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Abstract The initial observation of functional recovery in
dysfunctional myocardium following revascularization led to
the introduction of the concept of hibernating myocardium.
Since then, the pathophysiologic basis of hibernating myocar-
dium has been well described. Multiple imaging modalities
have been utilized to prospectively detect viable myocardium
and thus predict its functional recovery following revascular-
ization. It has been hypothesized that viability imaging will be
instrumental in the selection of patients with ischemic cardio-
myopathy likely to benefit from revascularization. Multiple
observational studies built a large body of evidence
supporting this concept. However, data from prospective stud-
ies failed to substantiate utility of viability testing. This review
aims to summarize the current literature and describe the role
of viability imaging in current clinical practice as well as fu-
ture directions.
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Introduction

Hibernating myocardium has been described as Ba state of
persistently impaired myocardial and left ventricular (LV)
function at rest due to reduced coronary blood flow that can
be partially or completely restored to normal if the myocardial

oxygen supply/demand relationship is favorably altered, ei-
ther by improving blood flow and/or by reducing demand^
[1]. The term hibernating myocardium was coined after ob-
serving that certain dysfunctional myocardial segments
regained normal function after Coronary Artery Bypass
Surgery (CABG) and demonstration of metabolic activity in
these segments on positron emission tomography (PET) im-
aging. In addition to myocardial scarring and stunning, hiber-
nating myocardium contributes to left ventricular dysfunction
seen in ischemic cardiomyopathy (ICM). Currently, 5.7 mil-
lion patients suffer from heart failure in the USA alone with an
annual incidence of 870,000 cases. The foreseen increase in
the prevalence of HF will top 8 million by 2030 [2]. Coronary
artery disease (CAD) is a contributing factor in 50–70% of all
cases of heart failure [3]. Heart failure is associated with sig-
nificant morbidity and mortality, and revascularization plays a
significant role in management of these patients.

Pathophysiology

There are multiple mechanisms by which obstructive CAD
leads to LV systolic dysfunction in ischemic cardiomyopathy
(ICM). In a normal heart, myocardial oxygen extraction is
near maximal and there are limited anaerobic reserves.
Therefore, acute ischemia caused by even a small reduction
in myocardial blood flow has been shown to reduce myocar-
dial contractility [4]. Myocardial stunning is defined as myo-
cardial dysfunction that persists after an episode of transient
ischemia despite the absence of irreversible damage. There is
a perfusion-contraction mismatch, that is, the presence of de-
creased contractility despite normal perfusion [5]. Various
mechanisms including generation of oxygen-derived free rad-
icals, excitation-contraction uncoupling due to sarcoplasmic
reticulum dysfunction, and calcium overload have been pro-
posed to cause myocardial stunning [6].
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Hibernating myocardium is a state of persistently reduced
myocardial contractility due to reduced coronary blood flow at
rest, which is partially or completely reversible upon revascu-
larization. In hibernation, there is perfusion-contraction
matching, and it is considered an adaptive response of the
myocardium to chronically reduced blood supply. Metabolic
changes similar to stunning such as generation of free radicals
and depletion of ATP also occur in hibernating myocardium.
In addition, cellular changes such as loss of myofibrils, disor-
ganization of the myofilaments, and appearance of large areas
filled with glycogen have been demonstrated in hibernating
myocytes. Cellular degeneration and reparative fibrosis have
also been observed in areas of hibernating myocardium, po-
tentially making these areas less likely to recover after revas-
cularization [7].Myocardial infarction (MI) is caused by acute
severe reduction in coronary blood flow which ultimately re-
sults in irreversible necrosis of cardiac myocytes. Myocardial
scar can result from a prior MI or as a consequence of chronic
hibernation leading to irreversible structural changes and fi-
brosis. Areas of hibernating myocardium and myocardial scar
contribute to the development of ICM, and it is imperative to
differentiate between the two as hibernating myocardium has
the potential to recover functionally.

Assessment of Myocardial Viability in Chronic ICM

Hibernating myocardium can be most accurately defined by
functional recovery following revascularization. Myocardial
viability is the term prospectively applied to hibernating myo-
cardium and demonstrates intact cell membrane and metabo-
lism, and contractile reserve. Multiple imaging modalities
have been used to identify and quantify viable myocardium
prior to revascularization, to predict functional recovery after
revascularization and thus aiding in decision making in the
management of patients with ICM [8]. Different attributes of
hibernating myocardium can be used to detect viable myocar-
dium by various imaging modalities such as integrity of the
cell membrane using 99mTechnitium Sestamibi and 201
Thallium Single Photon Emission CT (SPECT) imaging, met-
abolic imaging with FDG positron emission tomography
(PET), contractile reserve using dobutamine stress echocardi-
ography (DSE)/SPECT/CardiacMagnetic Resonance (CMR),
and scar imaging using CMR.

Contractile reserve of the viable myocardium can be de-
tected by low dose dobutamine echocardiography (LDDE).
Hibernating myocardial segments are hypokinetic or akinetic
on baseline echocardiogram and show improved contractility
with low-dose dobutamine (LDD) infusion. Improvement in
contractility of myocardial segments on LDD infusion pre-
dicts functional recovery following revascularization with
reasonable accuracy [9]. In a pooled analysis, LDDE was
found to have a mean sensitivity of 84 % and a mean

specificity of 81 % to detect recovery of contractile function
after revascularization [8].

SPECT tracers used to assess myocardial viability detect
the integrity of the cell membrane and Na/K Pump with
201Tl and preserved mitochondrial function with Tc-99m
Sestamibi [10] (see Fig. 1). Although Tc-99m Sestamibi is
primarily considered as a perfusion agent, quantitative
analysis of Tc-99m Sestamibi uptake on rest injection im-
ages can be used to assess viable myocardium and its sen-
sitivity can be increased by use of nitrate injection [11, 12].
There are various imaging protocols available to quantify
distribution of these tracers in the myocardium, and vari-
ous diagnostic criteria are used to define viable myocardi-
um. A pooled analysis of 201 Thallium rest redistribution
studies demonstrated a sensitivity and specificity of 86 and
59 %, respectively, for predicting functional recovery after
revascularization [13]. Mean sensitivity and specificity
were 81 and 66 % for pooled analysis of studies using
Technitium-99m sestamibi tracer.

In PET imaging, NH3 is used as the perfusion tracer and F18
FDG is the most commonly used tracer for assessment of met-
abolic activity [14]. Hibernating/viable myocardium preferen-
tially utilizes glucose instead of free fatty acids. Viable myocar-
dium is detected on PET imaging by areas of reduced perfusion
and preserved FDG uptake (areas of mismatch). In a pooled
analysis, themean sensitivity and specificity of FDGPETstudies
were 93 and 58%, and themean positive predictive value (PPV)
and negative predictive value (NPV) were 71 and 86 % [11].

CMR can be used for the assessment of myocardial viability
using multiple techniques: measuring end diastolic wall thick-
ness (EDWT), assessing myocardial contractility using LDD
infusion, and detecting delayed enhancement (DE) using
gadolinium-based contrast agents [15]. DE CMR imaging is
based on the premise that gadolinium does not penetrate tissues
with intact cell membranes but accumulates in infarcted tissue
and thus making the infarcted tissue appear hyperenhanced/
bright. Due to the superior spatial resolution, DE CMR can
detail the extent and transmurality of scar tissue (see Figs. 2
and 3). A 50 % cutoff of LV wall hyperenhancement is gener-
ally used to determine whether or not a LV segment will recov-
er function following revascularization (hyperenhancement
<50 % wall thickness implies viable myocardium) [16]. A
meta-analysis of 11 studies using DE CMR found the mean
sensitivity and specificity for predicting functional recovery of
contractility following revascularization to be 95 and 51 %,
respectively, whereas the PPV was 69 % and NPV was 90 %
[15]. In the same meta-analysis, nine studies of dobutamine
stress CMR using LDD infusion demonstrated a sensitivity
and specificity of 81 and 91 %, whereas the PPV and NPV
were 93 and 75 %, respectively. EDWT of <5.5–6 mm on
CMR likely represents areas of scar and can be used to identify
areas of myocardium that are not viable. In a meta-analysis of
four studies using EDWT, the mean-weighted sensitivity and
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specificity were 96 and 38 %, whereas the PPVand NPV were
71 and 85 %, respectively [15]. Based on these findings, it can
be concluded that DECMRprovides the highest sensitivity and
NPV for predicting recovery of functionality after revasculari-
zation, whereas LDDCMRprovides the highest specificity and
PPVof any currently available test to evaluate myocardial via-
bility. Combining these two modalities may have a role in
improving accuracy of myocardial viability assessment.

SPECT Versus CMR Comparison for Detecting
Subendocardial Infarcts

In 2003, Wagner et al. [17] published an analysis of 92 pa-
tients with known or suspected coronary artery disease who
underwent both CMR and SPECT. They found that all seg-
ments with transmural MI were identified by both modalities;
however, nearly half (47 %) of all segments with subendocar-
dial infarctions were missed by SPECT. This lack of sensitiv-
ity was attributed to the low spatial resolution of SPECT
(around 10 mm), compared to CMR spatial resolution of 1–
2 mm [17].

Assessment of Myocardial Viability After AMI

Rischpler et al. studied the use of FDG PET and DE CMR in
20 patients 5–7 days after AMI [18]. Patients underwent re-
peat CMR at 6 months to evaluate functional recovery of
myocardial segments, with functional recovery defined as im-
provement in the wall motion score by at least one point in
each previously dysfunctional segment. Functional recovery
was significantly better in segments found to be viable on
CMR and PET compared to nonviable segments. Sixty-five
percent of viable segments on CMR had functional recovery,
and 78 % of PET viable segments showed functional
recovery.

Viability and Revascularization in Ischemic
Cardiomyopathy (ICM)

Multiple observational studies have shown improved out-
comes after revascularization in patients with ICM and pres-
ence of myocardial viability on imaging. A meta-analysis of
24 viability studies performed prior to 1999 including 3088
patients demonstrated that in patients with presence of

Fig. 2 Transmural scar of entire inferolateral wall (nonviable)

Fig. 1 Thallium rest redistribution SPECT viability imaging
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viability, revascularization was associated with 79.6 % reduc-
tion in annual mortality (3.2 versus 16 %) compared to med-
ical therapy alone [19]. A subsequent meta-analysis of 14
nonrandomized studies published between 1998 and 2006 al-
so showed significant reduction in annual mortality in patients
with ischemic LV dysfunction and viable myocardium with
revascularization compared to medical therapy (3.71 % versus
10.64) [20]. These studies also demonstrated that patients with
ICM and nonviable myocardium had increased mortality irre-
spective of therapy compared to patients with viable myocar-
dium. A recent meta-analysis of previously published 32 ob-
servational studies demonstrated that patients with viability
had a significant reduction in mortality with revascularization
compared to medical therapy (7.3 vs 27.4 %, RR 0.31, 95 %
CI 0.25–0.39) over a mean follow-up of 28months [21]. In the
same study, in patients without viability, revascularization did
not show significant improvement in mortality compared to
medical therapy (RR 0.92, 95 % CI 0.78–1.09). However, in
addition to a non-randomized trial design and selection bias,
there are many shortcomings in the studies included in these
meta-analyses. Most patients were not on currently accepted
optimal medical therapy including ACE inhibitors, beta
blockers, and mineralocorticoid inhibitors, and use of implant-
able defibrillators was low.

A few randomized trials have prospectively evaluated the
impact of viability on revascularization-related outcomes. The
viability sub-study of the STICH trial is the largest random-
ized study so far assessing effects of viability on outcomes
with revascularization compared to optimal medical therapy
alone [22••, 23]. The main STITCH trial randomized 1212
patient with CAD and left ventricular ejection fraction
(LVEF) <35 % to optimal medical therapy or optimal medical
therapy with CABG. There was no significant difference in
the primary endpoint of all-cause mortality between the two
groups. Viability testing was optional and patients were not
randomized based on the presence or absence of viability. Of
the 1212 enrolled patients, 601 underwent viability testing.
Viability was assessed using SPECT in 471 patients and
DSE in 280 patients (150 patients had both viability studies).
Viability was classified in a binary fashion (present or absent)
using prespecified criteria. For SPECT, viability was defined
as ≥11 viable segments based on relative tracer activity using a

17-segment model. For DSE, viability was defined as ≥5 seg-
ments with abnormal resting systolic function manifesting
contractile reserve with dobutamine using a 16-segment mod-
el. Myocardial viability was present in 487 (81 %) patients.
Patients with viable myocardium had lower overall rates of
death than those without viable myocardium (hazard ratio
0.64; 95 % CI 0.48–0.86; p=0.003). However, in patients
with myocardial viability revascularization with CABG did
not show any improvement in mortality compared to medical
therapy alone (HR 0.86; 95 % CI 0.64–1.16). In a recent
analysis, patients were analyzed in two groups using median
left ventricular end systolic volume index (ESVI) [24].
Overall, there was no interaction between ESVI, viability sta-
tus, and treatment assignment to CABG versus medical ther-
apy with respect to survival (p=0.491). In patients with via-
bility, effect of CABG compared to medical therapy in pa-
tients with ESVI <84 ml/m2 (HR 0.85; 95 % CI 0.56 to
1.29) was not different to that of patients with ESVI >84 ml/
m2 (HR 0.87; 95 % CI 0.57 to 1.31). Furthermore, no signif-
icant differences were noted when the data was analyzed in an
as-treated manner compared to intention-to-treat.

The results of the STICH trial are contrary to what previous
observational studies have shown. Possible explanations for
these findings include high adherence to guideline-directed
medical therapy and lower mortality in patients receiving
medical therapy alone (about 7 % per year). The prospective
randomized nature of study may have eliminated selection
bias that was likely present in the retrospective observational
studies. Other limitations include different thresholds used in
the definition of viability between SPECT and DSE, viability
classified in a binary rather than continuous fashion and sig-
nificant crossover between the treatment arms. Moreover, the
STICH viability trial was merely a sub-study that was not
powered to detect a difference between the two groups and
the use of viability testing was not randomized [25].

Another prospective randomized trial, the Heart Failure
Revascularization trial (HEART) was terminated early with
enrollment of only 138 of the planned 800 patients [26•]. It
included patients with LVEF ≤35 % and the presence of via-
bility on imaging (primarily DSE) randomized to invasive
strategy with intent to revascularization versus medical thera-
py alone. After a median follow-up of 59 months, there were

Fig. 3 Small subendocardial (<25 %) scar in the basal-mid lateral wall (viable)
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25 (37%) deaths in those assigned to the conservative strategy
and 26 (38 %) in those assigned to the invasive strategy.
Although HEART did not show any difference in mortality
between the two groups, there are significant limitations of
HEART including lack of power to detect a difference in mor-
tality and about 30 % of patients randomized to invasive strat-
egy not undergoing revascularization.

The F-18-Fluorodeoxyglucose Positron Emission
Tomography Imaging-Assisted Management of Patients with
Severe Left Ventricular Dysfunction and Suspected Coronary
Disease (PARR-2) trial evaluated PET-guided strategy for
management of patients with LV dysfunction [27••]. Patients
were randomized to management assisted by FDG PET
(n=218) or standard care (n=212). The primary composite
outcome of death, MI, and hospitalization for cardiac cause at
1 year was not significantly different in the PETarm versus the
standard arm (30 vs 36 %). However, in the PET arm, approx-
imately 25 % of patients did not receive PET-guided treat-
ment. In patients who received PET-guided therapy, a signif-
icant reduction in the primary endpoint was noted. Recently,
the 5-year follow-up of the PARR-2 study was published and
continued to show lack of difference in outcome between the
two groups [28•] (see Table 1).

Viability and Revascularization in Patients with Recent
Myocardial Infarction

Long-term follow-up of viability-guided angioplasty after
acute myocardial infarction (VIAMI) trial was recently pub-
lished [29]. VIAMI trial included stable patients 48 h after ST
elevation myocardial infarction who were not treated by pri-
mary or rescue percutaneous coronary intervention (PCI).
Patients underwent low-dose DSE 72 hours after their MI
for assessment of viability. Viability was defined as the im-
provement of wall motion abnormalities (WMAs) in two or
more segments of the infarct zone. Patients with viability in
the infarct area on noninvasive imaging were randomized to
either PCI or conservative management. Patients were follow-
ed up for a median of 8 years. The combined endpoint of

death, recurrent MI, and unstable angina was 20.8 % in the
invasive group and 32.7 % in the conservative group (HR
0.59; 95 % CI 0.36–0.99, p=0.049). No differences in mor-
tality (8.5 vs. 8.2 %, p=0.80) or recurrent MI (7.5 vs. 10.9 %,
p=0.48) were noted.

Viability and Prognosis in ICM

Observational studies have shown that in patients with ICM
with the presence of viable myocardium, treatment with med-
ical therapy alone portends worse prognosis [21]. Taking into
account the results of the prospective randomized trials, this
finding is likely a result of selection bias as patients with
significant comorbid conditions and shorter expected survival
may not have been offered revascularization. In the 5-year
follow-up of the prospective, randomized STICH trial, overall
mortality was higher in patients with nonviable myocardium
compared to those with viability in unadjusted analysis (51 vs
37 %, HR=0.64, p=0.003). However, it was not significant
after adjustment for significant baseline prognostic variables
(p=0.21). However, there was no excess mortality in patients
with viability who were treated medically compared to those
who underwent surgical revascularization (see Table 1).

Current Utility of Viability Assessment

The role of revascularization in patients with ischemic LV
dysfunction for the purpose of improving LV function is not
clear. There are very few prospective randomized trials that
have evaluated viability assessment prior to revascularization,
and these have failed to show a significant difference in out-
comes with revascularization compared to medical therapy. It
is important to note that optimal medical therapy has im-
proved mortality in this high-risk patient population with an
annual mortality of 7 % in the STICH trial. Therapy with
carvedilol has been shown to improve LVEF in patients with
ICM and presence of viability [30]. Other limitations in these
prospective trials include various methods used to assess via-
bility with varied accuracies and different thresholds used to

Table 1 Summary of prospective trials evaluating the role of viability imaging

Trial Imaging
modality

Number
of patients

Intervention Control Mortality in
intervention arm

Mortality
in control arm

Follow-up Hazard ratio
(95 % CI, p value)

STICH SPECT DSE 487 CABG Medical therapy 31.2 %a 35.4 %a 5 years 0.86 (0.64–1.16), p = 0.53
HEART DSE 138 Angiography with

revascularizationc
Conservative therapy 38 % 36 % 5 years p = 0.63 for log rank testb

PARR 2 PET 430 FDG PET assisted
management

Standard care 8.7 %d 12 %d 1 year 0.72 (0.40–1.3), p = 0.25

a In patients with viable myocardium
b Since proportional hazard assumption was violated, hazard ratio could not be calculated
c If indicated
d Cardiac death
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define viability. Moreover, the probability of LV functional
improvement is multifactorial and may not be captured solely
by viability imaging. Factors that affect functional recovery
include presence and magnitude of ischemia, stage of cellular
degenerationwithin the viable myocytes, degree of LVremod-
eling, timing of revascularization, and success of revasculari-
zation. Thus, based on current evidence, decision for revascu-
larization should not be solely based on presence of myocar-
dial viability.

Future Perspective

Myocardial viability has been well described as one of the
mechanisms causing ischemic LV dysfunction with a potential
for functional recovery after revascularization. The hypothesis
that accurate viability assessment in patients with ischemic
cardiomyopathy will identify patients most likely to benefit
from revascularization has been tested in multiple observa-
tional studies and few prospective trials, with conflicting re-
sults. There is still a need to more definitively test this hypoth-
esis. There are few ongoing trials that will address this
question.

Revascularization for ischemic ventricular dysfunction
(REVIVED-BCIS2) is a prospective randomized control trial,
which will include patients with ischemic LV dysfunction
with LVEF ≤30 % [31]. All patients will undergo viability
assessment using DSE or DECMR, and patients with viability
in >30 % of the dysfunctional areas will be enrolled and ran-
domized to PCI plus optimal medical therapy (OMT) or OMT
alone. Cardiac imaging in ischemic heart failure (AIMI-HF) is
a prospective randomized trial that is currently enrolling pa-
tients with LVEF <45 % and suspected or known CAD [32].
Patients will be randomized to advanced imaging strategies
using PET/CMR or CTA or standard imaging strategies using
SPECT followed by management that will be guided by these
imaging strategies. The primary objective of this trial is to
evaluate the effect of these two imaging strategies on the com-
posite clinical endpoint of cardiac death, MI, resuscitated car-
diac arrest, and cardiac rehospitalization. Lastly, the Cardiac
FDG PET Registry (CADRE) is a large multicenter registry
that will evaluate impact of FDG PET myocardial viability
assessment in management of patients with severe LV systolic
dysfunction (LVEF <35 %) [33].

Conclusion

Recovery of contractile function in hibernating myocardium
has been well described and supported by observational data.
However, prospective randomized studies have failed to dem-
onstrate any significant interaction between the presence of
viable myocardium and clinical outcomes following revascu-
larization. Until data from ongoing clinical trials become

available, presence or absence of viable myocardium should
be considered along with other clinical factors for decision
making in the management of patients with ischemic
cardiomyopathy.
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