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Abstract

Coronary artery disease (CAD) represents the leading cause of chronic heart failure in developed countries.
Ischemic heart failure is mainly characterized by impairment of left ventricle systolic function which can result
from scarring of myocardium after myocardial infarction, stunning myocardium and hibernating myocardium.
Hibernating myocardium represents a cause of ischemic left ventricular dysfunction amenable to recovery after
revascularization. Several viability imaging modalities are available but their role in the clinical decision-making
process and the prognostic value of viability in patients undergoing revascularization are still debated. When
available, cardiac magnetic resonance or positron emission tomography should be preferred over the others
as they show higher performance in terms of sensitivity and higher spatial resolution. Several observational
studies have supported a positive prognostic value to the presence of viable myocardium for patients undergoing
revascularization. This was not confirmed in randomized clinical trials. This lack of evidence does not support a
precise role of viability assessment in the clinical decision-making process, and therefore, myocardial viability
should be only one of the several factors considered in the clinical decision-making process.
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INTRODUCTION

Coronary artery disease (CAD) represents the leading cause of chronic heart failure in developed
countries™ with currently 18.2 million Americans™ and 126 million individuals worldwide suffering from
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ischemic heart disease (IHD)M. One of the clinical sequelae of THD is ischemic heart failure, which is
associated with a high burden of morbidities and an increased risk of mortality. Ischemic heart failure is
mainly characterized by impairment of left ventricle systolic function, which can result from scarring of
myocardium after myocardial infarction, stunning myocardium and hibernating myocardium. Although
the last is characterized by a complete loss of viable cardiomyocytes, which are replaced by fibrous tissue,
the first two conditions are characterized by preserved myocardial viability and metabolic and structural
adaptation of cardiomyocytes to ischemia.

Hibernating myocardium represents an adaptive status characterized by a persistently reduced myocardial
contractility as a result of repetitive myocardial ischemia events in the context of a chronically reduced
myocardial blood flow and reduced coronary reserve. This translates into left ventricle dysfunction at
rest'. Due to the presence of viable myocardium, revascularization of these hibernating areas has always
been an attractive strategy to recover ventricular function and therefore improve survival.

Evidence arising from observational studies regarding revascularization in patients with ischemic heart
failure was contentious for many years” " until the 10-year outcomes of the Surgical Treatment for Ischemic
Heart Failure (STICH) trial confirmed a significant benefit in cardiovascular mortality for patients
undergoing coronary artery bypass grafting (CABG) plus optimal medical therapy compared to those
receiving optimal medical therapy onlym. However, the role of viability assessment still remains uncertain
as the STICH trial showed that the presence of viable myocardium was not a predictor of better outcomes
after CABG. Hence, the role of myocardium viability assessment in clinical decision-making is still debated
and controversial.

PATHOPHYSIOLOGY

The first description of hibernating myocardium was given by Rahimtoola"” in 1989 and identified this as
an adaptive downregulation of contractile function as a result of myocardial ischemia, so that myocardial
oxygen demand is balanced with coronary blood supply and that necrosis of myocytes is prevented. This
means that there is a perfusion-contraction matching as opposed to stunning myocardium, where there is
a perfusion-contraction mismatch as myocardial contractility remains impaired after a transient episode of
ischemia™",

The reduction in coronary flow reserve represents the main mechanism for the induction of hibernation in
patients with CAD. This determines a rearrangement of the metabolism and of the structural organization
of the cardiomyocytes, leading to a reduction in contractility and therefore to perfusion-contraction
matching. The reduced supply of oxygen and nutrients from blood translates into energy depletion with
progressively reduced levels of ATP. This depletion is partly attenuated by an increased drift towards
anaerobic glycolysis, which prevents the further destruction of cardiomyocytes. Accordingly, an increased
uptake of glucose and a higher number of glucose transporter proteins on the sarcolemma have been
described and are currently exploited in some diagnostic imaging modalities. Also, cytosolic granules of
glycogen are more abundant in hibernating myocardium to maintain the glycolytic pathway[”].

This metabolic adaptation is able to hinder cell damage and necrosis. Besides, major structural changes
have been demonstrated in the hibernating myocardium. The reduction in the contractility function
is characterized by a modification in the translational programs of these cardiomyocytes with a neat
reduction in myofilaments and cytoskeleton proteins. In particular, studies have shown a reduction in titin
and a-actinin, which leads to structural disorganization of myocytes and therefore sarcomere instability.
Also, loss of the sarcoplasmic reticulum and degeneration of mitochondria are present. These changes
result in shrinking and atrophy of the cardiomyocytes and activation of the repair mechanisms, which, at
last, determine the development of interstitial fibrosis">"*
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Table 1. Characteristics of the available imaging modalities to assess myocardial viability

Imaging modality Advantages Disadvantages Diagnostic performance
Echocardiography Widely available and Operator-dependent Dobutamine stress
readily-available Limited resolution in echocardiography:
Inexpensive patients with lung disease Sensitivity 80%
or obesity Specificity 78%
Cardiac magnetic resonance Highly reproducible Less accessible Late gadolinium
Excellent spatial Costs enhancement:
imaging Unstable patients or Sensitivity 95%
Accurate patients with implantable Specificity 51%
quantification of devices may not be eligible
nonviable myocardium
Single-photon emission Widely available Low spatial resolution Sensitivity 81-86%
tomography Easy to perform Costs Specificity 59-66%
Reproducible Radiation exposure
Attenuation artefacts
Positron emission High spatial resolution  Costs Sensitivity 93%
tomography Not widely available Specificity 53%
IMAGING

Different imaging techniques have been used to investigate the presence and the extent of hibernating
myocardium in patients with CAD. The main aim of these imaging modalities is to assess the presence of
viable myocardium and study the structural and functional integrity of cardiomyocytes. The principal limit
of these diagnostic procedures is that a definitive diagnosis of hibernating myocardium can only be made
retrospectively, after having assessed a proper functional recovery of imaging-detected hypo-contractile
regions following revascularization. Therefore, the performance of these assessments to prospectively
identify viable tissue as hibernating myocardium remains variable in terms of sensitivity and specific, and
systematic application in the clinical decision-making process is still not present [Table 1].

The different pathophysiological aspects that characterize hibernating myocardium, such as metabolic
changes or tissue scarring, are specifically targeted by these diagnostic modalities.

Echocardiography represents a widespread, readily-available and inexpensive diagnostic tool able to provide
information on the left ventricle contractile function. There are three echocardiographic applications:
at rest echocardiography, dobutamine stress echocardiography (DSE) and contrast echocardiography.
At rest, evaluation of left ventricle is able to inform on left ventricle ejection fraction (LVEF) and wall
motion abnormalities, indicating the presence of areas of a-, hypo- or dyskinesia. Moreover, it allows
measurements of wall thickness. In particular, the presence of an end-diastolic wall thickness less than 6
mm has been demonstrated to predict areas of myocardium which will not recover after revascularization,
whereas segments with a thickness more than 8 mm accurately diagnoses areas that are able to recover
after revascularization (94% sensitivity and 48% specificity)"”. On the other hand, DSE provides insights
regarding the contractile reserve of myocardium under inotropic stimulation. The presence of hibernating
myocardium is typically characterized by an initial improvement phase after infusion of low-dose
dobutamine (5-10 pg/kg/min), followed by a deterioration phase as dobutamine dose is increased
(10-40 pg/kg/min). This is due to the impossibility of coronary blood flow to match tissue oxygen demand
when the inotropic load increases. This phenomenon has been shown to be highly predictive of functional
recovery after revascularization. Stress echocardiography has a sensitivity of 80% and a specificity of 78%
with a positive predictive value of 75% and negative predictive value of 83%"” in identifying segments able
to recover after revascularization. Finally, contrast echocardiography uses the infusion of microbubbles of
encapsulated high-molecular-weight gas, and it is able to provide images reflective of myocardial blood
flow. The performance of this procedure is characterized by high sensitivity and low specificity, and
therefore, if combined with DSE, it is able to ensure an optimal prediction tool of successful recovery after
revascularization (96% sensitivity, 63% specificity)"”. The major limitation of echocardiography is related
to the sonographic window of each patient, since patients with chronic lung disease or obesity may have a
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worst resolution of the imaging, and the operator-dependence, which makes it less reproducible than other
imaging modalities.

Recently, speckle-tracking echocardiography has emerged as an accurate tool to assess regional myocardial
deformation, in terms of strain and strain rate””. Strain represents the deformation of myocardium and
strain rate is the gradient of the velocities of this deformation. This technique is able to detect subtle wall
motion abnormalities. In particular, a reduction in circumferential strain has been shown to be a strong
predictor of nonviable myocardium, whereas longitudinal strain is able to distinguish between viable and
nonviable tissue with a sensitivity of 81% . One advantage of speckle-tracking echocardiography is its
minor operator-dependence compared to two-dimensional echocardiography.

Cardiac magnetic resonance (CMR) is another diagnostic tool used to identify hibernating myocardium
with the ability to assess contractile reserve, wall thickness and tissue scarring. This procedure is highly
reproducible and provides excellent spatial imaging. Tissue scarring is visualized through late-gadolinium
enhancement which represents the gold standard for assessment of myocardial scar. Ten minutes after
the intravenous infusion of gadolinium, normal myocardium will appear black whereas myocardial scar,
representing nonviable tissue, is bright. It has been shown that the transmural extent of the scar is inversely
correlated with the probability of recovery of contractile function after revascularization™. In particular,
a threshold of 50% transmurality is able to predict functional myocardial recovery with a sensitivity of
95% and a specificity of 51%"”. Late-gadolinium enhancement can be complemented by assessment
of extracellular volume fraction, which reflects the size of the extracellular space and can be measured
based on native and post-contrast T1 images. Recent studies supported a potential role of this technique
to improve the prediction of segmental and global functional myocardial recovery[23’24]. A new technique
based on feature-tracking CMR, which is conceptually similar to speckle-tracking echocardiography, has
proven that CMR-assessed regional and longitudinal strains are able to identify areas of myocardial scarring
detected by late-gadolinium enhancement. This technique can potentially forego the need of contrast-
based CMR with the benefits of shorter scan time and of alleviating concerns regarding the deposits of
gadolinium in tissues™”

Contractile reserve is assessed by low-dose dobutamine (5-10 pg/kg/min) stress CMR and evaluation of
left ventricle wall thickness. An increase of 2 or more mm in systolic thickening is considered a sign of
viability within the considered myocardial segment” . This methodology has a sensitivity of 81% and
specificity of 91%, and therefore, the combination of the high specificity of low-dose dobutamine CMR
with the high sensitivity of late-gadolinium enhancement leads to an optimal accuracy in identifying viable
myocardiumm]. Lastly, CMR can also measure at rest end-diastolic wall thickness and identify areas of
scarring as those in which the ventricle wall is less thick than 6 mm (96% sensitivity and 38% specificity)"*.
The use of CMR is mainly limited by being less accessible compared to echocardiography, and therefore,
its systematic introduction in the clinical decision-making process may be difficult. Moreover, unstable
patients and patients with implantable devices (e.g., pacemaker) may not be eligible to undergo magnetic
resonance.

Single-photon emission computed tomography (SPECT) is a nuclear imaging technique able to study the
integrity of cardiomyocytes by means of radiotracers. 201Thallium and 99mTc-sestamibi are the most
common used radiotracers: the former requires preserved functioning of mitochondria and the latter
will be retained in cardiomyocytes with intact sarcolemma. Hence, both of them are able to identify
viable myocardium. Systolic function can be evaluated at rest or after physical exertion or infusion of
dipyridamole/adenosine. Myocardial viability is identified by myocardial segments with defective uptake
of the radiotracer. To recognize segments still viable but critically hypoperfused, a 24-h imaging cycle
should be performed to guarantee time for tracer redistribution within these segments"”. The sensitivity
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of SPECT is 81%-86% and its specificity is 59%-66%. The main factor impacting this performance is the
low spatial resolution. In fact, when compared to late-gadolinium CMR, the likelihood of SPECT detecting
viable myocardium increases with increasing transmural extent. Only half of nonviable segments identified
by late-gadolinium enhancement and with involvement of less than 50% of wall thickness, were detected
by SPECT". Other disadvantages of this imaging modality include costs, patient exposure to ionizing
radiation and attenuation artefacts.

Positron emission tomography is another nuclear imaging modality which allows the assessment of
both myocardial perfusion and metabolism. The standardly used radiotracers are 13N-labeled ammonia
(13NH3) and 18F-fluorodeoxyglucose (18FDG) for perfusion and metabolic activity, respectively.
Myocardial segments are assessed in terms of perfusion-metabolism matching. As discussed in the
pathophysiology section, hibernating myocardium is characterized by an increased uptake of glucose
driven by a drastic shift towards anaerobic glycolysis. Hence, hibernating myocardium will be characterized
by perfusion-metabolism mismatch, with perfusion being reduced and glucose uptake increased. Nonviable
myocardium is characterized by a perfusion-metabolism match as both blood flow and glucose uptake
are decreased. One drawback of this metabolic assessment is that glucose uptake may be influenced by
several factors, such as glycemic status, sympathetic activation and, fasting duration. Having a high spatial
resolution, PET has the highest sensitivity to detect tissue viability (93%) and is therefore considered the
gold standard for this assessment. However, its sensitivity for detection of contractile reserve remains
low'™’. Similar to SPECT, PET use is mostly limited by its associated costs which limit a widespread
availability. More recently, Madsen et al.”** highlighted the importance of the center volume of patients
undergoing PET as a keystone to maintain the expertise regarding preparation protocols, processing of PET
images, interpreting the perfusion/metabolism maps and relaying conclusions.

Definitively, there are numerous imaging modalities that can be used to identify viable, hypoperfused
myocardium. Each of them is characterized by a peculiar performance in terms of sensitivity and
specificity, and therefore, one can be preferred over another to identify patients who will successfully
recover myocardial function. Factors influencing this choice may concern the local availability of resources,
the local expertise and the clinical settings.

Current guidelines do not recommend one modality over the others but recommend noninvasive imaging
testing for myocardial viability in patients with CAD and reduced LVEF or abnormal wall motion, who
are being considered for revascularization™. CMR and PET are able to provide high spatial resolution and
therefore increased sensitivity and should be preferred when available.

REVASCULARIZATION OF VIABLE MYOCARDIUM

Hibernating myocardium represents an adaptive status readily identifiable as viable myocardium by
means of the different imaging techniques, but its prognostic outcome in case of revascularization is still
debated. If revascularization of nonviable myocardium, such as scarring, is intuitively not able to improve
the patient’s prognosis, the impact of revascularization of hibernating segments has not been definitely
established yet.

Numerous retrospective studies tried to address this question; however, their results always suffered from
a retrospective design and incomplete control of confounding factors. In 2002, Allman et al.” conducted
a metanalysis including 24 studies comparing late survival in patients with CAD and left ventricle
dysfunction undergoing revascularization vs. patients receiving medical therapy after myocardial viability
testing (DSE, PET, SPECT). The analysis included 3088 patients with a mean age of 61 years and a mean
LVEF of 32% and showed that revascularization granted a 76% reduction of annual mortality compared to
medical therapy (3.2% vs. 16%). Interestingly, evidence of myocardial viability was directly associated with
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Table 2. The three randomized clinical trials concerning hibernating myocardium
Number Latest Viability
Study of  follow- assessment Findings Limitations
patients up modality
PET and recovery 430 5years F-18 No difference was found ~ Poor adherence to the PET-based
following fluorodeoxyglucose  between the FDG-PET arm recommendations (74.5%)
revascularization PET and the standard care arm Lower-than-expected rates of outcomes of
(PARR-2) in terms of cardiac death, interest

Pre-existing viability imaging tests in the
standard care arm (65%)

myocardial infarction and
recurrent hospitalization,
but patients following FDG-
PET-recommendations were
found to have a significant
reduction in the composite
endpoint

Heart Failure 138 5years Anyimaging The study was not able Small sample size (recruitment stopped earlier

Revascularization tool available to show a superiority of than expected)

Trial (HEART) (more frequently angiography followed by A third of patients assigned to the angiography
dobutamine stress  revascularization compared arm did not undergo revascularization
echocardiography)  to conservative medical Dobutamine stress echocardiography had poorer

therapy in these patients  diagnostic performance compared to other
imaging modalities (i.e., PET)

Viability sub- 601 5years Dobutamine stress  The rate of all-cause Non-randomized, non-blinded design

study of echocardiography, mortality did not differ Underpowered analysis with only 60 patients

the Surgical Single-photon between patients with without viability undergoing revascularization

Treatment for emission tomography viable vs nonviable Viability assessment was not standardized and

Ischemic Heart myocardium relied upon dobutamine stress echocardiography

Failure (STICH) In patients with viability,  and single-photon emission tomography while

trial CABG did not provide more sensitive modalities are available

Differences in baseline characteristics between
the two groups

Possible selection bias as 25% of patients
undergoing viability assessment had mild
coronary artery disease.

17% assigned to medical therapy underwent
surgical revascularization

survival benefit compared
to medical therapy alone

CABG: Coronary artery bypass grafting.

improved survival, whereas absence of viability did not show any benefit of revascularization and there
was actually a trend towards a higher mortality. None of the imagining techniques investigated performed
significantly better than the others in predicting the survival benefit after revascularization. The main
limitations of this metanalysis were the observational nature of all the studies included and the lack of a
homogenously defined and guideline-oriented optimal medical therapy'”.

More sound evidence has been provided by three randomized trials [Table 2].

The PET and Recovery Following Revascularization (PARR-2) trial investigated the role of 18FDG-PET
as viability testing in the management of 430 patients with suspected CAD and severe left ventricular
dysfunction being considered for revascularization or transplantation””. Patients were randomized to
standard care or PET-assisted management. At the first year of follow-up, the hazard ratio for the composite
endpoint of cardiac death, myocardial infarction and recurrent hospital stay was 0.78 (95%CI: 0.58-1.10).
In the PET-assisted arm the cumulative proportion of patients experiencing the composite outcome was 30
vs. 36% in the standard care arm, leading to a relative risk of 0.82 (95%CI: 0.59-1.14). Interestingly, patients
in the PET arm who had undergone other previous viability tests were found to have a lower risk of the
composite endpoint compared to patients in the standard care group with previous testing as well (HR
0.46, 95%CI: 0.25-0.81). In a pre-specified post-hoc analysis, patients adhering to PET recommendations
were less likely to experience the composite endpoint compared to patients managed with standard care
(HR 0.62; 95%CI: 0.42-0.93). The five-year results confirmed these findings™". No difference was found
between the PET arm and the standard care arm in terms of cardiac death, myocardial infarction and
recurrent hospitalization, but patients following PET-based recommendations were again confirmed to
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have a significant reduction in the composite endpoint (HR 0.73, 95%CI: 0.54-0.94). This highlighted that
the benefit of PET viability imaging is best achieved when adherence to imaging-based recommendations
is likely.

The Ottawa-FIVE study was a post-hoc analysis of the PARR-2 trial which tested the hypothesis that PET-
assisted management can improve clinical benefit outcomes in patients with left ventricular dysfunction
and suspected CAD compared to patients managed with standard care in a center with ready access to PET,
imaging expertise and multidisciplinary teams”". A significant reduction in the composite endpoint of
cardiac death, myocardial infarction and recurrent hospitalization was found in patients undergoing PET
(HR 0.34, 95%CI: 0.16-0.72). This study highlighted the importance of synergies between imaging, heart
failure and revascularization expertise, in addition to the ready access to PET.

The main limitation of the PARR-2 study was the poor adherence to therapeutic strategy as only 75.4% of
patients were treated consistently with the PET-based recommendations. Indeed, 14.5% of patients with
high or moderate viability did not undergo revascularization. This reduced the power of the study, which
was also jeopardized by lower-than-expected rates of outcomes. Also, the pre-existing imaging tests in the
standard care arm (65%) may have enhanced a crossover effect and lowered the benefit associated with
viability imaging.

The Heart Failure Revascularization Trial (HEART) was meant to compare the all-cause mortality in
patients with heart failure, LVEF < 35% and evidence of myocardial viability by means of any imaging tool
available receiving optimal medical treatment compared to patients undergoing angiography with the final
aim of revascularization™. Due to slow recruitment, funding for the trial was withdrawn, and the final
study sample consisted of 138 patients out of 800 planned to be included. 69 patients were randomized to
invasive strategy, but only 45 had revascularization, and the most commonly adopted imaging testing was
DSE. Over a 5-year follow-up, 37% of patients in the conservative arm and 38% in the invasive strategy
arm died. Therefore, the study was not able to show a superiority of invasive management compared to
conservative medical therapy in these patients. However, these results must take into account the smaller
sample size recruited than the expected one leading to an overall underpowered study. Moreover, about
35% of patients assigned to the angiography arm did not undergo revascularization, and finally, DSE was
frequently used although its performance is characterized by a lower sensitivity in detecting viability
compared to other imaging modalities.

The Surgical Treatment for Ischemic Heart Failure (STICH) trial investigated the role of coronary artery
bypass grafting (CABG) in 1212 patients with CAD and left ventricular dysfunction (LVEF < 35%)
compared to the use of medical therapy alone with ACE inhibitors, beta-blockers, statins and diuretics™
The primary outcome was death from any cause and occurred in 36% of patients in the CABG group and
41% in the medical therapy group (HR 0.86, 95%CI: 0.72-1.04). Only the 10-year follow-up study of the
STICH trial could finally confirm a significant benefit in cardiovascular mortality in patients treated with
CABG and medical therapy compared to patients receiving medical therapy alone (HR 0.79, 95%CI: 0.66-

0.93)"

Regarding myocardial viability, a sub-study of the STICH trial reported on 601 patients undergoing
imaging testing with DES, SPECT or both"”. Myocardial viability was present in 81% of patients, and
the rate of the primary outcome did not differ between patients with viable vs nonviable myocardium.
Similarly, patients with myocardial viability did not have lower rates of cardiovascular death, but there
was a lower rate of the composite endpoint of cardiovascular death and hospitalization. In patients with
viability, CABG did not provide survival benefit compared to medical therapy alone. Therefore, this sub-
study failed to demonstrate a survival benefit for patients in which viability was proved and viability
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assessment was not able to recognize patients who would benefit from CABG relative to medical therapy
alone. The main limitation of this sub-study was its non-randomized and non-blinded design. Second,
the analysis was importantly underpowered as only 60 patients without viability underwent CABG. Third,
viability assessment was not standardized and relied upon only DSE and SPECT whereas other more
sensitive tests were not used (i.e., CMR). Fourth, patients undergoing viability assessment were more
severely ill, with lower LVEF and higher left ventricular dilatation indices, suggesting a higher burden of
ventricular remodeling. Furthermore, about 25% of the patients undergoing viability assessment had one
vessel coronary artery disease, suggesting a selection bias including patients who would not be expected
to benefit from revascularization. Finally, there was substantial crossover as 17% of patients assigned to
medical therapy alone underwent CABG.

In view of these flaws in the sub-study, which may have introduced relevant biases, the results have to be
interpreted critically.

The results of these randomized clinical trials have not supported what previous observational studies had
shown. This discrepancy is likely due to a selection bias in observational studies in which patients with
a higher burden of comorbidities (older patients, more complex coronary artery disease, more impaired
LVEF) and shorter expected survival may have been denied surgical revascularization.

Hence, the prognostic role of revascularization in patients with viable myocardium still remains unclear
and so is the usefulness of viability testing as a management tool for whether to go forward with

. . [38]
revascularization procedures

Further insights may be provided by the Alternative Imaging Modalities in Ischemic Heart Failure (AIMI-
HF) study™. This trial will enroll patients with LVEF < 45% and suspected or known CAD who will be
randomized to either standard imaging modalities (SPECT) for ischemia and viability or advanced imaging
modalities, such as CMR or PET, and will undergo clinical management guided by these imaging testing
methods. The primary endpoint of the study will be a composite of cardiac death, myocardial infarction,
resuscitated cardiac arrest and cardiac rehospitalization.

LIMITATIONS

This study represents a narrative review and is not based on a systematic search of the existing literature,
and therefore, there may be a bias regarding included studies and the conclusions drawn.

CONCLUSION

Hibernating myocardium represents a cause of ischemic left ventricular dysfunction amenable to recovery
after revascularization. Several imaging modalities are able to identify viable myocardium, but whenever
available CMR or PET should be preferred over the others for their higher performance in terms of
sensitivity and higher spatial resolution.

Although observational studies have supported a positive prognostic value to the presence of viable
myocardium for patients undergoing revascularization, randomized clinical trial have failed to confirm
this. This lack of evidence does not support a precise role of viability assessment in the clinical decision-
making process and therefore myocardial viability should be only one of the several factors considered
when choosing revascularization. Further trials to better characterize the role and value of myocardium
viability are needed.
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