mTc) for SPECT imaging [16,28], to magnetic
nanoparticles and gadolinium-containing liposomes for magnetic resonance imaging [32,33,
43], to positron emitters for positron emission tomography [29–31], and to fluorescent markers
for optical imaging [34,35].

Recently, a novel PS-binding peptide and possible alternative to annexin V has been described.
The C2A domain of synaptotagmin is a 128-amino acid residue peptide that also binds to PS
in a highly specific, calcium-dependent manner [44]. Synaptotagmin has been successfully
conjugated to magnetic nanoparticles for MRI as well as 99mTc for apoptosis SPECT imaging
[36,37]. The experience with this agent, however, is considerably less than that with annexin,
and its safety and efficacy for use is humans has yet to be established. Other novel approaches
to targeting PS have employed the use of surface-modified nanoparticles and phage-derived
affinity peptides. The surface functionalized nanoparticle CL-45, for instance, has been shown
to co-localize strongly with Annexin FITC on apoptotic Jurkat T-cells [45]. The conjugation
of Zn(II) di-2-picolylamine (DPA) complexes to magnetic nanoparticles in multivalent fashion
produced preferential attachment of the nanoparticle to the cell membranes of apoptotic cells
[46].

Novel targets and agents for imaging apoptosis and cell survival
The experience with annexin has been extensive and its safety record in humans is strongly
established [18,20,21]. However, some concerns have been raised regarding the use of annexin
for apoptosis imaging. Annexin binds to some necrotic cells and in the milieu of complex injury
may reduce its specificity for apoptotic cells. A solution to this problem in the experimental
setting has been to use animal models characterized by purely apoptotic cell death or to use a
second co-injected probe specific for cardiomyocyte necrosis, such as an anti-myosin or anti-
actin agent [28]. It should be noted, however, that while the use of annexin in the setting of
complex injury may not allow a mechanistically specific diagnosis of apoptosis to be obtained,
the imaging of composite cell death (apoptosis and necrosis) could still provide useful
diagnostic and prognostic information. Noninvasive imaging of annexin uptake could allow
disease severity and treatment response to be assessed and play an important role in guiding
treatment and in the development of novel cardioprotective pharmaceuticals.

There is however significant interest in the development of complementary approaches to PS-
based imaging to detect specific components in the apoptotic cascade. Several of the central
enzymes in the apoptotic cascade, in particular, are being targeted with novel imaging
strategies. Thus while it is likely that annexin-based imaging will remain the central technique
in the molecular imaging of apoptosis for the significant future, the role of complementary
approaches is also likely to grow. A brief description of some these novel and experimental
approaches is provided below.

Probes targeting altered membrane permeability
Another promising cell membrane-based approach to image apoptosis exploits changes in
membrane permeability, a common feature of apoptotic and necrotic cells. Recently, a small
molecule (MW = 368) amphipathic apoptosis marker that selectively and rapidly accumulates
within apoptotic and necrotic cells was demonstrated to effectively image apoptosis in vivo.
This molecule contains an 18F atom to permit noninvasive PET imaging [47]. This compound
is rapidly cleared from blood and concentrates within damaged cells (as opposed to the cell
surface), thus potentially providing superior signal to noise and imaging characteristics
compared to annexin V.
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PI3 kinase
The enzyme phosphatidylinositol (PI) 3-kinase plays a central role in the regulation of cell
survival and death, and when activated appears to exert anti-apoptotic, cardiomyocyte-
protective effects [48]. Wortmannin is a cell-permeable, steroid-like compound that binds to
and inhibits PI3 kinase at nanomolar concentrations without significant interference to other
signal transduction pathways [49], and can be labeled and used as a ligand to image PI3 kinase
levels. Radiolabeled and fluorescent conjugates of wortmannin have been developed; however,
meticulous conjugation chemistry is needed to avoid inactivation of the compound [50]. While
current wortmannin-based agents assay total levels of PI3 kinase, future constructs may be able
to differentiate between the phosphorylated and nonphosphorylated forms of the enzyme
[50].

Caspases
Caspases are a family of proteases produced as inactive zymogens that when activated are
instrumental in the signal transduction of apoptosis, both upstream (initiator caspases) and
downstream (effector or executioner caspases) [10]. Under apoptotic conditions, activation of
caspases leads to a cascade of caspase activation that ultimately results in cellular apoptosis.
Several optical imaging approaches have been developed to image caspase expression and
activity in vivo.

In experimental systems, several models have been developed that involve the genetic encoding
of reporter agents that are transcribed and activated intracellularly. Most commonly, these
agents are detected by the intrinsic fluorescence of the reporter (fluorescence) or the enzymatic
activation of an inactive substrate by the reporter in a light-producing reaction
(bioluminescence) [51]. For the purposes of apoptosis imaging, these probes can be designed
to be produced in an inactive form that is subsequently activated by enzymatic activity of the
enzyme of interest. For example, a human glioma cell line expressing an inactivated firefly
luciferase reporter that is activated by cleavage by caspase-3 was used to image tumor apoptosis
in mice [40]. A recent strategy utilized a cell-surface-targeted single-chain antibody fused to
a Golgi retention signal with a sequence recognized by caspase-3; induction of apoptosis causes
cleavage of the protein resulting in transport of the antibody from the Golgi to the cell surface
where it is detectable by immunofluorescence microscopy [52]. From a research standpoint,
these approaches are helpful in further delineating the pathways of apoptosis and identifying
agents that promote or attenuate signals for apoptosis. To these ends, one novel approach using
a two-fluorescence resonance energy transfer probe was able to explore the timing of caspase-2
and caspase-3 activation within a single living cell [53].

Though many efforts to image caspase rely upon genetically encoded reporters, several
techniques using exogenous fluorescent and bioluminescent probes are emerging. One strategy
utilizes a polymer conjugated to a near-infrared fluorescence effector caspase-specific peptide
to create a biocompatible, cell-permeable, autoquenched nanoparticle to image apoptosis in
real time in living cells [54]. Using a caspase-3 and -7 specific luciferase-based reagent,
apoptosis was successfully imaged within human adenocarcinoma cells [55]. One approach
employs a novel caspase-1 (ICE)-specific, activatable, near-infrared fluorescent probe as a
means to image apoptosis in multiple models of apoptosis; this strategy was used to
successfully image apoptosis noninvasively in mice [39]. In a combined diagnostic and
therapeutic approach, a targeted photodynamic therapy agent with a caspase-3 activated
fluorophore was able to induce and then detect apoptosis in tumors in vivo [56].

Caspase activity has also been imaged using exogenous radiolabeled imaging agents. In a series
of cell-based experiments, two radioiodinated peptides selective for caspase-3 were found to
have increased uptake and retention within apoptotic cells [57]. Further modifications of this
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probe may yield a viable scintigraphic imaging agent for in vivo use. One successful in vivo
strategy employed an 18F-radiolabeled isatin sulfonamide analog that targets activated
caspase-3 [38]. This agent was used with micro-PET imaging to visualize cyclohexamide
induced hepatic apoptosis in a well-established rat model. Ultimately, the development of
biocompatible caspase imaging agents for clinical optical or scintigraphic imaging would be
a major advance in apoptosis imaging.

Other targets identified by expression profiling and screening
Extensive efforts have been directed towards detecting altered gene and protein expression
related to pathologic conditions affecting the cardiovascular system. Many of these genes play
a direct or indirect role in apoptotic pathways. For example, a study using right atrial tissue of
patients undergoing cardioplegic arrest with cardiopulmonary bypass, showed activation of
upstream and downstream mediators of apoptosis in both the caspase-dependent and caspase-
independent pathways [58]. An examination of mRNA expression in human atherosclerotic
plaques showed that proapoptotic genes were significantly more expressed in the plaques of
acute coronary syndrome patients, whereas anti-apoptotic genes were more transcribed in
plaques of stable angina patients [59]. A full review of expression profiling in response to
cardiovascular pathology is beyond the scope of this review, but it is worthy to note that many
of these genes and gene products may be harnessed in the future as potential targets for
molecular imaging agents.

Noninvasive imaging of apoptosis in cardiovascular disease
Atherosclerosis

Atherosclerotic vascular disease is a leading cause of myocardial infarction, heart failure, and
death. It is now appreciated that various cells within atheroma such as smooth muscle cells and
macrophages undergo apoptosis within unstable atherosclerotic plaques [60]. Loss of smooth
muscle cells may promote breakdown of the fibrous cap and thus increase susceptibility to
rupture of the fibrous cap. Though apoptosis of macrophages is theoretically beneficial for
plaque stability through resolution of inflammation, poor clearance of apoptotic macrophages
may lead to accumulation of cellular debris within the lipid-rich core of atherosclerotic plaque,
thus in fact contributing to plaque progression and rupture [61,62].

Molecular imaging of atherosclerosis is an area of intense research, and may offer unique
opportunities to assay the in vivo biology underlying acute coronary syndromes, strokes and
their sequelae [1,7,23]. Several preclinical and clinical apoptosis imaging strategies have
emerged recently. One area of extensive investigation utilizes 99mTc-radiolabeled annexin V
for SPECT imaging. In experimental models, the imaging agent has visualized apoptosis in
both a rabbit balloon injury model of atherosclerosis with apoptotic macrophages [63] as well
as a porcine model of coronary atherosclerosis with high levels of smooth muscle cell apoptosis
[26]. Using annexin V-enhanced micro-SPECT combined with subsequent micro-CT, murine
atheroma models demonstrated excellent correlation between noninvasive and
histopathological assessment of macrophage infiltration and the extent of apoptosis [27].

Radiolabeled annexin V has also demonstrated applicability to clinical imaging of apoptosis
in carotid atherosclerosis. In a pilot clinical study, 99mTc SPECT imaging demonstrated higher
uptake in carotid artery plaques of patients with recent TIA or stroke symptoms compared to
patients with remote symptoms. Resected endarterectomy specimens validated this difference,
showing significantly greater immunoreactive annexin V staining of histological sections
[23]. Ultimately, clinical noninvasive imaging of apoptosis within atherosclerosis might
provide not only a risk assessment at a single time point, but also be able to assess the
effectiveness of local or systemic therapies that stabilize plaques and reduce coronary risk. To
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this end, Hartung and colleagues randomized balloon injured rabbits to high cholesterol diet
(HCD), HCD for three months followed by one month of standard chow, and HCD for three
months followed by HCD with statin treatment. Noninvasive imaging using radiolabeled
annexin V demonstrated maximum signal in untreated HCD animals, with significantly less
signal in the HCD withdrawal and statin-treated groups [25].

Myocardial ischemia/reperfusion injury
The regenerative capacity of the myocardium is limited and there is thus intense interest in the
prevention of cardiomyocyte loss during ischemia and reperfusion [64]. Cell death following
myocardial ischemia is primarily mediated through apoptosis during the first 4–6 h of injury
[65]. Thereafter, ongoing myocardial ischemia typically results in a central zone of
cardiomyocyte necrosis surrounded by an ischemic penumbra where cardiomyocyte apoptosis
remains dominant [66]. Reperfusion injury following cardiac ischemia results in a brisk period
of cardiomyocyte apoptosis mediated by the intrinsic and extrinsic pathways [67]. Various
animal models of ischemia-reperfusion injury mediated apoptosis using animals deficient in
critical apoptotic regulatory proteins or overexpressing anti-apoptotic signaling molecules
have demonstrated a reduction of infarct size between 48% and 68% [13]. From a clinical
standpoint, therapies designed to minimize the extent of apoptosis following ischemia-
reperfusion injury are an attractive goal to reduce left ventricular damage and dysfunction after
acute coronary syndromes [68].

Noninvasive molecular imaging of apoptosis has permitted further insight into the pathogenesis
of experimental myocardial infarction. For example, real-time intravital microscopy has
demonstrated binding of fluorescently conjugated annexin V to individual myocytes following
ischemia-reperfusion injury [69] This method allows detailed study of the kinetics of apoptosis
in the ischemia-reperfusion injury microenvironment and may offer an efficient mode of
screening agents for anti-apoptosis properties. Apoptosis imaging has shed light on the spatial
and temporal evolution of apoptosis in models of ischemia-reperfusion injury. In a rat model
of ischemia-reperfusion injury, autoradiography of resected hearts following 99mTc-
radiolabeled annexin V administration revealed that the zone of apoptosis initially begins in
the mid-myocardium 30 min after reperfusion, extends into the subendocardium and
subepicardium 6 h after reperfusion, and then eventually regresses over 3 days [70].

Cardiac MRI allows for high-resolution anatomical and functional images of the myocardium.
Molecular MR images can thus be correlated with MR images of myocardial function,
contractility, strain, perfusion and viability in a single integrated dataset. In a recent high-
resolution, noninvasive MR imaging approach, a novel annexin V-based magnetofluorescent
iron oxide nanoparticle was used to quantitatively image myocardial apoptosis in vivo in an
ischemia-reperfusion injury mouse model. Cine MRI of the mouse heart allowed the molecular
image of cardiomyocyte apoptosis (Fig. 2) to be correlated with global left ventricular function
as well as regional myocardial contractility [32]. The distribution of the magnetofluorescent
annexin suggested a midmyocardial predominance of the agent, in accordance with prior
observations by other investigators [70,71]. The dual modality nature of the probe allowed the
in vivo MRI findings to be confirmed by ex vivo fluorescent imaging [32]. The results of this
study show that high-resolution serial quantitative imaging of cardiomyocyte apoptosis can be
performed in vivo by MRI. In addition the molecular MR image could be integrated with MR
images of myocardial function in a single integrated dataset. Further integration of molecular
MR images of cardiomyocyte apoptosis with MR images of myocardial perfusion and viability
would be highly feasible and demonstrate the breadth and flexibility of a molecular MR
approach to apoptosis imaging. MRI has also been used to image apoptosis in an isolated,
perfused rat heart model with the use of a different contrast agent consisting of annexin V
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linked to gadolinium diethylenetriamine penta-acetate (Gd-DTPA)-coated liposomes [33]. The
utility of this agent in vivo, however, remains to be determined.

Several scintigraphic imaging agents have demonstrated utility for visualization of apoptosis
in clinical studies of myocardial infarction. In a seminal study, seven patients presenting with
myocardial infarction treated with percutaneous transluminal coronary angioplasty underwent
SPECT imaging of radiolabeled 99mTc annexin V at two time points post-infarction; images
showed increased uptake in infarcted areas with a matching perfusion defect [18]. Later, this
group employed a modified, higher sensitivity 99mTc annexin V conjugate to image nine
patients presenting with acute myocardial infarction [21] (Fig. 3). Again, areas of increased
uptake were well defined within the ischemic zone with optimum signal intensity seen at 15 h
post-infarction. These types of clinical approaches to noninvasively image the extent of
apoptosis resulting from acute coronary syndromes could be an important tool to help guide
revascularization strategies, optimize heart failure therapies, and identify patients for emerging
anti-apoptotic specific agents. Ultimately these strategies might be used with the aim of
preventing left ventricular dysfunction, monitoring ventricular remodeling following injury,
and identifying patients at high risk for future cardiac events.

Heart failure and myocarditis
In chronic heart failure, the connection between cardiomyocyte apoptosis and cardiomyopathy
is complex but emerging. Data suggest that patients with advanced heart failure have higher
rates of cardiomyocyte apoptosis than normal subjects, 0.08–0.25% versus 0.001–0.002%
[72–74]. Genetic and pharmacological studies from animal models suggest that apoptosis may
play a causal role in the development and progression of heart failure [13]. Thus, while
cardiomyocyte apoptosis in established heart failure occurs at an extremely low frequency, it
is a persistent process, and thereby results in a large loss in the number of functional
cardiomyocytes. Imaging very low levels of apoptosis with targeted probes is challenging and
may require the use of activatable imaging strategies that are chemically engineered to produce
high levels of signal amplification in the presence of their molecular target, e.g. with caspase-
activatable molecular probes [4,39].

Apoptosis however has been imaged in several models of heart failure and cardiomyopathy
with higher constitutive levels of apoptosis. One such model utilizes mice genetically
engineered to overexpress Gαq, a subunit of the cell-surface receptors involved in promoting
cardiac myocyte hypertrophy (α1-adrenergic receptor, angiotensin II type 1 receptor, and
endothelin-1 receptor) [75]. In the peripartum period, 30–50% of females develop lethal heart
failure with apoptosis in 1–2% of cardiomyocytes and little or no necrosis or inflammation
[76]. Using this model, the magnetofluorescent nanoparticle AnxCLIO-Cy5.5 has been used
to image apoptosis in vivo in postpartum Gaq overexpressing mice by MRI [32,77]. The ability
to successfully image apoptosis in this model of heart failure shows that AnxCLIO-Cy5.5
crosses an intact capillary membrane, penetrates the interstitium of the myocardium, and
detects relatively low levels of apoptosis in vivo.

Imaging of apoptosis has also been performed in diseases inducing acute heart failure.
Recently, a rat model of lipopolysaccharide-induced systemic inflammatory response
syndrome was used to demonstrate cardiomyocyte apoptosis by uptake of radioiodinated
annexin V [78]. In a rat model of subacute catecholamine-induced myocarditis using an inbred
strain of Wistar Bonn/Kobori rats that spontaneously develop myocarditis at age 18
months, 99mTc-labeled annexin V showed increased uptake compared to control animals and
showed a strong correlation with imuunohistochemical evidence of apoptosis [24]. This finding
lays the groundwork for clinical imaging of apoptosis in myocarditis, a technique that would
offer great benefit in confirming the diagnosis of myocarditis, determining the extent of
involvement, selecting patients for anti-apoptotic therapies, and potentially identifying patients
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with a heavy disease burden that may benefit from ventricular-assist devices as a bridge to
recovery or transplant.

Chemotherapeutic-related cardiotoxicity remains a significant clinical problem, and there is
an unmet need to identify susceptible patients [79]. Current clinical approaches utilize serial
determinations of left ventricular ejection fraction to identify cardiotoxicity. In a rat model of
doxorubicin cardiotoxicity, radiolabeled annexin V was able to detect high levels of
cardiomyocyte apoptosis [22]. Ultimately, this approach could serve as a more sensitive early
marker of anthracylicne toxicity than studies based on macroscopic left ventricular
dysfunction, providing the opportunity to modify or stop administration of the agent before
clinically overt heart failure.

Cardiac transplant rejection
Current monitoring of cardiac allograft rejection relies heavily on endomyocardial biopsy, an
invasive procedure with attendant risks. Allograft rejection is characterized by varying degrees
of inflammation with associated necrosis and apoptosis. Apoptosis imaging therefore has the
potential to noninvasively identify patients with transplant rejection and monitor response to
immune modulation therapy. Early efforts with a rat model of cardiac allograft rejection
showed increased uptake of 99mTc annexin V that correlated well with histologic evidence of
apoptosis associated with a mononuclear inflammatory infiltrate [16]. In a study of 18 cardiac
transplant recipients using 99mTc annexin V SPECT for apoptosis imaging, 13 patients with
negative scans had no histologic evidence of rejection, whereas 5 patients with positive scans
had histologically verified transplant rejection of ISHLT grade 2/4 or higher [20] (Fig. 4). In
a separate study of 10 transplant recipients using radiolabeled annexin V, two patients with
moderate acute rejection by biopsy were correctly identified by SPECT imaging; however,
specificity in this study was suboptimal with half of the patients with grade IA rejection or less
having two foci of uptake on imaging [19]. With further refinements, these encouraging clinical
efforts may reduce the need for routine surveillance endomyocardial biopsy in transplant
recipients.

Future directions
Advances in noninvasive apoptosis imaging have the potential to offer tremendous insight to
clinicians. By their nature, apoptotic cells indicate an ongoing pathophysiologic process that
is at a tipping point, with the opportunity for cell death to be contained or even reversed outright
through the elimination of inciting stressors or, in the future, through therapies that aim to
inhibit cellular pathways leading to apoptosis. Apoptosis imaging may prove a valuable tool
for identifying vulnerable atherosclerotic plaque with potential for screening of coronary and
carotid arteries for risk stratification and treatment. For ischemia-reperfusion injury, apoptosis
imaging has demonstrated the ability to identify regions of apoptosis and may eventually be
used to guide revascularization strategies and identify patients who may benefit from apoptosis
inhibitors to prevent extension of left ventricular damage. Whereas current clinical practice
focuses on cardiac biomarkers that reflect cardiomyocyte lysis well after the damage is
complete, apoptosis imaging provides a window onto areas with ongoing cellular damage that
presages functional and structural impairment. In the setting of chronic heart failure, significant
work remains to translate in vitro studies of apoptosis to clinical imaging, but these techniques
may become extremely useful in assessing response to heart failure therapies and progression
of the disease. Finally, apoptosis imaging may be a viable alternative to current practice of
routine endomyocardial biopsy to identify cardiac allograft rejection. While annexin V imaging
has proved to be an effective strategy that will no doubt continue to be a highly useful technique,
future methods targeting other cell membrane components or intracellular signaling processes
such as caspases may further enhance our capabilities to image apoptosis noninvasively.
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Fig. 1.
Pathways of apoptosis. Apoptosis in cardiomyocytes can be mediated by mitochondria (blue
shaded area), in a pathway initiated by the release of cytochrome c into the cytosol, or through
the death-receptor pathway. The net result of both these pathways is to activate caspase-3, the
final effector enzyme of apoptosis. Reproduced with permission from Ref. [11]
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Fig. 2.
In vivo imaging of cardiomyocyte apoptosis in mice by MRI. Apoptosis was induced by
transient coronary ligation, following which reperfusion was established. The annexin V-
labeled magnetofluorescent nanoparticle, AnxCLIO-Cy5.5, was injected at 2 mg Fe/kg into
the tail vein of the mice upon coronary reperfusion. Accumulation of the probe in the
hypokinetic anterolateral wall produced strong negative contrast enhancement (arrows). No
evidence of probe accumulation was seen when the mice where injected with the unlabeled
CLIO-Cy5.5 probe. Reproduced with permission from Ref. [32]
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Fig. 3.
Imaging of cardiomyocyte apoptosis in acute myocardial infarction with 99mTc-annexin V.
Combination of acute 99mTc-MIBI (left 2 columns) and 99mTc annexin V uptake (right 2
columns) in area at risk on day 1 in a patient presenting with acute MI. 99mTc-MIBI perfusion
defects in anteroseptal and apical region (open arrows) correlate well with 99mTc-annexin V
activity (grey arrows). Adapted and reproduced with permission from Ref. [21]
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Fig. 4.
Diffuse myocardial uptake of 99mTc-annexin V in cardiac allograft rejection. SPECT imaging
3 h after intravenous injection of radiolabeled annexin V demonstrated diffuse myocardial
uptake of radiotracer, suggesting extensive apoptosis in the myocardium and transplant
rejection. Reproduced with permission from Ref. [20]
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Table 1
Noninvasive imaging of apoptosis

Imaging target/agent Modality References

Phosphatidylserine targeting
 Annexin V Scintigraphy [16–28]

PET [29–31]
MRI [32,33]
Fluorescence [34,35]

 Synaptotagmin C2A Scintigraphy [36]
MRI [37]

Caspase targeting PET [38]
Fluorescence [39]
Bioluminescence [40]
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