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ABSTRACT

The management of patients with coronary artery disease, both in the post-

infarction setting, and in patients with chronic advanced left ventricular (LV)

dysfunction, is complicated by the presence of both reversibly damaged and

infarcted myocardium. Although acute revascularization with thrombolytic therapy

and percutaneous angioplasty have served to reduce the overall mortality from

myocardial infarction, the ability to predict whether or not dysfunctional

myocardium will recover following revascularization presents the clinician with a

serious challenge. The success of revascularization, both on improvement of LV

function, and short and long-term prognosis, depends on both the existence and

extent of viable but dysfunctional myocardium present, as there is little to be gained

from revascularizing a territory consisting exclusively of scar. There is a clear

demand for procedures that can identify reversible asynergy prospectively and thus

deliver the information that is needed for clinical decision-making. The objective of

this review is to summarize the diagnostic tools that are currently available for the

identification of reversible injury (i.e., stunned or hibernating myocardium). The

relative merits of echocardiography, nuclear medicine imaging, and magnetic
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resonance imaging are discussed in detail. Within the discussion of each modality,

special attention is paid to the more recent innovations that have arisen to enhance

the diagnostic and prognostic value of older approaches. Cost, availability, and

local expertise will always affect the clinical popularity of a given diagnostic

approach. However, the overriding conclusion that emerges from this review is that

the future “techniques of choice” will be those that can reliably predict and quantify

the extent of potential functional recovery.

Key Words: Myocardial viability; Cardiac imaging; Coronary artery disease;

Stunned myocardium; Hibernating myocardium

OVERVIEW

The ability to distinguish reversible from irreversible

myocardial injury is of critical importance in the

management of patients with both acute and chronic

coronary artery disease (CAD) syndromes. The most

important variable influencing long-term outcomes in

patients with coronary disease is the status of left

ventricular (LV) function. Impairment of LV function is

clearly associated with a reduction in both quality and

quantity of life. Interventions that improve LV function

have consistently shown benefits on hard patient

outcomes, i.e., survival, and softer outcomes, such as

admission rates for congestive heart failure, and quality

of life indicators, including heart failure classifications,

and exercise capacity.[1 – 10] As well, there may very well

be alternative or supplemental means of improving LV

function and prognosis that may follow from our

improved understanding of the complex interrelation-

ships between myocardial perfusion, metabolism, cell

membrane and vascular integrity, and systolic function.

The goal of this review is to provide a survey of the

techniques that are currently available for the clinical

assessment of myocardial viability. Before we address

the relative merits of these techniques, it is first important

to appreciate the pathophysiology that these tools are

designed to interrogate. To this end, we begin with a brief

discussion regarding the evolution of myocardial

injury—from the onset of ischemia to reversible damage

and, finally, necrosis.

THE MYOCARDIAL RESPONSE TO
ISCHEMIC INJURY

Reversible Injury

Within seconds of the onset of severe ischemia, there is

an abrupt change from predominantly aerobic to

anaerobic metabolism. This results in a drastic decrease

in the production of high-energy phosphates (HEP),

namely adenosine triphosphate (ATP) and phosphocrea-

tine (PCr).[11] Reversible injury is difficult to identify with

light microscopy, although disturbances in fluid and ionic

homeostasis may manifest in water vacuoles (hydropic

change) and cellular swelling. Electron microscopy is best

suited to identify the ultrastructural changes associated

with reversible injury, namely mitochondrial swelling,

loosening of intercellular attachments, the presence of

small, lipid-rich amorphous mitochondrial densities,

dilation of the sarcoplasmic reticulum (SR), disaggrega-

tion of SR polysomes, and myofibrillar relaxation.[11,12] In

canine models of severe ischemia [i.e., flow (#10%

normal)], these ultrastructural defects are entirely

reversible if reperfusion occurs within 20–40 min. The

myocardium is functionally sensitive to ischemia,

however, and will exhibit marked contractile dysfunction

within 1 min of acute onset.[11] The length of time this

contractile impairment remains is profoundly influenced

by the severity and duration of the ischemic period and

clearly, by the development of irreversible injury.

Irreversible Injury

Irreversible injury, i.e., infarction, follows a distinct

geographic pattern in the myocardium, beginning in

subendocardial tissue and progressing towards the

subepicardium. In canine, experimental models of acute

myocardial infarction (AMI), myofibril death begins after

approximately 40 min and reaches its full, transmural

extent in as little as 3–6 hr. The time-course is somewhat

more protracted in humans, taking generally as long as 6–

12 hr for complete infarction of the myocardium at risk.[13]

Despite the presence of markers of loss of cellular integrity,

i.e., cardiac enzymes and proteins in the serum as early as

2 hr post-infarction, the necrotic changes are seldom

evident, histologically, until at least 4–12 hr after onset.[14]
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The microscopic changes associated with irreversible

myocyte damage include the denaturation of cytoplasmic

proteins, swelling, and enzymatic digestion of organelles

and the sarcolemma. On a gross level, immature

myocardial infarcts have poorly defined borders. The

margins of the infarct demonstrate inflammatory hyper-

emia, which is incited by the necrotic tissue itself. With

time, macrophages will arrive on the scene of injury and

engulf the remaining cellular debris.[11,14] Finally,

connective tissue grows into the area of fibrinous exudate,

ultimately transforming the original site of necrosis into a

mature, collagenous, noncontractile scar.

In addition to the obvious early necrotic process,

apoptosis or “programmed cell death,” is now recognized

as a consequence of ischemia and reperfusion. Unlike

necrosis, however, the apoptotic process incites no

inflammatory reaction and it is therefore much more

difficult to identify with conventional histology.

Techniques that detect DNA fragmentation—a hallmark

of apoptosis—have confirmed that it is a contributor to

irreversible injury in the setting of AMI.[15] The time

course of the apoptotic cascade in the context of

myocardial ischemia is still largely unclear. In the greater

scheme of irreversible ischemic damage, apoptosis is

believed to contribute very little, on the order of ,8% of

total myocyte deaths.[16] However, a large number of

earlier basic studies of myocardial infarction using

isolated heart preparations or intact animal models may

have underestimated the extent of myocardial necrosis by

not waiting a sufficiently long period of time for the

evolution of apoptosis, a process that appears to require

at least days to become manifest.

Reperfusion

The overwhelming priority in the acute management

of patients post-AMI is to limit the extent of necrosis.

With severe ischemia of less than approximately 6 hr

duration, restoring the blood supply to normal- or near

normal-levels can salvage at least some fraction of the

area at risk.[11,17,18] Thrombolytic therapy or angioplasty

are frequently used when electrocardiographic evidence

of transmural ischemia is evident, in an attempt to

establish reperfusion.

MYOCARDIAL VIABILITY

Central to the issue of undertaking interventional

procedures after an AMI, or in the presence of chronic

ischemia-mediated LV dysfunction is the question of

viability. If tissue is viable, it will benefit through

improvement in function by restoration of normal blood

flow. Indirectly, in theory, the patient’s prognosis will

also improve, with an increase in ejection fraction,

systolic and diastolic performance, exercise capacity,

and most importantly, survival.

It is generally agreed that, in order for myocardium to

be considered viable, it must: (1) have the ability to

generate HEP (i.e., PCr and ATP), (2) have an intact

sarcolemma, in order to maintain ionic/electrochemical

gradients, and (3) have sufficient perfusion, both for the

delivery of substrates and O2 and for the adequate

washout of potentially noxious metabolites.[17,19] An

obvious omission from this list of criteria is the issue of

contractility. There are two tissue states that exhibit

sustained contractile dysfunction despite meeting the

three criteria listed above: stunned and hibernating

myocardium. Myocardial stunning was a phenomenon

first documented by Heyndrickx et al. in the mid-

1970s[20] but was not given this label until 1982, when

Braunwald and Kloner defined stunned myocardium as

tissue which exhibits prolonged contractile dysfunction

after a transient ischemic insult and coronary reperfu-

sion.[21] That is, despite a prompt and complete return of

blood flow, it can take days and even weeks for the

injured myocardium to recover its native contractile

abilities.

By contrast, the second type of reversibly damaged

myocardium, “hibernating” myocardium, has been

typically characterized as secondary to reduced coronary

perfusion. Hibernating myocardium exhibits persistent

dysfunction at rest and at stress but this can be either

partially or completely restored by revascularization

interventions (e.g., angioplasty or coronary artery bypass

graft, CABG).[22,23] Some have also proposed that

hibernation develops following recurrent intermittent

episodes of profound ischemia and is, in essence, a

consequence of repetitive periods of stunning.[24]

It is clear from the foregoing discussion that for the

ideal evaluation of viability, one would wish to have a

complete set of data regarding perfusion, metabolic

status, and cellular membrane integrity. Much of this

review will focus on the techniques available to provide

us with this data.

Myocardial Stunning

Although the stunning phenomenon was first docu-

mented in experimental canine models of short-term

ischemia and reperfusion, post-ischemic contractile

dysfunction has been observed in many different clinical
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situations, especially in the following examples:

1) unstable angina,[25] 2) exercise-induced ischemia,[26]

3) cardiac surgery patients, if a cardioplegic solution has

been used,[27] and 4) reperfused-AMI.[28] In the first two

cases, regional LV dysfunction can be induced by

transient ischemia but systolic and diastolic dysfunction

can persist for hours after chest pain and electrocardio-

graph (ECG) changes have resolved.[29] Global contrac-

tile dysfunction is not an uncommon consequence of

cardiac surgery, when cardioplegic solutions are used to

temporarily arrest the heart. This has led to the increasing

performance of surgery on the beating heart, to lessen the

detrimental effects on post-operative contractile func-

tion, even if they are transient. Regional ventricular

stunning is often observed when AMI patients receive

thrombolytic or angioplasty treatment. In the early period

post-reperfusion, the contractile dysfunction caused by

stunning can be difficult to impossible to differentiate

from that which is due to infarction.

The time-course of myocardial stunning in humans is

thought to be more unpredictable than that observed in

animal models: dysfunction may persist for hours or for

as long as 6 weeks post-insult.[30] In general, both the

duration and severity of ischemia determine the duration

of post-ischemia/reperfusion dysfunction.[31] Interest-

ingly, there is recent evidence to suggest that stunning

may contribute to the dysfunction observed in cases of

heart failure, particularly ischemic cardiomyopathy.[32]

The difficulty in assessing simultaneously perfusion and

function has limited the recognition of stunning in

clinical contexts.

Several hypotheses have emerged to explain the

contractile dysfunction that follows short-term ischemia

and reperfusion. Early work focused on the metabolic

derangement that is correlated with stunning.[11,33 – 39]

Much more recent work has identified the deleterious

effects of oxyradical production on the contractile

elements of the myocardium.[40 – 45] In tandem, and not in

contradiction, the latest research is strengthening the

hypothesis that myofilament sensitivity to Ca2þ is

abnormal in stunned myocardium.[46,47] For more

discussion regarding the candidate mechanisms for

stunning, the reader is directed to a thorough review by

Bolli and Marban.[47]

Hibernating Myocardium

As originally defined by Rahimtoola,[23] hibernating

tissue exhibits marked contractile dysfunction as a result

of chronic hypoperfusion that will improve or normalize

after revascularization. It is believed to represent an

adapted state, one in which contractile function is

diminished in order to “match” the decreased supply of

substrates and O2 to the myocardium. In addition to

down-regulating contraction, Casey and Arthur[48] have

shown that hibernating myocytes exhibit diminished

protein and mRNA synthesis.

Hibernation is thought to be distinct from myocardial

stunning, where the decrease in supply is severe and

transient. Recent evidence suggests alternate expla-

nations for this phenomenon. One proposal contends that

resting myocardial perfusion may actually be normal and

that it is perfusion reserve that is inadequate in this tissue

state[49,50] leading to ischemia when tissue demand

increases. The other postulate is that hibernation has

occurred secondary to recurrent severe ischemia in the

setting of a severe coronary stenosis, exposed to

intermittent total or sub-total occlusion because of

transient thrombus.[24]

The cytological changes characteristic of hibernating

myocardium are profound but reversible in nature. It has

been shown that there is a progressive loss of contractile

proteins that occurs, oddly, without a marked decrease in

cell volume. Rather, the space previously occupied by

the sarcomeres is predominantly replaced by glycogen.

There are also changes in the extracellular matrix of

hibernating myocardium, with an increase in the amount

of both collagen and proteoglycans.[51] Eventually, the

cardiac myocytes that comprise hibernating myocardium

resemble those of fetal hearts: they begin to “de-

differentiate.”[52] This is significant because the time-

course of recovery following revascularization may

depend on the time required to resynthesize and express

new contractile material. Although the time to recovery

of function may be nearly immediate for a subset of

patients, post-revascularization, others follow a much

more protracted (up to 10 weeks) course of recovery.[53]

Histopathologic studies have identified discrete stages

of degeneration within the framework of hibernation

itself, with each progressive stage characterized by

less contractile protein and more fibronectin and collagen

I.[54]

IDENTIFYING VIABLE MYOCARDIUM

Fully understanding the mechanisms leading to

myocardial stunning and hibernation is not merely an

academic exercise; in 1998, the National Heart, Lung and

Blood Institute held a workshop in order to discuss

current thinking about reversible myocardial injury. The

following was among their recommendations for future
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research: “To develop better methods for the diagnosis of

stunning in humans, including the development of

diagnostic techniques that can rapidly distinguish

stunning from necrosis after cardiac surgery and after

revascularization for AMI. In these situations, such a

distinction is essential for selecting the proper manage-

ment of patients with severe LV dysfunction or

cardiogenic shock. Better diagnostic methods that can

distinguish stunning from hibernation would also help to

define the prevalence, natural history, and clinical

importance of these two conditions; ideally, these

diagnostic methods should be accurate, relatively

inexpensive, and broadly available.”[32]

Further, the enhanced understanding of the complex

interrelationships between myocardial perfusion, cell

membrane and metabolic integrity, and systolic and

diastolic function will hopefully lead to metabolic

interventions which will lead to improvements in

myocardial function and patient prognosis.

THE ASSESSMENT OF MYOCARDIAL

VIABILITY

The assessment of myocardial viability (extent of

infarction) must include an assessment of coronary

artery anatomy by coronary angiography to determine

the potential for revascularization in a given patient,

if viability in ischemic tissue is suggested by

noninvasive imaging modalities. Atherosclerosis

tends to be a very diffuse process, often extending

to some extent throughout the entire length of a given

coronary artery, and may limit the possibility of

undertaking percutaneous angioplasty or even bypass

surgery.

Noninvasive techniques can only identify tissue that

might benefit from revascularization. The gold standard

for the assessment of viability, in the clinical setting, is

therefore limited. The measured outcome for noninva-

sive testing has generally been the improvement in

regional function as monitored by yet another non-

invasive modality. Clinically, it is not possible to have

histological verification of tissue viability. The determi-

nation of viability is indirect and depends on a given

region’s functional response to revascularization. This

remains a limitation of all clinical studies of viability

using noninvasive markers. Further, if we define the

assessment of viability as the detection and discrimi-

nation of four tissue states (normal, stunned, hibernating,

and infracted), then viability assessments should

inherently include measurements of tissue blood flow.

Echocardiography

Echocardiography has been extremely useful in the

assessment of global and regional cardiac dysfunction—

an invaluable tool used to document the early and late

functional changes at rest, in the absence of inotropic

stimulation, which occur following AMI. Stress echo-

cardiography with dobutamine has also been used to

identify viable, yet chronically dysfunctional myocar-

dium. By administering multiple, step-wise doses of

dobutamine, hibernating tissue, dysfunctional at rest, and

manifesting hypokinesis, akinesis, or even dyskinesis,

may exhibit a biphasic response, responding with an

improvement in contractile performance at lower doses

(5–10mg/kg/min), only to regress when the metabolic

demand stimulated at higher doses ($15mg/kg/min)

overwhelms the tissue’s capacity to respond.[55] Trans-

mural myocardial biopsies obtained from patients with

hibernating myocardium have shown that tissue with

.17% fibrosis failed to exhibit contractile reserve when

challenged with low-dose dobutamine.[56] The import-

ance of disease severity was further highlighted by a

1998 study of patients with post-ischemic heart failure

(patients were studied pre- and 6 months post-

CABG).[57] In this study, Pagano and colleagues reported

that the diagnostic accuracy of dobutamine-echocardio-

graphy was reduced with increasing severity of regional

and global LV dysfunction. That is, the technique

appeared to underestimate the extent of viability: 39% of

all recovering LV segments failed to exhibit inotropic

contractile reserve. In a similar but separate study of

functional recovery pre- and 6 months post-revascular-

ization, low-dose dobutamine failed to identify 45% of

the segments that ultimately regained function.[58] Thus,

dobutamine-echocardiography is an easily accessible

tool with sub-optimal sensitivity for the detection of

residual tissue viability. Reductions in blood flow that

lead to hibernation likely do so across a significant range

of flows, with a corresponding spectrum of metabolic

reserve. Those regions with greater metabolic reserve

will likely retain the ability to respond to an inotropic

stimulus while those regions with profoundly reduced

flow—just on the threshold of viability—will have no

ability to respond. Such regions will therefore appear to

be nonviable on a dobutamine-echocardiography

challenge.

There are many limitations to conventional 2D

echocardiography and these may diminish its diagnostic

value in the assessment of myocardial viability. The

results of echocardiography are largely qualitative in

nature and therefore very reliant on the interpreting

Diagnostic Assessment of Myocardial Viability 385



physician. Despite reports of high interobserver agree-

ment, inter-center concordance has been evaluated at less

than 80%.[59] Attempts to quantify contractile abnorm-

alities include the measurement of %regional systolic

wall thickening (%WT) and ejection fraction (EF%).

Perhaps the greatest limitation is the necessity for a

“good acoustic window,” in order to evaluate LV

function. Patients with a large body habitus, those with

significant pulmonary disease, or those with prior cardiac

surgery are poor candidates for echocardiography.[60]

Approximately 15% of CAD patients are believed to

have inadequate acoustic windows.[61] This can be

overcome, to a great extent, by the performance of

transesophageal echocardiography, which has been

performed with dobutamine stimulation for the evalu-

ation of tissue viability.[62,63]

Another major limitation of 2D echocardiography is

that the endocardial/LV blood pool interface (the

endocardial border) can be difficult to visualize, thus

rendering quantifications of %WT and EF% less

accurate. “Second-harmonic imaging,” was developed

in order to improve echocardiographic image quality.

This technique involves the analysis of the returning

acoustic signal at a frequency that is exactly double the

transmitted (fundamental) frequency.[64] With increasing

depth, there is more distortion of the original sound wave

and, hence, more production of harmonics. Receiving the

second-harmonics effectively serves to amplify the

signal that is received from deeper tissue structures.[65]

The improvement in endocardial border delineation is

perhaps most striking in stress echocardiography

examinations. Recently, Franke and colleagues per-

formed second-harmonic imaging with dobutamine

stress in a group of patients with poor transthoracic

windows (determined during a traditional echo exam, in

fundamental mode).[66] In this study, designed to test for

the presence of coronary disease, second-harmonic

imaging conferred an improvement in sensitivity over

fundamental mode imaging (92 vs. 64%, respectively).

The improvement in endocardial definition may enhance

viability assessments with transthoracic echocardiogra-

phy but this hypothesis requires validation.

Another notable advancement in echocardiography

has been the development of myocardial contrast

echocardiography (MCE). Briefly, microbubbles,

injected intravenously, release ultrasound energy at the

transmitted frequency and at harmonics of the trans-

mitted frequency. Their nonlinear backscatter character-

istics allow for increased contrast between tissue and the

intravascular microbubbles, when used in conjunction

with second-harmonic reception—the signal amplitude

of the tissue at the second-harmonic frequency is much

less than the signal effect caused by the contrast agent.[67]

In addition to improving the delineation of the

endocardial border, microbubbles have been used to

estimate myocardial perfusion and have performed well

when compared to the radiolabeled microsphere

standard.[68,69] Microbubble uptake has demonstrated

clinical value in identifying perfusion defects after AMI:

improvement in perfusion, as assessed by MCE, at least

24 hr post-AMI was predictive of subsequent functional

recovery in a study of patients with first-AMI undergoing

revascularization interventions.[70] In a comparison of

MCE-identified perfusion defects and dobutamine-stress

echocardiography, it was found that early recovery of

microvascular perfusion patterns was strongly associated

with myocardial viability.[71] Despite its high sensitivity,

MCE has a very poor predictive value when used

alone.[72,73] If applied with second-harmonic imaging,

however, MCE confers impressive endocardial border

delineation and can be used for some patients with

otherwise inadequate acoustic windows.[74,75]

Single Photon Emission Computed

Tomography

Single-photon emission computed tomography

(SPECT), has largely replaced conventional planar

scintigraphy in current clinical nuclear medicine practice.

In terms of radiopharmaceuticals, the two most widely used

compounds in SPECT perfusion/viability imaging of the

heart are Tl-201 and Tc-99m-sestamibi.

Tl-201 Imaging

Tl-201 is the most frequently used agent in radionuclide

imaging of the heart. It is a potassium analog that enters

cells via the sarcolemmal Naþ/Kþ ATPase pump. As

previously discussed, a disrupted sarcolemma is inconsist-

ent with viability, and it follows that this tracer can only

gain entrance into viable cells. Furthermore, the initial

uptake and washout of Tl-201 (to viable myocardium) is in

direct proportion to tissue blood flow, making it a suitable

tracer for the study of myocardial perfusion. Due to its long

half-life (73 hr), a large reservoir of Tl-201 will persist in

the blood stream and following initial uptake will

redistribute to the myocardium for many hours after

injection.[76] Hours after the injection, myocardial Tl-201

concentrations primarily reflect viable myocardium rather

than differences in tissue flow.

Imaging occurs immediately following stress, with

either exercise or pharmacologically induced coronary
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hyperemia with dipyridamole or adenosine, and again

after 3–4 hr redistribution of Tl-201.[77] Defects that are

seen on post-stress images, after ischemia has been

induced, may “fill in” by the time the rest-redistribution

images are acquired, indicating viability. Conversely, a

defect that persists and appears again on the 3–4 hr

images (i.e., a fixed-defect) reflects: (1) markedly

reduced regional perfusion, (2) impaired cellular

membrane integrity, inadequate for the active sequestra-

tion of the tracer into the cell, (3) cell death (acute

infarction), or (4) scar tissue. Thus, fixed-defects on 3–

4 hr redistribution images may represent only severely

hypoperfused—and not necessarily infarcted tissue.[78]

If a fixed-defect is seen in early redistribution images, a

third set of images may be acquired at 24 hr, which would

allow for redistribution of the tracer to very-ischemic (yet

viable) tissue.[79] It has been shown that 22% of fixed-

defects (at early redistribution imaging) demonstrate

normal Tl-201 uptake at later redistribution. This may

indicate a poorly perfused, yet viable region.[80] Clearly,

late imaging can improve the identification of viable

myocardium, though even late redistribution images tend

to overestimate the extent of infarction, especially in

patients with subendocardial infarcts.[81]

An alternative to late redistribution imaging is to

perform a second injection of Tl-201 at the 3–4 hr (early)

redistribution exam,[82,83] often called a viability study.

This may be necessary because redistribution depends on

the continued delivery of the tracer over the 3–4 hr period.

If the blood concentration of Tl-201 remains constant or

increases during the period between stress and early

redistribution imaging, an initial defect in a region of viable

myocardium should fill-in. If the blood concentration of Tl-

201 decreases a great deal, there may be insufficient

delivery of the tracer and the defect may not fill-in during

redistribution imaging.[82] The second injection of thallium

with delayed imaging after this repeat injection will give

the myocytes with reduced perfusion the greatest

opportunity to sequester thallium, if they are still

metabolically capable of this ATP-dependent process.

The results of Tl-201 SPECT have been very

rewarding but despite the apparent demonstration of

viability, many segments fail to recover in response to

revascularization. This technique has a sensitivity that

ranges from 64 to 72% and specificity from 45 to 88%,

for improvement in contractile function.[84 – 87] The

predictive accuracy of Tl-201 rest-redistribution imaging

was found to be higher than that of low-dose

dobutamine-echocardiography (77 vs. 58%), when the

two techniques were compared in a population of chronic

CAD patients studied before and after revasculariza-

tion.[88] Pace and coworkers have previously demon-

strated that higher specificity and accuracy (but lower

sensitivity) can be attained by using a greater %Tl-201

uptake threshold (when classifying segments as viable or

nonviable); they recommend the use of a 65% uptake

threshold, rather than the 50% cutoff value that is

commonly used in Tl-201 image analysis.[89]

Tc-99m-sestamibi Imaging

In contrast to Tl-201, Tc-99m-2-methoxyisobutyl

isonitrile (Tc-99m-sestamibi) decays with a much shorter

half-life (6 hr) and emits photons with a higher energy

range (140 vs. 70 keV), providing improved imaging

characteristics. Like Tl-201, the initial cellular uptake of

Tc-99m-sestamibi is in direct relation to myocardial

blood flow; once extracted from the blood pool, Tc-99m-

sestamibi will bind to the myocyte’s mitochondria, as

long as the mitochondrial matrix is intact and the

transmembrane potential is negatively charged,[90] so it is

also a reasonable reflection of viability. Unlike Tl-201,

however, Tc-99m-sestamibi becomes (very nearly)

irreversibly bound, once inside the cell, so there is

virtually no redistribution of this tracer.

As with Tl-201, viability imaging with Tc-99m-

sestamibi can be performed at rest (only) or, more

commonly, at both rest and following exercise (each

obtained with separate injections). However, in a

population of chronic CAD patients, Maurea and

colleagues found that nitroglycerin administration

improved Tc-99m-sestamibi uptake in 27% of segments

with severely reduced resting uptake.[91] Furthermore, at

5 ^ 3 months post-CABG, 87% of the pre-CABG,

reversible defects showed significant functional recov-

ery, thus demonstrating the impact of nitrates on the

identification of dysfunctional but severely hypoperfused

(hibernating) myocardium. Similar results in favor of

nitrate-stress have been reported by Schneider et al.[92]

and Batista et al.[93]

Some studies have demonstrated good agreement

between sestamibi and Tl-201, in terms of their ability to

predict future recovery following revascularization.[94,95]

There is some evidence, however, that Tc-99m-sestamibi

underestimates viability to a larger extent than Tl-

201.[95 – 98] To address this concern, Udelson et al.[94]

investigated the impact of %uptake threshold on the

distinction between salvageable and infarcted myocar-

dium; this group has recommended a threshold of 60%.

Using this approach, Hurrell and coworkers have used

Tc-99m-sestamibi to measure infarct-size in patients

with chronic CAD.[99]
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Tc-99m-tetrofosmin has been used in lieu of Tc-99m-

sestamibi, as its kinetics are similar (uptake is related to

both flow and the integrity of the sarcolemma.[100,101])

The tetrofosmin tracer was developed for its relatively

fast clearance from blood and low uptake in nontarget

tissue such as the liver.[102] It has been studied to a much

lesser extent than Tc-99m-labeled sestamibi, particularly

with regards to its role as a viability tracer, but it has

proven its worth as a perfusion tracer in canine models of

reperfused infarction.[103 – 105]

Value of Conventional SPECT Imaging

Currently, Tl-201 imaging at rest immediately after

injection, and again following a 3 hr delay has evolved as

the modality of choice for conventional nuclear tracer

imaging.[106] The identification of viable myocardium by

the Tl-201 rest/redistribution approach has been shown

to predict significant improvement in functional class

(New York Heart Association)[6] and in event-free

survival post-CABG.[107] Furthermore, stress perfusion

SPECT has proven its value in the risk-stratification of

patients, particularly in predicting cardiac events, both

early post-infarction[108,109] and late (.1 year) following

revascularization.[110] It is notable that dobutamine-

echocardiography—a less costly diagnostic test—has

performed consistently worse than perfusion SPECT in

predicting hard clinical outcomes.[111] It follows that,

although the direct cost of radionuclide testing is higher

than that of dobutamine-echocardiography, the inferior

predictive value of the latter test is likely to result in

greater downstream costs in the form of subsequent

testing and interventions.[112]

At present, the value of either Tl-201 or Tc-99m-

sestamibi in the identification of reversibly damaged

myocardium is mainly limited by the spatial resolution

conferred by SPECT imaging of these tracers; it is not

currently possible to detect transmural variations in

viability, for this reason. A small subendocardial infarct

with subepicardial stunning may well appear as either

normally perfused or as an area of low-count density on a

SPECT image (i.e., below the 50 or 60% thresholds that

are often used), but it would be unlikely to correctly

delineate the limited area of infarction.

Novel Radiopharmaceuticals

Several new radiopharmaceuticals have been devel-

oped for application to cardiac SPECT assessments of

viability:

(a) I-123-( p-iodo phenyl)-3-R,S-methylpentadeca-

noic acid (123I-BMIPP), a fatty-acid analog: this tracer

has a long retention time in tissue as it is incorporated

into the triglyceride pool and partially metabolized

through alpha and, later, b-oxidation into smaller

catabolites. It is very sensitive to mitochondrial

dysfunction. 123I-BMIPP has been evaluated in canine

models of mild and severe ischemia and its metabolism is

closely associated with the severity of induced

ischemia.[113]

(b) Tc-99m-annexin-V, an agent with a high-affinity

for apoptotic cells: as discussed earlier in this review

(under “Irreversible Injury”), it has become increasingly

clear that apoptosis plays an important role in

ischemia/reperfusion injury. Examining the extent of

apoptosis post-AMI (i.e., in vivo) has not been feasible

until very recently; the best one could do was to submit

post-mortem myocardial samples to DNA end-labeling

analysis.[114] Clinical imaging with an apoptosis-specific

tracer was first attempted in a recent study of reperfused

AMI patients.[115] When compared to either Tc-99m-

sestamibi or tetrofosmin images, the annexin-V images

demonstrated that there was no increased uptake of Tc-

99m-annexin-V outside of the infarct itself.

In vitro work had previously elucidated the mechan-

ism by which annexin-V binds specifically to apoptotic

cells: annexin-V has a particularly high-affinity for cells

with externalized phosphatidylserine.[116] Phosphatidyl-

serine is normally resident on the inner-leaflet of the

plasmalemma and its export to the outer-leaflet has been

recognized, in vitro, as a signature of the apoptotic

cell.[117] The inspiration to radiolabel annexin-V for use

in clinical cardiac imaging is credited to Blankenberg

et al., for their important work with Tc-99m-HYNIC-

labeled annexin-V in rodent models of apoptosis.[118]

While the preliminary results of Hofstra et al. are

encouraging, it should be noted that annexin-V also has a

high-affinity for the exposed phosphatidylserine on

activated platelets—a potentially significant confound

in cases of AMI, where there is most definitely platelet

activation.[119]

Technical Developments with SPECT

The development of gated-SPECT has spawned a

new, quantitative area of cardiac nuclear medicine.

Functional assessments are now possible (e.g., %WT and

EF%) and may prove immensely valuable when used in

conjunction with the assessment of myocardial per-

fusion. Additionally, the %WT and EF% estimates

obtainable by gated-SPECT are useful in patients with

nondiagnostic echocardiograms (e.g., due to severe

pulmonary obstructive disease or extreme obesity).[120]
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By far, the greatest technical limitation of cardiac

SPECT is the problem of photon attenuation, particularly

in the inferior wall. Attenuation correction is becoming

more available with commercial systems, although its

benefits have still to be validated clinically.[79]

Positron Emission Tomography

At present, cardiac positron emission tomography

(PET) imaging with the tracer 18F-2-deoxy-2-fluoro-D-

glucose (FDG) is considered as the gold-standard

noninvasive test for the determination of myocardial

viability. Although PET imaging of this type can provide

extremely valuable information about viability, its use

has been limited. This is largely due to the high capital

and operating costs involved with this modality. Since

PET imaging requires the injection of generally positron-

emitting, cyclotron-produced radiopharmaceuticals, with

relatively short half-lives (ranging from 2 to 110 min),

the institution must have a cyclotron, either on-site or, at

minimum, very nearby. The exception to this is 82Rb, as

this positron-emitter can be produced with an on-site
82Sr/82Rb generator (the half-life of 82Sr is 25.36 days).

Apart from 18F, the positron-emitters that are most

commonly used in cardiac PET are 13N, 15O, 82Rb, and
11C. Once generated, the positron-emitters are incorporated

into tracers by a radiopharmacist. The myocardial kinetics

of a given tracer will reflect the metabolism of an

endogenous substrate of interest and, hence, can be used to

glean information regarding the cellular pathways followed

by that substrate. Further, with the aid of attenuation

correction algorithms, the absolute quantities of a given

tracer can be measured, allowing the quantification of

regional myocardial blood flow and metabolic rates for the

handling of a variety of physiologically important tracers.

In the case of FDG, the concentration of this tracer

following a peripheral intravenous injection can be used to

estimate the rate of glucose utilization. 13N labeled NH3,
15O labeled H2O, and 82Rb are valuable tracers for

estimating myocardial perfusion.[121]

Measuring Glucose Uptake with 18F-labeled

FDG PET

FDG is transported into the cell by the same

sarcolemmal carrier as glucose, where it is quickly

phosphorylated to FDG-6-phosphate by the enzyme,

hexokinase. This unidirectional reaction results in the

intracellular accumulation of FDG-6-phosphate, as there is

no phosphatase that can otherwise facilitate the

dephosphorylation of FDG-6-phosphate and allow free

FDG to exit the cell. Since FDG does not undergo further

metabolism, its uptake is proportional to the overall rate of

trans-sarcolemmal transport and hexokinase phosphoryl-

ation of circulating glucose by the myocardium.[122]

Historically, FDG PET has been used to assess fasting

glucose utilization,[122] or that which occurs after oral

glucose loading.[123] More recently, FDG imaging

protocols have used the euglycemic hyperinsulinemic

clamp technique: a constant infusion of glucose and

insulin is initiated and the rate of glucose infusion

adjusted to obtain normal blood glucose levels (verified

by serial blood sampling). This protocol results in a post-

absorptive “steady state,” and is a means of circumvent-

ing problems related to insulin resistance and stimulating

maximal FDG uptake.[124,125]

As there should be no uptake of glucose by infarcted

myocardium—which is metabolically inert—nonviable

myocardium will appear as a region of low-FDG

concentration in such images. However, glucose

utilization is normal and even above normal in areas of

reversibly injured myocardium.[126 – 128] Thus, stunned or

hibernating myocardium may be indistinguishable from

normal tissue in an FDG PET image. Although fatty acid

oxidation stops shortly after the onset of severe ischemia,

the ischemic myocytes will derive energy from stored

glycogen through anaerobic glycolysis. After glycogen

stores have been depleted, the ischemic myocyte can

make extremely efficient use of its meager supply of

circulating glucose. Even under conditions of extremely

diminished glucose delivery, there is evidence that

certain sarcolemmal glucose transporters are up-regu-

lated to allow for increased uptake of this substrate.[129]

Upon successful reperfusion, it has been shown that the

once-ischemic myocytes revert quickly to fatty-acid

oxidation as their predominant source of HEP.[130]

A 1997 meta-analysis of data pooled from 11 FDG

PET studies reported a combined sensitivity and

specificity of 88 and 73%, respectively, for predicting

functional recovery post-revascularization.[131] It should

be added that, since that particular review appeared in

print, at least two studies have reported worse

specificities for this technique (33%[57] and 56%[58]). In

the article by Wiggers et al., it was suggested that the

specificity of FDG PET could be improved with the

addition of perfusion imaging.

Myocardial Perfusion Imaging with 13NH3,

H2
15O, and 82Rb

13NH3, H2
15O, and 82Rb are the tracers most

commonly used in PET perfusion imaging. Their
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extremely short half-lives (10 min for 13N, 2.03 min for
15O, and 1.25 min for 82Rb) permit repeat measurements,

later in the same imaging exam which is extremely

advantageous when calculating perfusion reserve (the

ratio of maximum flow during exercise or pharmacologic

stress to resting flow). Estimations of myocardial

perfusion performed with 13NH3 and H2
15O PET have

compared very favorably with radiolabeled microsphere

measurements (in animals), over a wide-range of flow

values.[132] Although its initial uptake is in proportion to

myocardial blood flow, the retention of 13NH3 is thought

to depend on the metabolic integrity of the myocytes.

That is, once in the cell, 13NH3 and glutamic acid are

converted to 13N-labeled glutamine, which is an ATP

dependent reaction. Thus, late-distribution 13NH3 PET

images may also prove useful in the assessment of

myocardial viability.[133,134]

Like 201Tl, 82Rb is a potassium analog whose uptake is

initially proportional to perfusion. PET imaging with 82Rb

is an attractive alternative to 13NH3 or H2
15O imaging since

no cyclotron facility is required to generate 82Rb. Rather,
82Rb can be obtained as needed from a 82Sr/82Rb generator.

Myocardial perfusion estimation by 82Rb PET has been

successfully performed in dogs and it has demonstrated

good agreement with radiolabeled-microsphere measure-

ments of perfusion.[135,136] As with Tl-201 SPECT

imaging, 82Rb has value beyond that of a perfusion tracer,

as it is also believed that late-distribution 82Rb images

reflect myocardial viability as the successful uptake of 82Rb

depends on an intact myocyte membrane (a functional

Naþ/Kþ ATPase pump).[137]

The Combined Value of Perfusion/Metabolism

PET

The evaluation of tissue viability with either PET—or

any other modality for that matter—is greatly improved

with the concurrent assessment of regional myocardial

perfusion. Thus, using FDG imaging, the classical

picture of viability is the perfusion/glucose uptake

mismatch, i.e., impaired perfusion with normal or

augmented glucose uptake.

The combination of perfusion PET and FDG PET has

long been considered the gold-standard for the

identification of hibernating myocardium; the identifi-

cation of a region with low perfusion reserve by 13NH3

despite normal FDG uptake is highly predictive of both

functional recovery[138,139] and survival[140,141] post-

revascularization. In terms of soft post-operative out-

comes, a significant correlation has been found between

the total extent of PET mismatch and percent improve-

ment in functional status post-revascularization.[142] To

further this point, a separate study showed that the degree

of improvement in exercise capacity could be predicted

by the extent of viable myocardium identified by PET

perfusion/metabolism testing, but not with dobutamine-

echocardiography.[8]

Due to the relatively high cost and poor availability of

PET, there is a real need to prove that PET confers superior

prognostic impact, particularly relative to SPECT. In

perhaps the only such study of this kind, an analysis of

patient outcomes following either perfusion/metabolism

PET or Tc-99m-sestamibi SPECT found no difference

between the two techniques, in terms of either patient

management (revascularization or drug treatment) or

cardiac event-free survival.[143] It is notable, however, that

this particular study involved few patients (35%) with

severe LV dysfunction—a sub-population that is arguably

the most likely to require aggressive management. Clearly,

this remains an important question begging further study,

ideally in the form of larger-scale trials.

Investigating Oxidative Metabolism with PET

Although changes in myocardial glucose utilization can

be determined with FDG, this tracer provides no

information regarding how substrate is utilized (i.e.,

oxidative metabolism vs. anaerobic glycolysis). This is

an important distinction, as the ability to resume and

maintain oxidative metabolism is an important predictor of

subsequent functional recovery.[144,145] The extent and

location of oxidative metabolism can be determined with
11C-acetate PET, a technique that was first examined in

dogs by Buxton and colleagues.[146] The PET imaging

following 11C-acetate injection allows for the subsequent

measurement of myocardial CO2 production, and is

therefore directly related to tricarboxylic acid cycle

flux.[147] This technique has been compared with FDG

PET in patients with chronic CAD.[148] Although the

difference was not significant, in this 1993 study by Gropler

et al., 11C-acetate tended to show superior predictive value,

in terms of anticipating functional recovery post-

revascularization. Additionally, since the initial uptake of
11C-acetate is in direct relation to blood flow, it has been

argued that 11C-acetate PET may one day replace dual

perfusion/metabolic imaging with 13NH3/18FDG.[149]

Combining PET-Tracers with SPECT

Technology

Despite its proven value in the assessment of CAD,

the high cost of PET imaging has precluded its

widespread use in cardiac imaging. In contrast, the
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relative availability of SPECT systems has fueled recent

efforts to modify SPECT hardware for use in FDG

imaging. Two approaches have been proposed for FDG

imaging with modified-SPECT. The first involves the use

of 511 keV collimators, so-called “ultra-high energy”

(UHE) SPECT. The more recent alternative, gamma-

camera coincidence imaging (GCD), involves double- or

triple-detector gamma-cameras from which the collima-

tors have been removed and the two 511 keV photons are

detected using coincidence electronics (added to the

conventional SPECT system).

Hasegawa and colleagues discussed the relative

strengths and weaknesses of PET, UHE-SPECT, and

GCD imaging (all with FDG) in a recent article.[150] With

FDG PET set as the gold standard for the detection of

myocardial viability, UHE-SPECT achieved a sensitivity

and specificity of 67 and 92%, respectively. Though

GCD imaging was comparable in terms of specificity

(94%), its sensitivity was highly dependent on attenu-

ation: with attenuation correction, GCD achieved a

sensitivity of 48% but, without such correction, its

sensitivity dropped to less than 19%. Attenuation was,

intuitively, not as much of a concern with the single-

detector UHE approach, as only one 511 keV photon

would need to pass through the body before hitting the

detector (versus two photons with the coincidence

imaging approach).[151] The poor sensitivity of GCD was

still somewhat surprising, as this technique conferred

much better count sensitivity than did UHE SPECT. In

terms of spatial resolution, GCD imaging was superior to

UHE SPECT: the in-plane resolution of the former was

reportedly 4.8 mm (FWHM, only slightly worse than that

achievable by PET) compared to 9.2 mm for the latter.

GCD fared much better in a clinical pilot study

comparing it with FDG PET.[152] The sensitivity and

specificity of GCD for the detection of myocardial

viability (as determined by FDG PET) were evaluated at

81 and 69%, respectively. Furthermore, GCD demon-

strated 79% agreement with PET in this study of patients

with previous AMI.

Given that (1) the diagnostic accuracy of GCD and

UHE SPECT techniques is in fact worse than that of true

PET systems, (2) the cost of basic PET systems has

become more competitive, and, finally, (3) given the

proven need of PET in oncology, it is unlikely, in our

opinion, that this technology will see widespread use.

Magnetic Resonance

Myocardial stunning is difficult to prove in the clinical

setting, as one must establish that the dysfunction persists

after the restoration of normal perfusion. Confirming the

presence of hibernating myocardium also poses a

challenge: the dysfunction must be ascribed to chronic

hypoperfusion, chronically sub-normal perfusion

reserve, or repetitive stunning. The noninvasive methods

that are currently available for assessing perfusion

generally lack the ability to resolve transmural variations

in viability. PET, Tl-201, Tc-99m-sestamibi SPECT, and

even MCE cannot identify differences in perfusion,

metabolic patterns, and membrane integrity in subendo-

cardial vs. subepicardial regions. As well, these

techniques struggle to provide registered and concurrent

measurements of perfusion and regional contractile

function, two extremely important clinical parameters.

Magnetic resonance imaging (MRI) is rapidly gaining

recognition as a highly versatile cardiac imaging tool in

the setting of CAD. In addition to myocardial perfusion

and contractile function, cardiac magnetic resonance

(MR) techniques are also capable of assessing myocar-

dial metabolism and coronary artery anatomy. In the

following section, an attempt will be made to review the

wide variety of MR techniques that have been developed

to assess myocardial viability.

P-31 MR Spectroscopic Imaging

31P MR spectroscopic imaging (31P MRSI) has been

used to observe the metabolic changes that accompany

both ischemia and reperfusion. Briefly, cardiac 31P MRSI

is performed by placing a radio-frequency (RF) surface-

coil over the apex of the heart (in vitro or in vivo, over the

chest wall), and acquiring spatially localized 31P spectra

from the myocardium. The spectra corresponding to the

voxels of interest, those in the LV blood-pool and

myocardium, contain detailed information regarding

phosphorous-containing compounds. The relative con-

centrations of HEP and inorganic phosphate can be

ascertained from these spectra by integrating or

numerically fitting the spectra in the time or frequency

domain. Unfortunately, the inferior regions of the heart

are inaccessible, in vivo, with this technique, due to the

limitations of surface-receive coils that are commonly

used in 31P MRSI.[153]

31P MRSI is a noninvasive alternative to myocardial

biopsy—PET and spectroscopy being the only practical

alternatives available for assessing myocardial metab-

olism.[154] As discussed earlier, it is well known that

ATP falls drastically after the onset of acute ischemia.

Ischemic yet viable myocardium loses PCr as well, and

such changes have been observed with 31P MRSI.[155]

The normal ratio of PCr/ATP in humans is approxi-
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mately 1.8.[156] 31P MRSI has been applied to the study

of stunned myocardium. Specifically, the relative

PCr/b-ATP ratio was determined in patients under-

going early reperfusion for AMI. Although the ratio of

these compounds was not seen to change over a period

of 39 days post-AMI, it was concluded that the

diminished concentration of both PCr and ATP lead to

the relative stability of this metabolic ratio in stunned

myocardium.[154] An alternative explanation, however,

may be that the technique’s limited spatial resolution

did not allow for the discrimination of a characteristic

pattern for infarct vs. peri-infarct ischemic but viable

myocardium. At present, it is believed that ATP levels

are within normal limits in hibernating myocar-

dium.[157]

Additionally, one can determine intracellular pH by

measuring the chemical shift (spectral separation)

between the PCr and inorganic-phosphate peaks.

Intracellular pH is known to fall during acute ischemia

and it has been shown to return to normal following

restoration of normal flow, even in regions with

documented irreversible injury. It would thus, appear

that pH cannot be used as a surrogate indicator of

viability.

Diminished concentrations of PCr and ATP are not

highly specific for ischemic injury or nonviability.

Patients with cardiac allografts, patients undergoing

adriamycin therapy, and those with cardiomyopathy or

advanced age may demonstrate these metabolic abnorm-

alities as well.[158] Perhaps the most promising

application of 31P MRSI is in the evaluation of patients

with microvascular CAD—those with chest pain but

without angiographic evidence of significant epicardial

stenoses. Using mild exercise (isometric handgrip) stress,

Buchtal and colleagues have demonstrated that a

decrease in the PCr/ATP ratio can be used as a metabolic

marker for ischemia in women with chest pain not

secondary to an obstruction in one of the major epicardial

coronary arteries.[159] This and other forms of the 31P

NMR stress test[160] may prove especially valuable in

understanding the metabolic consequences of micro-

vascular CAD and their contribution to LV dysfunction

in certain groups of cardiac patients.

As mentioned earlier, 31P MRSI is limited by poor

spatial resolution at conventional field-strengths: at

1.5 T, the average voxel size interrogated by 31P MRSI is

on the order of 25 cm3. This is problematic, as

neighboring liver or skeletal muscle from the chest

wall may contaminate the myocardial HEP peaks. Since

liver has no PCr and skeletal muscle has relatively high

concentrations of PCr, the magnitude of this partial

volume contamination may be considerable. Hethering-

ton and colleagues have acquired 31P MRSI spectra of

the human heart at higher field, 4.1 T, in order to improve

the spatial resolution (to 8 cm3) and thus, minimize the

occurrence of such partial volume artifacts.[161] Despite

these attempts, at present, there does not appear to be a

distinctive “metabolic signature” for ischemic but viable

myocardium obtained with magnetic resonance

spectroscopy.

MR Imaging

1H MRI can confer very high spatial resolution, on the

order of sub-mm2 to 2 mm2 (in-plane resolution). This is

important, as was discussed in the prelude to this section:

without the capacity to distinguish transmural variations

in viability, conventional imaging techniques are ill-

equipped to accurately define the extent of necrosis,

which could lead to either underestimation or over-

estimation of viability.

In the early days of cardiac MRI, basic spin–echo

(SE) images were the mainstay, as they were easily

acquired and provided high soft-tissue contrast. In SE

images, there is no signal detected from flowing blood,

leading to the appearance of “black blood” in the

ventricles.[162] The first cardiac MR protocols usually

included a T2-weighted SE sequence, as it was quickly

discovered that distinctions between infarcted and

normal tissue were best seen with images of this type.

In canine[163 – 169] and porcine[170] models of AMI, as

well as in the earliest cardiac MRI experiments with

patients,[171] T2-weighted SE sequences allowed for the

visualization of infarcted myocardium, which appears as

a region of increased signal intensity (“hyperenhanced”

region).

The first attempts to either measure T1 (e.g., with

inversion recovery sequences) or to acquire T1-

weighted SE images revealed that the T1 of infarcted

myocardium was distinctly prolonged compared to

normal myocardium, resulting in regions of decreased

signal intensity (“hypoenhanced” regions).[163 – 169,172]

Attempts to identify areas of purely reversible ischemic

injury were somewhat less encouraging: using a canine

model of short-term occlusion followed by reperfusion,

McNamara and colleagues found no differences

between reversibly damaged and normal myocardium,

in terms of either T1 or T2-based signal intensity.[173]

T2-weighted SE still finds a place in modern cardiac

MRI, although conventional SE has been largely

replaced by turbo SE.[174,175] Gradient-recalled-echo

(GRE) sequences grew increasingly popular in cardiac
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MRI, as GRE images can be acquired in less time than

is required by SE sequences. However, GRE images

confer less soft-tissue contrast than that which is

possible with SE. In addition, unlike SE images,

flowing blood appears bright on GRE images.[162]

Modern cardiac sequences are largely GRE-based,

including those developed for the assessment of

myocardial perfusion and contractile-function, which

will be discussed next.

Cine MRI: Assessment of Left-Ventricular

Function

Cine MRI enables the visualization of cardiac motion

in a manner similar to echocardiography and, thus, is a

valuable tool for the assessment of viability. Of course,

echocardiography is already equipped to handle real-

time imaging of cardiac motion; it is also substantially

cheaper and more widely available than cine MRI

examinations. The advantage of cine MRI for the

evaluation of LV function is its superior delineation of

endocardial borders. As mentioned in the discussion

regarding echocardiography, poor endocardial border

definition can manifest in rather inaccurate estimations

of regional wall thickening, %WT or ejection fraction,

EF%. Cine MR images are generally of much better

quality and therefore easier to interpret and can be

quantified much more accurately and consistently than

the echocardiographic equivalents (and thus, less

dependent on the skill and training of the interpreting

physician).

The additional value of pharmacologic stress (e.g.,

dobutamine) has made it possible to evaluate contractile

reserve with cine MRI.[60,123,176] Dobutamine stress-cine

MRI can be used to determine inotropic changes in both

systolic and diastolic function. In an important study by

Baer and colleagues, the sensitivity and specificity of

dobutamine-induced systolic wall-thickening, as deter-

mined by cine MRI were 88 and 87%, respectively (when

using FDG PET, in itself not ideal, as the standard).[123]

Furthermore, dobutamine stress-cine MRI has been

successful in the prediction of recovery following

revascularization procedures: dobutamine stress-cine

MRI measurements made before and 4–6 months post-

revascularization revealed a sensitivity and specificity of

89 and 94%, respectively, for functional improve-

ment.[177] More recently, Oshinski et al. applied a

relatively simple mathematical model for use in

predicting changes in global function (EF%) with

revascularization. By combining their model with pre-

intervention cine MRI data acquired from patients with

chronic LV dysfunction, it was possible to predict the

actual post-revascularization ejection fraction within 1.3

EF percentage points.[178]

There is evidence suggesting that cine MRI may be

able to assess LV function for patients with inadequate

acoustic windows.[176] In a study of 208 patients, Nagel

et al. compared dobutamine-echocardiography and

dobutamine cine MRI. Only 51% of the echocardiograms

were considered to be of good or very good image

quality, whereas fully 82% of the MR equivalents were

graded that highly.[179] It is particularly noteworthy that

70% of the echocardiograms in this study were acquired

with second-harmonic techniques, which optimize

endocardial definition.

A limitation that is common to both echocardiography

and conventional cine MRI is that neither can provide the

radial or circumferential components of cardiac motion.

The addition of “grid-tagging” has improved on

conventional cine-MRI by providing a means of

calculating radial and circumferential deformation of

the myocardium. Grid-tagging sequences involve the

application of a pre-saturation grid at the beginning of

the cardiac cycle: this appears as a null-signal grid-

pattern (fiducial markers) that can be used to follow

intramyocardial changes in contractility.[180,181] In a

recent study, cine MRI with grid tagging was used to

assess the three-dimensional nature of contractile

dysfunction in a canine model of stunned myocar-

dium.[182]

Contrast-Enhanced MRI

It can be said that the introduction of paramagnetic

contrast agents truly inspired the notion of the

comprehensive cardiac MRI exam. Cine MRI, on its

own, is insufficient for discriminating between reversible

and irreversible ischemic injury. Without a means of

assessing myocardial perfusion and/or membrane integ-

rity, the impetus to develop MR techniques for clinical

use was poor.

Gd-DTPA is the most widely available and tested MR

contrast agent. It is a freely diffusible, extracellular tracer

with a molecular size of 550 Da. This tracer results in

contrast enhancement by reducing the T1 of tissue in a

concentration dependent fashion. Although free Gd3þ is

toxic, when chelated to DTPA, the tracer has an excellent

safety profile and clearance is predominantly via

glomerular filtration. The chelator, DTPA, is the moiety

responsible for the distribution and kinetics of the whole

tracer: healthy cells (with intact, selectively permeable

cell membranes) will exclude Gd-DTPA and therefore
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this agent is restricted to the extravascular and interstitial

spaces.[183,184]

Without contrast enhancement, distinctions between

normal and infarcted myocardium were unclear when

based on T1 differences alone. T2-weighted SE allowed

for the visualization of infarcted tissue, without the aid of

contrast media, but the specificity of either increased

signal intensity or measured T2 for irreversible injury

was questionable. The areas of signal increase often

extended well beyond the histologically determined

infarct zones, suggesting a strong influence of peri-

infarct edema on the images. Early applications of

contrast enhanced MRI demonstrated considerable

improvement in T1-based contrast between infarcted

and normal myocardium.[185,186] The heightened sensi-

tivity of T1-weighted imaging with Gd-DTPA was

ascribed to the T1-shortening properties of the agent,

although Gd-DTPA also reduces T2 (to a lesser extent).

The increased concentration of Gd-DTPA in infarcted

regions is thought to be caused by the loss of membrane

integrity in irreversibly injured myocytes: the contrast

agent can begin to enter the extravascular intra-cellular

space and, hence, increase its volume of distribution.

This excess accumulation of Gd-DTPA in infarcted

(hypo-perfused) vs. normally perfused tissue may be

further encouraged by delayed washout kinetics of the

tracer due to sub-optimal venous drainage in these

areas.[187] There will be an expanded discussion of the

application of Gd-DTPA for infarct assessment in the

forthcoming sections.

Myocardial Perfusion Imaging

A comprehensive assessment of myocardial viability

should include an assessment of perfusion. Determining

the presence of an intact microvasculature can help to

discriminate between ischemic (but viable) and infarcted

myocardium. Like nuclear medicine SPECT and PET

imaging, MRI can be used for the study of myocardial

perfusion. With the aid of rapid GRE sequences, MRI

can be used to qualitatively assess regional blood flow by

monitoring the first-pass of a bolus of contrast agent, e.g.,

Gd-DTPA. Regions that fail to enhance during first pass

are served by critically stenosed coronary vessels with

associated perfusion defects.[188 – 193] Tracer kinetic

modeling can be applied to these images to estimate

tissue parameters such as perfusion, blood volume, and

both membrane and capillary permeability.

A useful addition to MR perfusion imaging is the use

of vasodilators. By comparing perfusion with and

without adenosine-induced vasodilation, for example,

one can arrive at an estimate of perfusion reserve.

Perfusion reserve may be helpful in the detection of

significant stenoses as it is been determined that flow

during maximum hyperemia reaches nearly 400% of

resting flow, in normal subjects[194] and is reduced

progressively for stenoses greater than 50%. This may

also eventually serve to distinguish stunned myocardium

from either hibernating or infarcted tissue. In dogs,

coronary blood flow autoregulation is normal in stunned

tissue, as it will respond to vasodilatory stimuli (e.g.,

exogenous adenosine) to the same extent as will normal

tissue.[195] Despite its functional similarity to stunned

tissue, hibernating myocardium is characterized by

depressed coronary perfusion reserve (as previously

discussed). It should be emphasized that techniques for

identifying and quantifying perfusion reserve should be

capable of detecting small (2-fold) regional differences

in flow to be of real clinical value. To address this

challenge, Klocke et al. have tested the performance of

an inversion-recovery prepared TrueFISP sequence in a

series of canine, first-pass adenosine-stress exper-

iments.[196] With the signal-to-noise, dynamic range,

and temporal resolution provided by this sequence, it was

possible to discriminate regional depressions in vasodi-

lated flow over a rather wide range (1–5 times baseline

flow). Dipyridamole stress MRI was recently compared

with dipyridamole stress Tl-201 SPECT, in a small study

of patients with single-vessel CAD.[197] There was

modest agreement between the two modalities; the

sensitivity and specificity of MRI in the detection of Tl-

201 identified perfusion defects were 71 and 71%,

respectively.

Perfusion imaging is certainly an active area of

cardiac MR research but, it is also one that is fraught with

many unresolved issues, from those relating to hardware

requirements, to those concerning the prudent choice of

contrast-medium, MR pulse-sequence, and tracer-kinetic

model. For a more extensive discussion pertaining to

MRI perfusion imaging of the heart, the reader is directed

to an excellent review by Canet et al.[198]

Delayed Enhancement Patterns

“Delayed imaging,” performed several minutes after a

bolus injection of contrast-agent provides a simple

approach to the assessment of myocardial viability.

Approximately 10–20 min after the injection of the

bolus, infarcted tissue will manifest as regions of

hyperenhancement. Several groups have adopted this

approach; to date, delayed hyperenhancement studies

have been performed on rats (acute/reperfused[199 – 204]
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and chronic/unreperfused models,[204]) dogs (acute/

reperfused[205 – 209] and chronic/unreperfused[208,209]),

and on human subjects (patients with either reperfused

AMI[210 – 213] or chronic disease[214 – 219]). Among the

studies that performed delayed enhancement imaging on

patients scheduled for PTCA or CABG, cine MRI was

used to assess functional recovery at approximately

3[215,216] or 6 months[218] post-revascularization. Using

this approach, delayed enhancement imaging has

emerged as the most popular MRI approach used

clinically. After a bolus injection, the signal enhance-

ment changes depend on both regional myocardial blood

flow and the distribution volume of the contrast

agent.[205,206,220] To this point, Lauerma et al. recently

demonstrated that the convenience of late-enhancement

imaging (10 min after the bolus injection) was offset by a

serious penalty in sensitivity, for segmental improvement

in LV function, when compared with a combination

exam of dobutamine-stress MR and first-pass enhance-

ment kinetic modeling (62% for late-enhancement vs.

97% for cine MR and first-pass imaging, in detecting

irreversible myocardial defects).[218] Further, in the

delayed enhancement approach, where imaging is

performed at a fixed time period after bolus injection, it

is assumed that the tracer kinetics for both washin and

washout are similar in all settings, i.e., sustained

coronary occlusion with markedly reduced residual

blood flow vs. reperfused infarcts with normal or near

normal blood flow. This data is not as yet available.

Having said that, this simple technique allows

detection of even small infarcts. In a study by Ricciardi

et al., infarcts of 2 g on average were detected clinically by

delayed contrast enhanced imaging.[221] Wu et al. also

demonstrated the ability to identify both Q wave and non-

Q wave infarcts at 3 and 14 months following acute

occlusion.[217] Choi and colleagues have pursued the

logical extension of this work by investigating the

relationship between MRI-determined infarct size (trans-

mural extent) and long-term functional improvement.[212]

In this compelling study, the authors demonstrated that the

size of the dysfunctional but normally enhancing region

(1 week after the acute event) was the single best predictor

of functional recovery 8–12 weeks post-reperfusion. As

for the prognostic impact on patients not revascularized,

Klein and colleagues demonstrated that the sensitivity and

specificity of delayed hyperenhancement for detecting

either transmural or nontransmural scar tissue (as defined

by 13NH3/18FDG PET mismatch) were 83 and 88%,

respectively.[219]

Although it has been thought that only infarcted cells

lose cell membrane integrity and cease to prevent

intracellular entry of this tracer, Saeed and colleagues

have demonstrated, in rats, that Gd-DTPA enhanced

regions were 33% larger than the extent of infarcts

identified by triphenyltetrazolium chloride (TTC) stain-

ing at day 2.[202] However, in this study, data was

obtained 24 hr after infarction, and this may have not

allowed sufficient time for the effects of apoptosis to

develop. Fieno et al., studying a canine model, did not

find overestimation of infarct size, demonstrating an r

value of 0.95 between either in vivo or ex vivo enhanced

images vs. TTC staining.[209]

An alternative approach to Gd-DTPA enhancement is

to immediately follow the bolus-injection by a constant-

infusion of the contrast agent. In this manner,

equilibrium concentrations of the tracer can be achieved

in the tissue, thus making it possible to estimate the

distribution volume or partition coefficient (l ) of Gd-

DTPA in mL/g.[186] Assuming normal renal clearance, an

optimum constant infusion dose can be chosen such that

[Gd-DTPA] will reach equilibrium in (#15 min, in all

but the most severely ischemic regions of myocardium

(perfusion ,0.05 mL/min/g), provided that the per-

meability surface-area product of permanently damaged

myocytes is similar to that of capillaries.[222] This is an

assumption that has been recently brought into

question.[223]

As discussed earlier, Gd-DTPA can begin to enter the

formerly intracellular space if the sarcolemma breaks

down. Loss of sarcolemmal integrity is a defining

characteristic of irreversible injury. Thus, it seemed

reasonable to postulate that the l in infarcted

myocardium would exceed that of normal tissue and, in

fact, it has been shown to be more than double that of

normal myocardium (0.8 vs. 0.3 mL/g).[186,224,225] In

order to validate the constant-infusion approach in the

setting of unreperfused infarction, Pereira and colleagues

also estimated the l in dogs with chronic left anterior

descending (LAD) coronary artery occlusion. It was

determined that the increase in l in infarcted tissue could

be seen after 2 days and for at least 3 weeks following

occlusion. The authors concluded that l is elevated in

infarcted tissue, regardless of reperfusion status.[226]

Recently, this technique has been applied to patients

with acutely reperfused AMI. This clinical study

demonstrated that l was inversely correlated to areas

of low count-density on resting Tl-201 images.[227]

Flacke and coworkers have further demonstrated that

the l of gadopentetate dimeglumine, also determined

during a constant infusion, can be used to differentiate

between normal and infarcted myocardium in patients

with either acute or chronic myocardial infarction.[228]
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Clearly, what then remained to be shown was whether

this increase in l was specific to infarcted

myocardium.

To address the issue of the change in enhancement

pattern with reversible injury, the partition coefficient

of Gd-DTPA was evaluated in canines subjected to

30 min severe coronary occlusion followed by over

3 weeks reperfusion.[229] The results of this work

demonstrated that l in stunned myocardium was not

elevated above that of normal tissue at any time point

or in any animal studied. Tl-201 uptake measurements

served to confirm the preservation of myocardial

viability. Serial measurements of regional LV function

via cine MRI provided the evidence of prolonged yet

reversible contractile dysfunction that is phenotypic of

myocardial stunning.

Given the results described here and those reported by

previous studies of infarcted myocardium,[225] it is now

reasonable to conclude that increases in the signal

enhancement of Gd-DTPA, with either delayed enhance-

ment imaging or following a constant infusion, are

specific to myocardium that has sustained irreversible

injury. A summary of our current understanding of the

relationship between myocardial viability and the

distribution of Gd-DTPA is shown in Fig. 1. When

used in conjunction with cine MRI assessments of

contractility, this MRI protocol could be used to

determine the existence and extent of normal, stunned,

and infarcted myocardium, as follows.

1. Viable tissue (normal or reversibly damaged) vs.

nonviable tissue can be discriminated based on

differences in l or signal intensity; both stunned

and infarcted tissue will exhibit contractile

dysfunction, so a distinction cannot be based on

a cine MRI assessment alone.

2. Normal vs. reversibly ischemic tissue can be

discriminated based on differences in regional

contractile function, as assessed by cine MRI; as

normal and stunned tissue will demonstrate

similar signal, a distinction cannot be based on

contrast-enhancement alone.

Early work towards the assessment of Gd-DTPA

distribution in hibernating tissue has shown that l is

normal in areas served by a chronically stenosed (80%)

branch of the LAD, despite significant hypoperfusion and

depressed global ventricular function (EF%).[230]

In the emergency room setting, delineation of acute

infarction from old scar or myocardial fibrosis associated

with pre-existing conditions (e.g., cardiomyopathies) is

needed. Quantification of signal intensity or the

associated volume of distribution shows promise in the

distinction between acute infarct and chronic scar and

may also identify fibrosis due to cardiomyopathies based

Figure 1. If the myocardial physiological compartments

shown in (a) are assumed to be 0.1 mL/g for the intravascular

volume (VIV), 0.2 mL/g for the extravascular-extracellular volume

(VEVEC), and 0.7 mL/g for the extravascular-cellular volume

(VEVC), then the observed partition-coefficients, l, in viable (b),

acutely infarcted (c), and chronically infarcted (d) myocardium

can be understood as volumes of distribution (VD) of Gd-DTPA.

In viable myocardium with l ¼ 0:43 mL=g and a hematocrit of

0.4, the VD for VIV would be 0.06 mL/g, the VD for VEVEC would

be 0.20 mL/g and the VD for VEVC would be zero. In acutely

infarcted myocardium, l can increase to 0.9 mL/g if 0.28 mL/g

of VEVC can dissolve Gd-DTPA with the same concentration as it

can in plasma. In chronically infarcted myocardium (scar), l

has been measured by Flacke et al.[228] to be 0.78 mL/g. The

remodeling process results in a net decrease in VEVC: despite the

appearance of (viable) myofibroblasts, there is a concomitant loss

of myocytes. The physiological compartment sizes which would

result in a l ¼ 0:78 mL=g (for a hematocrit of 0.4) are shown in

(d). Here, it has been assumed that Gd-DTPA cannot permeate the

membranes of the viable, cellular components of old scar.
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on distinctive alterations in signal intensity or distri-

bution volume.[231 – 233]

Na-23 and Rb-87 MR Imaging

Cannon and colleagues first attempted to obtain 23Na

MR images of ischemic myocardium in 1987, when it

was hypothesized that the increased intracellular [Naþ]

that develops with acute infarction could be exploited to

identify regions of irreversibly injured myocardium.[234]

This proposal met with skepticism and was deemed

wildly impractical, in large part due to the very poor MR

sensitivity of sodium (approximately 1/4 that of proton).

Nevertheless, this novel approach to viability imaging

was later adopted and adapted by Kim et al., using

rabbit[235] and canine[236] models of acute reperfused

infarction. These animal studies supported the earlier

reports of a strong relationship between increased signal

intensity on 23Na MR images and irreversible damage,

since there were no increases in image signal intensity in

either normal or reversibly injured regions. Although

preliminary 23Na MR images may look disappointing in

terms of spatial-resolution, the use of high field systems

(.3 T) or innovations in sodium MR pulse-sequence

design may serve to establish a place for 23Na MR

imaging in the noninvasive assessment of myocardial

viability.

In addition to the diminished capacity to remove

intracellular Naþ that occurs with prolonged ischemia,

the disruption of the Naþ/Kþ ATPase dependent pump

also manifests as reduced uptake of extracellular Kþ. As

previously discussed, potassium analogs such as Rb-82

and Tl-201 are used extensively in nuclear medicine

based cardiac imaging as both perfusion and viability

tracers. As well, another Rubidium isotope, 87Rb has

been used to generate MR maps of potassium flux

because its MR sensitivity is far higher than that of
39K. Kupriyanov and colleagues have successfully used
87Rb MR imaging to demonstrate the reduction in

potassium flux that accompanies ischemia, in an isolated

pig heart model.[237] After tracer-kinetic modeling and

image analysis, the 87Rb content in infarcted regions was

estimated to be 40% of its baseline content. It thus

seemed a logical next step to evaluate possible

correlations between 23Na and 87Rb MR image intensity

in the same model of infarction. As would be expected,

the interleaved acquisition of 23Na and 87Rb MR images

revealed areas of reduced 87Rb intensity that corre-

sponded to regions of increased 23Na intensity, in the

same isolated pig heart preparation.[238] Taken together,

the ratio of 23Na to 87Rb in infarcted tissue was a more

sensitive indicator of irreversible injury than either

technique used in isolation.

SUMMARY: VALUE OF CURRENT

IMAGING TECHNIQUES

Now that the relative merits of several cardiac

imaging techniques have been described, it is perhaps

appropriate to make some general statements regarding

the assessment of myocardial viability. With very few

exceptions, all of the techniques discussed are reasonably

sensitive and therefore capable of detecting irreversible

injury where it exists, particularly when the necrosis

extends through the full thickness of myocardium. It is

more often the case that conventional diagnostic testing

lacks specificity and thus, cannot provide the clinician

with a means of separating viable—yet stunned or

hibernating—myocardium from that which is nonviable.

Given the profound cellular adaptations that occur

during hibernation, it is not surprising that contractile

reserve may not always be present in hibernating

myocardium, as it is for stunned myocardium. For this

reason, inotropic stress testing (e.g., dobutamine-

echocardiography) may be inadequate, on its own, for

the prediction of functional recovery post-revasculariza-

tion.[239] The diagnostic accuracy of our noninvasive

assessment should be enhanced by our ability to

interrogate the metabolic or membrane function of the

tissue. At present, the gold standard test for the

identification of hibernating myocardium is the com-

bined 13NH3/18FDG PET exam. A region of low flow that

demonstrates high FDG uptake is considered highly

predictive of functional recovery, post-revasculariza-

tion.[138]

The transmural heterogeneity of injury continues to be

relatively difficult to determine with the current spatial

resolution of conventional PET imaging technology

(,6 mm full width at half maximum.[240]) With the

technologies currently available, no one test is used to

guide the full course of patient management. The

combination of cine MRI and contrast-enhanced MRI

with Gd-DTPA is quickly gaining popularity in the

cardiac imaging community. More clinical evaluations

are needed, however, in order to evaluate the true

sensitivity and specificity of MR techniques for the

prediction of functional recovery and prognosis

improvement in CAD patients. A more pressing need is

to evaluate the MR contrast-enhancement characteristics

of hibernating tissue itself.
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Hibernation, though clinically well recognized, is

extremely difficult to model in experimental settings.

This is due, in large part, to the difficulty associated with

maintaining a chronic stenosis that does not result in any

irreversible injury. Most early models of “hibernation”

were not truly representative of the chronic, clinical

situation. Later attempts to maintain stenoses over the

course of several weeks were also fraught with problems,

as the long-term hypoperfusion often resulted in small

areas of necrosis.[54]

While we have endeavored to emphasize the relative

strengths and weaknesses of the techniques discussed in

this review, there are several factors that complicate a

rigorous comparison between or among imaging

modalities. This is particularly important whenever

metrics like sensitivity or specificity are cited. A given

gold-standard is chosen primarily because it has passed

the test of time. Although it is difficult to argue with the

firm, historical pedigree of conventional coronary

angiography, echocardiography, or nuclear medicine

techniques, it is clear that newer technologies like

second-harmonic MCE and MRI will play increasingly

important roles as they become more thoroughly

evaluated.

It goes without saying that there will be ongoing

differences in the apparent delineation of viability, or

infarct extent, when one modality is compared against

another. Differences between perfusion vs. cellular

membrane integrity, vs. preserved but altered myocardial

metabolism, vs. systolic and diastolic function should be

expected, as each technique examines different cellular

or vascular functions. Even the instruments used to

assess these are often affected by a variety of different

mechanisms. For example, all perfusion tracers are

delivered to myocardium in direct proportion to flow, but

depend on cellular membrane functions to sequester

them within the myocardial cells. Therefore, their

distribution is not only purely a reflection of flow, but

also of the status of metabolic integrity of a given region,

and may therefore be reduced in the setting of stunned

and hibernating myocardium.

Further, of vital importance is to put the abstract

concept of determination of viability with diagnostic

techniques into clinical relevance. In the era of evidence-

based medicine, the choice of viability test is necessarily

related to its cost-effectiveness. Ultimately, each of these

imaging tests will have to prove their worth with

demonstrable effects on clinical outcomes: longer event-

free survival and improved quality of life. The viability

test that promises the greatest impact on these outcomes

for a limited amount of health care resources is, by

definition, the most cost-effective choice. Recently,

several large clinical trials have been undertaken to

assess the effects of thrombolytic therapy for the

management of AMI. These have reported 30-day

mortality rates of 6–7%. However, patients participating

in clinical trials are not necessarily representative of the

general population of patients they are purported to

exemplify. In 1999, a comprehensive audit was

undertaken in Ontario, Canada to review the mortality

rates for all patients hospitalized with a diagnosis of

myocardial infarction.[241] The 30 day mortality

averaged 15% and, at 1 year, 23%. These very high

rates reflect the magnitude of the remaining problem.

Cardiac deaths are directly related to impairment of LV

systolic function. Improvement in LV function is likely

associated with a proportional improvement in prog-

nosis. Our ability to accurately diagnose and treat

reversible dysfunction will lead to a significant lessening

of the mortality and morbidity associated with AMI.

REFERENCES

1. Luciani, G.B.; Montalbano, G.; Casali, G.; Mazzucco, A.

Prediciting Long-Term Functional Results After Myo-

cardial Revascularization in Ischemic Cardiomyopathy.

J. Thorac. Cardiovasc. Surg. 2000, 120, 478–489.

2. Alfieri, O. Coronary Artery Bypass Grafting for Left

Ventricular Dysfunction. Curr. Opin. Cardiol. 1994, 9,

658–663.

3. Maddahi, J.; Schelbert, H.; Brunken, R.; Di Carli, M.

Role of Thallium-201 and PET Imaging in Evaluation of

Myocardial Viability and Management of Patients with

Coronary Artery Disease and Left Ventricular Dysfunc-

tion. J. Nucl. Med. 1994, 35, 707–715.

4. Di Carli, M.F.; Davidson, M.; Little, R.; Khanna, S.;

Mody, F.V.; Brunken, R.C.; Czernin, J.; Rokhsar, S.;

Stevenson, L.W.; Laks, H. Value of Metabolic Imaging

with Positron Emission Tomography for Evaluating

Prognosis in Patients with Coronary Artery Disease and

Left Ventricular Dysfunction. Am. J. Cardiol. 1994, 73,

527–533.

5. Shapira, I.; Heller, I.; Pines, A.; Topilsky, M.; Isakov, A.

The Impact of Myocardial Viability as Determined by

Rest-Redistribution 201Tl Single Photon Emission CT

Imaging and The Choice of Therapy on Prognosis in

Patients with Left Ventricular Dysfunction. J. Med.

2000, 31, 205–214.

6. Chikamori, T.; Hirose, K.; Hamada, T.; Hitomi, N.;

Kitaoka, H.; Yabe, T.; Furono, T.; Seo, H.; Yamashiro,

T.; Doi, Y. Functional Recovery After Coronary Artery

Bypass Grafting in Patients with Severe Left Ventricular

Dysfunction and Preserved Myocardial Viability in the

Thornhill, Prato, and Wisenberg398



Left Anterior Descending Arterial Territory as Assessed

by Thallium-201 Myocardial Perfusion Imaging. Jpn.

Circ. J. 1999, 63, 752–758.

7. Moore, R.W.; Noe, S.; Carvalho, J., Jr.; Balingit, A.;

Taylor, A.J. Rest-Distribution 201-Tl Single-Photon

Emission CT Imaging for Determination of Myocardial

Viability: Relationship Among Viability, Mode of

Therapy, and Long-Term Prognosis. Chest 1999, 115,

1621–1626.

8. Marwick, T.H.; Zuchowski, C.; Lauer, M.S.; Secknus,

M.A.; Williams, J.; Lytle, B.W. Functional Status and

Quality of Life in Patients with Heart Failure Under-

going Coronary Bypass Surgery After Assessment of

Myocardial Viability. J. Am. Coll. Cardiol. 1999, 33,

750–758.

9. Pagano, D.; Townend, J.N.; Littler, W.A.; Horton, R.;

Camici, P.G.; Bonser, R.S. Coronary Artery Bypass

Surgery as Treatment for Ischemic Heart Failure: The

Predictive Value of Viability Assessment with Quanti-

tative Positron Emission Tomography for Symptomatic

and Functional Outcome. J. Thorac. Cardiovasc. Surg.

1998, 115, 791–799.

10. Senior, R.; Kaul, S.; Lahiri, A. Myocardial Viability on

Echocardiography Predicts Long-Term Survival After

Revascularization in Patients with Ischemic Congestive

Heart Failure. J. Am. Coll. Cardiol. 1999, 33,

1848–1854.

11. Reimer, K.A.; Jennings, R.B.; Tatum, A.H. Pathobiol-

ogy of Acute Myocardial Ischemia: Metabolic, Func-

tional and Ultrastructural Studies. Am. J. Cardiol. 1983,

52, 72A–81A.

12. Jennings, R.B.; Schaper, J.; Hill, M.L.; Steenbergen, C.;

Reimer, K.A. Effect of Reperfusion Late in the Phase of

Reversible Ischemic Injury: Changes in Cell Volume,

Electrolytes, Metabolites, and Ultrastructure. Circ. Res.

1985, 56, 262–278.

13. Schoen, F.J. The Heart. In Pathologic Basis of Disease;

Cotran, R.S., Kumar, V., Collins, T., Eds.; W.B.

Saunders: Philadelphia, 1999; 544–556.

14. Cotran, R.S.; Kumar, V.; Collins, T. Cellular Pathology

I: Cell Injury and Cell Death. In Pathologic Basis of

Disease; Cotran, R.S., Kumar, V., Collins, T., Eds.;

W.B. Saunders: Philadelphia, 1999; 15–16.

15. Bartling, B.; Holtz, J.; Darmer, D. Contribution of

Myocyte Apoptosis to Myocardial Infarction? Basic.

Res. Cardiol. 1998, 93, 71–84.
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