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This is the second in a series of four continuing education
articles on positron emission tomography (PET) imaging.
After reviewing this article the reader should be able to: (1)
understand the clinical considerations for PET imaging of
the heart; (2) understand the technical considerations for
PET imaging of the heart; and (3) be familiar with the
agents used in PET imaging of the heart.

Cardiovascular imaging has traditionally relied on two broad
categories of modalities to obtain information about the heart.
Functional imaging, which provides information about car-
diac function and left ventricular wall motion, is a category
that includes contrast angiography, echocardiography, radio-
nuclide angiography and more recently, magnetic resonance
imaging (MRI) and ultrafast computed tomography (CT).
The second broad category is physiologic imaging, including
thallium-201 (*°'T1) scintigraphy to assess myocardial perfu-
sion and echocardiography which can provide hemodynamic
information noninvasively. Positron emission tomography
(PET) is an investigational imaging technique which can
provide physiologic and metabolic information noninvasively
and may ultimately become an important clinical tool. Prior
work has shown that myocardial metabolism, quantitative
and qualitative determinations of coronary artery blood flow,
myocardial adrenergic innervation and other physiologic pa-
rameters can be assessed with PET. The present uses of PET
in cardiology as well as its future utility will be reviewed in
this article (see Table 1).

CLINICAL CONSIDERATIONS

At the present time PET is primarily a research tool, though
several institutions are using this imaging modality for clinical
purposes. Specific types of studies, which will be detailed
subsequently, include noninvasive assessment of coronary
blood flow, myocardial viability and perturbations in myo-
cardial adrenergic innervation. Coronary artery disease, which
is the major killer in the United States, results in marked
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limitations in regional coronary blood flow. This can, in turn,
cause significant myocardial ischemia or myocardial infarc-
tion. Determination of degree of reversible or ischemic myo-
cardial dysfunction, as well as extent of limitation of coronary
blood flow in patients with coronary disease can be assessed
noninvasively using PET. Therefore, PET plays an important
role in cardiovascular research and, ultimately, may play a
similar role in clinical care in patients with coronary artery
disease. Newer imaging modalities such as those available for
measuring myocardial adrenergic innervation may extend the
utility of PET to other groups of patients with cardiovascular
disease, such as cardiomyopathy or arrhythmias.

TECHNICAL CONSIDERATIONS

The general technical considerations that apply to PET are
reviewed in another article in this series; here we highlight
those considerations particular to cardiac PET imaging. Ex-
cellent overviews of general PET technical considerations are
given (I-4).

Patient Positioning

Tomographs designed for body imaging typically have pa- -
tient openings of 50-65 cm (5) in diameter to assure that all
but the largest patients’ bodies will fit in the tomograph. The
size of the patient part is limited by the need to shield the
patient opening (using lead plates) from radiation arising from
the patient’s body outside the field of view (6-8). Since most
cardiac agents widely distribute in the body, the patient open-
ing must be shielded from both the front and the back. This
consideration is taken into account by most tomograph de-
signers.

Because the bones in arms strongly attenuate the annihila-
tion photons, if possible, the arms should be placed outside
the patient port during imaging. It is therefore important that
distance between the outside of the scanner and the active
patient port be minimized so that the patient may comfortably
place his arms outside of the tomograph; otherwise, the patient
is forced to hold his arms in an uncomfortable position above
his head during the entire scan. For tomographs with sufficient
travel in the patient bed, a “feet-first” position provides com-
fort for the patient, as well as easy access for physicians and
technologists in the event of an emergency.
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Exercise Studies

Many cardiac imaging protocols require a comparison of
images acquired with the patient in the resting state and
exercise state, analogus to the stress-redistribution studies
using 2°'T1 (9). In PET imaging, the transfer of patients from
treadmill onto the patient bed and then into the tomograph
with proper positioning can be difficult, and is, in fact, nearly
impossible for short-lived isotopes such as rubidium-82 (3Rb)
and H,'"°0. A bicycle ergometer peddled by a patient lying in
the tomograph is preferable in this case. Many centers using
short-lived isotopes will perform rest-dipyridamole studies
rather than exercise the patient. In these studies, the resting
study is taken first, followed by the injection of dipyridamole
and a second study in which dipyridamole induces coronary
vasodilation, simulating blood flow during exercise. With
short-lived isotopes such as 75-sec half-life ®Rb, the entire
rest-stress or rest-dipyridamole study can be performed within
30-45 min.

Cardiac Orientation and Re-slicing

The left ventricle can be approximated by an ellipsoid
whose long axis lies oblique to the principle-body axes. In
single-photon emission computed tomography (SPECT) im-
aging, it has become customary to analyze cardiac images
using image planes that are perpendicular to the left ventric-
ular long axis or “short axis” views (5,/0). Each series of
short-axis views can be analyzed quantitatively using circum-
ferential-profile analysis and can also be represented sche-
matically in the form of a “bull’s-eye” plot (5).

In PET, unlike SPECT, it has been the convention to design
tomographs such that their axial sampling (i.e., slice thickness)
is considerably more coarse than their sampling within each
slice (i.e., pixel size) (2,11). To obtain short-axis images, these
tomographs must either use a combination of gantry tilt and
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FIG. 1. Demonstration of re-slicing into car-
diac short axis views. Transverse, coronal
and sagittal views are shown on the top line
with the base-to-apex axis drawn on each
image (lines and pointer). This information is
used to determine the cardiac short-axis, and
a short-axis view (lower left) is generated
from the three-dimensional image data. The
illustration in the lower right helps the user
identify the three-dimensional orientation of
the re-sliced image. (Photo courtesy Univer-
sity of Pennsylvania Nuclear Medicine Phys-
ics and Instrument Group and UGM Medical
Systems.)

patient bed angulation to align the patient’s cardiac long-axis
to be perpendicular to the scanning planes or mathematically
interpolate between the slices (3). Recently, tomographs with
finer axial slicing have been developed (12,13), in which case
short-axis views can be generated using oblique angle re-
slicing software, as in cardiac SPECT. An example of re-sliced
cardiac PET images is shown in Figure 1.

Count Rate Capability

Although many cardiac scans are performed at moderate
activity levels, some types of scans require high activity levels,
forcing the tomographs to operate at considerably higher
count rates than normally experienced. This occurs primarily
in two settings:

1. For short-lived isotopes such as #2Rb, high initial activity
levels are required in order to assure that sufficient image
counts will be acquired (/4). In addition, certain imaging
protocols require that the myocardial image be taken in
a relatively short period (i.e., a myocardial “snapshot™)
in order to assure quantitative accuracy (15,16).

2. Certain quantitative imaging protocols, such as the
measurement of myocardial blood flow using H,'*O,
require a knowledge of the arterial as well as myocardial
tracer concentration. The concentration of tracer in the
arterial blood is known as the “arterial input function,”
(17,18) which in myocardial imaging can be measured
from a dynamic series of images of the ventricular cavity
taken immediately following injection. Because all of
the injected isotope passes through the ventricle at nearly
the same time, even modest bolus injections of tracer
result in activity levels in the tomograph which far
exceed the levels encountered in other types of PET
imaging.
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At high count rates, PET images tend to be degraded by
the following three effects:

1. All PET systems take a finite amount of time to detect
and record events, during which time additional events
will not be able to be detected or recorded. This effect is
known as “dead-time,” and it results in a loss of data at
high count rates (19).

2. In some detection systems, especially those using crystal-
to-photomultiplier encoding schemes, detector perform-
ance degrades with count rate, (20-22) resulting in
image distortions and/or losses in spatial resolution.

3. At high data rates, unrelated photons (i.e., not from the
same annihilation) occur closely spaced enough in time
to appear to be coincidences. These events are termed
“random or accidental coincidences,” and they degrade
image contrast and increase image noise (23). Random
coincidence correction schemes can recover the loss of
contrast but cannot eliminate the noise added by ran-
dom coincidences (23).

Although different tomographs differ in their ability to
handle high data rates, in general, image quality is poorer and
quantitative accuracy less reliable in high count rate images
in comparison to studies taken at more modest count rates.
In the selection of imaging protocols, this fact must be weighed
against the convenience and unique physiologic properties
offered by certain short-lived isotopes such as Rb and 0.

Quantitative Imaging Considerations

In the analysis of cardiac PET images, a number of potential
quantitative errors must be considered. This is especially true
in the case of those studies aimed at reporting physiologic
properties in absolute units; i.e., ml/min/g tissue as in the
case of blood flow. The body stops many annihilation photons
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FIG. 2. Re-sliced cardiac PET scan images
showing the short-axis views.

on their way to the detectors; therefore, any quantitative
imaging protocol must take attenuation into account in order
to deduce the tracer concentration in internal organs accu-
rately (4). The assumption of uniform body attenuation, often
applied in emission computed tomography, is a poor one in
the thorax, where lungs, muscle, ribs and spine result in
considerably inhomogeneous attenuation on the body (24).
The most accepted technique for attenuation correction is to
perform a short transmission scan prior to imaging using an
external radioactive source (/9). Recently, investigators have
demonstrated that it is possible to acquire these scans after
the injection of tracer, or even simultaneously with the ac-
quisition of the emission scan saving considerable time in the
imaging protocol.

Many of the annihilation photons that interact with the
body will scatter by the Compton effect (19). If one of these
scattered photons is detected in coincidence with its opposing
annihilation photon, the tomograph will record errant infor-
mation about the location where positron emission occurred.
The resulting background counts from these “scattered coin-
cidences” cause quantitative inaccuracies. Scatter must there-
fore be limited either through the use of inter-plane scatter
septa (8) or energy thresholding (7). Many investigators im-
plement scatter correction schemes as well (24).

One additional quantitative consideration is that PET tom-
ographs have a finite ability to spatially resolve the myocar-
dium and the ventricular cavities (25). This is especially true
considering that the myocardium and chambers are con-
stantly moving throughout image acquisition. The result is
that some of the activity in the myocardium can be placed
into the ventricular cavity and vice-versa by the imaging
process. This process is termed “spillover” and must be cor-
rected for in those quantitative imaging protocols in which
activity is present to any great extent in both the blood pool
and the myocardium; for example, in the estimation of the
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arterial input concentration from ventricular activity during
the period immediately following injection (/7,18). Systolic/
diastolic gating to tomographically “freeze” the cardiac mo-
tion may be helpful in minimizing spillover.

SPECIFIC TYPES OF PET IMAGING STUDIES

A list of the physiological parameters measured by cardiac
PET is given in Table 1, along with the isotopes commonly
used in each type of study. Detailed descriptions of each class
of study is given below.

Myocardial Blood Fiow

One of the principal contributions of nuclear medicine to
cardiac diagnostics has been the ability to measure regional
myocardial blood flow. Unlike other cardiac diagnostic tech-
niques, nuclear tracer methods measure flow at the tissue
level, thus the term myocardial “perfusion” studies. Cardiac
PET offers an array of cardiac flow tracers which have a
number of advantages over single-photon flow agents, includ-
ing the following (/4,16,26-30).

1. Improved image quality and detection of small abnor-
malities of blood flow.

2. Improved quantitation of blood flow.

3. Reduced sensitivity to artifacts from the attenuation of
overlying tissue, such as the diaphragm or the breast.

4. More convenient rest/stress imaging protocols with
shorter imaging times.

The various available agents all have one or more of the
attractive properties listed above; however, unfortunately, no
single agent combines all these features in an optimal way.
The choice of flow agent depends upon the availability of an
on-site cyclotron and the need for absolute quantification of
blood flow. The properties of the different types of flow agents
are discussed in this section along with a brief discussion of
tracer physiology. Although many PET cardiac flow tracers
have been investigated, we will concentrate on the most

TABLE 1. Physiological Parameters Measured by
Cardiac PET and Associated Isotopes

Blood Flow
Myocardial perfusion 82Rb*, *NHy, ®2Cu-PTSM,
H2150

Blood-Pool imaging Ci50, ®Ga-transferrin

Metabolism
Glucose '®F-fluorodeoxyglucose,
"'C-deoxyglucose
Fatty acid "'C-palmitate and other
""C-fatty acids
Oxidative "'C-acetate
Other
Pre-synaptic adrenergic '8F-metaraminol,
innervation "'C-hydroxyephedrine

'8F-misonidazole or
'8F-fluorodeoxyglucose
+ flow agent

CGP—12177

Tissue viability

p-receptors
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frequently used tracers from three classes of compounds: (a)
the potassium (K*) analogs, (b) the freely diffusible inert
tracers, and (c) a recently developed microsphere-like agent.
A list of compounds discussed, along with their pertinent
properties, is given in Table 2.

Potassium Analogs. An important class of flow agents is
the set of cationic tracers which are taken up by the myocar-
dium in analogy to potassium, via different ion transport
mechanisms (3/-35). The single-photon agent, *°'T}, falls
into this category (31,32). These tracers are partially extracted
by the myocardium, rapidly cleared from the blood pool after
injection and retained by the myocardium for a sufficiently
long time to permit imaging. To obtain an absolute measure
of blood flow, one needs to know the myocardial tissue
concentration, obtained from the myocardial PET image, as
well as the arterial concentration, which can be obtained from
the infusion-phase ventricular image. Alternatively, relative
blood flow can be obtained simply from the myocardial tracer
image alone since the arterial input concentration is the equal
for all myocardial tissue. Unfortunately, reliable absolute
quantitation using the potassium analogs requires a knowl-
edge of the percentage of the tracer taken up by the myocar-
dium or “extraction fraction”, which can vary with flow,
falling off at high flow extremes and under conditions of
ischemia (31,32,36-40). Although attempts have been made
to quantify the extraction fraction as part of the imaging
protocol (/4), the variability of the extraction fraction makes
absolute quantification of myocardial blood flow using potas-
sium analogs difficult. As the multitude of **' Tl users will
attest, however, this does not diminish the clinical utility of
the potassium analogs. In fact, the reduction of extraction
with ischemia helps to highlight defects in myocardial perfu-
sion that may require therapeutic intervention.

The two most commonly used PET Potassium-analogs are
82Rb* and '*NH3, where the latter exists in the blood predom-
inantly as *NH.*. Of the two, **Rb has the advantage in that
it is generator-produced, enabling cardiac PET flow imaging
without an on-site cyclotron. It would also, therefore, be
available on an urgent basis without 24-hr staffing of an on-
site isotope production facility. Its short half-life (78 sec)
makes back-to-back rest and stress studies feasible; however,
because of limited imaging time, the stress state is best accom-
plished using dipyridamole rather than exercise (27,28,41-
49). To its disadvantage, the relatively high count rates ex-
perienced in **Rb imaging, together with its relatively long
positron range (distance from emission to annihilation), result
in slightly lower image quality in comparison to images
obtained using tracers such as '*’NHj; and fluorine- 18-deoxy-
glucose ("*FDG).

An alternative to **Rb is the tracer, *NHj, which is trans-
ported into the myocardium largely as '*NH4* (29,30,39,
40,50-52). Its fate once inside myocardial cells is not com-
pletely understood; however, it is postulated that at least some
of the tracer is trapped metabolically as amine groups on
intracellular compounds (39,40), making its extraction frac-
tion potentially dependent on the metabolic state of the
myocardium. Its 10-min half-life makes it possible to take
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TABLE 2. Properties of Selected PET Flow Tracers

Tracer Half-life Production Uptake Mechanism Typical Dose
82Rb* 78 sec Rb/Sr generator Potassium analog 30-50 mCi
(T+. = 25 days)
"*NH3 10 min Cyclotron Potassium analog 10-20 mCi
H,'*0 2 min Cyclotron Freely diffusible tracer 30-50 mCi
82Cu-PTSM 10 min Cu/Zn generator “Chemical microsphere” 10 mCi
Cc®0 2 min Cyclotron (T, = 9 hr) Blood-pool agent 30-50 mCi

images at lower count rates than with 32Rb; however, since it
is a cyclotron-produced compound, '*NH3, must be produced
on-site, as its half-life precludes delivery from a regional
isotope production facility.

Freely diffusible inert tracers. A second class of flow tracers
enters and exits the myocardium freely by passive diffusion;
thus, tracer concentration equilibrates rapidly between blood
and tissue. The measurement of blood flow using this class of
tracers is based upon the model originally used to measure
regional cerebral blood flow (15). Tracer is taken up by the
myocardium depending upon flow and the relative affinity of
the tracer for myocardial tissue versus blood, A, the partition
coefficient. Unlike the extraction fraction, known as the par-
tition coefficient is a function only of the chemical properties
of the blood and tissue and is not dependent upon flow or
metabolic status.

In practical imaging using freely diffusible tracers, it is
desirable to measure blood flow using a nearly instantaneous
or bolus injection of isotope followed by a short imaging
period at the time the tracer reaches the myocardium. This
bolus technique has been shown to be advantageous with
respect to its accurate quantitation of blood flow; however, it
results in the need to count at high rates (/5,16,53). Further-
more, one must obtain tomographic images at a time when
the tracer is present both in the ventricle and the myocardium,
with resulting spillover in image counts. One technique for
handling the problem is to obtain a corresponding blood-pool
image using an agent such as C'*O (76,54,55). If both the
blood-pool and perfusion scans are performed with similar
activity levels, then the blood-pool image can be subtracted
from the perfusion image to yield an image of the myocar-
dium (see Figure 3). Alternate techniques which use the time-
varying nature of the freely diffusible tracer distribution to
separate blood-pool activity from myocardial activity are
being investigated (55-57).

The agent of choice among freely diffusible tracers is H,'*O.
Water is an inert, stable substance that easily moves through-
out all tissues. The short-half life of '*O (~2 min) requires not
only an on-site cyclotron but also special isotope delivery
systems to assure prompt transport of the isotope from the
cyclotron to the imaging facility. The tracer is usually admin-
istered as an i.v. bolus; frequently preceded by an inhalation
of C*O to delineate the blood pool (15,55). Like *Rb, the
short half-life of H.'*O allows back-to-back studies; however,
unlike #?Rb, the constancy of the tissue-blood partition coef-
ficient for water eliminates the variability of extraction and
avoids systematic errors in the calculation of absolute blood
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flow (16,55). Unfortunately, short imaging times with high
count rates and the need to subtract two separate studies result
in myocardial images that are usually inferior in quality to
those obtained using the potassium-analog tracers. The recent
development of low-cost oxygen-only accelerators has spurred
interest in the use of H,'’O as a clinical flow tracer, and
techniques for measuring myocardial blood flow other than
bolus injection have been investigated (57). Currently, how-
ever, most clinical studies are performed using 8?Rb or '*NHs,
with H,'°O reserved for those institutions undertaking re-
search in which more rigorously quantitative measures of
regional myocardial blood flow are necessary.

¢. Microsphere-like agents. The “gold standard” in experi-
mental measurements of organ blood flow has been the use
of radiolabeled microspheres (58). The ideal microspheres
have the following properties:

1. They are 100% extracted from the blood-pool on the
first pass through the capillary bed.

2. They are retained in the capillary bed without washout
for a period of time sufficient to permit the measurement
of their distribution.

Given this set of properties, the blood flow is readily cal-
culated from the tissue concentration and the arterial input
concentration of microspheres.

Unfortunately, although PET-labeled microspheres have
been shown to represent myocardial blood flow accurately,
(58) the action of blocking a fraction of the capillaries in the
myocardium, especially in patients who frequently already
have compromised myocardial blood flow, makes positron-
emitting microspheres somewhat untenable. Recently, Green
et al. (59) have shown that the copper-labeled compound
copper(Il)pyruvaldehyde  bis(N*-methylthiosemicarbazone)
(Cu-PTSM) behaves like a “chemical microsphere” in that it
is retained in a stable manner for a long period of time.
Labeled with the positron emitter 2Cu, available from a Cu/
Zn generator (parent half-life = 9 hr), “*Cu-PTSM could be
made available on a regional basis, even to those institutions
without cyclotrons (60,61). While early experiments with this
compound are promising (62), more work is needed to fully
characterize its properties as a myocardial flow tracer.

Myocardial Metabolism

The distinction between viable but functionally impaired
myocardium is important in the management of patients with
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FIG. 3. Tomograms of H,O' flow study from a normal subject (A) and from a patient with a significant occlusion of the LAD coronary artery
(B). Both images are before (left) and after (right) administration of dipyridamole. (Photographs provided courtesy of Drs. M. N. Walsh and S.

R. Bergmann, Cardiovascular Division, Washington University, St. Louis.)

ischemic heart disease in whom coronary revascularization
procedures are being considered. Myocardial metabolic activ-
ity is an essential feature of myocardial viability. The presence
of active metabolism in regions of myocardium supplied by
occluded or stenosed coronary arteries provides evidence of
jeopardized ischemic myocardium. At present, only indirect
information regarding myocardial viability can be obtained
by using coronary artery flow tracers such as *°' Tl or assess-
ments of regional left ventricular wall motion. Metabolic
imaging using PET provides a unique approach for the iden-
tification of viable myocardium. Prior studies in both animals
and human subjects have demonstrated the utility of PET
with '¥F-2-deoxyglucose and ''C-acetate for assessing myocar-
dial metabolic activity in vivo.

Limitations of Thallium-201 Myocardial Scintigraphy. At
present, 2°' Tl scintigraphy is the most frequently used imaging
technique for the clinical assessment of myocardial viability
(63,64). However, ' T} perfusion scans provide only an in-
direct assessment of myocardial viability. Patients are evalu-
ated with thallium imaging obtained immediately after exer-
cise and three hours later, while at rest. Perfusion defects seen
with exercise which disappear 3-4 hr later are felt to be
indicative of ischemia and suggest the presence of viable
myocardium. Fixed perfusion defects seen both after exercise
and three hours later are generally classified as infarctions or
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scars (65,66). This term implies the absence of viable myo-
cardium. However, such images are frequently observed in
the absence of a prior history or clinical or electrocardi-
ographic evidence of myocardial infarction. In fact, repeat
thallium imaging obtained 18-72 hr after exercise, or after re-
injection, may show partial redistribution of thallium in these
defects, indicating the presence of viable myocardium. In a
study by Kiat et al., 64% of segments with persistent SPECT
thallium defects at four hours exhibited redistribution 18-72
hr later (68). They reported that 95% of segments with late
reversibility showed an improved thallium perfusion pattern
after coronary revascularization, while only 37% of the seg-
ments with late, nonreversible defects demonstrated an im-
provement (67). The presence of late thallium redistribution
indicates that although there is severely diminished coronary
blood flow, viable myocardium is present. Thallium-201 im-
aging thus overestimates the extent of scar tissue. Recent
quantitative planar thallium scintigraphic studies by Gibson
et al. have shown that up to 43% of myocardial segments
with persistent thallium defects exhibited normal perfusion
pattern and normal thallium kinetics after coronary revascu-
larization (68). Thus, these observations highlight the limita-
tions of the 4-hr nonreversible *°'Tl defect as a marker of
nonviable myocardium. Cardiac PET provides a more direct
assessment of myocardial metabolism as well as a method of
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determining the presence of viable myocardium in regions
with fixed or partially reversible perfusion defects (69).

Mpyocardial Metabolic Imaging. Myocardial metabolic im-
aging can be performed using one of several tracers. The three
most commonly used tracers are: (1) '3F-2-deoxyglucose
(FDG) (half-life 109.7 min), which reflects exogenous glucose
metabolism; (2) ''C-acetate (half-life 20.4 min), which meas-
ures myocardial oxidative metabolism; and (3) ''C-palmitate
(half-life 20.4 min.) which traces mitochondrial fatty acid
oxidation.

Flourine-18-2-Deoxyglucose. Fluorodeoxyglucose (FDG) is
a biochemical marker for the initial step of glycolysis. It is
transported from the blood into the myocardium in propor-
tion to plasma glucose and then competes with glucose for
the enzyme hexokinase. The phosphorylated tracer, FDG-6-
phosphate, becomes trapped in myocardial cells for three
reasons:

1. Cell membranes are impermeable to FDG.

2. Unlike glucose-6-phosphate; FDG is a poor substrate for
glycogen synthesis, glycolysis and the pentose phosphate
shunt.

3. Dephosphorylation of FDG is slow.

In aerobic myocardium, free fatty acids are the predomi-
nant fuel source; in ischemic myocardium, glucose becomes
a more important substrate due to a shift toward anaerobic
glycolysis (70). Marshall et al. have demonstrated that the
ratio of FDG trapped in myocardium relative to unlabeled
glucose does not vary in either low flow or demand-induced
ischemia (71). Delineation of myocardial perfusion and me-
tabolism allows the differentiation of viable myocardium from
scar tissue. Myocardial perfusion assessed by °'Tl with
SPECT, or '*N-ammonia or ¥Rb with PET is decreased in
both scar tissue and viable, “hibernating” myocardium. Glu-
cose metabolism is present in viable myocardium yet is absent
in scar tissue. The concordance of both decreased blood flow
and absent FDG uptake in infarcted, nonviable segments
generates a pattern called “blood flow-metabolism match”
whereas the dissociation between perfusion and FDG uptake
seen in viable but compromised myocardium is referred to as
“blood-flow-metabolism mismatch” (70,72) (Figs. 4A and
4B). Brunken et al. have shown persistence of metabolic
activity in the majority of myocardial segments with fixed or
partially reversible stress thallium defects using PET with '*F-
2-deoxyglucose, implying that flow tracers alone underesti-
mate the extent of viable tissue in hypoperfused myocardial
segments (7,11). Of 51 myocardial segments with planar stress
thallium defects in 12 patients, myocardial glucose utilization
was identified in 21 of 36 (58%) segments with fixed defects
and 7 out of 11 (64%) segments with partiaily reversible
defects. The magnitude of the thallium defect and the appar-
ent improvement of the defect four hours after exercise did
not differentiate ischemic from infarcted segments. In a sep-
arate study of 142 segments analyzed using SPECT, 101 had
fixed defects, 31 had partially reversible defects and 10 had
completely reversible defects. FDG uptake was observed in
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FIG. 4. Demonstration of myocardial viability using metabolic PET
Imaging. Short-axis views of 2°'Tl perfusion image (A) and '®FDG
glucose metabolic image (B) in a patient with a previous myocardial
infarction. FDG image shows glucose metabolism where perfusion is
absent on both the stress and 4-hr delayed images. This pattern is
known as a perfusion-metabolism mismatch and indicates compro-
mised, but viable, myocardium.

47 (46.5%) of the 101 segments with fixed defects, in 20
(64.5%) of the 31 segments with partially reversible defects
and in 5 (50%) of the 10 segments with completely reversible
defects. The other five segments with completely reversible
defects exhibited ischemia on PET. Their data suggest that
reliance on SPECT thallium scintigraphic data alone would
result in underestimation of the extent of viable tissue in
nearly half of myocardial segments with fixed defects and
overestimation of the extent of jeopardized tissue in one-third
of myocardial segments with partially reversible thallium
defects.

Schelbert and co-workers have demonstrated the unrelia-
bility of commonly used clinical tests in distinguishing viable
from infarcted myocardium (74). These investigators have
electrocardiographically demonstrated the presence of persist-
ent tissue metabolism, assessed by metabolic imaging with
FDG, in a high proportion (54%) of myocardial regions with
evidence of chronic Q-wave infarction. Their findings indicate
that infarcted regions, defined by conventional methods, still

75



NEURONAL
DISTRIBUTION

BLOOD FLOW

LEVEL 2

UNIVERSITY OF MICHIGAN

FIG. 5. Imaging the adrenergic innervation of the heart using *°F-
metaraminol. Transverse myocardial images of perfusion using "*NH,
(right) and adrenergic innervation using '®F-metaraminol (left) on a
dog whose cardiac innervation has been damaged by the application
of phenol. The unmatched defect in the metaraminol image demon-
strates that the adrenergic nervous system is no longer functioning
in a region where innervation was interrupted but where perfusion
was not. (Photo courtesy of Drs. Wieland and Hutchins, Division of
Nuclear Medicine, University of Michigan.)

have viable tissue that may recover function following revas-
cularization. Schwaiger et al. have shown that PET demon-
strates a high incidence of residual tissue viability in ventric-
ular segments with diminished flow and impaired function
during the subacute phase of myocardial infarction (75). PET
is more suitable for determining size of an infarct and differ-
entiates functionally impaired but viable from irreversibly
injured necrotic myocardium,

Tillisch et al. have shown that cardiac PET imaging, with
*N-NH; to assess coronary blood flow and "*FDG to assess
metabolic viability, is an accurate method of predicting po-
tential reversibility of wall-motion abnormalities after surgical
revascularization (72). They used PET to predict improve-
ment in left ventricular wall motion abnormalities preopera-
tively in 17 patients who underwent coronary-artery bypass
surgery. FDG imaging with PET demonstrated a 92% predic-
tive value for improvement in myocardial wall motion follow-
ing surgical revascularization (76). Other investigators have
also shown that preoperative metabolic FDG imaging using
PET is useful for predicting the response to coronary artery
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bypass graft surgery (CABG) (77). Thus, hypoperfused, dys-
functional myocardial segments (referred by some investiga-
tors as “stunned myocardium”), with increased uptake of
FDG, are still viable and may recover contractile function
when coronary blood flow is restored.

Metabolic imaging is also useful to assess the extent of
viable myocardial tissue in patients with severe left ventricular
dysfunction. This determination is particularly important be-
fore coronary revascularization. Mody et al. have shown that
metabolic imaging can distinguish idiopathic from ischemic
cardiomyopathy. They demonstrated relatively homogenous
blood flow and glucose utilization in idiopathic cardiomyop-
athy whereas in ischemic cardiomyopathy, 50% of hypoper-
fused regions were infarcted by PET criteria and the remaining
50% had preserved glucose metabolism (78).

Limitations of FDG. FDG imaging has two major limita-
tions: (1) uptake upon the dietary state and; (2) it only reflects
the initial step of glucose metabolism. The major substrates
for myocardial metabolism are free fatty acids. Fluorine-18-
2-deoxyglucose as a metabolic tracer has limitations since
glucose is a secondary source of energy generation in myocar-
dium. After an oral glucose load, i.v. FDG is trapped by viable
but not necrotic myocardial cells. However, after 12 hr of
fasting, FDG is trapped by ischemic but not by normal
myocardium or scar. Thus, to accentuate myocardial glucose
uptake and metabolism relative to that of free fatty acids, 50
g of an oral glucose load is usually given prior to imaging.
This results in increased FDG uptake throughout the myo-
cardium, including ischemic zones, and thereby facilitates
PET imaging. FDG has another limitation as a metabolic
tracer in that it does not reflect glucose metabolism beyond
phosphorylation by hexokinase. Glucose flux from glycogen
synthesis or glycolysis is not measured by FDG imaging.

Carbon-11-Acetate Metabolic Imaging. Myocardial metab-
olism can also be measured using PET with ''C as an imaging
agent. Recent studies employed ''C-labeled acetate to trace
tricyclic acid cycle (TCA) flux and therefore oxidative metab-
olism directly (79-85). Acetate labeled with ''C is activated
by "C-acetyl CoA, which is predominantly metabolized to
'CO, through the TCA cycle. Since the TCA cycle is tightly
coupled to oxidative phosphorylation, the kinetics of ''C-
acetate oxidation in myocardial tissue provide an index of
oxidative metabolism. Brown and co-workers have shown
that externally detectable clearance of ''C-labeled acetate
provides an accurate quantitative index of myocardial oxida-
tive metabolism (MVQ;) in a canine preparation (79,81).
This finding is supported by three observations:

1. The rate of clearance of ''C radioactivity, obtained from
the decay characteristics of myocardial time-activity
curves, is closely correlated with MVO; (r = 0.90) as
well as with the rate-pressure product (r = 0.95).

2. 98% of the ""C-activity detected in the coronary sinus
was in the form of ''COQ,, a by-product of TCA cycle
activity.

3. No significant difference was found between the rate of
clearance of ''C radioactivity by PET and the myocardial
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efflux of "'CO, measured directly from the coronary
sinus.

Their study showed that the estimation of MVO,, derived
from the rate of oxidation of ''C-acetate, can be assessed
noninvasively by PET under diverse physiological conditions
and over a wide range of flow and metabolic states despite
changes in myocardial substrate utilization. This would po-
tentially be useful in delineating the distribution and amount
of jeopardized myocardium. Human studies, using !'C-acetate
as a noninvasive marker of regional MVO, with dynamic
PET, have shown high quality images in both normal volun-
teers (84) and in patients with transmural myocardial infarc-
tion (85). The effects of acute interventions on regional
myocardial oxidative metabolism are unknown. The extent
of recovery of myocardial oxidative metabolism after coro-
nary thrombolysis can be accurately quantitated using PET
with ''C-acetate as a metabolic tracer (86). This imaging
modality may thus allow the noninvasive evaluation of the
efficacy of such interventions.

To more accurately reflect myocardial metabolism, partic-
ularly oxidative metabolism, another metabolic tracer is there-
fore required. Carbon-11-acetate myocardial turnover has
been shown by investigators to provide excellent estimations
of regional myocardial metabolism. As this tracer is directly
incorporated into the TCA cycle and is metabolized to an
end-product of metabolism (CO,), the limitations of using
FDG to assess metabolism are circumvented. Carbon-11-
acetate uptake and metabolism are not affected by substrate
administration and the high extraction fraction of ''C-acetate
is essentially independent of flow and ischemia. Therefore,
""C-acetate can be used in conjunction with FDG to assess
both oxidative metabolism and glycolysis. Finally, severely
ischemic myocardium may exhibit decreased glycolysis, yet
may be viable. As a result, FDG uptake may be decreased in
ischemic myocardium and PET will underestimate viable
myocardium using this tracer alone. Carbon-11-acetate im-
aging provides a method of circumventing this problem.

Carbon-11-Palmitate. Carbon-11-palmitate is a tagged 16-
carbon long-chain fatty acid that reflects mitochondrial fatty
acids oxidation. Its use as a metabolic tracer is limited because
both its uptake and clearance are affected by several factors.
Rosamond et al. have demonstrated in an open-chest dog
model that back-diffusion of non-metabolized ''C-palmitate
from myocardium into the vascular space occurs in ischemic
tissue (87). Therefore, during ischemia externally detected
clearance rates cannot be used to quantitate fatty acid metab-
olism, at least with the currently used parameter estimation
techniques.

Other Types of Studies

Myocardial Adrenergic Innervation. The role of perturba-
tions in myocardial adrenergic innervation is unknown. Ex-
perimental studies in animals have demonstrated that dener-
vated myocardium may be electrically unstable (88,89). It is
known from studies in animals and patients that abnormal
myocardial innervation can occur as a result of myocardial
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infarction (90,91/) and cardiomyopathy (92,93). Imaging
studies have used iodine-123-labeled metaiodobenzylguani-
dine to assess myocardial adrenergic innervation. More re-
cently, analogs of catecholamines labeled with positron emit-
ting radioisotopes have been used to assess myocardial adre-
nergic innervation. These agents share the uptake, storage and
release mechanisms of norepinephrine in the presynaptic
nerve terminals. Flourine-18-fluorometaraminol (FMR) has
been shown by Hutchins and colleagues to provide evidence
of myocardial denervation in experimental animals with myo-
cardial infarction (Fig. 5) (94). The extent of denervation and
the myocardial content of FMR correlated well with the
degree of norepinephrine depletion. Clinical studies by
Schwaiger using another analog, ''C-hydroxyephedrine,
showed that uptake of this agent is homogeneous in normal
volunteers but is absent in patients with cardiac transplants
(these patients have absent myocardial innervation) (95).
More extensive studies using this technique will no doubt be
forthcoming.

Receptor Imaging. Adrenergic receptors play a significant
role in mediating the effects of cathecholamines on myocar-
dial cells. They are responsible for the increased contractility
and heart rate resulting from cathecholamines. The quantity
of cardiac adrenergic receptors is altered in diseases such as
cardiomyopathy.

Imaging of myocardial adrenergic receptors has been diffi-
cult in the past as these receptors are present not only in the
heart but in the lungs. Recently, investigators have developed
aligand, CGP-12177, which has strong affinity for myocardial
adrenergic receptors and can be labeled with positron-emitting
isotopes (96). The heart is also innervated by the parasym-
pathomimetic nervous system. This network of nerves is
responsible for maintaining coronary artery tone and for
slowing the heart rate. Receptors for these nerves bind acetyl-
choline. Two tracers have been developed which bind to these
receptors. ''C-methyl-QNB has been shown to have extensive
cardiac uptake (97). Tropylbenzilate methiodide (MTRB),
the second tracer, is presently undergoing experimental inves-
tigation in animals (98). Though highly promising, much
work remains to be done with these agents.

Misonidazole. Bergmann and colleagues at Washington
University have studied '*F-misonidazole, an agent avidly
taken up by hypoxic but non-necrotic myocardium. This
agent has been used both in isolated hearts and, more recently,
in dogs (99,100). This work has demonstrated that ischemic
myocardium has greater extraction of this tracer agent than
normal myocardium. Imaging with '®*F-misonidazole and
PET may therefore offer the ability to detect viable but
jeopardized myocardium and allow for early therapeutic in-
terventions.

CONCLUSION

PET is a highly versatile imaging technique which can
provide noninvasive assessment of in vivo myocardial metab-
olism, myocardial tissue perfusion and, ultimately myocardial
innervation and receptors. Future developments may include
labeling of monoclonal antibodies with positron-emitting iso-
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topes to image a variety of cardiovascular phenomena. Al-
though most of the present work is investigational, metabolic
and flow imaging have been used in clinical investigations.
Imaging with PET can provide relatively unique information,
such as assessment of myocardial metabolism and hence,
viability and may provide more definitive information, in-
cluding quantitative data on coronary artery blood flow than
is available with SPECT. The importance of PET for cardio-
vascular research has already been well established and new
applications for this technique will continue to be developed.
Direct application to patient care such as assessment of myo-
cardial viability and efficacy of therapeutic intervention may
establish PET as a clinically important diagnostic tool.
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