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Positron emission tomography (PET) is a functional imaging technique with important clinical appli-
cations in cardiology, oncology, and neurology. In cardiac imaging, its role has been extensively eval-
uated in the noninvasive diagnosis of coronary artery disease and in the determination of prognosis.
Additionally, cardiac PET with F-18 fluorodeoxyglucose (FDG) is very helpful in selection of patients
with coronary artery disease and left ventricular dysfunction who would benefit from coronary artery
revascularization. Cardiac PET is arguably considered by many as a gold standard in this particular
application. F-18, unlike other positron emitters, has a reasonably long physical half-life, which per-
mits its distribution through commercial radiopharmacies. This is further facilitated by increasing
popularity of FDG PET in oncology, which makes cardiac FDG PET a practical option for hospitals
and outpatient centers equipped with PET scanners. In addition, gamma camera single photon emis-
sion computed tomography (SPECT) systems, routinely used in nuclear medicine departments, can
be equipped with coincidence circuit or high-energy 511 KeV collimators, providing a cost-effective
means of FDG cardiac imaging. Myocardial utilization of glucose as a substrate is variable, depend-
ing, among other factors, on serum levels of glucose and insulin. Therefore, patient preparation is
important in obtaining good-quality images and in turn allowing for accurate interpretation of my-
ocardial viability. There are various protocols to choose from that provide diagnostic image quality
in both diabetic and nondiabetic patients. Mismatch between blood flow and FDG metabolism, an
indicator of viable, jeopardized myocardium, can predict postrevascularization improvement in left
ventricular function, symptomatic relief, and long-term survival. (ECHOCARDIOGRAPHY, Volume
22, February 2005)
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Heart failure may be a consequence of ei-
ther nonischemic or ischemic cardiomyopathy.
Bonow et al.1 pooled 13 randomized multicenter
heart failure trials and observed that coronary
artery disease was present in approximately
70% of >20,000 enrolled patients. Coronary dis-
ease may result in repetitively stunned and/or
hibernating myocardium, both potentially re-
versible causes of heart failure. Whereas pa-
tients with heart failure due to noncoronary eti-
ologies may best benefit from medical therapy
or heart transplantation, coronary revascular-
ization has the potential to improve ventricular
function, symptomatology, and long-term sur-
vival in those patients with heart failure at-
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tributable to repetitive stunning and/or hiber-
nation.

Viable myocardium may be characterized by
several attributes, including cell membrane in-
tegrity, intact mitochondria, preserved glucose
metabolism, preserved fatty acid metabolism,
intact resting perfusion, and inotropic re-
serve.2–5 Not all of these are present in every
viable myocardial segment. Therefore, a combi-
nation of techniques evaluating several of these
parameters is generally used clinically in con-
sidering if repetitively stunned or hibernating
myocardium exists as a cause of reversible left
ventricular dysfunction, warranting coronary
revascularization. Cell membrane integrity can
be evaluated by assessing delayed thallium-201
uptake1,6 or the exclusion of MRI contrast in de-
layed images7–9 (absence of delayed hyperen-
hancement). Tc-99m sestamibi and tetrofosmin
are radiotracers whose uptake is related to the

Vol. 22, No. 2, 2005 ECHOCARDIOGRAPHY: A Jrnl. of CV Ultrasound & Allied Tech. 165



GHESANI, DEPUEY, AND ROZANSKI

presence of intact mitochondria.10–12 F-18 fluo-
rodeoxyglucose PET and SPECT assess glucose
metabolism.13–23 Free fatty acid metabolism
can be evaluated with I-123 IPPA24 and I-123
BMIPP. Resting perfusion can be evaluated by
a variety of methods including Tc-99m ses-
tamibi and Tc-99m tetrofosmin uptake, imme-
diate thallium-201 uptake, as well as the tran-
sit of echocardiographic, MRI, and radiographic
contrast material. Coronary flow reserve may
be estimated by comparison of nitrate enhanced
Tc-99m sestamibi uptake to baseline uptake.
Inotropic reserve can be determined echocar-
diographically as an increase in regional left
ventricular function after low-dose dobutamine
infusion.25

Positron emission tomography (PET) is be-
ing increasingly recognized as a noninvasive
imaging technique with clinical applications
in cardiology, oncology, and neurology. Positron
emitters, such as O-15, C-11, F-18, Rb-82, and
N-13, are short-lived radioisotopes, which re-
quire a cyclotron for their production and have
proven to be very valuable in depicting phys-
iology and metabolism. This is in part due to
the fact that many positron emitters are ra-
dioisotopes of naturally occurring elements in
the body. PET imaging has been extensively
studied in the diagnosis of coronary artery
disease, as well as determination of progno-
sis and assessment of myocardial viability in
patients known to have coronary artery dis-
ease. The principal radiopharmaceuticals used
in cardiac applications include Rb-82 or N-13
ammonia for myocardial perfusion imaging and
F-18 fluorodeoxyglucose (FDG) for myocardial
viability.

Following intravenous (IV) injection of
positron-emitting radiopharmaceuticals and a
variable amount injection-to-imaging delay
(called “the uptake period”), tomographic im-
ages are acquired. The positrons, once emitted
from the nucleus, interact with electrons within
a few millimeters in the tissue, resulting in
emission of two simultaneous high-energy pho-
tons, 180◦ apart from each other. Imaging of
these high-energy photons is best achieved with
multicrystal complete or partial ring detector
systems, called “dedicated PET systems.” Crys-
tal materials used in these systems, such as
BGO, LSO, and GSO, possess variable degree of
efficiency in absorbing these high-energy pho-
tons and converting them to light and provide
high spatial and temporal resolution. In addi-
tion, gamma camera SPECT systems, routinely
used in Nuclear Medicine departments, can

be equipped with coincidence circuit or high-
energy 511 KeV collimators, providing a cost-
effective means of imaging positron-emitting
radiopharmaceuticals. In general, higher image
resolution is more critical for oncological PET
imaging than for cardiac PET imaging. There-
fore, relatively poor image resolution of gamma
camera SPECT systems is not a significant lim-
itation in cardiac PET imaging.

Methods

There are a number of available positron
emitters available to assess different mark-
ers of myocardial viability with cardiac
PET.13–23,26–32 These include assessment of
coronary arterial blood flow with Rb-82, O-15
water or N-13 ammonia; glucose metabolism
as a marker of viability with F-18 FDG (Fig. 1
and Fig. 2); oxidative metabolism with C-11 ac-
etate or O-15 oxygen; and integrity of mem-
brane function with Rb-82. With the exception
of F-18 FDG, however, all other methods uti-
lize very short half-life positron emitters, re-
quiring an on-site cyclotron, which is costly and
available in a small number of mostly academic
institutions. In contrast, due to increasing ap-
plications of F-18 FDG PET in clinical oncol-
ogy, combined with its relatively longer half-
life (approximately 120 min) when compared to
other positron emitters, F-18 FDG is now widely
available through a rapidly expanding network
of commercial cyclotrons.

Patient Preparation

F-18 FDG is an analog of glucose allowing
noninvasive evaluation of glucose metabolism.
Glucose metabolism is an ATP-dependent pro-
cess, requiring viable myocardial cells. Since
myocardial cells utilize both fatty acids and
glucose to meet their energy needs, FDG up-
take in the myocardium will indicate viable
myocardium, but since myocardium may also
alternatively utilize fatty acids as a substrate
lack of glucose uptake may not be necessar-
ily indicative of nonviable tissue. Therefore,
one needs to ensure predominantly glucose
metabolism in the myocardium at the time of
tracer injection and subsequent uptake period
in order to achieve an accurate assessment of
myocardial viability. Fasting the patient for 6–
12 hours, and then administering a standard-
ized glucose load, either orally or intravenously,
results in rising plasma glucose and insulin
levels, thereby making glucose the preferred
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fuel substrate for myocardial metabolism. The
following method, with either oral or IV glu-
cose loading, is acceptable while evaluating my-
ocardial viability with FDG in nondiabetic pa-
tients.33–35

The fasting blood glucose is first checked. If
it is less than 110 mg/dL, 100-gm glucose is ad-
ministered orally followed by a repeat blood glu-
cose measurement 30–45 minutes later. If it is
less than 140 mg/dL, FDG is administered. If
it is >140 mg/dL, IV boluses of regular insulin
are administered in an effort to lower blood glu-
cose below 140 mg/dL, and FDG is injected at
that time. The IV glucose loading protocol in-
volves 8 units of regular insulin and 10-gm dex-
trose IV bolus, followed by an infusion of insulin
(1.7 µ/kg/min) and dextrose (10 mg/kg/min) for
60 minutes. Blood glucose is checked every
10 minutes. If, it is between 100 and 200 mg/dL
at 20 minutes, FDG is administered. If it is
>200 mg/dL, small IV boluses of regular in-
sulin are given until the value is <200 mg/dL.
FDG is administered at that time. To prevent
hypoglycemia, 20% dextrose infusion is started
(2–3 mg/kg/hour) at 60 minutes and continued
during image acquisition.

The methods described above provide
suboptimal image quality in most diabetic
patients. Since coronary artery disease can
frequently be a complication of diabetes, the
critical question of myocardial viability in these
patients requires modification of the protocol to
optimize myocardial glucose metabolism.36–40

Even though some improvement in myocardial
FDG uptake can be achieved by a longer
injection-to-imaging time interval, optimal
uptake can be accomplished with a euglycemic
hyperinsulinemic clamp, a rigorous and time
consuming procedure, allowing regulation of
metabolic substrates and insulin levels. This
method provides diagnostic image quality
in most patients.36–38

Injection and Imaging

Whereas the patient preparation for cardiac
FDG metabolism component of imaging is gen-
erally the same regardless of the detector sys-
tems, the dose of FDG and the imaging proto-
col varies considerably depending on whether
a standard gamma camera or dedicated PET
scanner is used for imaging. In case of dedicated
PET imaging systems, the dose injected fur-
ther depends on whether two-dimensional (2D)
(septa in) or three-dimensional (3D) (septa out)
acquisition is employed. A 3D imaging protocol

is more applicable for PET scanners equipped
with LSO or GSO crystals and newer BGO scan-
ners with high-speed electronics and modified
coupling of photomultiplier tubes and crystals.
The following are general guidelines for imag-
ing with a dedicated PET scanner.

For comparison of glucose metabolism with
myocardial perfusion in order to assess myocar-
dial viability, there are several available op-
tions, depending on the resources, availability
of radioisotopes, and user preference. These in-
clude, positron emitters such as N-13 ammonia
and Rb-82 for myocardial perfusion PET and
thallium-201 or technetium-99m-based radio-
tracers for myocardial perfusion SPECT.41

At an optimal time (determined by one of
the protocols described above), approximately
185–555 megabecquerel (MBq) [5–15 millicurie
(mCi)] F-18 FDG are injected in a peripheral
vein. After a delay of at least 45 minutes, imag-
ing is performed. In patients with diabetes or
elevated fasting blood glucose, imaging can be
delayed for 90 minutes to achieve better blood
pool clearance and uptake. Since glucose (and
therefore, FDG) uptake is time dependent, this
interval should be kept constant in patients
who require comparison of baseline and follow-
up scans. Imaging is generally performed for
10–30 minutes, depending on the PET detector
sensitivity, and attenuation correction is rou-
tinely performed by means of a transmission
scan using built-in rods made up of positron-
emitting isotopes. For PET imaging, attenu-
ation correction is critical to compensate for
the differential soft tissue attenuation of the
511 keV photons emitted in 180◦ opposed di-
rections.42 In case of newer PET/CT imaging
systems, a CT scan can be used for attenua-
tion correction. Ongoing research in this field
will help address additional factors such as
the effect of respiration that degrade image
quality. For reconstruction of acquired data, fil-
tered back projection (FBP) and newer iterative
methods (such as OSEM-ordered subset expec-
tation maximization) are available options, de-
pending on the type of the scanner, computer
systems available, and the user preference. It-
erative methods, due to their clear advantage
in improving noise characteristics in oncologic
applications, are becoming increasing popular.
However, since OSEM methods do not improve
noise characteristics in high uptake structures,
such as the heart, the choice of reconstruction
method used depends on the type of the scanner,
the computer systems available, and the user
preference.
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Image Interpretation

Myocardial metabolism imaging with PET
identifies preserved metabolic activity in
dysfunctional and hypoperfused myocardial re-
gions. As such, assessment of myocardial via-
bility is accomplished by comparing FDG up-
take to the regional distribution of myocardial
perfusion, determined either by PET or SPECT.
There are three possible combinations of blood
flow and metabolism.

1. Normal blood flow and glucose utilization.
2. Regionally increased 18F-FDG-uptake

relative to regional myocardial blood flow
(perfusion-metabolism mismatch) suggests
myocardial viability and predicts re-
versibility of contractile dysfunction fol-
lowing revascularization (Fig. 2). Consi-
deration should be given to the fact that
such a mismatch does not always predict
complete recovering of contractile function
because scar and viable myocardium may
coexist in such regions.

3. Regionally reduced 18F-deoxyglucose up-
take in proportion to regionally reduced
myocardial perfusion (perfusion-meta-
bolism match) suggests irreversibility
of contractile dysfunction (i.e., absence of
myocardial viability) (Fig. 1).

While evaluating the images for perfusion-
metabolism match or mismatch, an impor-
tant factor to remember is that relative FDG
uptake should be normalized to areas with
normal flow and not to segments with max-
imal FDG uptake. In addition, interpreta-
tion of F-18 FDG PET images and com-
parison with myocardial perfusion imaging
should be meticulous, taking into account both
technical and clinical factors.14,43,44

Technical sources of errors include, but are
not limited to patient motion, reconstruction
artifacts, and poor count density. Patient mo-
tion is easier to identify on SPECT, due to se-
quential nature of imaging, which allows easy
detection of vertical patient motion by evalua-
tion of projection images displayed in endless-
loop cine format. In contrast, due to simulta-
neous acquisitions of all projections in PET,
motion affects all projections similarly and is
therefore more difficult to identify. Due to the
relatively short half-life of the PET radiotrac-
ers, repeat imaging is not an option. In ad-
dition, motion correction algorithms for PET
imaging are not available yet. For all these
reasons, every effort should be made to avoid

patient motion. This can be achieved by ex-
plaining the procedure to the patient before-
hand, careful and comfortable positioning of
the patient, and rigorous monitoring of image
acquisition.

Reconstruction artifacts may occur if intense
extracardiac activity is present adjacent to
the myocardium. Due to physiological differ-
ences between F-18 FDG and Tc-99m-based
myocardial perfusion SPECT tracers, the re-
construction artifacts are less likely with F-18
FDG PET when compared to myocardial perfu-
sion SPECT. The likelihood of these artifacts is
further reduced if an iterative reconstruction
algorithm is used instead of filtered back
projection. Therefore, when using myocardial
perfusion SPECT imaging for comparison
with FDG PET, the interpreting physician
should be aware of technical and method-
ological differences between SPECT and
PET.

Poor count density may be due to physi-
ologic factors, such as poor myocardial uti-
lization of glucose, particularly in diabetic
patients or suboptimal patient preparation,
such as inadequate glucose loading or im-
proper timing of the FDG injection. Other fac-
tors affecting image statistics include body
habitus, radionuclide dose infiltration, acqui-
sition time, and scanner performance. Con-
sequently, meticulous attention to the tech-
nique is essential in obtaining good quality
images.

Limitations of FDG PET
Myocardial Imaging

Whereas diabetes is an important risk factor
in the development of coronary artery disease,
and for morbidity and mortality in patients
with coronary artery disease, diabetic patients
pose a significant challenge in obtaining good
quality FDG PET images. However, appropri-
ate control of plasma glucose levels and the
use of IV insulin provides good image quality
in majority of diabetic patients. Heterogeneous
FDG uptake in the myocardium may occur,
more commonly in the fasting state.43,44 Patient
groups studied in majority of reported series
include those with chronic coronary artery dis-
ease. It is not clear whether the concept of flow-
metabolism mismatch is as accurate in the set-
ting of acute myocardial infarction. However,
some publications emphasize the clinical use of
F-18 FDG cardiac PET in early postinfarction
patients.45,46
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Other Methods in the Assessment of
Myocardial Viability

Myocardial PET with Other Tracers

Various other positron emitters have been
studied for the assessment of myocardial vi-
ability.26,28,47–49 These include assessment of
residual blood flow with Rb-82, O-15 water
or N-13 ammonia; oxidative metabolism with
C-11 acetate or O-15 oxygen; and the in-
tegrity of membrane function with Rb-82. Due
to its high first pass extraction and metaboli-
cally inert characteristics, O-15 water is ideally
suited for blood flow measurement. However, as
with many short-lived isotopes, performance of
O-15 (half-life: 2 min) water PET requires an
on-site cyclotron. Additionally, the tracer is
present in both the cardiac chambers and the
myocardium, requiring subtraction of cardiac
blood pool for the accurate assessment. Unlike
O-15 water, N-13 ammonia localizes in the my-
ocardium and does not persist in cardiac blood
pool. This characteristic, combined with rela-
tively longer half-life of 10 minutes, allows bet-
ter quantitation of regional myocardial tracer
distribution. Rb-82 is also retained by the my-
ocardium. In addition, it is a potassium analog
and therefore, a marker of disrupted integrity
of the cell membrane. Even though its short
half-life (75 sec) would allow repeated stud-
ies, inadequate image counting statistics usu-
ally prevents such sequential imaging. In addi-
tion, positrons emitted from the Rb-92 nucleus
possess relatively higher energy, thereby trav-
eling longer distances before interacting with
electrons. This in turn compromises image res-
olution.

As an alternative to glucose metabolism as
an indicator of viability, C-11 acetate PET that
evaluates residual oxidative metabolism, has
been proposed as a marker of myocardial vi-
ability.50–52 Oxidative metabolism in dysfunc-
tional but viable myocardium was comparable
with that in normal myocardium, whereas ox-
idative metabolism, when compared to normal
myocardium, was reduced to 66% in irreversibly
dysfunctional segments.51 However, in a study
involving patients with recent myocardial in-
farction,53 there was no difference in oxidative
metabolism between myocardial segments hav-
ing a matched versus a mismatched pattern.
Also, a relatively short half-life (20 min) makes
availability of C-11 limited to the centers with
cyclotrons.

Myocardial SPECT With Tc-99m Cardiac
Flow Tracers

Theoretically, the volume of viable
myocardium and consequently the degree
of regional functional recovery should be di-
rectly related to resting myocardial perfusion.
Therefore, functional recovery should be pro-
portional to the amount of uptake of resting flow
tracers such as Tc-99m sestamibi in regions of
left ventricular dysfunction demonstrated by
gated perfusion SPECT, echocardiography, or
contrast ventriculography. Indeed, published
reports14,54–56 have demonstrated that regional
functional recovery following revascularization
increases in proportion to Tc-99m sestamibi
uptake. In those segments with >55% maximal
uptake the likelihood of functional recovery
is >70%. However, there are several draw-
backs to this approach. First, factors such as
normal physiological variations in tracer
distribution (e.g., decreased inferior count
density in men) confound this type of semi-
quantitative analysis. Secondly, in actual
clinical practice there are many segments
where viability is questioned in which relative
uptake falls between 50% and 60%, rendering
the results equivocal. Finally, and perhaps
most importantly, there are two different
conditions that may result in a mild-to-
moderate decrease in uptake of radionuclide
flow tracers: (i) chronically decreased blood
flow in hibernating, viable myocardium, and
also (ii) a nontransmural infarct supplied by
either a patent or occluded proximal coronary
vessel. Whereas revascularization will likely
be beneficial in the former situation, it will not
be likely to improve regional function in the
latter.

Because of these limitations of semiquanti-
tative analysis of a single SPECT image ac-
quired after the injection of a radionuclide flow
tracer, several investigators, particularly from
Italy,10,11 have used improvement in the re-
gional concentration of a flow tracer injected
after IV, oral, or sublingual nitrate adminis-
tration as a marker of viability. Tracer uptake
should increase in the distribution of hibernat-
ing myocardium supplied by a patent coronary
artery. Such enhancement in tracer uptake will
not be observed in the presence of baseline per-
fusion abnormalities due to attenuation arti-
fact, physiologic regional variations in tracer
distribution, or nontransmural myocardial in-
farction.
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Myocardial Viability With Tl-201

There are a number of studies evaluating
the accuracy of delayed thallium uptake in pre-
dicting functional recovery. More than half of
these studies employed rest-redistribution pro-
tocols wherein radionuclide imaging was per-
formed immediately after thallium-201 injec-
tion and again at a delayed interval.1,6,54,57

The mean sensitivity in predicting functional
recovery was 86%. However, specificity was
only 59%, indicating that in 41% of patients
with delayed thallium-201 uptake there was
no evidence of regional functional recovery fol-
lowing revascularization. However, it is now
known that in patients with hibernating my-
ocardium (in contradistinction to those with
only stunning), functional recovery may not oc-
cur until as long as 6 months after revascular-
ization. Many of these published studies per-
formed follow-up for only 3 months or less,
so actual specificity may have been underesti-
mated. Moreover, it is known that the proba-
bility of functional recovery increases with in-
creasing amounts of jeopardized myocardium.
Some studies failed to establish a threshold for
the degree of defect reversibility as a predic-
tor of recoverable function. Finally, we must
keep in mind that improved outcome and long-
term survival following revascularization may
not only be due to functional recovery but also
to the prevention of remodeling and arrhyth-
mogenesis afforded by revascularization. How-
ever, it has yet to be demonstrated that these
latter beneficial effects of revascularization can
be predicted by thallium-201 viability imag-
ing protocols. Marin-Neto et al.,57 in a study of
44 patients with chronic coronary artery dis-
ease and left ventricular dysfunction, compared
exercise thallium SPECT with 3- to 4-hour re-
distribution and reinjection imaging and PET
with F-18 FDG and O-15-water. In the subgroup
of patients with moderate-to-severe left ven-
tricular dysfunction, information regarding re-
gional myocardial viability provided by SPECT
and PET was similar. However, in patients with
severely reduced left ventricular function, there
was >20% discordance of regions manifesting
severe irreversible thallium defects. Because
4-hour defects often redistribute late, delayed
imaging may enhance assessment of tissue via-
bility. In a study comparing F-18 FDG PET and
24-hour Tl-201 SPECT, Brunken et al.58 found
viability as evidenced by glucose metabolic
activity on PET in the majority of fixed
24-hour Tl-201 defects. Patients with very se-

vere 24-hour Tl-201 defects were less likely to
exhibit metabolic activity on PET. Bonow et
al.59 performed stress-redistribution thallium
imaging followed by reinjection of Thallium at
rest and reacquisition of SPECT imaging. The
data were compared with F-18 FDG PET. In the
subgroup of segments with irreversible thal-
lium defects and mild or moderate reduction in
thallium activity, majority of the segments were
considered viable on the basis of PET. In con-
trast, FDG uptake was present in only 51% of
segments with severe reduction in irreversible
thallium defects. Although Tl-201 SPECT is a
widely available option for assessment of my-
ocardial viability, there are reports of signif-
icantly higher sensitivity of FDG PET when
compared to Tl-201 rest-redistribution imag-
ing.60,61

Dobutamine Stress Echocardiography

Dobutamine is a synthetic catecholamine, ca-
pable of augmenting myocardial contractility
at low doses and causing increased heart rate
and peripheral vasodilatation at higher doses.
Dobutamine-induced increases in heart rate,
LV ejection fraction, and mean arterial pres-
sure are accompanied by decrease in pulmonary
capillary wedge pressure and better contrac-
tility in the regions containing viable, jeopar-
dized myocardium.62 In these regions, there is
a biphasic response, low doses of dobutamine re-
sulting in better contractility but higher doses
resulting in impaired wall motion. In the eval-
uation of viable myocardium in patients un-
dergoing IV thrombolysis following acute ante-
rior wall myocardial infarction, Pierard et al.63

compared echocardiography before and during
dobutamine infusion with PET. Echocardiogra-
phy and PET were repeated at a mean inter-
val of 9 months. In both initial and follow-up
studies, concordant interpretation of the two
techniques was found in 79% of the affected
segments. They concluded that echocardiogra-
phy during dobutamine infusion is a promis-
ing method to unmask viable myocardium in
acute myocardial infarction. Early recovery of
perfusion in the area at risk was associated
with a good functional outcome, whereas a
high glucose to perfusion ratio suggested jeop-
ardized myocardium that frequently lost via-
bility. Contractile reserve can be assessed rela-
tively easily using standard echocardiographic
techniques. In 32 published studies correlat-
ing postrevascularization functional recovery
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Figure 1. Resting Rb-82 and FDG PET images demonstrate a large and severe apical/inferoapical defect.
This flow-metabolism match pattern is most consistent with myocardial scarring.

Figure 2. Resting Rb-82 PET perfusion images demonstrate apical, anterior, and septal defects. FDG PET
images demonstrate normal glucose metabolism in these segments. This flow-metabolism mismatch pattern
is suggestive of resting ischemia of viable, jeopardized myocardium.
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with contractile reserve demonstrated follow-
ing low-dose dobutamine infusion; the mean
sensitivity and specificity were 82% and 79%,
respectively.64 Of note, the reported “speci-
ficity” (no evidence of contractile reserve and
no subsequent evidence of functional recover
after revascularization) was higher than that
for either delayed thallium-201 uptake or F-
18 FDG uptake. However, this is not surpris-
ing since the endpoint of all of these studies
was functional recovery, and low-dose dobu-
tamine echocardiography specifically evaluates
functional improvement. It is yet to be deter-
mined if other important parameters such as
the prevention of ventricular remodeling and
the prevention of life-threatening arrhythmias
are better predicted by radionuclide or echocar-
diographic techniques. In addition, recent en-
hancements to echocardiography, such as echo
contrast, harmonic imaging, and power Doppler
imaging, all of which enhance endocardial bor-
der definition, may improve echocardiography’s
diagnostic accuracy in detecting contractile
reserve.

Due to various factors, including variations in
dobutamine protocols, differences in the patient
selection criteria, and the length of follow-up,
there is a wide reported range of predictive
accuracy for recovery of contractile dysfunc-
tion from 77% to 95%.62 A comparison analysis
showed higher specificity but a lower sensitiv-
ity of stress echocardiography for detection of
reversible contractile dysfunction.64

Role of MRI in the Assessment of
Myocardial Viability

The spatial resolution of magnetic resonance
imaging, particularly with regard to differ-
entiating subendocardial versus transmural
myocardial abnormalities, is far superior to
SPECT, PET, and echocardiography. MRI tech-
niques have been developed to detect myocar-
dial deformity or torque during ventricular con-
traction. Whereas regions of viable myocardium
will demonstrate deformity of “tagged” mag-
netic lines during systole, myocardial scars will
show no such deformity. A more recent and
technically less demanding MRI method to as-
sess myocardial viability is the phenomenon
of “delayed hyperenhancement.” Following MRI
contrast injection, T1- and T2-weighted images
will demonstrate decreased signal intensity
both in regions of myocardial scar and also in
areas of resting ischemia (i.e., hibernating my-
ocardium). However, in repeat, delayed images,

myocardial scars will accumulate contrast (de-
layed hyperenhancement) whereas resting is-
chemia will not. It has been demonstrated that
if less than 25% of the thickness of a myocardial
wall demonstrates delayed hyperenhancement,
wall motion will improve following revascular-
ization. In a study of 31 patients with ischemic
heart failure, Klein et al.65 compared MRI and
F-18 FDG PET. They concluded that MRI hyper-
enhancement as a marker of myocardial scar
closely agreed with PET data. However, MRI
seemed to identify scan tissue more frequently
than PET, reflecting the higher spatial reso-
lution. In a study of 35 patients with chronic
coronary artery disease, myocardial infarction
and regional akinesia or dyskinesia, Baer et
al.66 compared rest/dobutamine MRI and FDG-
PET and found that dobutamine-induced wall
thickening was a better predictor of residual
metabolic activity than end-diastolic wall thick-
ness at rest. However, when viability was de-
fined as the presence of at least one MRI pa-
rameter, improved sensitivity without a major
decrease of specificity, or positive predictive ac-
curacy. In a recent study, Kuhl et al.67 compared
FDG PET, Tc-99m tetrofosmin SPECT, and
contrast-enhanced MRI (ceMRI) for assessment
of nonviable myocardium in 26 patients with
chronic coronary artery disease and left ven-
tricular dysfunction. Segmental glucose uptake
on PET was inversely correlated (r = −0.86, P
< 0.001) to segmental extent of hyperenhance-
ment (SEH) on MRI. Using SEH threshold of
37%, sensitivity and specificity of ceMRI to de-
tect nonviable myocardium as defined by PET
were 96% and 84%, respectively.

Predictive and Prognostic Value of F-18
FDG PET

Tillisch et al.18 (Table I) evaluated 17 pa-
tients with 73 dysfunctional myocardial seg-
ments. Sixty-seven of these regions were revas-
cularized adequately. AT 3-month follow-up,
there was improvement of wall motion in
85% of segments with normal flow and glu-
cose metabolism or with flow-metabolism mis-
matches. In contrast, only 8% of segments with
flow-metabolism matched defects showed func-
tional improvement. The positive predictive
value of preserved F-18 FDG uptake in pre-
dicting functional recovery was 85%, and the
negative predictive value was 92%. The pre-
dictive value of F-18 FDG PET is related to
the extent of mismatches and the severity of
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TABLE I

Diagnostic Accuracy of Positron Emission Tomography Blood Flow-18F-2-Deoxyglucose Studies for Recovery of Regional
Left Ventricular Dysfunction

Number segments with WMA

Number Number
Authors of patients segments Improved Not Improved Sensitivity Specificity PPV NPV Accuracy

Tillisch18 17 67 41 26 95 80 85 93 88
Tamaki19 22 48 23 23 78 78 78 78 78
Tamaki74 11 58 50 6 100 38 80 100 82
Marwick75 16 85 35 50 71 78 88 79 74
Lucignani41 14 54 38 15 82 88 95 80 91
Carrel76 21 23 19 4 85 50 84 75 83
Gropier51,52 34 118 73 43 83 50 52 81 63
Knuuti77 48 90 87 13 88 79 84 84 84
Tamaki78 43 130 59 71 88 82 76 92 85
Maes79 20 20 12 8 80 80 67 75 70
Gerber80 39 39 24 15 75 67 78 67 71

WMA = wall motion abnormalities prior to coronary revascularization; PPV = positive predictive value; NPV = negative
predictive value.
Reproduced with permission from Vasken Dilsizian, M.D.81

the left ventricular dysfunction prior to revas-
cularization.18,19,68 In patients with a perfu-
sion/metabolism mismatch involving only one
myocardial segment, the left ventricular ejec-
tion fraction remained unchanged. In patients
with mismatches involving two or more my-
ocardial segments, LVEF increased signifi-
cantly.18,19 The predictive accuracy of F-18 FDG
cardiac PET is also related to the severity of the
left ventricular dysfunction prior to revascular-
ization.68 It was higher in patients with severe
as opposed to mild hypokinesis. The predictive
value was highest in segments with akinesis.

There are a number of studies evaluat-
ing the prognostic value of F-18 FDG cardiac

TABLE II

Cardiac Events Rates in Studies Addressing Prognostic Value of Pet Blood Flow-Metabolism Imaging

PET viable PET nonviable

Number Medical Medical
of Age LVEF Follow-up Revascularized treatment Revascularized treatment

Authors patients (year) (%) (months) (%) (%) (%) (%)

Di Carli69 93 65 ± 4 25 ± 6 13 ± 6 3/26 (11.5) 7/17 (41.2) 1/17 (5.9) 3/33 (9.1)
Eitzman20 82 59 ± 10 35 ± 14 12 3/26 (11.5) 9/18 (50) 1/14 (7) 3/24 (12.5)
Lee21 129 68 ± 12 35 ± 15 17 ± 9 8/49 (16.3) 13/21 (61) 2/19 (10.5) 7/40 (17.5)

Total 304 14/101 (10.1), P = 0.014 29/56 (52), P = 0.042 4/50 (8) 13/97 (13.4)

PET = positron emission tomography; LVEF = left ventricular ejection fraction.
Reproduced with permission from Vasken Dilsizian, M.D.81

PET20–23,69 (Table II) with regard to future
cardiac events. In patients with prior myocar-
dial infarction but stable coronary artery dis-
ease, FDG uptake was shown to be the most
important independent predictor of future car-
diac events.22 Other studies have shown flow-
metabolism mismatch as an indicator of car-
diac death.20,69 Di Carli et al.23 have shown a
correlation between the extent of mismatches
and subsequent improvement in cardiac failure
symptoms.

With respect to the perioperative course of pa-
tients following coronary artery bypass surgery,
two investigations reviewed outcomes based
on conventional selection criteria with and
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without the blood flow-metabolism mismatch
information.70,71 Among 317 patients with coro-
nary ischemia and left ventricular dysfunc-
tion, conventional criteria (left ventricular ejec-
tion fraction >20%, suitable coronary anatomy
for bypass grafting, and lack of significant co-
morbidities) were applied in the subgroup of
122 patients undergoing coronary artery bypass
surgery. In the second subgroup of 195 patients,
the presence of a blood flow-metabolism mis-
match was considered a prerequisite. In this
subgroup, 145 patients showed a mismatch pat-
tern and subsequently underwent bypass graft-
ing. This subgroup showed fewer preoperative
complications, including the need for intraaor-
tic balloon pump and inotropic support. The 30-
day mortality rate in the latter subgroup was
only 0.01%, in sharp contrast to the rate of
17.2% in conventional criteria subgroup.

Several studies have established a strong re-
lationship between blood flow-metabolism mis-
matches and subsequent development of my-
ocardial infraction or cardiac death. In these
long-term studies, the combined data reveal
that when there was presence of blood flow-
metabolism mismatch, there was an average of
24% incidence of cardiac death in 1–2 years.72

When mismatch was absent, this rate dropped
to 10% during the same period. These results
make a strong argument for the value of blood
flow-metabolism mismatch in prognostication
as well as in selection of patients likely to ben-
efit from coronary artery bypass surgery. In the
patients selected on the basis of blood flow-
metabolism mismatch, 1-year and 5-year sur-
vival is reported to be as high as 70–80%. In
contrast, when patients were managed conser-
vatively despite the mismatch, the survival was
only 40–50%. In addition, relief of ischemia, as
documented by preoperative flow-metabolism
mismatch, improves symptoms of congestive
heart failure and improves quality of life. How-
ever, one investigation reported similar 5-year
survival rates achieved in patients with is-
chemic cardiomyopathy, irrespective of pres-
ence of absence of flow-metabolism mismatch,73

questioning the value of cardiac FDG PET in
this setting.
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