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Chronic heart failure is a major public-health problem with a high prevalence, complex
treatment, and high mortality. A careful and comprehensive analysis is needed to provide optimal
(and personalized) therapy to heart failure patients. The main 4 non-invasive imaging techniques
(echocardiography, magnetic resonance imaging, multi-detector-computed tomography, and
nuclear imaging) provide information on cardiovascular anatomy and function, which form the
basis of the assessment of the pathophysiology underlying heart failure. The selection of imaging
modalities depends on the information that is needed for the clinical management of the patients:
(1) underlying etiology (ischemic vs non-ischemic); (2) in ischemic patients, need for
revascularization should be evaluated (myocardial ischemia/viability?); (3) left ventricular func-
tion and shape assessment; (4) presence of significant secondary mitral regurgitation; (5) device
therapy with cardiac resynchronization therapy and/or implantable cardiac defibrillator (risk of
sudden cardiac death). This review is dedicated to assessment of myocardial viability, however
‘‘isolated assessment of myocardial viability’’ may be clinically not meaningful and should be
considered among all those different variables. This complete information will enable personalized
treatment of the patient with ischemic heart failure. (J Nucl Cardiol 2015;22:229–45.)
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INTRODUCTION

Chronic heart failure has become one of the clinically

most important diseases of the heart. The prevalence is high;

the treatment is complex, and the mortality is significant. The

most detailed report comes from the update of heart disease

and stroke statistics from the American Heart Association1-3

and is discussed in detail in the most recent American Heart

Association/American College of Cardiology guidelines.4

Importantly, 5.1 million patients in the United States

have heart failure, with a rising prevalence. Moreover, it is

indicated that, for the American population, the lifetime

risk of developing heart failure is 20% for individuals of

age 40 years or more.5 Per year, more than 650,000 new

patients are diagnosed with heart failure, and the incidence

increases with increasing age, with more than 80 patients

per 1000 individuals older than 85 years suffering of heart

failure. Per year, more than 1 million patients are hospi-

talized with heart failure as the primary diagnosis, with a 1-

month re-hospitalization rate of 25%.1 The costs for the

care of patients with heart failure is high, exceeding $40

billion per year, with more than 50% of costs allocated to

hospitalizations.1 Finally, the mortality is high, with

approximately 50% of patients surviving 5 years after

being diagnosed with heart failure.1 Specifically, in the

Atherosclerosis Risk in Communities study, the 1- and 5-

year mortality was 10% and 42%, respectively.6,7

It has been pointed out that a careful and compre-

hensive analysis is needed to provide optimal (and
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personalized) therapy to these patients.4,8,9 Most of the

information can be provided by non-invasive imaging.

Currently, the main 4 non-invasive imaging techniques

include echocardiography, magnetic resonance imaging

(MRI), multi-detector-computed tomography (MDCT),

and nuclear imaging (positron emission tomography

[PET] and single-photon emission-computed tomogra-

phy [SPECT]). These imaging techniques can provide

information on cardiovascular anatomy and function,

which form the basis of the assessment of the patho-

physiology underlying heart failure. The selection of

imaging modalities depends on the information that is

needed for the clinical management of the individual

patient. In addition, the choice depends not only on local

availability, but also local expertise and experience with

the modalities and techniques.

The key information that is needed for comprehen-

sive evaluation (for diagnosis and to determine

therapeutic options) is summarized in Table 1. The most

important issue is the etiology underlying heart failure:

this differentiates between ischemic and non-ischemic

cardiomyopathy, which is crucial for therapeutic options.

Most patients will have ischemic cardiomyopathy;

Gheorghiade et al10 summarized the data from 24 trials

published in the New England Journal of Medicine

during the period of 1986-2005, focusing on medical

therapies in heart failure (Figure 1). These trials included

43,568 patients, and the prevalence of coronary artery

disease was 62%; this percentage is probably an under-

estimation, since a significant percentage of patients did

not undergo coronary angiography. Invasive coronary

angiography remains the modality of choice to visualize

the coronary arteries and detect or exclude coronary

atherosclerosis/stenosis. However, non-invasive imaging

modalities (MRI, MDCT) can also visualize the coronary

arteries and detect coronary stenoses. MRI has been used

extensively for coronary artery imaging. Particularly

MDCT coronary angiography has been increasingly used

for non-invasive angiography with a very high diagnostic

accuracy: a recent meta-analysis with 89 studies and

7,516 patients showed a sensitivity of 97.2% and a

specificity of 87.4%.11 MDCT coronary angiography has

also been used successfully in patients with heart failure

of unknown etiology,12 but it should be stressed that

many patients with heart failure have elevated heart rate,

whereas for MDCT coronary angiography low heart rates

(\60 beats per minute) are needed.

In patients with ischemic cardiomyopathy, the need

for revascularization needs to be considered and assess-

ment of ischemia and viability is required. Next, the

function, the size and the shape of the left ventricle need

to be assessed: function is important for prognosis and

potential indication for device therapy, whereas assess-

ment of shape is important to evaluate the presence of

severe left ventricular (LV) aneurysms. Also, patients

with severe heart failure often have secondary mitral

regurgitation: the prevalence of moderate or severe

secondary mitral regurgitation in heart failure patients

ranges between 24% and 30% and is associated with

poor prognosis.13,14 If severe mitral regurgitation is

present, mitral valve repair should be considered.

Finally, patients with severe heart failure should be

considered for device therapy, i.e., implantable cardiac

defibrillator (ICD) device with or without cardiac

resynchronization therapy (CRT). The need for these

devices is based mainly on the LV ejection fraction (EF)

and the duration of the QRS complex on the electrocar-

diogram (ECG), but imaging techniques may provide

additional information that may be useful to improve

patient selection.

This chapter is dedicated to assessment of myocar-

dial viability, but the summary above already indicates

that ‘‘isolated assessment of myocardial viability’’ is

clinically not meaningful and should be considered

among all the different variables that are summarized in

Table 1. This complete information will enable person-

alized treatment of the patient with ischemic heart

failure.

Myocardial Viability—Pathophysiology and
Definitions

Chronic contractile dysfunction can not only be

related to scar tissue, but can also be related to

hibernation or chronic stunning. In the presence of scar

tissue, recovery of function will not occur, but in

hibernation or chronic stunning, recovery of function

may occur after revascularization. Viable myocardium is

generally referred to as ‘‘alive myocardium,’’ indepen-

dent of the contractile status of the myocardium. This

however may not be preferred in the clinical setting,

since the aim is to eventually predict improvement of

function post-revascularization. Accordingly, the start-

ing point in the discussion on viability should be the

identification of regional dysfunction (usually assessed

by echocardiography, but can also be detected by MRI

or MDCT).

The distinction between hibernation and chronic

stunning can be based on the assessment of myocardial

blood flow; in hibernation resting blood flow is reduced,

whereas in chronic stunning resting flow may still be

preserved but flow reserve will be reduced.15 Clinically

this differentiation may not always be feasible, but may

also not be needed, since both entities require revascu-

larization to improve in function and can be referred as

viable, ischemically jeopardized myocardium.
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In contrast, the mixture of normal (non-jeopardized)

myocardium and scar tissue (as may be encountered

with subendocardial scar formation) will not improve in

function and can be considered as viable, non-jeopar-

dized myocardium (Figure 2).16

Imaging Techniques to Detect Myocardial
Viability—General Issues

A variety of non-invasive imaging techniques have

been developed to detect viable myocardium in patients

with ischemic heart failure. The different imaging

techniques target different characteristics of viable

myocardium (Table 2) and thus provide different infor-

mation, which translate in different accuracies to predict

improvement of function after revascularization.17

Most experience has been obtained with nuclear

imaging using SPECT and PET; both techniques permit

assessment of cardiac metabolism and perfusion. With

SPECT, cell membrane or mitochondrial integrity can

also be assessed.

Resting echocardiography or MRI can be used to

assess LV end-diastolic wall thickness; it has been

demonstrated that thinned myocardium (\6 mm) does

not often improve in function after revascularization.18

Both echocardiography and MRI can be used in com-

bination with low-dose dobutamine infusion to detect

contractile reserve in dysfunctional myocardium. All

these techniques aim at the detection of viability. It has

been demonstrated that 40-50% of dysfunctional

segments without contractile reserve may still have

preserved perfusion and/or metabolism; some of these

segments may still recover function after revasculariza-

tion. It has been shown that loss of contractile reserve is

associated with more severe ultrastructural damage and

fibrosis formation and the severity of damage may

eventually determine whether functional recovery is still

possible.

In contrast to all the techniques discussed above

which detect viable myocardium, contrast-enhanced

MRI is the technique of choice, with the highest

resolution, to detect scar tissue.

The Different Imaging Techniques to Detect
Viability

Most protocols and techniques have been described

extensively over the last decades and have become

widely implemented in the clinical setting.17

Figure 1. Heart failure etiology. From 24 multicenter heart
failure trials, including 43,568 heart failure patients, 62% of
patients had an ischemic etiology.

Jeopardized
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absent

Recovery 
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Figure 2. Prediction of functional recovery post-revascular-
ization in dysfunctional segments with subendocardial scar is
difficult. When the epicardial (non-infarcted) region is normal,
no recovery will occur (left panel). However when the
epicardial region contains jeopardized (viable) myocardium,
the likelihood of recovery is high (right panel). Reproduced
with permission from Kaandorp et al16.

Table 1. Information needed in patients with heart failure

Etiology: ischemic or non-ischemic heart failure?

Revascularization needed: is there ischemia and/or viability?

LV function, LV size and LV shape (LV aneurysm?)

Mitral valve: is there severe secondary mitral regurgitation?

Is ICD and/or CRT needed?

CRT, cardiac resynchronization therapy; ICD, implantable cardiac defibrillator; LV, left ventricular
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Positron emission tomography. Various

PET tracers have been used (oxygen15-labeled water,

carbon11-acetate, rubidium82), but for viability assess-

ment, most experience has been obtained with metabolic

imaging using fluorine18-deoxyglucose (FDG). This

tracer is a glucose analog (1 OH-group is replaced by

an F18 atom) and reflects cardiac glucose utilization.

The first cellular uptake is comparable to glucose, and

after phosphorylation to FDG-6-PO4, the tracer remains

in the myocyte, which provides a strong signal for

imaging. Since cardiac FDG uptake is strongly affected

by metabolic circumstances, strict standardization of the

metabolic milieu (plasma levels of glucose, free fatty

acids, and insulin) is needed. To maximize cardiac

glucose uptake, low free fatty acid levels with high

glucose and insulin levels are required. This can be

achieved with hyperinsulinemic euglycemic clamping,

but this approach is time-consuming; alternative ap-

proaches include oral glucose loading and the use of

nicotinic acid derivatives.

FDG imaging is combined with assessment of

perfusion (usually nitrogen13-ammonia), and different

patterns can be observed in areas of contractile dys-

function. Viable tissue may show normal perfusion and

FDG uptake (which reflects chronic stunning) or re-

duced perfusion and preserved FDG uptake (referred to

as mismatch pattern, which reflects hibernation). Scar

tissue is characterized by reduced (non-transmural scar)

or absent perfusion and FDG uptake (transmural scar).

Of note, FDG imaging with SPECT and 511 keV

collimators has also been developed successfully over

the last decades (Figure 3).19

Single-photon emission-computed to-
mography. Both 201thallium chloride and
99technetium labelled SPECT tracers have been used.

Following intravenous injection, the initial uptake of
201thallium predominantly reflects myocardial perfusion,

and the prolonged retention/uptake reflects cell

membrane integrity. Both stress-redistribution-reinjec-

tion and rest-redistribution protocols have been used in

the clinical setting. Both protocols provide information

on viability, whereas the first protocol includes also

information on stress-inducible ischemia.

Various patterns of viability have been recognized

in areas of contractile dysfunction, but they can be

simplified as follows: any region with [50% tracer

uptake on a resting image, and any defect with [10%

increase in tracer uptake on the delayed images.20 It is

however important to note that regions with [50%

tracer uptake often do not improve in function, since

these regions often contain a mixture of normal tissue

and non-transmural scar.

The uptake and retention of the technetium-based

tracers depend on perfusion, cell membrane integrity,

and mitochondrial function. In areas of contractile

dysfunction, a [50-60% tracer uptake on a resting

image is frequently used as marker for viability. It has

also been proposed to perform 99technetium sestamibi

SPECT after nitrate administration, in order to increase

blood flow (and tracer delivery) to severely hypoper-

fused areas.20 Typically, a resting image and a nitrate-

enhanced image are acquired, and [10% increase in

tracer uptake on the nitrate-enhanced images is consid-

ered indicative of viability.

Dobutamine stress echocardiogra-
phy. During stepwise infusion of dobutamine,

echocardiographic images are obtained evaluating re-

gional wall motion. The initial phase includes low-dose

dobutamine (5 to 10 mcg/kg/min) infusion, and the hall-

mark of viability is ‘‘contractile reserve’’ which is

improvement of contractile dysfunction during low-dose

dobutamine infusion. The protocol can be extended to

high-dose dobutamine infusion (up to 40 mcg/kg/min

with addition of atropine), which allows detection of

ischemia. The different wall motion responses during

low–high dose dobutamine include (A) biphasic

Table 2. Different characteristics of viable myocardium assessed with different imaging techniques

Imaging modality Viability marker

Nuclear imaging

SPECT using Tl-201 Perfusion, cell membrane integrity

SPECT using Tc-99m tracers Perfusion, cell membrane integrity, intact mitochondria

PET (or SPECT) with FDG Glucose utilization

Echocardiography

Low-dose dobutamine infusion Contractile reserve

MRI

Low-dose dobutamine infusion Contractile reserve

Intravenous contrast agents Scar tissue

FDG, fluorine18-deoxyglucose; MRI, magnetic resonance imaging; Tc-99m, 99technetium; Tl-201, 201thallium
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response (initial improvement followed by worsening of

wall motion), (B) immediate worsening (direct dete-

rioration of wall motion without initial improvement),

(C) sustained improvement (improvement of wall mo-

tion without subsequent deterioration), and (D) no

change (no change in wall motion at any stage). Pattern

A represents viability with superimposed ischemia;

pattern B represents severe ischemia due to critical

coronary artery stenosis; pattern C relates to subendo-

cardial infarction, and pattern D indicates transmural

scar formation.

Magnetic resonance imaging. Areas with

contractile dysfunction and a very thinned wall

(\6 mm end-diastolic wall thickness) have a low like-

lihood of viability and functional recovery. Conversely,

dysfunctional regions with preserved wall thickness do

not always improve in function, and this is related to the

presence of subendocardial scar (and the remainder of

the wall being normal). Contractile reserve can be

detected with MRI during dobutamine infusion as

described above with echocardiography. An advantage

of MRI is that wall thickening and motion can be

quantitatively assessed, although in the clinical practice

this rarely happens. The main contribution of MRI is the

use of gadolinium-based contrast agents to detect scar

tissue. Based on the excellent spatial resolution, con-

trast-enhanced MRI can differentiate between non-

transmural and transmural scar tissue (Figure 4).

Prediction of Functional Recovery After
Revascularization

A recent, very extensive report summarized the

results of the viability studies focusing on prediction of

functional recovery, and the results are summarized in

Figure 5, and Tables 3 and 4.17

The highest sensitivity was obtained by FDG PET

(92%), followed by SPECT with thallium-201 (87%)

and technetium-99m-labeled agents (83%). The most

specific approach was dobutamine stress echocardiogra-

phy (specificity 78%). Improvement of global LV

function (LVEF) is clinically more meaningful than

Figure 3. Example of a 76-year-old patient with previous anterior myocardial infarction and 2-
vessel coronary artery disease on invasive coronary angiography (significant long lesion on the
proximal left anterior descending coronary artery and dominant circumflex coronary artery with a
significant lesion proximal). Left ventricular ejection fraction was 27%. Selected short-axis views
of myocardial perfusion 99technetium tetrofosmin SPECT images show a perfusion defect in the
anteroseptal wall. On fluorine18-deoxyglucose (FDG) SPECT images segments, uptake of
radiopharmaceutical in the anteroseptal wall is visualized indicating perfusion-metabolic mismatch,
pattern of myocardial viability.

Figure 4. Contrast-enhanced magnetic resonance imaging for
characterization of myocardial scar. Selected 4-chamber views
on contrast-enhanced MRI of two patients with ischemic
cardiomyopathy show non-transmural subendocardial scar (A
arrow) and transmural scar (B arrow).
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improvement of segmental function. It is unclear how

much viable myocardium is needed to result in the

improvement of global LV function. Various studies

have shown that recovery of global LV function may

occur when at least 25% of the dysfunctional segments

are viable.21-27 It should be emphasized however that

various other factors also influence recovery of function

(these are discussed below). Not only improvement of

function is important, but also improvement in exercise

capacity and heart failure symptoms are relevant,

particularly from a patient’s perspective. This has been

addressed in 8 studies,22,23,28-33 and the pooled analysis

Figure 5. Comparison of sensitivities and specificities with 95% confidence intervals of the
various techniques for the prediction of recovery of regional (A) and global (B) left ventricular
function following coronary revascularization. Data based on Schinkel et al17. Echo, echocar-
diography; FDG, fluorine18-deoxyglucose; MRI, magnetic resonance imaging; PET, positron
emission tomography; Tc-99m, 99technetium; Tl-201, 201thallium.
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indicated that patients with significant viable tissue

revealed an improvement in New York Heart Asso-

ciation (NYHA) functional class from 2.9 to 1.6 after

revascularization, whereas the NYHA class did not

change significantly in patients without viable tissue. In

addition, 3 studies evaluated exercise capacity (ex-

pressed in METS) in relation to viability on FDG

PET;21,34,35 in the viable patients, the exercise capacity

Table 3. Prediction of improvement of regional function after revascularization, comparison of dif-
ferent imaging techniques17

Technique
Sensitivity (%)
(segments)

Specificity (%)
(segments)

PPV (%)
(segments)

NPV (%)
(segments)

FDG PET

(756 patients, 24 studies)

92 (1025/1111) 63 (620/984) 74 (1025/1389) 87 (620/716)

Tl-201

(1119 patients, 40 studies)

87 (2559/2931) 54 (1431/2655) 67 (2557/3810) 79 (1431/1814)

Tc-99m

(721 patients, 25 studies)

83 (1170/1414) 65 (778/1189) 74 (1170/1581) 76 (778/1022)

DSE

(1421 patients, 41 studies)

80 (3163/3941) 78 (3708/4746) 75 (3142/4174) 83 (3729/4518)

MRI wall thickness

(100 patients, 3 studies)

95 (264/277) 41 (144/354) 56 (264/474) 92 (144/157)

MRI dobutamine

(272 patients, 9 studies)

74 (564/766) 82 (720/878) 78 (564/722) 78 (720/923)

CE-MRI

(178 patients, 5 studies)

84 (892/1060) 63 (610/964) 72 (892/1247) 78 (610/778)

CE, contrast-enhanced; DSE, dobutamine stress echocardiography; FDG, Fluorine18-deoxyglucose; MRI, magnetic resonance
imaging; NPV, negative predictive value; PPV, positive predictive value; Tc-99m, 99technetium; Tl-201, 201thallium

Table 4. Prediction of improvement of global function after revascularization, comparison of different
imaging techniques17

Technique
Sensitivity (%)
(segments)

Specificity (%)
(segments)

PPV (%)
(segments)

NPV (%)
(segments)

FDG PET

(756 patients, 24 studies)

92 (1025/1111) 63 (620/984) 74 (1025/1389) 87 (620/716)

Tl-201

(1119 patients, 40 studies)

87 (2559/2931) 54 (1431/2655) 67 (2557/3810) 79 (1431/1814)

Tc-99m

(721 patients, 25 studies)

83 (1170/1414) 65 (778/1189) 74 (1170/1581) 76 (778/1022)

DSE

(1421 patients, 41 studies)

80 (3163/3941) 78 (3708/4746) 75 (3142/4174) 83 (3729/4518)

MRI wall thickness

(100 patients, 3 studies)

95 (264/277) 41 (144/354) 56 (264/474) 92 (144/157)

MRI dobutamine

(272 patients, 9 studies)

74 (564/766) 82 (720/878) 78 (564/722) 78 (720/923)

CE-MRI

(178 patients, 5 studies)

84 (892/1060) 63 (610/964) 72 (892/1247) 78 (610/778)

CE, contrast-enhanced; DSE, dobutamine stress echocardiography; FDG, fluorine18-deoxyglucose; MRI, magnetic resonance
imaging; NPV, negative predictive value; PPV, positive predictive value; Tc-99m, 99technetium; Tl-201, 201thallium
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improved from 4.4 to 5.7 after revascularization, where-

as the change was minimal in non-viable patients (from

5.1 before to 5.9 after revascularization).

The most important issue is however the impact of

viability on prognosis. A total of 28 retrospective

viability studies have been reported including 3848

patients.17 The annualized mortality was lowest in the

viable patients who underwent revascularization (3.6%),

whereas annualized mortality was comparable in the

other groups (ranging from 9.1% to 11.6%) (Figure 6).

These retrospective studies suggested a direct relation

between viability, improvement of function post-revas-

cularization, translating in improved outcome. This

topic was subsequently addressed in 1 prospective,

randomized controlled trial: the STICH (Surgical Treat-

ment for Ischemic Heart Failure) trial.36 In the larger

part of the trial, 1212 patients with LVEF B 35% and

chronic coronary artery disease amenable to surgical

revascularization were randomized to medical therapy

(n = 602) or medical therapy and coronary artery

bypass grafting surgery (CABG) (n = 610). In the

medically treated group, death or hospitalization for

cardiovascular events occurred in 411 patients (68%), as

compared to 351 (58%) in the CABG group (hazard

ratio with CABG, 0.74; 95% confidence interval, 0.64 to

0.85; P \ 0.001). In the substudy, including 601 patients

(298 medical therapy and CABG, 303 medical therapy

alone), the relation between viability, therapy (surgery

or medical therapy), and outcome was evaluated.37 The

mortality was less in the viable patients (37%) as

compared to the non-viable patients (51%, hazard ratio

for death among patients with viable myocardium, 0.64;

95% confidence interval, 0.48 to 0.86; P = 0.003).

Importantly, following correction for other baseline

variables, this association with mortality was not sig-

nificant (P = 0.21): these variables included LVEF, LV

volumes, severity of symptoms, all indicators of more

severe disease. In addition, there was no significant

interaction between viability status and treatment re-

garding mortality (P = 0.53). Various issues could have

affected the results of the STICH trial. First, as was

pointed out in the beginning of this chapter, the focus

should be on dysfunctional segments and in the STICH

analysis all segments were included, and a large per-

centage of segments may be viable but have normal

contractile function (and these cannot improve in

function, and may thus affect the current results). This

is also reflected in the distribution between viable and

non-viable patients: 487 vs 114, while in the daily

practice, the majority of patients with previous infarc-

tion does not contain viability in the infarcted area. In

the current trial, the small cohort of non-viable patients

is then randomized to 60 patients receiving medical

therapy and 54 undergoing CABG. In addition, the

viability techniques used were dobutamine stress

echocardiography and 99technetium SPECT imaging,

whereas FDG PET (the most sensitive viability assess-

ment technique) and contrast-enhanced-MRI (the most

accurate scar assessment technique) may have been

preferred. Probably the most important issue is the

beginning of this article: viability is only one part of the

diagnostic and prognostic work-up of the patients with

ischemic heart failure, and all other factors indicated in

Table 1 will affect outcome. In the 2014 European

Society of Cardiology guidelines on myocardial revas-

cularization, it is recommended that myocardial

revascularization should be considered in patients with

chronic ischemic heart failure (LVEF B 35%) in the

presence of viable myocardium (class IIA, level of

evidence B).38

Other Information Needed in Chronic
Ischemic Heart Failure: LV Function, Size,
and Shape

Left ventricular volumes and LVEF are important

parameters for the risk stratification and management

(particularly device therapy) of heart failure patients.

The wide availability, accuracy, and safety make 2-

dimensional transthoracic echocardiography the imaging

technique of first choice (video 1).9 Besides LV dimen-

sions, geometry, and LVEF, echocardiography provides

information on diastolic function, valvular heart disease,

pericardial disease, right ventricular function, and pul-

monary systolic pressure. Internal LV linear dimensions

can be measured from M-mode recordings from the

parasternal long-axis view which is a reproducible and

high temporal resolution method. However, in abnormal

LV geometry, these measurements are not accurate, and

Figure 6. Annualized mortality rate of patients with and
without significant viable myocardium according to treatment
strategy. Results of a pooled analysis from 28 prognostic
studies using different imaging techniques. Patients with viable
myocardium who underwent coronary revascularization had
the lowest mortality rate. Data based on Schinkel et al17.
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assessment of LV volumes using the biplane disk

summation method from the apical 2- and 4-chamber

views is recommended (Figure 7).39 The addition of

intravenous echocardiographic contrast is recommended

when C2 contiguous LV endocardial segments are

poorly visualized (video 1). These contrast agents

enhance endocardial border definition and provide more

reproducible measurements of volumes and LVEF,

and compare well with MRI.40 Further improvement

can be obtained by 3-dimensional echocardiography

(Figure 7).41 Besides echocardiography, other 3-dimen-

sional techniques such as MRI42 or ECG-gated MDCT

provide high-quality measurements of LV volumes and

LVEF (Figure 7, video 1).43 Finally, with ECG-gated

myocardial perfusion SPECT accurate 3-dimensional

measurements of LV volumes and EF can be obtained

from the time volume curves (Figure 7).

In addition, LV shape is important, and particularly

the formation of large LV aneurysms after infarction.

Thrombus formation frequently occurs at these aneurys-

matic sites, and surgical resection of dysfunctional

myocardium and/or scar tissue can reduce LV size and

restore normal geometry.38 Information on location and

extent of LV aneurysms can be provided by echocar-

diography, MRI, MDCT, and gated SPECT (Figure 8,

video 1).

Additional Information: Severe Secondary
Mitral Regurgitation

Secondary mitral regurgitation occurs frequently in

patients with ischemic heart failure, and is characterized

by a combination of reduced LV closing forces (due to

LV dysfunction or dyssynchrony) and global and

regional LV remodeling which leads to distortion of

the subvalvular apparatus of the mitral valve, displace-

ment of the papillary muscles, tethering of the mitral

leaflets, and failure of mitral valve coaptation. Se-

condary mitral regurgitation results in LV volume

overload, which further worsens LV remodeling and

mitral valve incompetence. The presence of significant

secondary mitral regurgitation provides incremental

prognostic information over LVEF.13 In 1256 heart

failure patients (60% ischemic etiology), significant

secondary mitral regurgitation was associated with

increased risk of heart failure hospitalization and all-

cause mortality.13 Therefore, accurate quantification of

secondary mitral regurgitation severity is crucial for

clinical decision making in heart failure patients. Two-

dimensional echocardiography remains the mainstay

imaging technique to assess the severity and mechanism

of secondary mitral regurgitation.44 Severe secondary

mitral regurgitation is defined by an effective regurgitant

orifice area C0.2cm2 and a regurgitant volume C30 mL/

beat quantified using the proximal isovelocity surface

area (PISA) method.44 While in central regurgitant jets,

the PISA method is relatively accurate to quantify the

severity of mitral regurgitation, in eccentric or multiple

regurgitant jets or non-hemispheric regurgitant orifices,

this method may be less accurate (Figure 9, video 2). In

those cases, 3-dimensional imaging techniques may

provide more accurate quantification of secondary mitral

regurgitation severity (Figure 9, video 2).45 Further-

more, secondary mitral regurgitation is highly dynamic

and strongly influenced by pressure and volume condi-

tions. Therefore, in symptomatic heart failure patients

with mild to moderate secondary mitral regurgitation,

exercise echocardiography may help unmask severe

mitral regurgitation. An increase in effective regurgitant

orifice area C0.13 cm2 at peak stress has been associated

with poor survival.46

The suitability for surgical restrictive mitral valve

annulopasty is influenced by several geometrical aspects

of the mitral valve and left ventricle, and also by the

presence of extensive myocardial scar, which has been

associated with increased mortality rates after surgical

repair.47,48

More Information: Sudden Cardiac Death

Patients with ischemic heart failure and depressed

LVEF (B35%) have an increased risk of arrhythmic

death.49 Various trials have demonstrated the prophy-

lactic benefit of an ICD in these patients.50-53 However,

the percentage of patients that require ICD therapy

(appropriate shocks) to prevent ventricular tachycar-

dia/fibrillation (VT/VF) at follow-up is relatively low,

suggesting that a substantial percentage of patients may

not benefit from ICD.54 Currently, the LVEF (\30-35%)

is used as the main selection criterium for ICD

therapy.55 The precise substrate for VT/VF however is

unknown, but may be related to scar tissue (infarct zone)

and the heterogenous border zone around the infarct

core (mixture of viable myocardium interspersed with

fibrous and scar tissue). Non-invasive imaging may

eventually help in patient selection for ICD implanta-

tion. The presence, extent, and characteristics of

myocardial scar assessed with contrast-enhanced MRI

have incremental prognostic value over LVEF to predict

the occurrence of VT/VF.56 Subsequent studies quanti-

fying the extent of contrast-enhanced tissue (scar mass)

revealed that the arrhythmic risk increased significantly

when the scar mass exceeded [1.4-5% of the LV

volume (Figure 10).57,58 However, this arrhythmic risk

reached a plateau at larger levels of scar mass suggesting

that other factors contribute to the arrhythmogenic

substrate, and the extent of the border zone has also

been associated with increased risk of VT. Roes et al59
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demonstrated that an extent of the border zone C16.7 g

identified a group of patients with high incidence of

appropriate ICD therapies. Each 10 g increase of border

zone increased the risk of appropriate ICD therapies by

1.49 (95% confidence interval 1.01-2.2, P = 0.04)

independently of LVEF and extent of infarct core.59

Possibly, another characteristic of the border zone is

the presence of viable but (partially) denervated my-

ocardium; the functional integrity of the sympathetic

nerve terminals in this area can be evaluated with using

radiolabeled norepinephrine analogs.60 This concept was

recently addressed in the Prediction of ARrhythmic

Events with Positron Emission Tomography trial.61 In

204 heart failure patients receiving an ICD, cardiac

sympathetic innervation was quantified with 11C-meta-

hydroxyephedrine (11C-HED) PET, perfusion was

assessed with 13nitrogen-ammonia and viability was

quantified with FDG. Patients with vs without ICD

shocks had significantly larger areas of denervated

myocardium (33 ± 10% vs 26 ± 11%, P \ 0.001) and

larger areas of denervated, viable myocardium (10 ± 6%

vs 7 ± 5%, P = 0.02) despite having comparable LVEF.

In addition, the extent of denervated myocardium was

independently associated with ICD shocks (hazard ratio

1.069 per 1% increment, 95% confidence interval 1.023-

1.117; P = 0.003).61 Similarly, 123-iodine (123I)-

Figure 7. Assessment of left ventricular systolic function and geometry with current imaging
modalities. A 2-dimensional transthoracic echocardiography; B 3-dimensional transthoracic
echocardiography; C magnetic resonance imaging; D multi-detector row computed tomography;
E ECG-gated single-photon emission-computed tomography.

Figure 8. Example of a patient with large anterior myocardial infarction and subsequent formation
of a large apical aneurysm. On transthoracic 2D echocardiography (A), the arrow points to the large
apical aneurysm with thrombus formation. Magnetic resonance imaging shows a thin-walled apical
aneurysm (arrow) extending from the mid septum to the apical lateral wall (B). On contrast-
enhanced MRI (C), the short-axis view of the aneurysm shows hyperenhanced transmural scar
(white) with a large apical thrombus (black, arrow).
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metaiodobenzylguanidine (MIBG) SPECT has been

used to evaluate cardiac innervation. From the planar

images, the heart-to-mediastinum (H/M) ratio and the

washout rate quantify the global myocardial uptake of
123I-MIBG (Figure 11). The AdreView Myocardial

Imaging for Risk Evaluation in Heart Failure trial,

enrolling 961 heart failure patients (68% ischemic heart

disease), showed that an H/M ratio \1.6 identified a

cohort of patients with increased incidence of ven-

tricular arrhythmias.62 The H/M ratio was an

independent predictor of cardiac events (hazard ratio

0.36, 95% confidence interval 0.17-0.75; P = 0.006). In

addition, from SPECT images, regional abnormalities in
123I-MIBG uptake have been associated with ventricular

Figure 9. Assessment of secondary mitral regurgitation. Example of a 56-year-old patient with
previous inferior myocardial infarction and chronically occluded right coronary artery who
presented with dyspnea on exertion. On transthoracic color Doppler echocardiography, severe
mitral regurgitation with an eccentric jet (green) adhering to the lateral left atrial wall and reaching
the pulmonary veins (due to restriction of the posterior mitral leaflet) is shown (A left). Continuous
wave Doppler shows a holosystolic dense signal of the regurgitant jet (A right). On transesophageal
echocardiography, the lack of coaptation between the leaflets can be appreciated leading to large
regurgitant jet on color Doppler view (B). On 3-dimensional transesophageal echocardiography, the
en-face view of the mitral valve shows lack of coaptation at all the segments of the mitral leaflets
(left) and the multiplanar reconstructions of the 3-dimensional color Doppler data show a large
elongated effective regurgitant orifice (C right).
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arrhythmias.63 Among 116 ICD recipients (74% is-

chemic heart failure), a late 123I-MIBG SPECT summed

defect score [26 identified a subgroup of patients with

high cumulative rates of ventricular arrhythmias at

3 years follow-up (52% vs 5%, P \ 0.01).63 These

studies suggest that imaging may potentially help in

patient selection for ICD therapy.

Final Information: Cardiac
Resynchronization Therapy

Cardiac resynchronization therapy can also improve

clinical outcomes of heart failure patients in NYHA

functional class II-IV despite optimal medical therapy,

with LVEF \35% and QRS duration [120 ms.64 The

individual response varies significantly and imaging

may help improve patient selection. Nuclear imaging

techniques provide information on 2 important patho-

physiological determinants of response to CRT: LV

mechanical dyssynchrony65-67 and the extent and loca-

tion of LV scar tissue.66,68,69

Phase analysis measures the onset of mechanical

contraction by approximating the variation of regional

maximal counts over the cardiac cycle (which represents

myocardial wall thickening) in SPECT myocardial perfu-

sion imaging with Fourier harmonic functions

(Figure 12).70 From the onset mechanical contraction phase

distribution, the phase standard deviation and the phase

Figure 10. Myocardial scar and viability for assessment of risk of arrhythmic death. Example of a 57-year-old patient with anterior
myocardial infarction and a left ventricular ejection fraction of 17%. Contrast-enhanced magnetic resonance images show large
transmural scar in the anterior and septal walls and subendocardial (50% of the wall) in the inferoseptal wall. Selected vertical and
horizontal long-axis and short-axis views of the left ventricle on 99mTechnetium tetrofosmin SPECT show a perfusion defect of the
septal, anterior and apical segments that match the defects on fluorine18-deoxyglucose SPECT. The patient received an implantable
cardiac defibrillator (ICD) for primary prevention of sudden cardiac death. Two months later, the patient was admitted with an
appropriate ICD shock.
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histogram bandwidth are derived as quantitative indices of

LV mechanical dyssynchrony. The relevance of these LV

mechanical dyssynchrony indices to predict response to

CRT was demonstrated in 40 patients with heart failure

(70% ischemic cardiomyopathy).65 After 6 months of

follow-up, 60% of patients revealed a symptomatic im-

provement (responders). Compared with non-responders,

these patients had significantly larger histogram bandwidth

(94 ± 23� vs 68 ± 21�, P\ 0.01) and phase standard

deviation (26 ± 6� vs 18 ± 5�, P \0.01). Furthermore,

accumulating evidence has shown that an LV lead placed at

the latest activated region of the left ventricle is associated

with good response to CRT.71 The phase polar maps of the

left ventricle can be subdivided into 17 segments and the

mean phase of each segment, which represents the timing of

onset of mechanical contraction, can be displayed. The

segment with the largest mean phase is identified as the latest

activated segment. Furthermore, the presence of transmural

Figure 11. Cardiac innervation imaging with 123-iodine (123I)-
metaiodobenzylguanidine (MIBG). The planar images show
the global myocardial uptake (red circles) of 123I-MIBG of two
patients with ischemic heart failure: patient A had a heart-to-
mediastinum (H/M) ratio of 1.54, indicating low cardiac MIBG
uptake, while patient B had an H/M ratio of 1.64, indicating
more preserved MIBG uptake. Both patients received an
implantable cardiac defibrillator (ICD). At follow-up, only
patient A had appropriate ICD shocks while patient B
remained free of ventricular arrhythmias.

Figure 12. Phase analysis of ECG-gated SPECT myocardial perfusion imaging to assess LV
dyssynchrony. From the reconstructed and reoriented ECG-gated SPECT myocardial perfusion
imaging data, a gated short-axis image is obtained. On each temporal frame of the gated short-axis
image, 3-dimensional sampling is performed to detect the regional maximum counts which
represent regional wall thickening data. The first harmonic Fourier function is used to approximate
the regional wall thickening data to calculate the phase angle for each region. From the regional
phase angles, the phase distribution is derived and presented in a polar map or a histogram.
Reproduced with permission from Chen et al70.
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scar at the segments targeted by the LV lead and the presence

of significant scar burden have been associated with lack of

response to CRT.68,69

Eventually, the information on LV dyssynchrony,

the site of latest activation, and scar tissue can be fused

with fluoroscopic venograms into a 3-dimensional LV

epicardial surface extracted from ECG-gated SPECT

myocardial perfusion imaging (Figure 13).72 The clin-

ical role of this tool needs to be demonstrated in

prospective studies, but it highlights the potential use of

nuclear imaging to select patients for CRT.

CONCLUSION

The patient with ischemic heart failure needs careful,

stepwise diagnostic analysis; non-invasive imaging can

provide much of this information. Myocardial viability

assessment is an important component, but should be

integrated within all other relevant information. Once all

the information is completed, a personalized therapeutic

plan can be presented, making a personalized approach

feasible to the individual patient.

CASE 1

A 59-year-old male presented at the outpatient

clinic with heart failure symptoms since 3 weeks. The

patient was a smoker and had hypertension treated with

angiotensin converting enzyme inhibitors. On transtho-

racic echocardiography, a dilated left ventricle with a

biplane left ventricular ejection fraction of 22% and

global hypokinesia were observed (video 1). The inva-

sive coronary angiography showed severe 3-vessel

coronary artery disease (video 2). To assess the presence

of viable myocardium, magnetic resonance imaging was

requested. On cine acquisitions, the left ventricular end-

diastolic and end-systolic volumes were 420 mL and

348 mL, respectively, and the left ventricular ejection

fraction was 17 % (video 3). The end-diastolic wall

thickness was [6 mm. On contrast-enhanced magnetic

resonance imaging, subendocardial scar \10 % of the

mid anterior and inferior walls was documented (Figure

1, arrows). In addition, low-dose dobutamine stress

echocardiography was performed showing the sig-

nificant increase in wall thickness and left ventricular

function (video 4). Detection of ischemia with a higher

dose of dobutamine was not performed. Based on the

magnetic resonance and low-dose dobutamine stress

echocardiography findings (end-diastolic wall thickness

[6 mm and subendocardial scar of \10 %, improve-

ment of left ventricular systolic function during

dobutamine) indicating the presence of myocardial

viability, the patient was referred for surgical revascu-

larization. Echocardiography at 1 year follow-up

Figure 13. Fusion imaging of cardiac venous anatomy and left ventricular site of latest activation
to guide left ventricular lead position. The SPECT-vein navigation tool kit permits fusion imaging
of fluoroscopic venograms into a 3-dimensional LV epicardial surface extracted from ECG-gated
SPECT myocardial perfusion imaging (A). The mid part of the anterior vein (AV, blue line) was
aligned with the optimal site (white segment). B shows the final position of the LV lead on the left
anterior oblique (LAO) and right anterior oblique (RAO) projections. C shows the post-
implantation ECG with significant reduction of the QRS duration when CRT was activated (from
168 to 140 ms). Reproduced with permission from Zhou et al72.
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showed reduction of left ventricular volumes and im-

provement of left ventricular ejection fraction (video 5).

Disclosure

Victoria Delgado received speaker fees from Abbott

Vascular. The Department of Cardiology of the Leiden

University Medical Center received research grants from

Medtronic, Biotronik and Boston Scientific. Jeroen J. Bax:

nothing to disclose.

Open Access

This article is distributed under the terms of the Creative

Commons Attribution License which permits any use, distribu-

tion, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden

WB, et al. Heart disease and stroke statistics–2013 update: A re-

port from the American Heart Association. Circulation

2013;127:e6-245.

2. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha

MJ, et al. Heart disease and stroke statistics–2014 update: A report

from the American Heart Association. Circulation 2014;129:e28-

292.

3. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ,

Cushman M, et al. Heart disease and stroke statistics-2015 update:

A report from the american heart association. Circulation

2015;131:e29-322.

4. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner

MH, et al. 2013 ACCF/AHA guideline for the management of

heart failure: A report of the American College of Cardiology

Foundation/American Heart Association Task Force on Practice

Guidelines. J Am Coll Cardiol 2013;62:e147-239.

5. Djousse L, Driver JA, Gaziano JM. Relation between modifiable

lifestyle factors and lifetime risk of heart failure. JAMA

2009;302:394-400.

6. Curtis LH, Whellan DJ, Hammill BG, Hernandez AF, Anstrom

KJ, Shea AM, et al. Incidence and prevalence of heart failure in

elderly persons, 1994-2003. Arch Intern Med 2008;168:418-24.

7. Roger VL, Weston SA, Redfield MM, Hellermann-Homan JP, Kil-

lian J, Yawn BP, et al. Trends in heart failure incidence and survival

in a community-based population. JAMA 2004;292:344-50.

8. Goldberger JJ, Basu A, Boineau R, Buxton AE, Cain ME, Canty

JM Jr, et al. Risk stratification for sudden cardiac death: A plan for

the future. Circulation 2014;129:516-26.

9. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M,

Dickstein K, et al. ESC Guidelines for the diagnosis and treatment

of acute and chronic heart failure 2012: The Task Force for the

Diagnosis and Treatment of Acute and Chronic Heart Failure 2012

of the European Society of Cardiology. Developed in collabora-

tion with the Heart Failure Association (HFA) of the ESC. Eur

Heart J 2012;33:1787-847.

10. Gheorghiade M, Sopko G, De LL, Velazquez EJ, Parker JD,

Binkley PF, et al. Navigating the crossroads of coronary artery

disease and heart failure. Circulation 2006;114:1202-13.

11. Schuetz GM, Zacharopoulou NM, Schlattmann P, Dewey M.

Meta-analysis: Noninvasive coronary angiography using comput-

ed tomography versus magnetic resonance imaging. Ann Intern

Med 2010;152:167-77.

12. Butler J. The emerging role of multi-detector computed tomog-

raphy in heart failure. J Card Fail 2007;13:215-26.

13. Rossi A, Dini FL, Faggiano P, Agricola E, Cicoira M, Frattini S,

et al. Independent prognostic value of functional mitral regurgi-

tation in patients with heart failure. A quantitative analysis of 1256

patients with ischaemic and non-ischaemic dilated cardiomyopa-

thy. Heart 2011;97:1675-80.

14. Trichon BH, Felker GM, Shaw LK, Cabell CH, O’Connor CM.

Relation of frequency and severity of mitral regurgitation to sur-

vival among patients with left ventricular systolic dysfunction and

heart failure. Am J Cardiol 2003;91:538-43.

15. Schinkel AF, Bax JJ, Delgado V, Poldermans D, Rahimtoola SH.

Clinical relevance of hibernating myocardium in ischemic left

ventricular dysfunction. Am J Med 2010;123:978-86.

16. Kaandorp TA, Lamb HJ, van der Wall EE, de Roos A, Bax JJ.

Cardiovascular MR to access myocardial viability in chronic is-

chaemic LV dysfunction. Heart 2005;91:1359-65.

17. Schinkel AF, Bax JJ, Poldermans D, Elhendy A, Ferrari R,

Rahimtoola SH. Hibernating myocardium: Diagnosis and patient

outcomes. Curr Probl Cardiol 2007;32:375-410.

18. Baer FM, Voth E, Schneider CA, Theissen P, Schicha H, Sechtem

U. Comparison of low-dose dobutamine-gradient-echo magnetic

resonance imaging and positron emission tomography with

[18F]fluorodeoxyglucose in patients with chronic coronary artery

disease. A functional and morphological approach to the detection

of residual myocardial viability. Circulation 1995;91:1006-15.

19. Sandler MP, Bax JJ, Patton JA, Visser FC, Martin WH, Wijns W.

Fluorine-18-fluorodeoxyglucose cardiac imaging using a modified

scintillation camera. J Nucl Med 1998;39:2035-43.

20. Bax JJ, Wijns W, Cornel JH, Visser FC, Boersma E, Fioretti PM.

Accuracy of currently available techniques for prediction of

functional recovery after revascularization in patients with left

ventricular dysfunction due to chronic coronary artery disease:

comparison of pooled data. J Am Coll Cardiol 1997;30:1451-60.

21. Marwick TH, Zuchowski C, Lauer MS, Secknus MA, Williams J,

Lytle BW. Functional status and quality of life in patients with

heart failure undergoing coronary bypass surgery after assessment

of myocardial viability. J Am Coll Cardiol 1999;33:750-8.

22. Dreyfus GD, Duboc D, Blasco A, Vigoni F, Dubois C, Brodaty D,

et al. Myocardial viability assessment in ischemic cardiomyopa-

thy: Benefits of coronary revascularization. Ann Thorac Surg

1994;57:1402-7.

23. Bax JJ, Poldermans D, Elhendy A, Cornel JH, Boersma E, Ram-

baldi R, et al. Improvement of left ventricular ejection fraction,

heart failure symptoms and prognosis after revascularization in

patients with chronic coronary artery disease and viable my-

ocardium detected by dobutamine stress echocardiography. J Am

Coll Cardiol 1999;34:163-9.

24. Gerber BL, Ordoubadi FF, Wijns W, Vanoverschelde JL, Knuuti

MJ, Janier M, et al. Positron emission tomography using(18)F-

fluoro-deoxyglucose and euglycaemic hyperinsulinaemic glucose

clamp: Optimal criteria for the prediction of recovery of post-

ischaemic left ventricular dysfunction. Results from the European

Community Concerted Action Multicenter study on use of (18)F-

fluoro-deoxyglucose Positron Emission Tomography for the De-

tection of Myocardial Viability. Eur Heart J 2001;22:1691-701.

25. Leoncini M, Sciagra R, Maioli M, Bellandi F, Marcucci G, Sestini

S, et al. Usefulness of dobutamine Tc-99m sestamibi-gated single-

photon emission computed tomography for prediction of left

Journal of Nuclear Cardiology� Bax and Delgado 243

Volume 22, Number 2;229–45 Myocardial viability in ischemic HF



ventricular ejection fraction outcome after coronary revasculariza-

tion for ischemic cardiomyopathy. Am J Cardiol 2002;89:817-21.

26. Hanekom L, Jenkins C, Jeffries L, Case C, Mundy J, Hawley C,

et al. Incremental value of strain rate analysis as an adjunct to

wall-motion scoring for assessment of myocardial viability by

dobutamine echocardiography: A follow-up study after revascu-

larization. Circulation 2005;112:3892-900.

27. Piscione F, De LG, Perrone-Filardi P, Prastaro M, Pace L, Galasso

G, et al. Relationship between contractile reserve, Tl-201 uptake,

and collateral angiographic circulation in collateral-dependent

myocardium: Implications regarding the evaluation of myocardial

viability. J Nucl Cardiol 2003;10:17-27.

28. Chikamori T, Hirose K, Hamada T, Hitomi N, Kitaoka H, Yabe T,

et al. Functional recovery after coronary artery bypass grafting in

patients with severe left ventricular dysfunction and preserved

myocardial viability in the left anterior descending arterial terri-

tory as assessed by thallium-201 myocardial perfusion imaging.

Jpn Circ J 1999;63:752-8.

29. Mule JD, Bax JJ, Zingone B, Martinelli F, Burelli C, Stefania A,

et al. The beneficial effect of revascularization on jeopardized

myocardium: Reverse remodeling and improved long-term prog-

nosis. Eur J Cardiothorac Surg 2002;22:426-30.

30. Beanlands RS, Hendry PJ, Masters RG, Dekemp RA, Woodend K,

Ruddy TD. Delay in revascularization is associated with increased

mortality rate in patients with severe left ventricular dysfunction

and viable myocardium on fluorine 18-fluorodeoxyglucose posi-

tron emission tomography imaging. Circulation 1998;98:II51-6.

31. Schwarz ER, Schoendube FA, Kostin S, Schmiedtke N, Schulz G,

Buell U, et al. Prolonged myocardial hibernation exacerbates

cardiomyocyte degeneration and impairs recovery of function after

revascularization. J Am Coll Cardiol 1998;31:1018-26.

32. Haas F, Haehnel CJ, Picker W, Nekolla S, Martinoff S, Meisner H,

et al. Preoperative positron emission tomographic viability

assessment and perioperative and postoperative risk in patients

with advanced ischemic heart disease. J Am Coll Cardiol

1997;30:1693-700.

33. Gunning MG, Chua TP, Harrington D, Knight CJ, Burman E, Pennell

DJ, et al. Hibernating myocardium: clinical and functional response to

revascularisation. Eur J Cardiothorac Surg 1997;11:1105-12.

34. Di Carli MF, Asgarzadie F, Schelbert HR, Brunken RC, Laks H,

Phelps ME, et al. Quantitative relation between myocardial via-

bility and improvement in heart failure symptoms after

revascularization in patients with ischemic cardiomyopathy. Cir-

culation 1995;92:3436-44.

35. Marwick TH, Nemec JJ, Lafont A, Salcedo EE, MacIntyre WJ.

Prediction by postexercise fluoro-18 deoxyglucose positron emis-

sion tomography of improvement in exercise capacity after

revascularization. Am J Cardiol 1992;69:854-9.

36. Velazquez EJ, Lee KL, Deja MA, Jain A, Sopko G, Marchenko A,

et al. Coronary-artery bypass surgery in patients with left ven-

tricular dysfunction. N Engl J Med 2011;364:1607-16.

37. Bonow RO, Maurer G, Lee KL, Holly TA, Binkley PF, Desvigne-

Nickens P, et al. Myocardial viability and survival in ischemic left

ventricular dysfunction. N Engl J Med 2011;364:1617-25.

38. Windecker S, Kolh P, Alfonso F, Collet JP, Cremer J, Falk V, et al.

2014 ESC/EACTS Guidelines on myocardial revascularization:

The Task Force on Myocardial Revascularization of the European

Society of Cardiology (ESC) and the European Association for

Cardio-Thoracic Surgery (EACTS) Developed with the special

contribution of the European Association of Percutaneous Car-

diovascular Interventions (EAPCI). Eur Heart J 2014;35:2541-

619.

39. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Er-

nande L, et al. Recommendations for cardiac chamber

quantification by echocardiography in adults: An update from the

american society of echocardiography and the European asso-

ciation of cardiovascular imaging. J Am Soc Echocardiogr

2015;28:1-39.

40. Hoffmann R, von Bardeleben S, Kasprzak JD, Borges AC, ten

Cate F, Firschke C, et al. Analysis of regional left ventricular

function by cineventriculography, cardiac magnetic resonance

imaging, and unenhanced and contrast-enhanced echocardiogra-

phy: A multicenter comparison of methods. J Am Coll Cardiol

2006;47:121-8.

41. Dorosz JL, Lezotte DC, Weitzenkamp DA, Allen LA, Salcedo EE.

Performance of 3-dimensional echocardiography in measuring left

ventricular volumes and ejection fraction: A systematic review and

meta-analysis. J Am Coll Cardiol 2012;59:1799-808.

42. Gimelli A, Lancellotti P, Badano LP, Lombardi M, Gerber B,

Plein S, et al. Non-invasive cardiac imaging evaluation of patients

with chronic systolic heart failure: A report from the European

Association of Cardiovascular Imaging (EACVI). Eur Heart J

2014. doi:10.1093/eurheartj/ehu433.

43. Greupner J, Zimmermann E, Grohmann A, Dubel HP, Althoff TF,

Borges AC, et al. Head-to-head comparison of left ventricular

function assessment with 64-row computed tomography, biplane

left cineventriculography, and both 2- and 3-dimensional

transthoracic echocardiography: Comparison with magnetic reso-

nance imaging as the reference standard. J Am Coll Cardiol

2012;59:1897-907.

44. Lancellotti P, Moura L, Pierard LA, Agricola E, Popescu BA,

Tribouilloy C, et al. European Association of Echocardiography

recommendations for the assessment of valvular regurgitation. Part

2: mitral and tricuspid regurgitation (native valve disease). Eur J

Echocardiogr 2010;11:307-32.

45. Marsan NA, Westenberg JJ, Ypenburg C, Delgado V, Van Bom-

mel RJ, Roes SD, et al. Quantification of functional mitral

regurgitation by real-time 3D echocardiography: Comparison with

3D velocity-encoded cardiac magnetic resonance. JACC Cardio-

vasc Imaging 2009;2:1245-52.

46. Lancellotti P, Troisfontaines P, Toussaint AC, Pierard LA. Prog-

nostic importance of exercise-induced changes in mitral

regurgitation in patients with chronic ischemic left ventricular

dysfunction. Circulation 2003;108:1713-7.

47. Pu M, Thomas JD, Gillinov MA, Griffin BP, Brunken RC. Im-

portance of ischemic and viable myocardium for patients with

chronic ischemic mitral regurgitation and left ventricular dys-

function. Am J Cardiol 2003;92:862-4.

48. le Polain de Waroux JB, Pouleur AC, Vancraeynest D, Pasquet A,

Gerber BL, El KG et al. Early hazards of mitral ring annuloplasty

in patients with moderate to severe ischemic mitral regurgitation

undergoing coronary revascularization: the importance of preop-

erative myocardial viability. J Heart Valve Dis 2009; 18:35-43

49. Goldberger JJ, Cain ME, Hohnloser SH, Kadish AH, Knight BP,

Lauer MS, et al. American Heart Association/American College of

Cardiology Foundation/Heart Rhythm Society scientific statement

on noninvasive risk stratification techniques for identifying pa-

tients at risk for sudden cardiac death: A scientific statement from

the American Heart Association Council on Clinical Cardiology

Committee on Electrocardiography and Arrhythmias and Council

on Epidemiology and Prevention. Circulation 2008;118:1497-518.

50. Moss AJ, Hall WJ, Cannom DS, Daubert JP, Higgins SL, Klein H,

et al. Improved survival with an implanted defibrillator in patients

with coronary disease at high risk for ventricular arrhythmia.

Multicenter Automatic Defibrillator Implantation Trial Investiga-

tors. N Engl J Med 1996;335:1933-40.

51. Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS,

et al. Prophylactic implantation of a defibrillator in patients with

244 Bax and Delgado Journal of Nuclear Cardiology�
Myocardial viability in ischemic HF March/April 2015

http://dx.doi.org/10.1093/eurheartj/ehu433


myocardial infarction and reduced ejection fraction. N Engl J Med

2002;346:877-83.

52. Buxton AE, Lee KL, Fisher JD, Josephson ME, Prystowsky EN,

Hafley G. A randomized study of the prevention of sudden death in

patients with coronary artery disease. Multicenter Unsustained

Tachycardia Trial Investigators. N Engl J Med 1999;341:1882-90.

53. Bigger JT Jr. Prophylactic use of implanted cardiac defibrillators

in patients at high risk for ventricular arrhythmias after coronary-

artery bypass graft surgery. Coronary Artery Bypass Graft

(CABG) Patch Trial Investigators. N Engl J Med 1997;337:1569-

75.

54. Moss AJ, Greenberg H, Case RB, Zareba W, Hall WJ, Brown

MW, et al. Long-term clinical course of patients after termination

of ventricular tachyarrhythmia by an implanted defibrillator. Cir-

culation 2004;110:3760-5.

55. Epstein AE, DiMarco JP, Ellenbogen KA, Estes NA III, Freedman

RA, Gettes LS, et al. ACC/AHA/HRS 2008 Guidelines for Device-

Based Therapy of Cardiac Rhythm Abnormalities: A report of the

American College of Cardiology/American Heart Association Task

Force on Practice Guidelines (Writing Committee to Revise the

ACC/AHA/NASPE 2002 Guideline Update for Implantation of

Cardiac Pacemakers and Antiarrhythmia Devices): developed in

collaboration with the American Association for Thoracic Surgery

and Society of Thoracic Surgeons. Circulation 2008;117:e350-408.

56. Lee DC, Goldberger JJ. CMR for sudden cardiac death risk

stratification: Are we there yet? JACC Cardiovasc Imaging

2013;6:345-8.

57. Kwong RY, Chan AK, Brown KA, Chan CW, Reynolds HG,

Tsang S, et al. Impact of unrecognized myocardial scar detected by

cardiac magnetic resonance imaging on event-free survival in

patients presenting with signs or symptoms of coronary artery

disease. Circulation 2006;113:2733-43.

58. Klem I, Weinsaft JW, Bahnson TD, Hegland D, Kim HW, Hayes

B, et al. Assessment of myocardial scarring improves risk

stratification in patients evaluated for cardiac defibrillator im-

plantation. J Am Coll Cardiol 2012;60:408-20.

59. Roes SD, Borleffs JW, van der Geest RJ, Westenberg JJM, Aj-

mone Marsan N, Kaandorp TAM, et al. Infarct tissue

heterogeneity assessed with contrast-enhanced magnetic resonance

imaging predicts spontaneous ventricular arrhythmia in patients

with ischemic cardiomyopathy and implantable cardioverter-de-

fibrillator. Circ Cardiovasc Imaging 2009;53:1933-43.

60. Boogers MJ, Fukushima K, Bengel FM, Bax JJ. The role of nu-

clear imaging in the failing heart: myocardial blood flow,

sympathetic innervation, and future applications. Heart Fail Rev

2011;16:411-23.

61. Fallavollita JA, Heavey BM, Luisi AJ Jr, Michalek SM, Baldwa S,

Mashtare TL Jr, et al. Regional myocardial sympathetic denerva-

tion predicts the risk of sudden cardiac arrest in ischemic

cardiomyopathy. J Am Coll Cardiol 2014;63:141-9.

62. Jacobson AF, Senior R, Cerqueira MD, Wong ND, Thomas GS,

Lopez VA, et al. Myocardial iodine-123 meta-iodobenzylguani-

dine imaging and cardiac events in heart failure. Results of the

prospective ADMIRE-HF (AdreView Myocardial Imaging for

Risk Evaluation in Heart Failure) study. J Am Coll Cardiol

2010;55:2212-21.

63. Boogers MJ, Borleffs CJ, Henneman MM, Van Bommel RJ, van

Rees JB, Boersma E, et al. Cardiac sympathetic denervation

assessed with 123-iodine metaiodobenzylguanidine imaging pre-

dicts ventricular arrhythmias in implantable cardioverter-

defibrillator patients. J Am Coll Cardiol 2010;55:2769-77.

64. Brignole M, Auricchio A, Baron-Esquivias G, Bordachar P, Bo-

riani G, Breithardt OA, et al. 2013 ESC Guidelines on cardiac

pacing and cardiac resynchronization therapy: the Task Force on

cardiac pacing and resynchronization therapy of the European

Society of Cardiology (ESC). Developed in collaboration with the

European Heart Rhythm Association (EHRA). Eur Heart J

2013;34:2281-329.

65. Boogers MM, Van Kriekinge SD, Henneman MM, Ypenburg C,

Van Bommel RJ, Boersma E, et al. Quantitative gated SPECT-

derived phase analysis on gated myocardial perfusion SPECT

detects left ventricular dyssynchrony and predicts response to

cardiac resynchronization therapy. J Nucl Med 2009;50:718-25.

66. Friehling M, Chen J, Saba S, Bazaz R, Schwartzman D, Adelstein

EC, et al. A prospective pilot study to evaluate the relationship

between acute change in left ventricular synchrony after cardiac

resynchronization therapy and patient outcome using a single-in-

jection gated SPECT protocol. Circ Cardiovasc Imaging

2011;4:532-9.

67. Lin X, Xu H, Zhao X, Chen J. Sites of latest mechanical activation

as assessed by SPECT myocardial perfusion imaging in ischemic

and dilated cardiomyopathy patients with LBBB. Eur J Nucl Med

Mol Imaging 2014;41:1232-9.

68. Adelstein EC, Tanaka H, Soman P, Miske G, Haberman SC, Saba

SF, et al. Impact of scar burden by single-photon emission com-

puted tomography myocardial perfusion imaging on patient

outcomes following cardiac resynchronization therapy. Eur Heart J

2011;32:93-103.

69. Bose A, Kandala J, Upadhyay GA, Riedl L, Ahmado I, Padman-

abhan R, et al. Impact of myocardial viability and left ventricular

lead location on clinical outcome in cardiac resynchronization

therapy recipients with ischemic cardiomyopathy. J Cardiovasc

Electrophysiol 2014;25:507-13.

70. Chen J, Garcia EV, Bax JJ, Iskandrian AE, Borges-Neto S, Soman

P. SPECT myocardial perfusion imaging for the assessment of left

ventricular mechanical dyssynchrony. J Nucl Cardiol 2011;18:

685-94.

71. Ypenburg C, Van Bommel RJ, Delgado V, Mollema SA, Bleeker

GB, Boersma E, et al. Optimal left ventricular lead position pre-

dicts reverse remodeling and survival after cardiac

resynchronization therapy. J Am Coll Cardiol 2008;52:1402-9.

72. Zhou W, Hou X, Piccinelli M, Tang X, Tang L, Cao K, et al. 3D

fusion of LV venous anatomy on fluoroscopy venograms with

epicardial surface on SPECT myocardial perfusion images for

guiding CRT LV lead placement. JACC Cardiovasc Imaging

2014;7:1239-48.

Journal of Nuclear Cardiology� Bax and Delgado 245

Volume 22, Number 2;229–45 Myocardial viability in ischemic HF


	Myocardial viability as integral part of the diagnostic and therapeutic approach to ischemic heart failure
	Abstract
	Introduction
	Myocardial Viability---Pathophysiology and Definitions
	Imaging Techniques to Detect Myocardial Viability---General Issues
	The Different Imaging Techniques to Detect Viability
	Positron emission tomography
	Single-photon emission-computed tomography
	Dobutamine stress echocardiography
	Magnetic resonance imaging

	Prediction of Functional Recovery After Revascularization
	Other Information Needed in Chronic Ischemic Heart Failure: LV Function, Size, and Shape
	Additional Information: Severe Secondary Mitral Regurgitation
	More Information: Sudden Cardiac Death
	Final Information: Cardiac Resynchronization Therapy

	Conclusion
	Case 1
	Disclosure
	References


