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ssessment of Myocardial Viability
ark I. Travin, MD,* and Steven R. Bergmann, MD, PhD†

The prevalence of left ventricular (LV) dysfunction and resultant congestive heart failure is
increasing. Patients with this condition are at high risk for cardiac death and usually have
significant limitations in their lifestyles. Although there have been advances in medical
therapy resulting in improved survival and well being, the best and most definitive therapy,
when appropriate, is revascularization. In the setting of coronary artery disease, accounting
for approximately two thirds of cases of congestive heart failure, LV dysfunction often is not
the result of irreversible scar but rather caused by impairment in function and energy use
of still viable-myocytes, with the opportunity for improved function if coronary blood flow is
restored. Patients with LV dysfunction who have viable myocardium are the patients at
highest risk because of the potential for ischemia but at the same time benefit most from
revascularization. It is important to identify viable myocardium in these patients, and
radionuclide myocardial scintigraphy is an excellent tool for this. Single-photon emission
computed tomography perfusion scintigraphy, whether using thallium-201, Tc-99m sesta-
mibi, or Tc-99m tetrofosmin, in stress and/or rest protocols, has consistently been shown
to be an effective modality for identifying myocardial viability and guiding appropriate
management. Metabolic imaging with positron emission tomography radiotracers fre-
quently adds additional information and is a powerful tool for predicting which patients will
have an improved outcome from revascularization, including some patients referred instead
for cardiac transplantation. Other noninvasive modalities, such as stress echocardiogra-
phy, also facilitate the assessment of myocardial viability, but there are advantages and
disadvantages compared with the nuclear techniques. Nuclear imaging appears to require
fewer viable cells for detection, resulting in a higher sensitivity but a lower specificity than
stress echocardiography for predicting post-revascularization improvement of ventricular
function. Nevertheless, it appears that LV functional improvement may not always be
necessary for clinical improvement. Future directions include use of magnetic resonance
imaging, as well as larger, multicenter trials of radionuclide techniques. The increasing
population of patients with LV dysfunction, and the increased benefit afforded by newer
therapies, will make assessment of myocardial viability even more essential for proper
patient management.
Semin Nucl Med 35:2-16 © 2005 Elsevier Inc. All rights reserved.
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here is an increasing number of patients with disabling
heart conditions related to left ventricular dysfunction.

n the developed world, two thirds of cases of left ventricular
ysfunction are the result of coronary artery disease,1 and the

mproved ability to treat and decrease the initial mortality
rom acute coronary syndromes has contributed to the in-
reased prevalence of this condition. Not only are these pa-
ients at high risk for subsequent cardiac death, severe mor-
idities, and recurrent hospitalizations for congestive heart
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ailure, they also frequently have severe limitations in their
ifestyles and well being. The estimated annual treatment cost
n the United States is more than 10 billion dollars per year.2

Although there have been significant advances in medical
herapy for left ventricular dysfunction and resulting symp-
oms of heart failure, including angiotensin-converting en-
yme inhibitors, angiotensin-receptor blockers, nitrates, hy-
ralazine, �-blockers, aldosterone blockade, natriuretic
eptides and, most recently, biventricular pacing,3-9 the
rognosis from heart failure remains extremely poor, with an
nnual mortality ranging from 10% to 50% per year. The
otal number of deaths has risen 148% between 1979 and
000.10

It has been known for some time that left ventricular dys-

unction is not always the result of irreversible myocardial
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Assessment of myocardial viability 3
ecrosis and scarring. After an initial ischemic injury, various
rocesses can occur that lead to left ventricular dysfunction,

ncluding left ventricular remodeling, impairment of energet-
cs, myocyte dysfunction, and cell death via necrosis and/or
poptosis.11 Other than cell death, these processes are, to an
xtent, reversible, and left ventricular function often can be
mproved, resulting in better patient outcome. Although

edical therapy can be extremely beneficial, revasculariza-
ion in the appropriate patient often is the best therapy.

Left ventricular dysfunction, in some cases, is the result of
stunned myocardium,” which is defined as myocardium
hat has become dysfunctional because of a transient coro-
ary occlusion, has been salvaged by coronary reperfusion,
et exhibits prolonged but transient postischemic dysfunc-
ion, lasting hours to weeks.12 Thus, in myocardial stunning,
lood flow has been restored but contraction has not re-
urned to baseline, ie, there is a flow-contraction mismatch.

Stunned myocardium, global or regional, often occurs in
he setting of acute myocardial infarction that has been fol-
owed by spontaneous or induced reperfusion. Stunning also
an occur after cardioplegic arrest during open heart surgery,
s well as after exercise-induced ischemia. Episodes that lead
o stunning can be single or multiple, brief or prolonged, but
y definition are not severe enough to result in myocardial
ecrosis.
Topol and coworkers evaluated myocardial functional re-

overy in 20 consecutive patients with acute myocardial in-
arction who received thrombolytic therapy and, in some
ases, coronary angioplasty.13 Although there was no imme-
iate or 24-hour improvement in wall motion after revascu-

arization of infarcted areas, after 10 days, 85% of reperfused
nfarct zone segments demonstrated improved wall motion
ompared with 30% of nonreperfused segments (P � 0.01).

The exact pathogenesis of myocardial stunning is unclear
nd may be caused by a variety of factors, including the
resence of oxygen free radicals and/or calcium overload.14

tructural changes in collagen, including the collagen present
n myocyte to myocyte struts, also have been seen in stunned

yocardium.11

Left ventricular dysfunction, in other cases, is the result of
hibernating myocardium,” which is defined as a state of
ersistently impaired left ventricular function at rest as the
esult of reduced coronary blood flow. It is hypothesized that
he deprived myocytes are preferentially using the energy
hat they are able to generate to preserve cellular integrity at
he expense of contractile function. Myocyte function can be
artially or completely restored to normal if the myocardial
xygen supply/demand relationship is favorably altered, ei-
her by improving blood flow and/or by reducing demand.15

y this definition, hibernating myocardium is a flow-contrac-
ion match. One of the first reported cases was in 1982, when
ahimtoola16 described a patient with an occluded left ante-
ior descending coronary artery, an akinetic anteroapical
all, and a global ejection fraction of 37%. After bypass sur-
ery, function of the anteroapical region returned to normal,
nd the ejection fraction increased to 76%.

However, recent data suggest that resting blood flow in

ibernating myocardial segments is not decreased to the ex- t
ent that would account for the degree of cardiac dysfunction,
ut rather it is flow reserve that is impaired.17,18 Some inves-
igators contend that hibernating myocardium is actually a
anifestation of repetitive myocardial stunning.
Observations suggest that hibernation may be a temporal

rogression of chronic, repetitive stunning with an initial
tate of normal or near-normal flow but reduced flow reserve,
eading eventually to decreased resting flow.19 Over time,
here also appears to be structural changes in the myocar-
ium, including alteration of structural proteins, metabolism
o a more fetal form, disorganization of the cytoskeleton, loss
f myofilaments, occurrence of large areas filled with glyco-
en, and sarcomeric instability. There also may be progres-
ive apoptosis.20

Regardless of the mechanism, it is important to identify
ibernating myocardium because ventricular function will
enerally improve after revascularization or other therapies.
n the recently published Christmas trial (Carvedilol Hiber-
ation Reversible Ischemia Trial), 59% of patients with class
-III heart failure (most class II) were found to have hibernat-
ng myocardium, on average, affecting 30% of the myocar-
ium. Patients without hibernating myocardium had no im-
rovement in ejection fraction after carvedilol treatment,
hereas patients with 5 or more segments affected had an

bsolute 7% increase in ejection fraction.21,22

If indicated, it appears that revascularization should be
ndertaken as soon as possible to prevent progressive mor-
hologic changes that can become irreversible.23 Beanlands
nd coworkers24 showed improved left ventricular function
nd lower mortality in patients who underwent revascular-
zation within 35 days of diagnosis compared with patients
ho were revascularized later.

linical Importance of
dentifying Viable Myocardium
atients with depressed left ventricular systolic function have
worsened prognosis. In the CASS (Coronary Artery Surgery
tudy) registry, for the cohort of patients treated with medi-
al therapy, those with a left ventricular ejection fraction of
0% or greater had a 10-year survival of approximately 90%,
ompared with a survival of 60% for those with an ejection
raction of 35% to 49%, and a survival of 30% for those with
n ejection fraction less than 35% (P � 0.001).25

The principal goal of myocardial viability assessment is to
dentify patients whose symptoms and natural history may
mprove after revascularization. Recent publications have
onsistently shown that among patients with abnormal left
entricular systolic function, those with hibernating, ie, via-
le myocardium, have the poorest prognosis if they are not
eferred for a revascularization procedure. Comparable pa-
ients whose left ventricular function is predominantly the
esult of myocardial scarring appear not to be helped with
evascularization and with medical therapy alone have a bet-
er prognosis than patients with viable myocardium.

For example, Gioia and coworkers26 performed rest-redis-

ribution thallium imaging in 81 medically treated patients
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4 M.I. Travin and S.R. Bergmann
ith coronary artery disease and left ventricular dysfunction
left ventricular ejection fraction �40%). Patients with evi-
ence of myocardial viability had a death rate (over 31 �
4 months) of 58%, compared with 26% (P � 0.03) for
atients without significant viability.
DiCarli and coworkers27 performed positron emission to-
ographic (PET) imaging on 93 consecutive patients with

oronary artery disease and a mean left ventricular ejection
raction of 25%. Medically treated patients who had PET
vidence of myocardial viability had a markedly lower annual
urvival of 50%, compared with 92% for patients without
vidence of viability (P � 0.007). Patients with evidence of
yocardial viability who underwent revascularization had a
igher survival rate than those treated medically (88% versus
0%, P � 0.03).
In a meta-analysis of 3088 patients with decreased ejection

raction who underwent a viability study using a variety of
ethods, Allman and coworkers28 reported that the yearly

eath rate for patients with viability who were treated medi-
ally was 16%, compared with 3.2% for patients who under-
ent revascularization (P � 0.0001), illustrated in Figure 1.
evascularization improved survival for patients with viable
yocardium by 79.6%. This pattern held regardless of the

echnique that was used to assess myocardial viability. Con-
ersely, for patients without viable myocardium, there was a
rend toward increased mortality in patients who underwent
evascularization, 7.7% versus 6.2% (P � 0.23).

Haas and coworkers29 studied 76 patients with advanced
oronary disease and left ventricular function who were be-
ng considered for coronary bypass surgery. Compared with
atients who were first evaluated for viability with PET im-
ging, patients sent to surgery who did not have a viability
ssessment had a significantly worsened postoperative
ourse, including a lower 12-month survival rate, 79% versus

igure 1 Death rates with and without myocardial viability treated by
evascularization and medical therapy. Patients with viability had a
ignificantly decreased death rate with revascularization, whereas pa-
ients without viability did not benefit from revascularization. Modified
nd reprinted with permission from Allman and coworkers.28
7% (P � 0.01). This study concluded that the forgoing of a l
iability study resulted in too many high-risk patients with-
ut viability being sent for bypass surgery, resulting in a
orsened prognosis.

se of Perfusion Imaging
o Assess Myocardial Viability
hallium-201 Imaging
here are numerous imaging procedures available to assess
yocardial viability. Among the most commonly used is im-

ging with thallium-201, a radionuclide tracer that assesses
ot only myocardial perfusion but also myocyte cell mem-
rane integrity. In a meta-analysis of 33 studies with 858
atients, Bax and coworkers30 found that thallium imaging
sing rest and/or stress protocols had a sensitivity of 86% and
specificity of 59% in predicting improvement of regional

unction post-revascularization. Specificity varied depending
n the criteria used to classify viability, better if a higher
ercentage of thallium uptake was used as the threshold. In
ddition, as will be discussed in more detail later, a patient
ay have sufficient myocardial viability in a region to benefit
rognostically with revascularization without there necessar-

ly being an improvement in ventricular systolic function.
A review of the history of myocardial perfusion imaging is

elpful in understanding current thallium protocols used to
ssess myocardial viability. At its initial clinical introduction
n 1975 for the detection of coronary artery disease and stress
nduced ischemia, patients had two separate studies per-
ormed: one study in which thallium-201 was injected intra-
enously during exercise stress, and a second study in which
hallium-201 was administered at rest.31 Defects present on
he stress but not on the rest images were considered to
epresent myocardial ischemia, while defects on both the
tress and rest images were considered to represent scar from
yocardial infarction. In 1976, Pohost and coworkers32 ob-

erved that in patients injected with thallium-201 during
xercise, on serial images obtained at 4- to 6-h intervals,
ertain zones of decreased myocardial uptake present on ini-
ial images improved or resolved totally, a phenomenon
ermed “redistribution.” Redistribution was thought to rep-
esent zones of ischemic and, therefore, viable myocardium,
hereas fixed, nonredistributing defects were interpreted as
onviable, fibrotic scar.
However, with increased experience using stress-delayed

hallium-201 imaging, it became clear that the situation was
ore complex than first thought. In 1983, Gutman and co-
orkers reported that in the presence of severe stenoses,
efects that appeared fixed at 3 to 6 h often showed redistri-
ution at 24 h.33 Kiat and coworkers reported that late (18- to
2-h) imaging often showed thallium redistribution in de-
ects that were fixed at 4 h and that the later images were
etter predictors of myocardial viability, as demonstrated by
tress image imaging after coronary angioplasty.34

Liu and coworkers followed 52 patients with single vessel
isease who underwent coronary angioplasty.35 Although
ost who had redistribution on preangioplasty stress-de-
ayed thallium imaging were subsequently shown to have
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Assessment of myocardial viability 5
iability (ie, image normalization postprocedure), 75% of
atients with fixed defects also had myocardial viability.
Gibson and coworkers performed thallium-201 scintig-

aphy on 47 consecutive patients before and after coronary
ypass surgery.36 Of 42 persistent (fixed) defects observed
efore surgery, which were thought to represent myocar-
ial scar, 19 (45%) demonstrated normal perfusion post-
peratively. Interestingly, classification of persistent de-
ects according to the quantitative reduction in thallium
ctivity helped predict which segments would improve
ost-revascularization. Although 57% of persistent defects
ith a 25% to 50% reduction in relative thallium activity
emonstrated normal thallium uptake postoperatively,
nly 21% of fixed defects with greater than 50% reduction
n activity showed improved perfusion after surgery (P �
.02).
Thus, evidence had accumulated that fixed defects on

tress-delayed thallium-201 imaging often contain signif-
cant viable myocardium. In 1986, Tillisch and coworkers
eported that myocardial imaging using the metabolic
ositron emitting tracer, 18F-2-deoxyglucose (18FDG), was
powerful method of assessing viability.37 For 17 patients
ith left ventricular dysfunction who underwent bypass

urgery, assessment of 18FDG uptake with PET had a pos-
tive predictive value of 85% and a negative predictive
alue of 92% in predicting postoperative improvement in
entricular function. Subsequently, Brunken and cowork-
rs showed that 58% of fixed thallium-201 defects dem-
nstrated 18FDG uptake, consistent with viability.38

Thus, it was clear that a significant proportion of fixed
efects on stress-delayed thallium-201 imaging contain
iable tissue and, therefore, stress/delayed thallium imag-
ng alone was insufficient to fully assess myocardial viabil-
ty in regions with a 4-h fixed perfusion defect. Because the
uality of 24-h delayed images often is poor as a result of

ow counts, a new method of viability assessment was
ought. In 1990, Dilsizian and coworkers reported on the
echnique of thallium-201 reinjection.39 In patients with
xed defects or redistribution images, immediately follow-

ng acquisition of the delayed images, an additional dose
f thallium-201 was injected at rest. It was observed that
9% of irreversible defects demonstrated normal thallium
ptake after the second injection of thallium. Of myocar-
ial segments with defects on redistribution images that
ere identified as viable by reinjection studies, 87% had
ormal thallium uptake and improved regional wall mo-
ion after angioplasty.

Subsequently, Bonow and coworkers reported that thal-
ium reinjection imaging has an 88% concordance with
8FDG PET imaging.40 This group concluded that with
tress/delayed thallium imaging, most irreversible defects
ith only mild-to-moderate reduction in thallium activity

epresent viable myocardium as confirmed by FDG up-
ake. For severe, irreversible thallium defects, with few
xceptions, thallium reinjection identified as viable or

onviable the same regions as 18FDG. i
est-Delayed Thallium Imaging
o Assess Myocardial Viability
nother commonly used technique to assess myocardial vi-
bility is rest-delayed thallium imaging. Although initially it
as thought that a defect on rest thallium imaging could only

epresent scar, Berger and colleagues observed that in the
resence of a severe coronary stenosis without infarction, a
efect present on early rest thallium imaging would often
esolve on delayed images.41 Of 14 patients with unstable
ngina and 15 patients with stable angina, 90% had a defect
n the initial rest images, 76% of which showed redistribu-
ion on the delayed images. In the subgroup that underwent
ubsequent bypass surgery, 77% of segments with redistrib-
ting defects reverted toward normal initial uptake postop-
ratively, but 72% (13/18) of segments with fixed defects also
mproved.

Iskandrian and coworkers performed rest and redistribu-
ion thallium imaging on 26 patients with coronary disease
nd left ventricular dysfunction before bypass surgery.42

welve of 16 patients with normal or transient thallium de-
ects (75%) showed improved ejection fraction after surgery
ompared with only 2 (20%) of 10 patients with fixed de-
ects.

The usefulness of rest-redistribution thallium imaging in
dentifying myocardial viability was further supported by
agosta and coworkers, who studied 21 patients with left
entricular dysfunction (mean ejection fraction � 27%) who
ubsequently underwent bypass surgery.43 Myocardial seg-
ent viability was assessed both by quantitative analysis of
efect severity and the presence of redistribution. 62% of
everely asynergic segments with normal viability and 54%
ith mildly reduced viability improved function after sur-
ery, compared with only 23% that had severely reduced
iability (P � 0.002). There was viability in 7 or more of the
5 segments analyzed, mean left ventricular ejection fraction

ncreased significantly after bypass surgery.
The importance of assessing viability for predicting an im-

roved clinical outcome was reported by Pagley and cowork-
rs.44 Seventy patients with multivessel coronary disease and
left ventricular ejection fraction less than 40% underwent

est-delayed thallium imaging before bypass surgery. A via-
ility index based on image findings was assessed for each
atient. Figure 2 shows the relationship of event free survival
o the viability index. Those patients who underwent bypass
urgery with at least about two thirds viable myocardium
viability “index” �0.67) had a significantly enhanced 3-year
vent-free survival compared with patients who had less vi-
bility. In these patients event-free survival was independent
f other variables, including left ventricular ejection fraction.
hus, rest-delayed thallium imaging can help identify pa-

ients who are likely to benefit from bypass surgery.
There are conflicting data in the literature regarding

hether defect reversibility or thallium uptake of 50% or
reater of peak counts is the best indicator of viability. In a
tudy of 35 patients with left ventricular dysfunction, Sciagrà
nd coworkers found that tracer activity in a delayed thallium

mage was more important than defect reversibility for differ-
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6 M.I. Travin and S.R. Bergmann
ntiating viable from nonviable myocardium.45 In contrast,
itsiou and coworkers showed that reversible defects more
ccurately predict functional recovery after revascularization
han fixed defects with similar resting tracer activity.46 As in
igure 3, although 63% to 96% of reversible defects showed

mproved wall thickening post-revascularization, only 30%
f mild-moderate severity fixed defects showed functional
mprovement.

For revascularization to improve ventricular function, the
entricle must be ischemic from a stenosis in the artery per-
using the dysfunctional territory(s), and this situation is best
epicted by defect reversibility. For example, a myocardial
egion that is dysfunctional from myocardial damage after a
on-ST segment elevation infarction and is perfused by a
onstenotic vessel may show sufficient tracer uptake on rest-

ng thallium imaging to indicate viability, but will not show
mproved function after revascularization. In another setting,

igure 2 Survival free from cardiac events (cardiovascular death or
eart transplantation) in relation to viability index. Modified and
eprinted with permission from Pagley and coworkers.44

Figure 3 Post-revascularization systolic function in relatio

Modified and reprinted with permission from Kitsiou and cow
entricular contraction may be depressed because of cellular
ysfunction related to a cardiomyopathy, in which case one
ight see satisfactory myocardial thallium uptake, but revas-

ularization would not be expected to improve function. The
ituation becomes particularly complex in patients who may
ave both coronary artery disease and nonischemic cardio-
yopathy, such as diabetics. In these instances a rest/delayed

hallium imaging study may be insufficient, and additional
maging with stress may be needed to identify the presence of

yocardial ischemia to decide on revascularization.47 In fact,
here is little lost by performing stress/rest-redistribution
tudies in all patients sent for assessment of myocardial via-
ility as this will not only provide information regarding
iability but also provide an assessment of exercise or phar-
acologic induced ischemia.

echnetium-99m Sestamibi
s a Viability Agent

n 1990, the Food and Drug Administration approved the use
f Tc-99m sestamibi for myocardial perfusion imaging. Com-
ared with thallium-201, technetium-99m sestamibi emits
igher energy photons, and the shorter half life of Tc-99m
llows the administration of a higher dosage. As a result of
igher counts as well as better tissue penetration, attributable
o the 142 keV emission energy, imaging with Tc-99m sesta-
ibi results in sharper images. Several studies have shown a
igher specificity with Tc-99m sestamibi imaging compared
ith thallium-201.48,49 Of the perfusion imaging studies per-

ormed in the United States, approximately 60% use Tc-99m
estamibi.50

Unlike thallium-201, however, technetium-99m sestamibi
oes not exhibit significant myocardial redistribution. Thus,

erevascularization function and thallium image results.
n to pr

orkers.46
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Assessment of myocardial viability 7
maging with Tc-99m sestamibi requires separate stress and
est injections, either on the same (1 day protocols) or differ-
nt (2 day protocols) days. Thus, from the advent of sesta-
ibi use, there was concern that stress imaging with this

adiopharmaceutical may not provide viability information
omparable to that obtained with thallium-201.

In 1992, Cuocolo and coworkers compared the results of
hallium-201 stress/delayed/reinjection imaging with Tc-99m
estamibi stress/rest imaging in 20 patients with coronary artery
isease and left ventricular dysfunction.51 Of 122 regions with

rreversible defects on stress-delayed thallium imaging, 18%
howed viability with stress/rest sestamibi imaging. However,
7% showed evidence of viability with reinjection thallium im-
ging leading the authors to conclude that thallium-201 imag-
ng, when combined with rest reinjection, is superior to Tc-99m
estamibi imaging for identifying myocardial viability.

In the same year, Marzullo and coworkers performed rest
c-99m sestamibi imaging on 14 patients with previous
yocardial infarction referred for revascularization.52

c-99m sestamibi imaging had high diagnostic accuracy for
redicting improvement in wall motion after revasculariza-
ion: sensitivity, specificity, and positive predictive accuracy
ere 83%, 71%, and 79%, respectively. However, sestamibi

mages overestimated perfusion defects in 25% of territories
upplied by stenotic coronary arteries that had normal wall
otion at rest. The authors concluded that sestamibi “ap-
ears to be primarily a perfusion agent that can provide lim-

ted information regarding viability.”
Marcassa and coworkers compared sestamibi uptake with

est-redistribution thallium-201 uptake in 48 patients with
schemic heart disease and regional wall motion abnormali-
ies.53 Although uptake of the 2 tracers was comparable in
ormal segments and in segments with fixed thallium de-
ects, in segments with reversible thallium defects sestamibi
ptake was significantly lower than redistribution thallium
ptake, again suggesting that sestamibi may be less sensitive
or detecting viable myocardium.

Nevertheless, as uptake and retention of sestamibi is de-
endent on cell membrane integrity and mitochondrial func-
ion, many investigators believe that sestamibi is an effective
iability tracer provided that protocols and methods of inter-
retation are adjusted to take into account the unique prop-
rties of sestamibi. For example, Udelson and coworkers
ound that if sestamibi images are interpreted quantitatively,
hey can predict ventricular function improvement after re-
ascularization.54 Sestamibi activity one hour after rest injec-
ion was found to parallel redistribution thallium-201 activ-
ty. Importantly, as illustrated in Figure 4 for patients who
nderwent revascularization procedures, thallium-201 and
c-99m sestamibi regional activities were similar in segments
ith reversible as well as irreversible ventricular dysfunction.
he severity of the defect was the important variable in pre-
icting improvement in revascularization rather than which
racer was used.

Similar findings were reported by Kauffman and cowork-
rs55 Patients with a mean left ventricular ejection fraction of
3% underwent early and 3 hour delayed rest thallium-201
maging, and rest Tc-99m sestamibi imaging. Uptake of Tc-
9m sestamibi and thallium-201 were comparable in myo-
ardial zones of asynergy as identified by rest 2-dimensional
chocardiography. Defect magnitude, by quantitation, was
imilar for the 2 tracers for regions with both mild and severe
eduction in tracer uptake.

Medrano and coworkers administered intravenous
c-99m sestamibi to 15 consecutive patients with ischemic
ardiomyopathy 1 to 6 h before transplantation.56 Excised
earts were imaged and analyzed histologically, and a good
orrelation was found between tissue Tc-99m sestamibi ac-
ivity and histologic evidence of myocardial viability. The
uthors concluded that sestamibi can accurately quantify
yocardial scarring and that it is a good indicator of myocar-
ial viability determined with microscopy.
Maes and coworkers prospectively studied thirty patients

ith coronary disease and wall motion abnormalities who
ere referred for bypass surgery.57 Each patient underwent

est sestamibi imaging and PET imaging with 13NH3 (a flow
gent) and 18FDG (a metabolic agent), as well as transmural
iopsy. Significantly higher sestamibi uptake was found in
atients with evidence of viability by PET than in those with-
ut. There was a linear relation between sestamibi uptake and
brosis in the biopsy specimen. Sestamibi uptake was able to
redict ventricular functional improvement after bypass,
ith positive and negative predictive values of 82% and 78%,

espectively.
Finally, Siebelink and coworkers compared Tc-99m sesta-
ibi single-photon emission computed tomography (SPECT)
ith 13NH3/18FDG PET imaging-guided patient management.58

or 103 patients with left ventricular dysfunction who were
eing considered for revascularization, management decisions
or those randomized to SPECT imaging were comparable to
hose randomized to PET, and event free survival was the same.
his study concluded that in a clinical setting, sestamibi imaging
as comparable to what many consider the viability “gold” stan-
ard, FDG-PET, in deciding whom to send for revasculariza-
ion. However, this study is limited by there being only one third
f patients with an ejection fraction less than 30%, and inclusion
f relatively stable patients who had their image studies over the
ourse of 30 to 40 days. Thus, whether these results apply to
atients who are sicker and more unstable is unclear.59

igure 4 Percentages of segments that were viable in relation to
elative uptake of thallium-201 or Tc-99m sestamibi. The likelihood
f viability was related to the magnitude of regional activity rather
han the radiotracer used. Modified and reprinted with permission
rom Udelson and coworkers. 54
In an analysis of 20 published studies including 488 pa-
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8 M.I. Travin and S.R. Bergmann
ients studied with technetium-99m sestamibi, (7 with ni-
rate enhancement, discussed below), Bax and coworkers re-
orted a sensitivity of 81%, a specificity of 66%, a positive
redictive value of 71%, and a negative predictive value of
7% in predicting post-revascularization improvement of re-
ional ventricular function.30 For most of these studies, seg-
ents were classified as viable if activity exceeded a certain

hreshold, frequently 50-60%.
Sometimes combining stress sestamibi with rest/delayed

hallium imaging, in a dual-isotope protocol, can provide a
omprehensive assessment of the entire clinical scenario. The
xtent of reversible defects on the stress sestamibi images can
ssess the amount of myocardial ischemia, while the rest/
elayed thallium images can provide additional information
n myocardial viability. Sharir and coworkers performed rest
hallium/stress sestamibi dual isotope studies on 458 patients
nd noted that 37% of segments with defects on rest thallium
maging had redistribution on 18- to 24-h thallium images.60

he presence of late thallium redistribution above an inves-
igationally determined quantitative threshold predicted a
ignificantly increased cardiac mortality with medical ther-
py alone, suggesting that such patients may benefit from
evascularization.

ethods to Enhance the Use of
c-99m Sestamibi as a Viability Agent
arly during the introduction of sestamibi for clinical use,
ilsizian and coworkers noted that tracer uptake was poor in

erritories supplied by an occluded artery with poor collateral
ow.61 Although thallium can redistribute and slowly fill-in a
efect in such a region, it may be difficult to detect potential
iability using sestamibi. Because nitrates improve collateral
lood flow to hypoperfused areas, demonstrated in several
tudies using thallium-201 imaging,62-64 Bisi and coworkers
roposed that nitrates might have a role in improving the
bility of sestamibi imaging to predict myocardial viability.65

his group used quantitative rest sestamibi imaging during
aseline conditions and during intravenous nitrate adminis-
ration to study 19 patients with previous myocardial infarc-
ion and left ventricular dysfunction scheduled for revascu-
arization. Patients whose ventricular function improved
fter revascularization showed a 37% decrease in defect size
ith nitrate infusion, compared with no change or a slight

ncrease in patients whose ventricular function did not im-
rove (P � 0.0005). In a subsequent study by this group,
ciagrà and coworkers observed that nitrate enhanced sesta-
ibi imaging was at least as good as rest/redistribution thal-

ium in detecting viable myocardium and predicting post-
evascularization recovery.45 In the meta-analysis by Bax and
oworkers, defect reversibility after nitrate-enhanced sesta-
ibi imaging yielded a sensitivity of 86% and a specificity of

3% in predicting myocardial viability.30

Another potential method to enhance the ability of sesta-
ibi imaging to detect viability is concomitant assessment of

entricular function using ECG-gated SPECT imaging. Le-
ine and coworkers reported that combining sestamibi defect

coring with assessment of regional wall motion improved d
he accuracy of predicting functional improvement post-re-
ascularization.66 In a novel approach, Iskandrian and co-
orkers described acquiring ECG-gated SPECT images at
aseline and during low dose dobutamine infusion, looking
ot only at tracer uptake, but also at changes in wall motion
o assess contractile reserve.67 However, this is a difficult
rotocol requiring dobutamine infusion for an extended pe-
iod during SPECT acquisition, and is not in common use at
his time. Attempts also have been made to examine potential
nhancement of ECG-gated SPECT wall motion after nitro-
lycerin, but changes in function were found to be too subtle
o be assessed effectively.68 A study by Leoncini using com-
ined nitrate and low dose dobutamine enhancement of
CG-gated SPECT images reported reliable wall motion eval-
ation and comparable results to low dose dobutamine echo-
ardiography; however, no confirmation of myocardial via-
ility was provided in this study.69

c-99m Tetrofosmin
iven its similarity to Tc-99m sestamibi, one would not ex-
ect important differences in using Tc-99m tetrofosmin to
valuate myocardial viability, although data are limited.
atsunari and coworkers reported that myocardial tetrofos-
in uptake correlated well with thallium uptake on rest-
elayed images.70 Gunning and coworkers found that tetro-
osmin imaging was similar to thallium and dobutamine
agnetic resonance imaging (MRI) in predicting post-revas-

ularization functional recovery.71 He and coworkers re-
orted that rest uptake of tetrofosmin in dysfunctional myo-
ardial segments, after administration of sublingual
sosorbide dinitrate, correlated with metabolic activity as as-
essed by 18FDG.72 Stollfuss saw that combining tetrofosmin
erfusion and ECG-gated SPECT parameters helped identify
sensitivity � 87%) segments that showed improved wall
otion post-revascularization as assessed by MRI.73 Al-

hough the specificity of tetrofosmin uptake was limited
42%), the use of gated SPECT improved the positive predic-
ive value.

ositron Emission Tomography
PET)
ET has several theoretical advantages over SPECT tech-
iques for the detection of myocardial viability. These in-
lude the intrinsically quantitative aspect of PET since atten-
ation correction can be performed accurately; the higher
nergy of positron emitters (511 keV) providing better tissue
enetration; and the ability to incorporate positron-emitting

sotopes into substances of physiological interest. In addition
o providing both qualitative and quantitative estimates of
yocardial perfusion and metabolism, there are several trac-

rs utilized with PET that can provide information regarding
issue viability.74

PET has been considered “gold-standard” for assessment
f myocardial viability using metabolic tracers. With the use
f metabolic tracers, several patterns of metabolism can be

elineated in combination with knowledge of both perfusion
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Assessment of myocardial viability 9
nd assessment of regional function to classify myocardium
Table 1). Normal tissue shows normal function, perfusion
nd metabolism. Stunned myocardium shows diminished
unction but relatively normal perfusion and a variable met-
bolic pattern (glucose uptake as assessed with FDG can be
ormal, increased, or decreased). Hibernating myocardium
an be identified by diminished perfusion and function with
pregulation of glucose metabolism relative to flow and rel-
tively preserved oxygen utilization. Infarcted myocardium
an be identified by reduced function, perfusion and metab-
lism.
To define viability with PET, assessment of perfusion must

lso be made. For assessment of myocardial perfusion, trac-
rs include oxygen-15 (15O) water, nitrogen-13 (13N) ammo-
ia, and rubidium-82 (82Rb) chloride. Both 15O water and

2Rb chloride may also provide information on both blood
ow and viability.

erfusion Tracers Used
or Viability Assessments
5O Water
5O water is a freely perfusable tracer. Its uptake and release
rom myocardium is nearly solely dependent on myocardial
erfusion.75,76 Some studies have demonstrated the ability of

5O water to assess myocardial viability based on specific
odel-related functions, such as the fractional volume of a

iven region of interest occupied by myocardium that is ca-
able of rapidly exchanging water or perhaps the heteroge-
eity of transmural flow as assessed by this tracer.77,78

amamoto and coworkers and De Silva and coworkers ap-
lied this approach to patients with ischemic heart disease
nd demonstrated a lower perfusion index in patients with
eart disease compared with volunteers and demonstrated a
ertain level of this index below which recovery of function
id not occur after revascularization.79,80 However, the lim-

ted diagnostic utility of 15O water and the requirement for an
n-site cyclotron as well as the additional computer model-
ng required have limited the use of this approach.

ubidium-82 (82Rb)
2Rb is attractive because it is generator produced and com-
ercially available. Because rubidium is a potassium analog,

he retention of this tracer may also be an index of myocardial
iability.81 Gould and coworkers demonstrated that de-
reased retention of 82Rb correlated with increased uptake of
DG, suggesting that the kinetics of this tracer may be used to
elineate cellular viability.82 However, this approach has not

able 1 Outline of the PET Classification of Myocardial Regio
nd Metabolic Activity

Tissue Classification Function

Normal Normal
Stunned Diminished
Hibernating Diminished
Infarcted Diminished
een widely used or validated. h
etabolic Assessments With PET
nder aerobic conditions, the heart uses predominantly fatty
cids, but after carbohydrate loading, the inhibitory effect of
nsulin on release of fatty acids from adipocytes diminishes
irculating fatty acids and up-regulates glucose use by the
eart. Similarly, with ischemia, fatty acid metabolism is di-
inished and glucose uptake is enhanced.74 Thus, assess-
ent of diminished fatty acid use or normal (relative to flow)

r enhanced glucose metabolism serves as the metabolic sig-
ature of ischemic myocardium. Stunned or hibernating
yocardium also demonstrate preserved oxygen use relative

o perfusion and function.83

Because the diminished use of fatty acids is a key met-
bolic feature of myocardial ischemia, early interest with
ET focused on the use of fatty acids such as 11C palmi-
ate.84 However, because of its relatively complicated syn-
hesis, the need for on-site cyclotron, and the complex
racer kinetics, this tracer is not used currently for identi-
cation of viable myocardium. More recently, a single-
hoton congener, �-methyl-p-[123I]-iodophenyl-pentade-
anoic acid, has been used for identification of viable
yocardium. This agent is not available in the United

tate. Thus, its use will not be described further. However,
t is extensively used in Japan for early identification of

yocardial viability.85

luorodeoxyglucose (FDG)
DG is the most extensively used tracer in PET because of the
entral role of glucose metabolism in delineation of metabo-
ism in the heart as well as for studies of the brain and for
umor imaging. The 110-minute physical half-life allows
onvenient synthesis at a site remote from the scanner. For
ost studies using FDG, glucose loading either by oral glu-

ose administration or by insulin clamp is essential. 13N am-
onia is typically used for assessment of perfusion in sites
ith cyclotrons. Patterns of myocardial perfusion and FDG
ptake have been the mainstay for delineation of viable from
onviable myocardium. Scar (infarction) is identified by a
atched decrease in perfusion and FDG uptake whereas hi-

ernating myocardium is identified as regions with preserved
r enhanced glucose metabolism compared with flow
Fig. 5). Dysfunctional segments with relatively normal flow
ut either enhanced or decreased FDG uptake are also felt to
epresent viable myocardium.

Imaging with FDG for delineation of viability is superior to
hat achievable with thallium scintigraphy.86-88 These studies

sed on Their Function, Level of Perfusion,

Perfusion Metabolism/flow

Normal Normal
Normal Variable
Diminished Preserved or increased
Diminished Diminished
ns Ba
ave demonstrated that approximately 30% to 50% of seg-
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10 M.I. Travin and S.R. Bergmann
ents felt to represent scar by delayed thallium imaging
emonstrate uptake of FDG suggesting viability.
DiCarli and coworkers demonstrated that the size of the

ET defect representative of hibernating myocardium was
redictive of the functional recovery after revascularization.89

Figure 5 PET tomograms obtained showing standard rec
18F FDG images below. In this color scheme, red represe
counts per pixel. A, PET image of infarction. Patient wi
concordantly decreased FDG uptake consistent with a l
13N ammonia images, the uptake seen at the lower right
is seen in patients with congestive heart failure. There
coronary artery territory with diminished perfusion and
viable myocardium. There are large anteroapical and l
intense FDG uptake in areas of hypoperfusion represen
his is important because patients that have the poorest ven- v
ricular function are most at risk for perioperative morbidity
r mortality but also are those that typically show the most
mprovement when they undergo revascularization. Analysis
f data of patients show that global left ventricular function
ncreases significantly after revascularization in patients with

ctions with resting 13N ammonia images on the top and
highest counts with blue–black representing the lowest
e anterolateral and inferior perfusion defects that have
rcumflex and/or right coronary artery infarction. In the
ents 13N ammonia uptake into lungs, which frequently
e evidence of viability in the left anterior descending
ly increased FDG uptake. B, PET images of significant
erfusion defects seen in the 13N ammonia study with
ar complete viability in these areas.
onstru
nts the
th larg
arge ci
repres
is som
slight

ateral p
iable myocardium based on PET.87,90
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Assessment of myocardial viability 11
PET also has been shown to have to have important prog-
ostic implications based on the findings of viable versus
onviable myocardium (Table 2). Patients who are identified
s having scar based on PET who do not undergo revascular-
zation have a 14% 1-year incidence of major adverse cardiac
vents compared with a 7% incidence in patients with scar
ho underwent revascularization. In contrast, patients with
iable myocardium based on PET who did not undergo re-
ascularization had a 1-year event rate of 47%, which was
arkedly reduced (to 11%) if patients underwent revascu-

arization.87,91-93 This is despite the fact that recent studies
ere performed in patients with very severe left ventricular
ysfunction. For example, in the study of Rohatgi and co-
orkers, the pre-PET mean ejection fraction was 22%.87 It

ppears that viable myocardium represents a vulnerable sub-
trate for ischemia and arrhythmia that lead to cardiac events.

hen a significant amount (approximately 20-25% of con-
iguous myocardium) of viable myocardium can be identified
y PET, revascularization has significant salutary effect. The
nding of viability on PET is critical in recommending pa-
ients for revascularization.

Centers that perform heart transplants often use PET to
etermine those patients in whom coronary artery bypass
rafting can be performed rather than transplantation. It has
een the experience of several centers that approximately 30
o 50% of patients referred for transplantation have hibernat-
ng myocardium based on PET.94-96 These patients do well
hen revascularized.
Because of the utility of FDG with PET, a number of cen-

ers now use FDG with SPECT systems with or without high-
nergy collimation.97 However, because of issues related to
esolution and sensitivity, use of FDG with dedicated PET is
till preferred.

lternative Tracers
number of other approaches to assess viability have been
ade with tracers such as 11C acetate. However, this tracer

equires a cyclotron in addition to the assessment of the
yocardial kinetics of wash-out, thereby making this some-
hat less useful for most centers. It should be recognized that

cetate may in fact be more sensitive in assessing viable myo-
ardium compared with FDG.98-100 A number of other trac-

able 2 The Rate (%) of Major Adverse Cardiac Events (Death
r Nonfatal Myocardial Infarction) Based on Pooled Analysis
f Data From 4 Studies87,90-92

Infarction Hibernating

edical therapy 14 (n � 130) 47 (n � 85)
evascularization 7 (n � 58) 11* (n � 130)

he table is based on major adverse cardiac event rate and patients
with either infarction or hibernating myocardium as assessed by
PET and observing the 1-year event rate in those maintained on
medical therapy compared with those undergoing revasculariza-
tion. The number of patients per group is in parenthesis.

P < 0.001 compared with patients with evidence of viability remain-
ing on medical therapy.
rs, such as hypoxic sensitizers (which assess the level of w
issue oxygenation), have been developed for delineation of
schemic but viable myocardium,101,102 although these have
ot yet reached clinical utility.

obutamine Stress
chocardiography

nother way to assess myocardial viability is to evaluate ven-
ricular contractile reserve. As discussed above, some inves-
igators have used the response of left ventricular function to
ow dose dobutamine infusion during ECG-gated SPECT ac-
uisition as a method of identifying viability. More com-
only, however, ventricular contractile reserve is measured
ith transthoracic echocardiography at various stages of ei-

her a low dose or higher dose prolonged dobutamine infu-
ion protocol.103 Infusions typically begin at 5 �g/kg/min for
min, increasing every 3 min to 10, 20, 30, and 40 �g/kg/
in, often with atropine given at peak infusion to achieve

arget heart rate. Images are acquired at each stage to deter-
ine new wall motion abnormalities, worsening of preexist-

ng wall motion abnormalities, or enhanced wall motion.
hile enhancement of wall motion during low dose dobut-

mine infusion has commonly been used to predict func-
ional recovery following revascularization, a higher predic-
ive value is obtained with higher infusions while looking at
oth enhancement and worsening of wall motion.104

Bax and coworkers performed meta-analysis of 29 studies
sing dobutamine echocardiography and 3 using dobut-
mine MRI of ventricular function to predict improved ven-
ricular function after revascularization.30 For the 1090 pa-
ients analyzed, the sensitivity and specificity were 81% and
0%, respectively, and the positive and negative predictive
alues were 77% and 85%, respectively. However, only 4 of
hese studies used a high-dose protocol. Using the high-dose
rotocol allows one to better distinguish between 4 wall mo-
ion response patterns: (1) biphasic response (initial ventric-
lar function improvement followed by deterioration of
unction), (2) worsening of ventricular function, (3) sus-
ained functional improvement, and (4) no change in func-
ion. Although there has been demonstrated post-revascular-
zation functional improvement with responses 1, 2, and 3,
ornel and coworkers reported that the biphasic response 1
ad the highest positive predictive value, 75%, for predicting
unctional improvement at 14 months, compared with 9%
or response 2 and 22% for response 3, whereas only 4% of
atients with response 4 improved after revascularization.105

imilarly, Afridi and coworkers saw that the positive predic-
ive value of a biphasic response was 72% compared with
5% for worsening function, 15% for sustained improve-
ent, and 13% for no change.104

Although there may be differing opinions regarding the
deal dobutamine stress echocardiographic protocol and the
egree to which the various ventricular responses to dobut-
mine predict functional recovery, as with radionuclide im-
ging techniques, stress echocardiography can predict pa-
ient outcome. In a study by Afridi and coworkers patients

ho had evidence of viability on dobutamine echocardiogra-
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12 M.I. Travin and S.R. Bergmann
hy had a significantly improved survival with revasculariza-
ion compared with medical therapy alone, 92% versus 78%
t 2 years (P � 0.01).106 Patients without viability did poorly
ith either revascularization or medical therapy alone.

omparison of Nuclear
nd Echocardiographic Studies

n an analysis of 563 patients in 18 studies directly compar-
ng patients who underwent viability assessment with a nu-
lear technique (thallium-201 or 18FDG PET) versus dobut-
mine echocardiography, Bax and coworkers reported that
ooled results indicate a higher sensitivity and negative pre-
ictive value for the nuclear technique, and a higher speci-
city and positive predictive value for dobutamine echocar-
iography, with post-revascularization improvement in
entricular function used as the judging standard.30 When
uclear studies with a stress component and echocardio-
raphic studies using high dose dobutamine were excluded
thus excluding components of stress-induced ischemia), re-
pectively the sensitivities of nuclear imaging and dobut-
mine echocardiography were 90% and 74% (P � 0.05), the
pecificities were 57% and 80% (P � 0.05), the positive
redictive values were 75% and 84% (P � 0.05), and the
egative predictive values were 80% and 69% (P � 0.05),
hown in Figure 6. Studies consistently show that although
uclear imaging identifies more viability, missing fewer pa-
ients who would benefit from revascularization, nuclear im-
ging may indicate viability more often than dobutamine
chocardiography in a setting in which ventricular function
oes not improve after revascularization.
Various explanations have been proposed for differences

etween nuclear techniques and dobutamine echocardiogra-
hy in predicting post-revascularization functional improve-
ent. Bonow suggests that the differences may in part be
ethodological.107 For example, because left ventricular

unctional improvement is assessed with echocardiography,
ne would expect that prerevascularization echocardio-
raphic testing would more closely predict results that are
easured with the same technique. Using an echocardio-

igure 6 Comparison of nuclear perfusion image and dobutamine
tress echocardiography testing for prediction of ventricular func-
ion results after revascularization. Data for figure are from Bax and
oworkers.30
raphic technique to evaluate a perfusion imaging technique v
as limitations because of anatomic misalignment, ie, the
rientation of the heart is inherently different between the
echniques. This would cause a significant bias for analyses
one on a segmental basis.
In addition, in many cases post-revascularization echocar-

iography had been performed a short time after revascular-
zation. As the myocardium may be stunned, assessment of
atients at a later time may show additional improvement of
entricular function, which could improve the positive pre-
ictive value of thallium imaging.
A recent study by Baumgartner and coworkers suggests

hat there may be a pathophysiologic basis to the results of
he different noninvasive tests used to assess myocardial via-
ility.108 The hearts of 12 patients with coronary disease and
everely reduced ventricular function who were referred for
ardiac transplantation were assessed with rest-delayed thal-
ium imaging, 18FDG PET, and dobutamine echocardiogra-
hy, and the explanted hearts were assessed histopathologi-
ally. More histologically viable cells were found to be
equired for a segment to exhibit viability by stress echocar-
iography than by the radionuclide imaging techniques. Seg-
ents with �25% viable myocytes showed echocardio-

raphic evidence of viability in only 19% of cases, compared
ith 33% for 18FDG PET and 38% for thallium-SPECT.
hus, there may be a critical mass of myocardium that needs

o be viable in order for there to be contractile reserve detect-
ble by stress echocardiography and for there to be functional
mprovement after revascularization. Radionuclide imaging
echniques may require fewer viable cells to show viability,
hich in many cases may be insufficient to, at least initially,

how functional improvement after revascularization.

RI
ne of the newest methods of assessing myocardial viability

s contrast-enhanced MRI (ce-MR). Gadolinium-based con-
rast agents have been shown to enhance nonviable tissue
etter than viable tissue, perhaps because of contrast accu-
ulation in the extracellular space in the former (cellular
embranes not intact).109 Kim and coworkers used ce-MR to

tudy 50 patients with ventricular dysfunction before bypass
urgery.110 Of 329 segments without contrast enhancement,
8% showed improved contractility after bypass, compared
ith only 2% of segments with hyperenhancement of more

han 75% of tissue (P � 0.001). The percentage of myocar-
ium that was both dysfunctional and not hyperenhanced
as strongly related to global wall motion improvement after

evascularization.
The high spatial resolution of MR allows more precise

ssessment of the extent of myocardial viability. In a recent
tudy by Kneusel and coworkers, ce-MR was found to com-
lement metabolic imaging with 18FDG in predicting post-
evascularization functional recovery. Most often, ce-MR vi-
bility wall thickness correlated with FDG uptake.111 Of
egments with both a thick viable rim (�4.5 mm) on ce-MR
nd PET viability, 85% improved function, compared with
nly 13% of segments with only a thin viable rim and no PET

iability. However, for patients with mixed pictures (one of
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Assessment of myocardial viability 13
he techniques showing “no” viability), only 24% to 36%
mproved function. Thus, in this study viability needed to be
emonstrated by both techniques to reliably predict func-
ional improvement. Larger, longitudinal studies (such as
hose described below) are needed to further assess this issue.

utting Things Into Perspective
reservation of myocardial viability exists as a spectrum,
rom complete transmural infarction with no viability, to
ransmural hibernation or stunning with potential of full re-
overy. An important principle demonstrated by biopsy
tudies is that tracer uptake represents a continuous variable,
ith the magnitude of tracer uptake directly reflecting the
agnitude of preserved viability.47 Thus it may be misleading

o consider viability simply on a yes or no basis.
The extent of viability needed for a patient to benefit from

evascularization is unclear and may vary in different clinical
ircumstances. Patients can have various mixtures of
tunned, hibernating, ischemic, and fibrotic myocardium, in
variety of arrangements. From one viewpoint, even when

here is substantial normal and/or reversibly dysfunctional
yocardium (in which case a nuclear technique may indicate

iability), if more than 30% to 35% of myocardium is fibrotic
in which case dobutamine echocardiography would suggest
inimal to no viability), then segmental wall motion would
nlikely be improved after revascularization.112 A study by
iCarli and coworkers demonstrated that the larger the area
f myocardial viability, the greater the percent improvement
n ventricular function after revascularization.89

It is not clear that improvement of ventricular function,
egional or global, is necessary for there to be patient benefit.
amady and coworkers saw no difference in survival between
schemic cardiomyopathy patients who did or did not have
mproved left ventricular ejection fraction following bypass
urgery.113 In addition, postoperative improvement in angina
nd heart failure were similar between the two groups. Thus,
ven without improvement in ventricular systolic function,
here may be important clinical benefits. Preservation of the
mall areas viability detected by perfusion imaging tech-
iques may improve clinical outcome by stabilizing the elec-
rical milieu and preventing lethal arrhythmias, by prevent-
ng a subsequent myocardial infarction, and by improving
ymptoms and functional capacity through prevention of
eleterious myocardial dilation and remodeling.114 These
oncepts need further investigation.

With the continued aging of the population and the pre-
icted greater prevalence of patients with chronic diseases
uch as congestive heart failure and left ventricular dysfunc-
ion attributable to coronary disease, it will become increas-
ngly important to identify patients who will benefit from
nterventions such as revascularization. It will be important
o more accurately identify myocardial viability. Currently
vailable radionuclide imaging techniques: stress-delayed
nd rest-delayed thallium imaging, Tc-99m sestamibi imag-
ng, metabolic imaging with PET, dobutamine stress echocar-
iography, and MRI techniques, are all helpful in making

linical decisions, but all have limitations. Larger, carefully
onducted prospective studies will need to be performed to
ore effectively evaluate the various tests singly or in com-

ination, and they will need to incorporate newer technolo-
ies, such as attenuation correction. These studies will need
o be undertaken on the different subsets of patients in whom
iability is an issue, eg, patients with coronary disease and
evere ventricular dysfunction who have symptoms of heart
ailure, similar patients with angina, patients who are asymp-
omatic, patients who have had one or several myocardial
nfarctions, etc.115 Among the current ongoing investigations
s the UK Heart trial (Heart Failure Revascularization Trial)
hat will randomize 800 patients with ischemic heart failure
o either best medical therapy or revascularization (CABG or
CI), correlating patient outcome with the extent of myocar-
ial viability.116 A similar trial called STITCH (Surgical Treat-
ent for Ischemic Heart Failure) is being undertaken in the
nited States, also assigning patients of various types to
ABG or medical therapy, correlating outcome with the ex-

ent of myocardial viability (as assessed by rest-redistribution
hallium or nitrate enhanced sestamibi imaging).21

It is important to consider that medical therapy is improv-
ng and may influence the risk benefit ratio of revasculariza-
ion in these ongoing trials and in clinical practice. In addi-
ion, newer procedures, such as therapeutic coronary
ngiogenesis and stem cell repair techniques, may revolu-
ionize the way patients with these types of cardiovascular
isease are managed.117,118 Nevertheless, one would expect
hat radionuclide imaging techniques will continue to play an
mportant role in assessment of myocardial viability.
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