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Abstract

Identification of reversible or non-reversible left ventricular dysfunction in patients with chronic
myocardial dysfunction yields relevant clinical implications. The benefit of revascularizing a non-
contractile, but alive viable myocardium is still object of discussion.

In this article, the issue of viability is approached from two perspectives: 1) review of methods
that have been developed to identify potentially reversible myocardial dysfunction, and 2) evalua-
tion of the risk-benefit ratio of coronary revascularization in dysfunctional myocardium.

In fact, albeit coronary revascularization of viable myocardium should be always considered
mandatory, revascularization of apparently non-viable myocardium is still debated since it could
improve the overall myocardial function and, therefore, improve prognosis.

In this article, the principal methods to detect the residual myocardial viability, their relative

advantages or limitations and their clinical implication will be discussed.

Keywords: myocardial infarction, viability, echocardiography, stress test, positron emission tomography,

tomoscintigraphy.

Ischaemic heart disease (IHD) often leads to left
ventricular (LV) dysfunction. The observation of a
significant improvement in regional contractility in
patients with IHD after different procedures, such as
post-extrasystolic potentiation [Dyke S. et al., 1974],
stress test [Rozanski A. et al., 1982] or administra-
tion of sympathomimethic amines [Horn H. et al.,
1974], has lead to the possibility to regain regional
and global ventricular function. Following the evi-
dence that ischaemic left ventricular dysfunction is
potentially reversible, the identification of viable
myocardium has become an issue of great interest.

Two pathological states are considered at the base
of the potentially reversible ischaemic left ventricular
dysfunction: myocardial stunning or myocardial hi-
bernation. The condition of myocardial stunning is
defined as a transient ischaemic episode resulting in
contractile dysfunction that persists for a variable
period of time, even if satisfactory restoration of cor-
onary blood flow has been obtained [Braunwald E.,
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Kloner R., 1982]. On the other hand, myocardial hi-
bernation has been hypothesized to explain a per-
sistent contractile dysfunction caused by a severe
chronic reduction of coronary flow, partially or com-
pletely reversible with restoration of adequate per-
fusion [Rahimtoola S., 1985]. Therefore, the hiber-
nating response of the heart can be considered a self-
defence strategy of an “intelligent myocardium” that
reduces contractile function in presence of a blood
flow reduction (less blood, less work, but cells re-
main “alive”) [Rahimtoola S., 1989].

Hypoperfused and hypocontractile myocardial
segments may macroscopically appear normal, when
examined at autopsy [Cabin H. et al., 1987], and
may resume their contractile function after surgical
revascularization [Bourassa M. et al., 1972].

The identification of hibernating myocardium,
potentially responsive to revascularization, might be
difficult: until recent times, viable but dysfunctional
myocardium could be identified only retrospectively,
by observing functional recovery after restoration of
coronary flow. In fact, the markers of global and re-
gional ventricular function have limited value in dis-
tinguishing between reversible and irreversible dys-
function [Chatterjee K. et al., 1972]. For this reason,
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in the course of the last 20 years, several imaging
techniques have been developed to assess residual
tissue viability after myocardial infarction (MI) and
to optimize patients’ selection for revascularization.

The aim of present review is to describe the main
available tools for detection of myocardial viability
and their technical limitations, as well as to discuss
their clinical relevance and consequent practical at-
titudes in the light of recent studies.

Identification of Residual Myocardial Viability

Role of conventional scintigraphic techniques.
Among the agents available for study of the regional
myocardial perfusion, Thallium-201 (T1-201) is un-
doubtedly the most used for the assessment of re-
sidual viability.

TI-201 tomoscintigraphy: It is based on the prin-
ciple that myocardial perfusion and integrity of the
cellular membrane must be necessarily conserved,
so that T1-201 can accumulate in the myocardial cell.
T1-201 is a potassium analogue actively transported
by Na'/K*-ATPase pump through the cellular mem-
brane of the myocardiocyte [Weich H. et al., 1977]:
its initial uptake is mainly determined by perfusion,
with a high first pass myocardial extraction fraction
(about 80%), whereas the subsequent retention de-
pends on the cellular membrane integrity.

Different protocols have been proposed for T1-201
and the most used is certainly the one with a reinjec-
tion of the tracer following the acquisition of late
sequences after stress test. Imaging is performed im-
mediately after stress and 3-4 hours later and can
demonstrate reversible perfusion defects, indicating
ischemic areas, or stable defects consisting of se-
verely underperfused segments without significant
residual redistribution. In order to distinguish scarred
from hibernating myocardium, a second T1-201 dose
is injected immediately after the last acquisition of
images at 3-4 hours after stress and new images are
obtained. Residual viability is then proved in rein-
jection images when the defect demonstrates a sig-
nificant “filling” (generally defined as an increase in
tracer uptake of more than 10%) or in case of lack of
filling, but with tracer activity greater than 50% in
stable defect. A “differential uptake” is a phenome-
non, in which reversible defects at redistribution im-
ages seem to get a worse defect after reinjection
[Dilsizian V., Bonow R., 1992]. Apparently, this is
due to a smaller increment in regional T1-201 uptake
after reinjection in ischaemic areas compared to nor-
mal myocardium. Similarly, a reverse-redistribution

pattern has also been associated with the presence of
tissue at risk [Fragasso G. et al., 1994].

The advantage of this stress-redistribution-rein-
jection protocol is that it allows an effective evalua-
tion of patients with ischaemic cardiomyopathy and
gives information on both viability and inducible is-
chaemia after stress. In order to accelerate the proce-
dure timing, reinjection may be carried out immedi-
ately after stress imaging and 1 hour later [ Van Eck-
Smit B. et al., 1993]. However, the accuracy of T1-201
protocols are sub-optimal, especially regarding spe-
cificity [Arnese M. et al., 1995; Bax J. et al., 1997].

Other perfusion tracers, beside T1-201, may be
used for studying viability.

Technetium-99m sesta methoxyisobutylisonitrile
(MIBI) (Tc-99m): Tc-99m labelled isonitriles (such
as sestaMIBI) like T1-201 need functional integrity
of the cellular membrane for their retention; they ac-
cumulate inside mitochondria for progressive elec-
trical gradient between extracellular space, cytosol
and mitochondria [Beanlands R. et al., 1999]. A low
myocardial extraction rate and the absence of a sig-
nificant redistribution represent intrinsic disadvan-
tages compared to Thallium, as observed in patients
with chronic ischaemic cardiomyopathy and LV
dysfunction [Sciagra R. et al., 1997].

A better diagnostic accuracy of Tc-99m sesta-
MIBI through quantitative analysis of the tracer ac-
tivity inside the uptake defects may be obtained via
administration of nitrates before rest injection, with
the purpose of improving basal flow and, as a conse-
quence, tracer uptake [Bisi G. et al., 1994].

Fatty acid imaging: Myocardial viability may
also be detected by injecting radio-iodinated fatty
acids [Chappuis F. et al., 1990, Murray G. et al., 1992;
Tamaki N. et al., 1992]. The rational basis of the use
of this tracer is the metabolic shift of ischaemic my-
ocardium from long-chain fatty acids (aerobic me-
tabolism) to glucose. In particular, 123 I-(p-iodo-
phenyl)-3-(R,S)-methylpentadecanoic acid (BMIPP)
is a fatty acid tracer that seems to detect “ischaemic
memory”. A defect of BMIPP uptake is indicative of
recent ischaemia, even if perfusion has returned to
normal levels. The clinical use of these tracers is
limited by the difficulty in extrapolating the specific
metabolic pathway [Visser F. et al., 1985] and by the
rapid dynamics of their metabolism.

Positron emission tomography (PET): In order to
obtain the best accuracy in detecting viability, an in-
tegrated investigation of function, perfusion and
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metabolism is needed [Bax J. et al., 2000]: PET is
considered the gold standard in evaluating the meta-
bolic activity of akinetic myocardial segments.

According to the standard protocol for the study
of myocardial viability, myocardial flow is evalu-
ated by rubidium-82, nitrogen-13-labelled ammonia
or oxygen-15-labelled water, while metabolism is
evaluated by fluorine-18-labelled fluorodeoxyglu-
cose (FDG). This glucose analogue is carried inside
the cell and then phosphorylated [Ratib O. et al.,
1982]; its uptake is increased in hypoperfused areas
[Brunken R. et al., 1986; Fudo T. et al., 1988], which,
after revascularization, regain their contractility
[Tillisch J. et al., 1986].

Normal myocardium obtains its energy mainly from
oxidation of fatty acids (95%) and glucose accounts
only for a minor part; when myocardial oxygen avail-
ability is reduced for the presence of flow-limiting
coronary lesions, myocardial metabolism shifts to a
higher consumption of glucose through both the resi-
dual aerobic pathway and the anaerobic glycolysis.

In necrotic myocardium, the FDG uptake is ab-
sent. In contrast, in viable but hypoperfused areas
(hibernating) or in stunned myocardium, FDG up-
take is normal or increased, whereas perfusion is re-
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duced in the first case (FDG/flow mismatch) and
normal or slightly reduced in the second one [Desi-
deri A. et al., 2005] (Figure).

In a previous study, we confirmed the presence of
increased glucose uptake in the majority of recent my-
ocardial infarctions and demonstrated that the exten-
sion of residual tissue viability is inversely related to
the time elapsed from acute event [Fragasso G. et al.,
1993]. A more recent study has confirmed the temporal
dependence of residual viability [Bax J. et al., 2003].

FDG uptake has been shown to allow the identi-
fication of those territories that will improve their
function after revascularization; the mismatch pat-
tern has been demonstrated to be an accurate marker
for distinguishing viable from fibrotic myocardium,
with a negative and positive predictive value of
about 85% [Bax J. et al., 2001]. Segments with sig-
nificant reductions in both blood flow and FDG up-
take have only a 20% chance of functional improve-
ment with revascularization, whereas hibernating
territories as defined by PET have approximately
80% chance of functional improvement following
revascularization [Tamaki N. et al., 1995].

Outcome after coronary artery bypass grafting
(CABG) may be accurately predicted by PET de-

Figure. Myocardial perfusion (upper
left) and metabolism (upper right) as as-
sessed with NI13-Ammonia and F1I18-
Fluorodeoxyglucose, by positron emis-
sion tomography, in a patient with a 4
year old myocardial infarction. The lower
part of the picture represents a schematic
summary of the combined cardiac scan.
The septum appears perfused and without
glucose uptake, indicating normal myo-
cardium. The apex is neither perfused nor
metabolically  active and indicates
necrotic myocardium. The free wall is not
perfused, but shows significant uptake of
the glucose analogue, indicating there-
fore the presence of residual viability.




Montanaro C. et al. | THE NEwW ARMENIAN MEDICAL JOURNAL, Vol.5 (2011), No 2, p. 5-23

rived viability information and clinical and angio-
graphic data. K.S. Lee and co-workers evaluated the
prognostic importance of the presence of a viable
myocardium and its interaction with myocardial
revascularization in patients with LV dysfunction
and resting perfusion defects after myocardial infarc-
tion. They found that FDG (+) myocardium and ab-
sence of revascularization independently predicted
ischaemic events: 48% of medically-treated FDG

(+) patients experienced nonfatal ischaemic events

compared with only 8% of FDG (+) revascularized

patients [Lee K. et al., 1994]. Similarly, a study by

D.V. Eitzman described a cardiac event rate of 50%

in patients with depressed LV function and presence

of myocardial hibernation [Eitzman D. et al., 1992].

FDG uptake in revascularized patients was defined

as the best predictor of events also in a series of

postinfarction patients followed up by N. Tamaki

and associates [Tamaki N. et al., 1993].

A direct correlation between the number of “mis-
match” segments with PET and the improvement of
ejection fraction after revascularization has also
been observed [Pagano D. et al., 1998].

While in the setting of very severe, LV dysfunc-
tion PET may have an advantage over Single Photon
Emission Computed Tomography (SPECT) [Marin-
Neto J. et al., 1998]; in moderate LV dysfunction
PET or SPECT imaging have the same ability to de-
tect myocardial viability and no difference was
found in patient outcome, when management deci-
sions were based upon the results of either technique
[Siebelink H. et al., 2001].

Among other different approaches for character-
ising viable myocardium through PET, we would
like to mention:

1). evaluation of oxidative metabolism with carbon-
11-labelled acetate that in one study has been
demonstrated to be superior to FDG in predicting
functional improvement after revascularization
[Gropler R. et al., 1993];

2). evaluation of dysfunctional myocardium per-
fused by oxygen-15-labelled water [ Yamamoto Y.
etal., 1992];

3). analysis of tissue rubidium-82 uptake kinetics in

dyssynergic segments [Gould K. et al., 1991].

However all these data were preliminary and
were not followed by validation studies in more nu-
merous populations. Therefore, their real clinical
value remains unclear.

Role of echocardiography.

Rest echocardiography: ~ Myocardial viability
may be initially evaluated by bidimensional rest
echocardiography. Severe thinning, as for example a
reduction to less than 6 mm of the end-diastolic wall
thickness, is an indirect marker of absent viability.
Many studies showed that severely thinned cardiac
segments cannot recover their contractile function
after revascularization [Faletra F. et al., 1995;
Cwajg J. et al., 2000, La Canna G. et al., 2000].
Moreover, the presence of an advanced LV remodel-
ling caused by high ventricular volumes and by the
spherical shape of left ventricle is associated to a low
probability of recovery of contractile function after
revascularization [Vanoverschelde J. et al., 1995;
Yamaguchi A. et al., 1995, Rizzello V. et al., 2004].
Therefore, careful analysis of rest echocardiography
may be helpful to predict functional recovery; how-
ever additional echocardiographic characteristics may
be necessary to evaluate the presence of myocardial
viability.

Stress echocardiography: Stress echocardiogra-
phy may be performed with either physical exercise
or pharmacological stimulation and pacing. Since
the evaluation of viability may turn out to be diffi-
cult through stress echocardiography with physical
exercise, application of pharmacological stimulation
has become very popular. Dobutamine, dipyridam-
ole or isoproterenol are generally used.

Isoproterenol is a synthetic catecholamine that
stimulates both betal and beta2 adrenergic receptors
(not alpha receptor); it affects the heart in an ino-
tropic and chronotropic positive way. In addition,
isoproterenol causes arterial and bronchial dilation.

In current clinical practice, dipyridamole and dob-
utamine are the only used stimuli. Even if both agents
may be used to evaluate viability and ischaemia, dob-
utamine stress remain the most used echocardio-
graphic test.

Dobutamine stress echocardiography has emer-
ged as an important non-invasive clinical tool for
the detection of the contractile reserve of hibernat-
ing myocardium. It has been demonstrated that con-
tractile reserve recruitment after low-dose dob-
utamine infusion (5-15 ug/kg/min) accurately pre-
dicts functional recovery after revascularization
[Bax J. et al., 1996, Vanoverschelde J. et al., 1996].
After low-dose dobutamine infusion, viable myocar-
dium may show an improvement of parietal kinetics
or an ischaemic response [Afridi I. et al., 1995].
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A contractile response to dobutamine appears to re-
quire the presence of at least 50% of viable myo-
cytes in a given segment and correlate inversely with
the extent of interstitial fibrosis on myocardial bi-
opsy. In particular, the biphasic response (recruit-
ment of myocardiocytes and contractility improve-
ment after low-dose followed by a worsening after
high-dose because of sebendocardial ischaemia) is
better correlated with both regional and global func-
tional regaining after revascularization [Nagueh S.
etal., 1997; Cornel J. et al., 1998, Hernandez-Pam-
paloni M. et al., 2003, Rizzello V. et al., 2003].
Therefore, testing at various doses is required for
optimal assessment of myocardial hibernation. If bi-
phasic response is predictive for functional recov-
ery, the amount of dysfunctional but viable myocar-
dium may better predict long term outcome [Sawada
S. et al., 2003]. There is a linear correlation between
the number of viable segments and the improvement
of global systolic function after revascularization
[Bax J. et al., 1999].

Evaluation of myocardial viability through stress
echocardiography may be difficult in patients with
poor acoustic window or at higher risk of ventricular
arrhythmias. The use of tissue harmonic and con-
trast imaging allow a better visualisation of the en-
docardial border and a better evaluation of contrac-
tile function [Porter T. et al., 1994, Falcone R. et al.,
1995; Kasprzak J. et al., 1999; Franke A. et al.,
2000; Sozzi F. et al., 2000]. Even among expert tech-
nicians, a significant interobserver variability has
been observed and this may affect sensitivity in
comparison to quantitative nuclear imaging. Radio-
nuclide myocardial perfusion imaging as thallium
imaging, identifies segments with fewer viable myo-
cytes. The two techniques yield equivalent sensiti-
vity among segments with more than 75% viable
myocytes (78 vs 87%), but dobutamine presents a
much lower sensitivity among segments with 25 to
50% viable myocytes (15 vs. 82%) [Baumgartner H.
etal., 1998]. Atropine may be given with dobutamine
to enhance the diagnostic value of the technique.

As regard to the ability to predict recovery of
contractility of hibernating myocardium after revas-
cularization, it was found that this is better corre-
lated to increased contractility on low-dose dob-
utamine stress exercise (LD-DSE) than to SPECT
and PET imaging. In a meta-analysis pooling 925
patients from 28 studies, J.J. Bax and colleagues
[Bax J. et al., 2001] determined sensitivity, specifi-

city, and positive and negative predictive values of
LD-DSE to predict functional recovery following
revascularization as 81%, 80%, 77% and 85%, re-
spectively. The highest positive predictive value was
seen with dobutamine echocardiography, with inter-
mediate values for FDG-PET, rest-redistribution TI-
201 SPECT and technetium- sestaMIBI SPECT and
the lowest value for reinjection T1-201 SPECT [Bax J. et
al., 2001; Underwood S. et al., 2004]. Dobutamine
stress echocardiography can be used to predict the
likelihood of recovery after CABG with accuracy
similar to PET scanning [Baer F. et al., 1996]. How-
ever, it is less accurate, when there is a totally oc-
cluded coronary artery. The negative predictive value
is higher than the positive predictive value in each
considered technique, but highest negative predic-
tive values are observed with FDG-PET, reinjection
T1-201 SPECT and dobutamine echocardiography,
while lower values were noted for rest-redistribution
T1-201 SPECT and Tc-99m-sestaMIBI SPECT.

Tissue Doppler echocardiography (TDE) / strain
rate imaging (SRI): SRI involves mathematical sub-
traction of the whole heart or translational motion
from regional thickening velocity using a transmural
data set from color-coded TDE. This can overcome
subjective interpretation of wall motion scoring with
traditional dobutamine echocardiography. In fact,
when this technique is used together with low dose
dobutamine (combination of SRI and wall motion
scoring), it significantly increases the sensitivity to
predict recovery of function after CABG compared
to wall motion scoring alone (82 vs 73%) [Hane-
kom L. et al., 2005].

Pulsed-wave Tissue Doppler Imaging (TDI):
This technique provides a further progress in myo-
cardial viability evaluation. During stress echocar-
diography TDI measures the wideness, the velocity
and the time-intervals relative to myocardial func-
tion, providing an objective quantification of con-
tractile performance. It allows measurement of lon-
gitudinal velocity of the left ventricle with a high
temporal resolution [Zamorano J. et al., 1997]. Colour
TDI allows evaluation of a myocardial velocity gra-
dient from epicardium to endocardium. It has been
demonstrated that these parameters are extremely
sensitive in detecting myocardial viability during
dobutamine stress echocardiography [Gorcsan J.
3rd et al., 1998; Tsutsui H. et al., 1998].

Enoximone stress echocardiography: Enoximone
has been suggested as an alternative stressor to dob-
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utamine. It is a non-glycosidic non-catecholaminer-
gic inotropic agent that operates via selective inhibi-
tion of phosphodiesterase 111, the enzyme responsi-
ble for the continuous intracellular cyclic-AMP deg-
radation. An increase in intracellular cyclic-AMP
consecutively increments calcium intake into cells,
resulting in an improvement of cardiac inotropism
[Lu C. et al., 2000]. As a consequence, enoximone
may be regularly used in association to echocardiog-
raphy, as a substitute for dobutamine. The possible
role of enoximone stress echocardiography was
evaluated in chronic Coronary Artery Disease (CAD)
with LV dysfunction and compared to dobutamine
[Lu C. et al., 2000]. Both increased heart rate, but
enoximone did not cause systolic blood pressure
changes. Concordant results were seen with these
techniques, but enoximone yielded higher sensiti-
vity (88 vs 79% for dobutamine) and negative predic-
tive value (90 vs 84%) in predicting functional re-
covery after revascularization; specificity and posi-
tive predictive values were similar. Recently, a com-
parison of enoximone echocardiography with posi-
tron emission tomography for the detection of re-
sidual viability has shown a fair concordance be-
tween the two techniques [Lu F. et al., 2010].

Rest electrocardiogram (ECG):  Nuclear im-
aging suffers from important limitations such as
being complex, expensive and poorly available in
most clinical centres. Stress echocardiography is
limited by the fact that patients suffering from ischa-
emic heart disease do not often present an acceptable
acoustic window and, when test is feasible, it relies
on subjective interpretation and on operator’s expe-
rience. On the contrary, electrocardiographic stress
test, to which patients are submitted in the post-inf-
arction period for diagnostic and prognostic reasons,
is universally available and relatively cheap. Clearly,
electrocardiography cannot provide information
about metabolic activity of myocardial cells, but can
only assess the presence of residual ischaemia, in-
duced by exercise, in the infarcted area. Therefore,
the adoption of stress test in order to evaluate the
presence of residual viability is linked to the notion
that only viable myocardium could develop ischae-
mia and, consequently, typical ECG abnormalities.

However, in presence of previous myocardial in-
farction, the significance of ST-segment elevation
and T-wave pseudonormalization is controversial. In
fact, whereas some studies consider these alterations
due to transient ischaemia [Dunn F. et al., 1980, Fox K.

et al., 1982], others have suggested that purely me-
chanical factors (e.g.: aneurysm and consequent
bulging of the left ventricle) may cause ST-segment
alterations, even in absence of ischaemia [Stiles G.
et al., 1980]. In making an attempt to identify simple,
non-invasive and less expensive diagnostic methods
for identifying viable and potentially recoverable
myocardial tissue, the significance of transient ST-
segment elevation and T-wave pseudonormalisation
occurring during exercise in the leads interested by
myocardial necrosis [Margonato A. et al., 1992] has
been investigated.

A stable perfusion defect, indicative of myocar-
dial necrosis, was observed in all study patients with
previous myocardial infarction. Additionally, a par-
tially reversible perfusion defect was observed in
94% of patients with ST-segment elevation and in
50% of patients with T-wave alterations. Patients
with reversible ischaemia in infarcted areas had a
residual critical stenosis at the level of the responsi-
ble coronary or a complete occlusion. No patient
had angiographic evidence of left ventricular aneu-
rysms. Thus, ST-segment elevation during stress test
in the post-infarction period can be considered as a
clinical indicator of residual myocardial viability
and potentially useful for assessing indication to
revascularization [Margonato A. et al., 1992].

In order to further investigate this finding, in a
subsequent study fourteen patients were submitted
in the early post-infarction period to percutaneous
angioplasty of a residual stenosis of the culprit ves-
sel. During balloon inflation, reversible ST-segment
elevation developed in the same leads, which showed
ST-elevation involved during stress test. In twelve
of these patients, perfusion tomography showed a
partially reversible perfusion defect in the infracted
area indicative of viable myocardial tissue and prone
to develop ischaemia. The significance of exercise-
induced ST segment elevation was also validated by
positron emission tomography of fluorodeoxyglu-
cose distribution; again, this simple ECG evaluation
showed a great diagnostic accuracy similar to that
obtained by PET [Margonato A. et al., 1995]. In a
subsequent study, the presence of arrhythmias dur-
ing exercise in patients with previous myocardial
infarction was also related to the presence of viable
myocardium [Margonato A. et al., 1996].

Altogether, these studies indicate that an accurate
analysis of a simple stress ECG can provide impor-
tant (but simple) information concerning the pres-
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Table.

Sensitivity, specificity, PPV, and NPV for the different techniques from the available studies
(modified from Bax J.J. et al., 2001)

TEabtipn Sensitivity Specificity PPV NPV
Mean (95% CI)  Mean (95% CI)  Mean (95% CI)  Mean (95% CI)
Dobutamine echo (LDDE + HDDE) 81 (80-82) 80 (78-81) 77 (76-78) 85 (84-86)
201 Ti rest-redistribution 86 (84-88) 59 (56-92) 69 (67-71) 80 (77-83)
201 Ti reinjection 88 (86-90) 50 (47-53) 57 (54-60) 83 (80-86)
99mTc-based tracers 81 (78-84) 66 (63-39) 71 (68-74) 77 (74-80)
FDG PET 93 (91-95) 58 (54-62) 71 (68-74) 86 (83-89)
Direct comparison of DE and nuclear DE 74 (71-77) 78 (75-81) 84 (81-87) 69 (65-73)
Nuclear 90 (88-92) 57 (53-60) 75 (72-78) 80 (76-84)

Notes: LDDE - low-dose dobutamine echocardiography; HDDE - high-dose dobutamine echocardiography;
PPV - positive predictive value; NPV - negative predictive value. DE- delayed-enhancement

ence of viable myocardium, without necessarily re-
curring to elaborate, expensive and scarcely availa-
ble investigations [Fragasso G. et al., 1993b].

Additional radiological techniques

Contrast-enhanced Magnetic Resonance Imag-
ing (MRI): MR1 is a relatively new technique for the
detection of viability. Several studies have demon-
strated the value of cardiac MRI in assessing wall
thickness, contractile reserve, perfusion and trans-
mural extent of necrosis for predicting LV functional
recovery. LV end-diastolic wall thickness of less
than 5.5 mm has been used as a marker of scar tissue
[Kaandorp T. et al., 2005]. The evaluation of con-
tractile reserve by MRI is similar to echocardiogra-
phy, but the available MRI studies have used only
low-dose dobutamine infusion. Contrast hyper-en-
hancement on delayed rest MRI is defined as region
with increased intensity on T1-weighted images ac-
quired more than 5 min after the intravenous admini-
stration of the paramagnetic contrast agent. The
mechanism underlying contrast hyper-enhancement
is related to the interstitial space between collagen
fibres, which is larger in scar tissue than in normal
myocardium, determining therefore the accumula-
tion of the contrast agent in infarcted regions.

In animal models, excellent agreement between
the extent of hyper-enhancement on contrast-en-
hanced MRI and histologically determined infarct
size has been demonstrated [Kim R. et al., 1999].
The major advantage of contrast-enhanced MRI is
related to its superior spatial resolution, which al-
lows differentiation between transmural and suben-
docardial necrosis.

Studies with contrast-enhanced MRI showed that
the likelihood of recovery of function after revascu-
larization correlated with the transmural extension
of the infarction. The degree of hyperenhancement
is a very good indicator of potential improvement in
function; improvement in function decreases pro-
gressively as the transmural nature of scar tissue in-
creases [Schinkel A. et al., 2007].

Moreover, MRI may be particularly useful for
evaluating impaired resting myocardial blood flow
in hibernating regions beyond a coronary stenosis,
myocardial scarring as a result of revascularization
procedures and improvement in regional myocardial
contractility after surgical ventricular reconstruction
[Selvanayagam J. et al., 2004, 2005].

There is a great amount of data showing that de-
layed-enhancement MRI (DE-MRI) is comparable
or better than alternative techniques in identifying vi-
able myocardium. A. Wagner and colleagues [ Wagner
A. et al., 2003] observed that DE-MRI and SPECT
were able to detect transmural infarcts at similar rates
but, in case of subendocardial infarcts, 47% of seg-
ments (13% of patients) detected by DE-MRI were
missed by SPECT. Another study comparing DE-MRI
to SPECT in the setting of acute myocardial infarct
showed that DE-MRI was more sensitive than SPECT
in detecting all infarcts (97% vs 84%) [Ibrahim R. et
al., 2007]. The predictive value of MRI has been
shown to be relatively limited in segments with 1 to
49% hyperenhancement, but low-dose dobutamine
MRI may be particularly valuable with a sensitivity
and specificity approaching 90% [Wellnhofer E. et
al., 2004]. Several studies have confirmed that late
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gadolinium enhancement occurs in dysfunctional my-
ocardium that is viable and displays improved con-
tractile function in response to low dose (5 to 10 ug/
kg/min) dobutamine infusion: regions with enhance-
ment, where the infarct is transmural display no con-
tractile activity in response to dobutamine, while ter-
ritories that have non-transmural necrosis display a fair
response to dobutamine [Bernhard L. et al., 2001].

Since the size of hyperenhancement may decrease
with time, there may be predictive value in assessing
non-hyperenhanced regions of the ventricle. One
study demonstrated the value of measuring the non-
enhancing wall thickness to predict improvement in
systolic wall thickening [I/chikawa Y. et al., 2005].

Various studies are now available comparing DE-
MRI to PET, often considered the gold standard for
determining myocardial viability, as discussed be-
fore. All these studies produced concordant findings,
showing a good correlation between the two tech-
niques. C. Klein and colleagues [Klein C.,et al. 2002]
studied 31 patients with severe ischemic LV dys-
function, demonstrating for the first time that DE-
MRI as a marker of myocardial scar correlated well
with PET data (p<0001): DE-MRI areas of hyperen-
hancement showed close correspondence with areas
of decreased flow and metabolism seen on PET.
Moreover, DE-MRI, due to greater spatial resolu-
tion, was also able to differentiate myocardial scar
in the form of subendocardial scar, significantly
more accurately than PET. H. P. K¢hl also obtained
similar results examining 26 patients with chronic
coronary artery disease and severe LV dysfunction
[Kiihl H. P, et al. 2003]. Considering as optimal cut-off
a value of 37% segmental hyperenhancement, the
ability of DE-MRI to detect nonviable myocardium,
as defined by PET, yielded a sensitivity and specifi-
city of 96% and 84%, respectively (Table).

MRI myocardial tagging: This is a non-invasive
method that quantifies local myocardial segment
shortening throughout the LV myocardium at sites
across the LV wall thickness. Quantitative analysis
of regional intramural function can be performed in-
dependent of accurate border detection, when this
technique is used in conjunction with two-dimen-
sional strain analysis [Gdtte M. et al., 2001].

“Strain”, as described in echo section, refers to
fractional or percentage change from baseline, un-
stressed dimension. It reflects deformation of a
structure, and when applied to the myocardium,
strain directly describes the contraction/relaxation

pattern. Strain rate is the rate of this deformation
[Abraham T., Nishimura R., 2001]. When combined
with low dose dobutamine, MRI myocardial tagging
can quantify the amount of myocardial viability after
an acute MI and may provide prognostic informa-
tion. In patients with a first reperfused MI, a normal
increase in shortening within the midwall and sub-
epicardium, but not the subendocardium, during a
low-dose dobutamine infusion predicted functional
recovery eight weeks after the MI [Geskin G. et al.,
1998]. A second report compared dobutamine MRI
tagging with thallium and tetrofosmin SPECT: the
sensitivity and specificity of dobutamine MRI was
50 and 81%, respectively; SPECT imaging with
thallium or tetrofosmin had higher sensitivity (76
and 66%, respectively), but lower specificity (44 and
49%, respectively) [Gunning M. et al., 1998].

Computed Tomography (CT): Assessment of myo-
cardial viability by CT is based on the relative tissue
contrast concentrations on postcontrast imaging.
Various studies indicate that contrast-enhanced CT
can accurately define acute and chronic infarcts
showed as regions of hyperenhancement approxi-
mately 5 minutes after contrast injection. Areas of
microvascular obstruction were characterized, on
the contrary, by hypoenhancement [Hoffmann U. et al.,
2004; Lardo A. et al., 2006]. J.F Paul and colleagues
[Paul J., et al. 2005] studied 34 patients comparing late
enhancement on contrast-enhanced CT to SPECT in
defining residual perfusion defects and infarct size,
and defined CT sensitivity and specificity of 93%
and 100%, respectively. However, further studies
are necessary to evaluate the exact role of CT for the
evaluation of tissue viability.

Invasive Techniques

Electroanatomic mapping: Electromechanical
endocardial mapping, performed with a nonfluoro-
scopic catheter-based system (NOGA TM, Biosense)
was first described in 1996 [Ben-Haim S. et al.,
1996]. This technique offers a real-time, three-di-
mensional reconstruction of the endocardial surface
providing simultaneous electric (amplitude of endo-
cardial electrical signals), anatomic, and mechanical
mapping (regional wall motion contractility by
measuring the variability in distance between each
individual point and its surrounding points on the
map during the cardiac cycle) of the endocardium.
Reproducibility and accuracy [Gepstein L. et al.,
1997 a; b; Smeets J., et al., 1998] of the system have
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been assessed and compared with echocardiography.
Both local shortening and unipolar voltage have
been shown to agree well with echocardiographic
wall-motion abnormalities [Lessick J., 2000].

NOGA endocardial mapping was originally in-
troduced for mapping arrhythmias and recently it
has been recognized to have a role in distinguishing
between infarcted and ischemic, but still viable, my-
ocardium. Hibernating myocardial segments have
been shown to exhibit significantly higher unipolar
voltages (local electrical activity was recorded at a
distinct point on the map). Further analysis has
shown that a mean unipolar voltage of 9.0 mV at
NOGA in the region of interest for prediction of
functional recovery [Gyongyodsi M. et al., 2000]
yields a predictive accuracy of 71%, and sensitivity
and specificity of 72%.

In one report on viability search directly com-
pared to the results of revascularization, the diag-
nostic performance of electroanatomic mapping was
not as good as that of radionuclide myocardial per-
fusion imaging with PET or SPECT [Wiggers H. et
al., 2003].

However, NOGA remains a very attractive tech-
nique for the evaluation of myocardial viability. A
large study comparing NOGA-driven versus PET- or
SPECT-driven revascularization of dysfunctional
myocardial areas would answer to the question
whether NOGA viability assessment could be of
clinical value.

Present clinical relevance of the identification of
viable myocardium

The pioneer of the viability issue was Shahbudin
Rahimtoola, who first drew attention to the particu-
lar condition of myocardial areas, which are non-
contracting, yet retained viable. At the time, it was
defined as myocardial “hibernation” [Rahimtoola S.,
1982]. In this context, a special chapter is occupied
by the functional significance of chronic coronary
total occlusions (CTO).

In fact, the “patent artery hypothesis™ postulates
that a patent coronary artery, even if tributary to a
completely necrotic area could, in the long term, im-
prove prognosis in patients with previous infarction.
Several studies confirmed the advantage of reopening
CTO [Suero J. A. et al., 2001]; in fact, even late coro-
nary recanalization in patients with myocardial inf-
arction (in the short- [Sheiban I. et al., 2001] and me-
dium [Pizzeti G. et al., 1996] term), has been shown

to prevent long-term ventricular remodelling, regard-
less of the presence of viable tissue.

Indeed, hibernation has been referred to as a state
of incomplete adaptation to ischaemia, where myo-
cytes progressively deteriorate and finally succumb
to cell death and replacement fibrosis [ Elsdsser A. et
al., 1997]. Clinical correlates of such progressive
deterioration do exist. The prevalence of flow-me-
tabolism mismatches after an acute myocardial inf-
arction declines with time [Fragasso G. et al., 1993b;
1997], and a delay in surgical revascularization of
viable myocardium can be associated with loss of
potential improvement in global left ventricular
function [Beanlands R. et al., 1998]. In fact, the my-
ocardium that has survived the initial ischaemic in-
sult, but remains severely underperfused for pro-
longed periods of time, may eventually succumb to
necrosis and be replaced by scar tissue. On the other
hand, the Coronary Artery Surgery Study [Alderman E.
et al., 1983] has shown that surgical revasculariza-
tion of patients with low left ventricular ejection
fractions (<26 %) significantly improves 7-year sur-
vival, when compared to non-surgical treatment, re-
gardless of the presence of residual viability. Indeed,
effective blood flow within infarcted areas may limit
remodeling by enabling the formation of a firmer
myocardial scar. Avoidance of unfavorable left ven-
tricular geometry results in many secondary later
benefits, such as reduction of wall stress, prevention
of volume overload, hypertrophy and improvement
of ejection fraction [Pizzeti G. et al., 1996, Horie H.
et al., 1998]. The magnitude of the necrotic area
plays a significant role in determining this process
[Klein M. et al., 1967], but the size of the infarct is
not the only factor influencing ventricular expan-
sion, which is in fact more often associated with
total occlusion of the infarct-related vessel [Lamas G.,
Pfeffer M., 1986; Hochman J., Choo H., 1987; Pfef-
fer M., Braunwald E., 1990; Leung W., Lau C., 1992].
Left ventricular dysfunction remains the strongest
predictor of cardiac death after myocardial infarc-
tion, regardless of fluorodeoxyglucose uptake within
the infarct area [Lee K. et al., 1994].

Finally, in addition to the infarcted tissue, areas
that are distant from infarction can also serve as a
feature of altered metabolism and, most likely, of
cellular suffering. Revascularization of the infarcted
area could be helpful in reducing supplementary
workload in remote areas, thus contributing to car-
diac remodelling prevention.
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Therefore, on the basis of the existing literature,
the potential progression of reversibility to irre-
versibility of contractile dysfunction dictates
prompt therapeutic interventions that reverse this
course. However, in patients with ischaemic cardio-
myopathy, the lack of detection of residual tissue
viability does not at present necessarily prevent
cardiologists from trying to ameliorate blood supply.
Maximization of blood supply to non-viable areas
may not reverse the course from reversibility to irre-
versibility of myocardial dysfunction, but it can at
least halt it. Though revascularization procedure-
related morbidity and mortality rates increase as
left ventricular systolic function worsens, yet sub-
stantial benefit can be noted in patients with pro-
foundly reduced ejection fraction. Since the prog-
nosis with medical therapy is so poor in these
patients, they have the most to gain from early
revascularization, when feasible.

The open artery hypothesis

Although total CTO is a relatively frequent angio-
graphic feature, around 10% of coronary percutaneous
interventions represent attempts to re-open a totally oc-
cluded coronary artery [Anderson H. et al., 2002].

However, the decision of re-opening an occluded
coronary artery should be based on the real possibil-
ity of restoring anterograde coronary flow and re-
ducing angina and/or improving left ventricular
function. As a natural consequence, this approach
should imply the documentation of viable myocar-
dium within the tributary tissue.

Several studies have tried to evaluate the objec-
tive clinical role of reopening CTOs. The TOAST-
GISE [Olivari Z. et al., 2003] trial, has investigated
the success rate of acute and 12-month clinical out-
come of percutaneous coronary intervention (PCI) for
CTO in 390 patients. Successful PCI was achieved in a
high percentage of CTOs with a low incidence of com-
plications. At one-year follow-up, patients with suc-
cessful PCI of a CTO had a significantly better clinical
outcome than those, whose PCI was unsuccessful.

The results of the OAT study (Occluded Artery
Trial) [Hochman J. et al., 2005] were published in
2006. This trial was designed to verify, if re-opening
a totally occluded infarct related artery (IRA) 3 to
28 days after MI in asymptomatic patients could im-
prove the clinical outcome respect to an aggressive
medical therapy alone. Results showed that at 5-year
follow-up, the primary endpoint of the study (death/

MI/congestive heart failure) occurred in 17.2% of
patients in the percutaneous coronary intervention
(PCI) arm versus 15.6% in the medical treatment
arm (p=0.2). Individual endpoints of the study were
identical in both arms, with the exception of a higher
rate of fatal and nonfatal MI in the PCI arm of the
study (p=0.02). Moreover, apart from a modest at-
tenuation of left ventricular remodeling, PCI did not
reduce clinical events. In fact, there was a trend to-
ward excess reinfarction in the PCI arm, not driven
by peri-procedural MI. Overall, these results have
shown that the routine use of aggressive secondary
prevention without revascularization might repre-
sent the preferred therapy for OAT-eligible patients
[Hochman J. et al., 2005].

The OAT’s substudies have also provided interes-
ting results. One of these studies [Malek L. et al., 2009]
has shown that after an MI, persistent total occlusion of
the left anterior descending coronary artery (LAD) is
associated with a worse prognosis coed with occlusion
of other IRAs. However, PCI of occluded LAD >24
hours post MI in stable patients is not beneficial and
may increase the risk of adverse events comparing to
optimal medical treatment alone.

In another substudy (TOSCA), it has been dem-
onstrated that despite many of the re-opened culprit
vessels were still opened at 1-year follow-up, ejec-
tion fraction had not improved significantly.

It is likely that the OAT results deluded interven-
tional cardiologists, who are supporters of the “patent
artery hypothesis”. Many aspects of the OAT study
have been criticized, including low-risk study popu-
lation, low rate of myocardial viability, low statisti-
cal power of results because of, in the control popu-
lation, cardiac events were less than estimated.

Additional predictors of re-opening outcome have
also been identified: cardiologist’s experience, em-
ployed materials and techniques, presence of collater-
als branch, length of CTO, linearity of vessels or size
<3 mm, type of the involved coronary vessel [Stone G.
etal, 1990; Ivanhoe R. et al., 1992; Maiello L. et al., 1992;
Kinoshita I. et al., 1995; Tan K. et al., 1995; Moussa 1.
et al., 1998; Kahler J. et al., 2000, Noguchi T. et al.,
2000, Dong S. et al., 2005, Dzavik V. et al., 2006].

From this data, it appears that revascularization
of CTO should be reserved to a niche of patients,
only in highly skilled laboratories, and that the medi-
cal, percutaneous or surgical treatment options
should always be carefully taken into consideration
and chosen on sound clinical ground.
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On the basis of the above outlined concepts, indi-
cation to revascularization in patients with severe
reduction of cardiac function should not be based
solely on residual myocardial viability evaluation.
More specifically, the European Society of Cardiol-
ogy states [Underwood S. et al., 2004] that:
¢ detection of hibernation is most relevant in dys-

pnoea rather than angina symptoms;

* radionuclide perfusion imaging and dobutamine
echocardiography have similar performance and
the choice depends upon availability, local exper-
tise and whether a more sensitive (radionuclide
myocardial perfusion imaging) or a more specific
technique (dobutamine echocardiography) is re-
quired for predicting recovery of LV function;

e PET or MRI should be used, if clarification is
needed after echocardiography and/or radionu-

clide perfusion imaging; however, if readily avail-
able, PET scanning is an alternative initial test and
MRI is an acceptable alternative to echocardiogra-
phy, when assessment of LV function at rest and
during stress is required. We also believe that in
some cases plain stress ECG may be a useful tool.
The ACC/AHA guidelines (2009) for chronic
heart failure and noninvasive imaging (with the ex-
clusion of patients not eligible for revascularization
of any kind) state [Hunt S. et al., 2005] that:

* non-invasive imaging to detect myocardial ischaemia
and viability is reasonable in patients presenting with
heart failure, who have known coronary artery disease
and no angina unless the patient is not eligible for
revascularization of any kind (Level of Evidence B);

* magnetic resonance imaging may be used to iden-
tify myocardial viability and scar tissue.
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