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The objective of cardiac stress testing is to detect coronary
artery disease (CAD) and to prevent future adverse events,
such as myocardial infarction or death. The progression from
electrocardiographically based stress testing to current SPECT
and PET technologies has brought improvements in diagnostic
efficacy and resolution. Myocardial perfusion imaging facilitates
management of CAD in elective and acute settings by providing
valuable diagnostic and prognostic information. Hybrid PET/CT
and SPECT/CT systems impart complementary information of
coronary anatomy and its physiologic significance on blood flow re-
serve. In the current era, diagnosis and treatment of cardiovascu-
lar disease is increasingly defined by underlying molecular and
genomic aberrations rather than by clinical signs and symptoms
alone. Nuclear imaging is uniquely primed to exploit the targeting
of expressed cell-surface molecules and intracellular processes
of cardiovascular disease and to foster the development of inno-
vative therapeutic interventions in the future.
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The prevalence of coronary artery disease (CAD) and
the resultant death rate in the United States is staggering.
Cardiovascular disease remains the number one cause of
mortality in the United States, with the rate of CAD deaths
exceeding that of stroke by a ratio of 2:1 to 3:1 (/,2). The
lifetime risk of developing CAD after 40 y of age is 49% for
men and 32% for women (3). Thus, early detection of CAD
to prevent myocardial infarction or cardiac death is the
primary objective of noninvasive cardiac stress testing.
Cardiac stress testing originated and continues to evolve
from the need to identify clinically significant CAD. Addi-
tionally, the physiologic significance of CAD burden provides
prognostic information in settings such as postmyocardial
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infarction and preoperative states. However, acute coronary
syndrome (ACS), with its associated high morbidity and
mortality, is a common initial presentation of CAD and has
been difficult to predict and prevent. Therefore, detection of
CAD in the subclinical setting or during symptomatic presen-
tation as ACS should be a foremost goal of cardiac stress
testing in the future. Stress testing will accordingly allow
tailored management in both additional diagnostic and ther-
apeutic procedures as well as adjustment of medical therapies.

PHYSIOLOGY OF FLOW-LIMITING CORONARY
ARTERY LESIONS

Exercise serves as a cardiac stress by increasing myo-
cardial demand through increased heart rate, contractility,
and blood pressure. In healthy coronary arteries, increased
myocardial oxygen demand is met by increased blood flow.
The rate of blood flow through a coronary artery is
critically dependent on the driving pressure gradient and
the resistance of the vascular bed. When oxygen demand
increases, physiologic mechanisms—such as release of
endothelial nitric oxide—result in arterial vasodilation
and, thus, enhanced blood flow. In normal coronary arteries,
resting myocardial blood flow is ~1 mL/g/min but can
increase 2- to 3-fold with exercise. Because the pressure
drop across a stenosis varies directly with the length of the
stenosis and inversely with the fourth power of the radius
(Bernoulli’s theorem), resistance almost triples as the
severity of coronary artery stenosis increases from 80% to
90%. Whereas >80% stenosis is required to cause resting
ischemia, atherosclerosis limits compensatory vasodilata-
tion such that impedance of flow can occur once coronary
stenosis exceeds 40%—50% (4). Thus, increased myocardial
demand from exercise can lead to ischemia in tissue
perfused by moderately stenosed coronary arteries. The
resulting stepwise series of physiologic perturbations, in-
cluding regional wall motion abnormalities, ischemic ECG
changes, and chest pain, serve as the signals detected by
many current stress test techniques. Because decreased
perfusion by narrowed coronary arteries precedes the steps
of this “ischemic cascade,” myocardial perfusion imaging
has an inherent advantage over ECG-based or regional wall
motion—based techniques for detecting CAD.

Exercise-ECG Stress Test
Current Stress Test Modalities. The electrocardiogram
(ECG) was recognized as a tool for detection of CAD
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as early as 1928 with the observation of exercise-induced
ST- and T-wave changes in patients with chronic stable
angina (5). The development of a standardized exercise
stress protocol for evaluation of functional capacity and
“circulatory efficiency” followed in the subsequent year
(6). The use of ECG monitoring to detect exercise-induced
myocardial ischemia from coronary insufficiency in the
clinical setting was reported in 1941 (7). The observation
that exercise produces a marker not seen in resting condi-
tions serves as the foundation of the 2-component structure
of current stress testing modalities—a stressor and a sub-
sequent detectable signal.

Currently accepted ECG criteria for the detection of
occlusive CAD is the development of 1-mm horizontal or
downsloping ST segment depression in at least 2 contigu-
ous ECG leads. A meta-analysis of 147 consecutive reports,
encompassing 24,074 patients who had both exercise stress
testing and coronary angiography, demonstrated a mean
sensitivity of 68% and a specificity of 77% (8). Yet, many
of these studies have limitations, such as patient referral
bias, which refers to inclusion of study subjects based on
test results. A more focused review of the literature with
adjustment for these biases demonstrates a sensitivity of
50% and a specificity of 90% (9). A notable strength of
exercise—ECG stress testing is found in its specificity.
However, the low sensitivity of exercise-ECG along with
the low prevalence of clinically silent obstructive CAD are
2 factors that inhibit exercise-ECG stress from broad use as
a screening tool for CAD in the way that mammography
and colonoscopy are for the detection of occult cancer.

Additionally, ischemic ST segment depressions observed
with continuous ECG monitoring during stress testing are
typically in the inferior and precordial leads and do not
necessarily correlate with specific myocardial regions or
vascular territories (/0). Patients with hemodynamically
significant CAD typically have more than a single athero-
sclerotic lesion and frequently in a multivessel distribution.
Although coronary angiography identifies intracoronary
luminal narrowing, it has limited ability to assess the
physiologic significance of a particular lesion, especially
if the luminal narrowing is between 40% and 70%. The
limited sensitivity and negligible regional resolution of
myocardial ischemia with ECG monitoring are the 2 driv-
ing forces behind the development of additional imaging
techniques, such as echocardiography, MRI, and nuclear
cardiac imaging. Assessment of regional myocardial per-
fusion or function as an adjunct to ECG testing can enhance
and resolve the regional signal of myocardial ischemia and
guide localized therapy of stenosed coronary arteries by
percutaneous coronary intervention.

Recent Modifications of ECG Interpretation: Duke
Treadmill Score. Although ECG-based detection of signif-
icant CAD has a low sensitivity, additional clinically useful
information is obtained from the exercise stress test. For
example, if chest pain is reproduced on a treadmill, then it
is likely to be of cardiac origin, representing angina. On the

400

other hand, if the chest pain is not reproduced on the
treadmill, despite achieving an adequate heart rate, then it
may guide the clinician to seek noncardiac causes of chest
pain, such as gastrointestinal origin that may mimic angina.
Additionally, the duration and intensity of tolerated exer-
cise are a measure of functional capacity. These findings
can be useful in monitoring the effectiveness of therapy as
well as providing prognostic information.

The “Duke Treadmill Score” (DTS) was established
after assessment of 2,758 patients who underwent exercise—
ECG stress testing and coronary angiography (/7). This
score, which accounts for exercise duration, angina, and
degree of ST segment deviation, predicts significant CAD
and prognosticates annual mortality risk independently
from clinical data, coronary anatomy, and left ventricular
(LV) ejection fraction (/2). The score is calculated by
subtracting both the magnitude in millimeters of exercise-
induced ST deviation (STg4.,) and the degree of exercise-
induced angina (ANGey: 0 = none, 1 = nonlimiting, 2 =
limiting) from the minutes of exercise duration on a
standard Bruce protocol (EX,;,). The range of the DTS
is typically —25 to +15 and is derived by the following
equation: DTS = EX;, — (5 X STgey) — (4 X ANGg,).
Lower scores are associated with worse mortality and
increased likelihood of significant CAD. Although associ-
ated mortality rates have not been assessed with current
medical therapies, scores demarcated into 3 risk categories
(high-risk, = —11; moderate risk, +4 to —10; low risk,
= +5) have been validated (/1,13).

In addition, exercise—ECG stress testing has an established
role in assessment of patients with known CAD. In such
patients, exercise-induced ST segment depression portends
an increased risk of future cardiac events, regardless of the
presence or absence of exercise-induced angina (/2). More-
over, low-level exercise protocols play an important role after
admission for an acute myocardial infarction, including
assessment of therapeutic adequacy, determination of func-
tional capacity to aid prescription of activity level on dis-
charge, as well as assessment of prognosis (/2). Thus, the low
cost, wide availability, and multiple scenarios in which prog-
nostic information is obtainable continue to keep exercise—
ECG stress a widely used testing modality.

Radionuclide Cardiac Imaging

The introduction of 2°'TI myocardial perfusion imaging
as an adjunct to ECG treadmill studies in the mid-1970s has
evolved into the discipline of nuclear cardiology today
(14,15). Advances in both technology and radiopharma-
ceuticals over the past 30 y have contributed significantly to
the maturation of the field. Techniques such as SPECT and
PET currently allow assessment for occlusive coronary
atherosclerosis by evaluation of myocardial perfusion as
well as effects of myocardial hypoperfusion on metabolic
activity and contractile function. The initial impetus for
noninvasive cardiac stress testing was to determine if a
clinical presentation of chest pain is attributed to CAD. Yet,
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the advent of localized therapies to specific vessels with
bypass surgery or specific lesions with percutaneous coro-
nary intervention has extended this indication from diag-
nosing CAD to pinpointing areas of myocardial ischemia and
guiding interventional therapies to culprit vascular lesions.
Thus, advances in current techniques and initiation of new
techniques can be measured by both changes in diagnostic
efficacy (sensitivity and specificity for detecting CAD) and
resolution efficacy (identifying the culprit lesion for chest
pain and myocardial ischemia). The progression from
ECG-based stress testing to current SPECT and PET
technologies has led to improvements in both diagnostic
efficacy and resolution (/6—18) (Fig. 1). Notably, the cur-
rent generation of stress testing modalities has retained the
traditional 2-component structure, including both a mode of
stress and a mode of signal detection.

Pharmacologic Testing. Many patients referred for stress
testing have functional limitations from pulmonary, orthope-

dic, peripheral vascular, or neurologic conditions that prevent
sufficient physical exercise. An additional advantage of myo-
cardial perfusion—based stress testing over ECG-only testing
is the applicability of stress testing to patients with underly-
ing ECG abnormalities that mask dynamic ischemic ECG
changes. Ischemic ECG signals may be uninterpretable among
patients with abnormal baseline ST segment depression of
>1 mm, electronic pacing, left bundle-branch block, or
preexcitation pattern. These shortfalls as well as the limited
sensitivity and specificity of ECG-based monitoring have led
to the development of alternate methods of stressors with
pharmacologic agents that either simulate exercise, such as an
adrenergic agent (dobutamine), or induce vasodilation (aden-
osine or dipyridamole). Although there are several selective
adenosine A,, receptor agonists undergoing phase III clinical
trials, much of the preliminary results remains unpublished to
ensure adequate patent documentation before public disclo-
sure. Importantly, pharmacologic stress is less physiologic
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FIGURE 1. Timeline of signal and detector advances in the history of nuclear cardiac stress testing and accuracy of current

techniques. (A) Time points of initial recognition that ECG and radiotracers provide diagnostic information for myocardial perfusion
and metabolism. (B) Time span of use of detection modalities in cardiac stress testing. (C) Diagnostic information provided by
stress testing as change from pretest to posttest likelihood of angiographically confirmed CAD. Bayesian curves are derived from
current levels of sensitivity (Sens) and specificity (Spec) for each protocol: ECG-Exercise (716), SPECT (717), and PET (78).
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than exercise, and symptoms during testing (or lack thereof)
cannot necessarily be linked to the perfusion pattern.

Radiopharmaceuticals. Progress in development of novel
radiopharmaceuticals and myocardial perfusion tracers has
paralleled those of instrumentation. The first application of
a radiotracer for imaging cardiac tissue dates back to 1964,
when 31Cs was used to detect myocardial infarction (/9).
Myocardial perfusion imaging with 3K was introduced in
1973 (14), and its analog, 2°'TI, was introduced in 1975
(15). By demonstrating greater myocardial extraction and
improved defect resolution, thallium became the radiotracer
of choice in the clinical setting, as an adjunct to ECG
testing. In 1982, cyclotron-produced !'3N-ammonia PET
myocardial perfusion tracer was shown to have a high
sensitivity and specificity for detecting CAD when used
with a pharmacologic vasodilator (20). This was followed
by the introduction of another PET myocardial perfusion
tracer in 1986, 82Rb, which is generator produced with
biologic properties similar to those of potassium and
thallium (27). ®™Tc-Labeled SPECT myocardial perfusion
tracers were introduced in the 1990s, which improve on 2
limitations of thallium—its low-energy spectrum and its
long physical half-life. Although three °°™Tc-labeled
tracers (sestamibi, teboroxime, and tetrofosmin) have re-
ceived U.S. Food and Drug Administration (FDA) approval
for detection of CAD, only sestamibi and tetrofosmin are
available for clinical use at the present time. The charac-
teristics of both SPECT and PET radiotracers with current
FDA approval for the detection of CAD are further de-
scribed in Table 1.

Mechanism of Myocardial Uptake of Radiotracers. Myo-
cardial uptake of a radiotracer is a function of both delivery
of the radiotracer to the cell surface (which is flow-
dependent) and subsequent extraction and retention of the
radiotracer into the cell (which is dependent on cell mem-
brane integrity and viability). Intravascular radiotracer is
rapidly extracted by myocardial tissue in proportion to
blood flow. Thus, the same mechanisms leading to insuf-

ficient oxygen delivery and subsequent ECG-detected myo-
cardial ischemia on the treadmill can be assessed directly
by interrogating regional myocardial perfusion. Because
decreased perfusion by narrowed coronary arteries precedes
the steps of the ischemic cascade, myocardial perfusion
imaging has an inherent advantage over ECG-based or
regional wall motion-based techniques for detecting CAD.

The distribution of radiotracers in various regions of the
LV reflects the physiologic consequence of the presence
and the extent of epicardial luminal narrowing of coronary
arteries and downstream adaptation by the resistance ves-
sels and collaterals. Because such adaptive mechanisms
protect the myocardium from ischemia (by decreasing the
pressure gradient across a stenotic lesion), exercise or
pharmacologic stress is required to exceed these compen-
satory mechanisms. Regions of decreased myocardial up-
take on SPECT and PET can then be correlated with
specific coronary artery vascular territories with follow-up
angiography and typically with a culprit atherosclerotic
lesion responsible for the patient’s symptoms. A repeated
radiotracer injection and imaging at rest allow for differ-
entiation between reversible and fixed perfusion defects.
Reversible defects correlate with myocardial ischemia as
seen by dynamic ECG changes between resting and stress
conditions. Likewise, defects observed in resting conditions
can be reassessed with repeated delayed imaging (usually
3—4 h or 24 h later) for changes in signal intensity due to
radiotracer redistribution (as described with thallium)
(22,23). If the defect size decreases from rest to redistri-
bution thallium SPECT (also termed “fill-in” or reversible
defect), this signifies hypoperfused but viable myocardium
(hibernation), which portends a high likelihood for recov-
ery of function after revascularization (24). On the other
hand, a persistent defect from rest to redistribution thallium
SPECT (also termed fixed or irreversible defect) signifies
scarred myocardium, which portends a low likelihood for
recovery of function after revascularization. Whereas ECG-
stress testing identifies ischemia in a nonlocalized fashion,

TABLE 1
Characteristics of SPECT and PET Radiopharmaceuticals

Usual dose

Photon energy Time to imaging Physical

Modality Tracer (MBq) (keV) from injection half-life Comments
SPECT  20T] 111-166.5 80 1-15 min 73 h Potassium analog
Redistribution with time
9mTc-Sestamibi Mitochondrial uptake
296-1,480 140 15-45 min 6h Cationic and lipophilic
99mTc-Tetrofosmin No significant redistribution
PET 82Rb 1,110-2,220 511 80 s 75 s Potassium analog
Generator produced
13N-Ammonia 370-740 511 6 min 10 min  ATP-dependent trapping in cytoplasm
Requires on-site cyclotron
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myocardial perfusion and viability imaging provides addi-
tional localized physiologic information that further facil-
itates local therapies, such as revascularization or coronary
interventions (25-27).

Nuclear Cameras

Both SPECT and PET cameras capture the photons
emitted by a radiotracer and convert the information into
digital data representing the magnitude of tracer uptake and
the location of the emission in the heart. By acquiring
dynamic (ECG-gated) scintigraphic data, information on
regional and global LV function can be assessed in cinemat-
ographic fashion. Thus, the addition of myocardial perfusion
imaging to ECG monitoring during stress tests provides
substantially greater information than ECG-only stress tests:
resolution of regional ischemia, assessment for regional wall
motion abnormalities, and myocardial viability.

The 511-keV photons emitted by positron-emitting radio-
tracers in PET are attenuated less per centimeter of soft
tissue than are the lower-energy 80- to 140-keV photons
typically emitted by SPECT radiotracers. Moreover, the
attenuation and scatter algorithm has been well worked out
with PET, such that the emission data may be reconstructed
into an attenuation-corrected emission image for clinical
interpretation. Although similar approaches to PET have
been attempted to correct attenuation artifacts in SPECT,
these have not been widely adopted because the problem of
attenuation correction is fundamentally more challenging in
SPECT than in PET. Thus, clear competitive advantages of
PET over SPECT include higher spatial and temporal reso-
lution, reliable attenuation and scatter correction, and vali-
dated tracer kinetic models for measurement of myocardial
perfusion and metabolism in absolute quantitative terms.

NucLEAR CARDIAC STRESS TESTING * Vesely and Dilsizian

Hybrid Cameras: PET/CT and SPECT/CT. With the
advent of hybrid PET/CT or SPECT/CT systems, comple-
mentary information of coronary anatomy and its physio-
logic significance on myocardial blood flow reserve can
be realized immediately, at the same imaging session (28).
Cardiac CT angiography, with resolution of 0.7- to 1-mm
range, is suited to provide information on the presence and
extent of occlusive CAD, although the ability to accurately
determine the severity of luminal narrowing in smaller
coronary branches is limited, particularly in the presence of
extensive calcified disease (29) (Fig. 2). PET and SPECT, on
the other hand, are more suited to determine the downstream
functional consequences of isolated or sequential anatomic
lesions and the status of myocardial viability. The combina-
tion of these anatomic and functional modalities is particu-
larly relevant in patients who have an intermediate finding on
either myocardial perfusion or CT angiography. Another
advantage of the combined scanner is that the corresponding
images are spatially aligned, allowing the potential to use the
CT image to compute the attenuation map for the myocardial
perfusion data (30). One potential problem of using fast CT
scans for attenuation correction, however, is the motion of the
organs during respiration. The CT scanner “freezes” the heart,
lungs, and liver at one point in the respiratory cycle, whereas
the PET emission data are averaged over many respiratory
cycles. Methods using respiratory gating to correct this prob-
lem are currently under investigation. Contraindications to
CT coronary angiography include patients with impaired
renal function, thyroid dysfunction, or an allergy to iodine-
containing contrast media.

High-Speed SPECT. Several newly designed dedicated
cardiac SPECT systems were recently introduced with the
goals of achieving higher spatial resolution and sensitivity,

FIGURE 2. CT angiography in a patient
who underwent percutaneous coronary
intervention of the left anterior descend-
ing (LAD) coronary artery in the past and
now complains of recurrent angina. Mul-
tiple lesions, partially calcified, can be
seen in the proximal LAD (D and E) as
well as the stent in mid-LAD. A complete
3-dimensional reconstruction of the heart
(A) shows a significant lesion in the LAD
(arrow) and the high-density stent (ar-
rowhead). Only a small section of the
LAD can be visualized on a single axial
slice (B), whereas multiplanar reforma-
tions can be created along the vessel and
show extended sections (C). Curved
multiplanar reformations (D) and maxi-
mum-intensity projections (E) can be
used to show the entire vessel in a single
image. Panels F, G, and H show cross-
sections of the LAD at the proximal
reference, the stenosis, and the distal
reference level, respectively. MO = mar-
ginal branch; DO = diagonal branch; V =
cardiac vein. (Adapted from (29).)
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while significantly shortening the scan time and improving
the patient comfort. By limiting the field of view of the
camera to encompass the predictable location of the heart,
and changing the crystals, detector, and collimator design,
these new SPECT systems are smaller in size and allow
simultaneous data acquisition of the heart from all angles

clusive CAD with gated SPECT is now in the range of 91%
and 72%, respectively (/7). PET imparts a higher specific-
ity than SPECT, around 90%, which is most likely a
consequence of its superior attenuation correction, in-
creased count-density images, and superior spatial resolu-
tion (Fig. 3). Myocardial perfusion imaging now facilitates

CAD management in both the elective and the acute
settings by providing valuable information on diagnosis
as well as prognosis (/7,32). Stress myocardial perfusion
imaging provides strong prognostic information with iden-
tification of low-risk patients. As patients typically referred
for stress have an intermediate probability of having CAD,
patients with unequivocally normal stress myocardial per-
fusion SPECT studies have a <1% rate of having a future
cardiac event (death or acute myocardial infarction) (32).

(31). Beyond the changes in hardware, advances in soft-
ware development for image reconstruction, computer-
aided analysis, and image interpretation will likely increase
the competitiveness of nuclear cardiac imaging to that of
ultrasound or cardiac magnetic resonance.

Accuracy for Detection of CAD and Prognosis
Applying state-of-the-art technology and radiopharma-
ceuticals, the sensitivity and specificity for detecting oc-
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FIGURE 3. #2Rb time-activity curves at rest (A) and after adenosine stress (B). Solid circles represent the activity concentration in
left atrium and open circles represent the activity concentration in myocardial tissue. Although the first few minutes after infusion of
82RDb are not usually included in clinical acquisition protocols, it is precisely this period that is of interest if myocardial perfusion is to
be quantified. Dynamic imaging of the heart during this time allows analysis of the 82Rb concentration in both arterial blood and
myocardial tissue as a function of time. Disparity between myocardial perfusion SPECT and ®Rb PET studies is shown (C).
Clinically indicated adenosine dual-isotope gated SPECT images (left panel) without attenuation correction show regional 9™Tc-
sestamibi perfusion defect in anterior and inferior regions (arrow). On the rest 2°1TI images, the anterior defect became reversible
while the inferior defect persisted. Corresponding 8Rb PET myocardial perfusion tomograms performed in the same patient are
shown on the right panel. PET images were acquired after an infusion of adenosine and 1,110 MBq of 8Rb (top) and at rest after
another 1,110-MBq infusion of 82Rb (bottom). 82Rb PET images show normal distribution of radiotracer in all myocardial regions,
without evidence for reversible or fixed defects to suggest myocardial ischemia or infarction. Although high-energy positrons of
82Rb degrade spatial resolution and the short half-life increases statistical noise, high-quality images free from attenuation artifacts
can be produced with 8Rb PET with only 1,110-MBq injected dose. (Adapted from (28).)
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Similar to SPECT, patients with a normal rubidium PET
myocardial perfusion study exhibited only 0.4% annual
cardiac event rates (33). As detector and radiopharmaceu-
tical technologies continue to improve, further enhance-
ment of both diagnostic efficacy and resolution efficacy are
expected.

RADIONUCLIDE CARDIAC IMAGING AS ADJUNCT TO
ACS MANAGEMENT

Despite significant aid garnered from myocardial perfu-
sion studies in managing patients with CAD, >1,300
deaths secondary to ACS occur daily in the United States
(). Unlike chronic coronary disease, in which impaired
coronary blood flow results from slow progression of athero-
sclerosis in response to chronic endothelial injury, impair-
ment of coronary blood flow in ACS is caused by abrupt
plaque rupture, thrombus formation, and vascular occlusion.
The incidence of ACS exceeds 1 million patients annually,
with an additional 550,000 new cases of angina pectoris each
year. In 2000, among those who were diagnosed with ACS,
more than a half million patients died secondary to this
disorder; representing nearly 1 in 5 adult deaths (7).

Although the ECG and biomarkers are the core of initial
risk stratification, negative results remain in a substantial
number of patients evaluated with acute chest pain symp-
toms. Of the approximately 8 million patients who present
to an emergency department annually with chest pain,
nearly 5 million (60%) are admitted for suspected ischemic
etiology and the remaining 40% are discharged home (34—
37). Among those who are sent home, 40,000 patients
(1.3%) subsequently develop an acute myocardial infarc-
tion. Of the near 5 million patients who are admitted to the
hospital, only 40% are ultimately diagnosed to have ACS.
Thus, evaluation of patients presenting to the emergency
room with chest pain is inadequate and consigns a heavy
economic burden on the healthcare system.

Myocardial Perfusion Imaging in ACS

Myocardial perfusion using SPECT has been evaluated
in several publications as an effective tool within a chest
pain work-up algorithm. Among patients presenting to the
emergency department with chest pain, nondiagnostic
ECG, and normal initial serum markers and enzymes,
myocardial perfusion SPECT has been shown to have a
high negative predictive value to rule out myocardial
infarction (99%) or future adverse cardiac events (97%)
(38). Moreover, rest °™Tc-sestamibi SPECT has been
shown to improve medical decision making by decreasing
unnecessary hospitalizations or prolonged observation pe-
riods in the emergency department (39). Thus, to improve
diagnosis and risk stratification in patients with chest pain
and possible ACS, the use of myocardial perfusion imaging
has been assigned a class I, level A, indication by the
American College of Cardiology /American Heart Association/
American Society of Nuclear Cardiology (ACC/AHA/ASNC)
Radionuclide Imaging Guidelines for the assessment of myo-
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cardial risk in possible ACS patients with a nondiagnostic
ECG and initial normal serum markers and enzymes (38).
Similarly, patients with an ST elevation myocardial infarc-
tion gain significant prognostic information by noninvasive
assessment for LV ejection fraction and the extent of myo-
cardial infarct size and ischemia.

Multislice CT (MSCT) in ACS

The use of multidetector CT to evaluate patients with
acute chest pain has also been shown to be effective in
ruling out ACS and facilitating appropriate disposition of
patients (40,41). In a recent randomized study (42), of the
461 low-risk patients (negative ECG and biomarkers)
presenting to the emergency department with acute chest
pain who were screened for the 64-slice CT coronary
angiography (MSCT) study, 46% of patients were excluded
due to a history of pulmonary disease sufficient to preclude
B-blocker usage (18%); allergy to contrast, iodine, or
shellfish (12%); history of CAD (10%); atrial fibrillation
(4%); and other exclusions (2%). Given that nearly half of
low-risk patients in the emergency department did not
qualify to undergo MSCT, the widespread utility of MSCT
in the clinical setting becomes questionable. Of the remain-
ing 203 patients who were eligible to enroll, 197 were ran-
domized for evaluation by either MSCT (n = 99) or standard
of care (n = 98) with stress SPECT perfusion imaging (42).
Of the 99 patients randomized to the MSCT arm, 24 (24%)
had intermediate or nondiagnostic MSCT results requiring ad-
ditional testing with SPECT perfusion imaging. In contrast,
of the 98 patients who were randomized to the standard-of-
care group (i.e., stress testing with SPECT perfusion imag-
ing), 97% were directly discharged from the emergency
department. There was no difference in office or emergency
department visits for recurrent chest pain between the 2
groups (8.1% for both), and none suffered major adverse
cardiac event over a 6-mo follow-up period. Further studies to
assess the efficacy of hybrid PET/CT and SPECT/CT studies
in this clinical scenario will be needed as these technologies
continue to improve.

Targeting Ischemic Memory

A possible future approach for risk stratification of patients
with suspected ACS involves imaging myocardial fatty acid
metabolism. Fatty acid imaging with radioiodine-labeled fatty
acid analogs such as !?3I-B-methyliodopentadecanoic acid
('ZI-BMIPP) using SPECT is an investigational area for the
assessment of ischemic memory. After an ischemic episode,
abnormalities in fatty acid metabolism may persist long after
perfusion has returned to normal, a finding termed “ischemic
memory.” During this time period, the myocardium garners
the bulk of its energy from glucose metabolism.

Among patients presenting to the emergency department
with ACS and no prior myocardial infarction, the clinical
utility of '2>I-BMIPP for identifying myocardial ischemia
was examined in 111 consecutive patients (43). All patients
were admitted and underwent a rest myocardial perfusion
SPECT study within 24 h of chest pain, rest '23I-BMIPP
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metabolic images within 48 h after the perfusion SPECT,
and coronary angiography within 1-4 d of admission. '?3I-
BMIPP defects at rest were present in 74% of patients with
documented coronary artery stenosis or vasospasm (on
ergonovine provocation), whereas only 38% of patients
showed myocardial perfusion defects at rest (P < 0.001).
Both '2’I-BMIPP and perfusion studies were normal in
nearly 90% of patients without coronary artery stenosis or
vasospasm. These early observations among patients with
ACS were subsequently extended to patients experiencing
myocardial ischemia during treadmill exercise (44) (Fig. 4).
Although '23[-BMIPP is approved for clinical use in Japan,
it has not yet received approval by the U.S. FDA.

An alternative metabolic approach for assessing myocar-
dial ischemia is with dual-isotope simultaneous acquisition
of myocardial perfusion and '8F-FDG metabolism (Fig. 5).
Among patients who underwent dual intravenous injection
of sestamibi and '8F-FDG at peak treadmill exercise and
simultaneous acquisition 40-60 min after the exercise
study, the metabolic signal of '3F-FDG was highly sensitive
for detecting exercise-induced myocardial ischemia (45).
These clinical studies with '8F-FDG PET and '2’I-BMIPP
SPECT support the concept that metabolic adaptation likely
represents one of the earliest responses to myocardial
ischemia. The potential utility of prolonged and persistent
metabolic alterations in the heart after an ischemic episode
may be best realized among patients presenting to the emer-
gency room with ACS.

THE FUTURE OF NUCLEAR CARDIAC IMAGING:
ASSESSMENT FOR SUBCLINICAL CAD

By design, current myocardial perfusion studies with
SPECT and PET detect atherosclerotic lesions that are

Thallium blood flow BMIPP
| Stress Rest |1 Rest |
Exercise-induced Fill-in 3 h later Decreased fatty acid
ischemic area shows viable metabolism shows
myocardium “ischemic memory”
I | 22 h after stress
I
Total
time 3-4 hours

FIGURE 4. Single-photon-emission tomograms demonstrat-
ing delayed recovery of regional fatty acid metabolism after
transient exercise-induced ischemia, termed ischemic memory.
Representative stress (left) and rest reinjection (middle) short-
axis thallium tomograms demonstrate a reversible inferior
defect consistent with ischemic but viable myocardium. 123|-
BMIPP tomogram (right) injected and acquired at rest 22 h after
exercise-induced ischemia shows persistent metabolic abnor-
mality in inferior region despite complete recovery of regional
perfusion at rest, as evidenced by thallium reinjection image.
(Adapted from (44).)
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significant enough to limit myocardial blood flow (typically
>50% stenosis). Although flow-limiting coronary artery
lesions cause angina pectoris, they are not typically prone
to rupture (the most common mechanism of acute myocar-
dial infarction). On the other hand, the less mature coronary
artery lesions, which are vulnerable to rupture, frequently
are not sufficiently narrowed to limit myocardial blood
flow. Thus, the current myocardial perfusion imaging
toolset has limited sensitivity for screening patients who
are at risk for ACS. Therefore, identification of subclinical
coronary artery atherosclerosis to enhance primary preven-
tion of CAD, acute myocardial infarction, and sudden
cardiac death requires a paradigm shift in the design of
next-generation imaging techniques. New methods to de-
tect endothelial dysfunction and early, preclinical athero-
sclerotic plaques vulnerable to rupture are likely to play
critical roles in the realization of this new goal for cardiac
stress testing. Rather than assessing for perfusion by
cardiomyocyte uptake, radiotracers complexed with molec-
ular markers will be used to specifically target and bind
components of interest within atherosclerotic lesions. The
metabolic assessment of such PET techniques coupled with
anatomic assessment by CT should allow identification and,
potentially, prediction of vulnerable plaques in the future.

Screening Asymptomatic Patients

The application of myocardial perfusion imaging for
primary screening of CAD before the occurrence of a
significant cardiac event remains limited in the general
population. Of the 300,000-450,000 annual events of sud-
den cardiac death in the United States, nearly 40% of them
can be attributed to previously unrecognized CAD. As
asymptomatic occlusive CAD has a prevalence of approx-
imately 20%, such screening would result in a nearly 50%
rate of false-positive tests (Fig. 1). Given the rare but
significant inherent risks of stress testing and confirmatory
angiography, the utility of stress test-based screening in
asymptomatic patients remains unclear. Likewise, percuta-
neous interventions have not been shown to provide a
mortality benefit outside of the ACS setting. As risk factor
modifications with lifestyle adjustments and medications
remain applicable to the general population, myocardial
perfusion imaging is not yet useful for CAD screening in
the asymptomatic population, with the exception of those
with diabetes mellitus and end-stage renal disease (ESRD).

Diabetes Mellitus. Patients with diabetes are at signifi-
cant risk for CAD development and cardiac events. An
emerging body of literature suggests that approximately
20%—40% of asymptomatic diabetic patients have abnor-
mal myocardial perfusion studies and that such patients
may be at even higher risk for events over time (46—48).
Although ACC/AHA guidelines at present do not suggest
routine screening of asymptomatic diabetic patients, there
are ongoing studies of prognosis and randomized trials in
asymptomatic diabetic patients, which should clarify the
role of myocardial perfusion studies in diabetes mellitus. In
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FIGURE 5. Simultaneous myocardial perfusion and metabolism imaging after dual intravenous injection of 9¥™Tc-sestamibi and
18F-FDG at peak exercise. Dual-isotope simultaneous acquisition was performed 40-60 min after exercise study was completed.
Rest 9°mTc-sestamibi imaging was performed separately. In this patient with angina and no prior myocardial infarction, there is
evidence of extensive reversible perfusion defect in anterior, septal, and apical regions (arrows). Coronary angiogram showed 90%
stenosis of left anterior descending and 60% of left circumflex coronary arteries. The corresponding '8F-FDG image shows intense
uptake in regions with reversible sestamibi defects (arrows), reflecting the metabolic correlate of exercise-induced myocardial

ischemia. Ex = exercise; R = rest. (Adapted from (45).)

the meantime, the American Diabetes Association recom-
mendations for cardiac testing among asymptomatic dia-
betics include the findings of an abnormal baseline ECG or
new ischemic changes, concurrent cerebral or peripheral
vascular disease, beginning a vigorous exercise program,
and those with 2 risk factors for CAD (49).

ESRD. Cardiovascular disease accounts for most of the
morbidity and mortality both in the predialysis stages of
chronic kidney disease and after the onset of ESRD. It has
been reported that those who have ESRD, and receive some
form of dialysis, have as much as a 100-fold higher risk of
death from cardiovascular disease than healthy people
matched for age, race, and sex (50). In a prospective study
of 130 asymptomatic ESRD patients undergoing hemodi-
alysis, significant coronary artery luminal narrowing
(=75%) was present in 71% of ESRD patients (57). The
same investigators subsequently examined the prognostic
significance of reduced myocardial metabolism with
I23I.BMIPP in conjunction with perfusion abnormalities
assessed with thallium in ESRD patients without prior
myocardial infarction (52). Among the 318 asymptomatic
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hemodialysis patients who were prospectively enrolled in
the study, 50 (16%) died of cardiac events during a mean
follow-up period of 3.6 = 1.0 y. There was significant
association between abnormal '23I-BMIPP uptake (indicat-
ing myocardial ischemia) and subsequent cardiac death.
Stepwise Cox hazard analysis showed that cardiac death
was significantly associated with highly abnormal !'23I-
BMIPP uptake (summed score of =12; hazard ratio =
21.9) and age (=70 y; hazard ratio = 2.4). Among patients
with a summed !23I-BMIPP score of =12 event-free survival
at 3 y was 61%, whereas for those with a summed '?3I-
BMIPP score of <12 event-free survival was 98%. When
1231.BMIPP uptake (metabolism) was assessed in relation to
regional thallium uptake (perfusion), indicating myocardial
ischemia, the sensitivity and specificity of metabolism:per-
fusion mismatch for predicting cardiac death were 86% and
88%, respectively (52). These findings support the assertion
that altered cardiac metabolism (indicating silent myocardial
ischemia) is highly prevalent in ESRD patients and can
identify the subgroup of patients who are at high-risk for
cardiac death (53).
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Absolute Blood Flow-Based Screening for Endothelial
Dysfunction and Microvascular Disease

Because current myocardial perfusion imaging tech-
niques with SPECT assess regional myocardial blood flow
distribution in terms of relative uptake, multivessel CAD
resulting in equally restricted flow in all coronary distribu-
tions could be interpreted as a normal study. Similarly, the
myocardial region with the highest radiotracer uptake
(usually assigned as the reference region) is presumed to
be supplied by a normal coronary artery. Such arteries may
in fact have less severe flow-limiting disease or disease that
is not yet flow-limiting.

Flow through the coronary arterial system is highly
regulated by vasoconstrictive and vasodilatory mecha-
nisms. Endothelial cell production of vasodilators, such as
nitric oxide and adenosine, counteracts adrenergically
driven vasoconstriction to meet changes in intracoronary
pressure and oxygen demand. Endothelial dysfunction
causes impaired stress-induced coronary artery vasodila-
tion, which leads to diminished myocardial blood flow
reserve, long before hemodynamically significant coronary
artery stenosis develops (54). Endothelial dysfunction is
also responsible for coronary spasms, leading to ischemia
and anginal symptoms. Indeed, endothelial dysfunction has
been established as a prognostic marker for cardiovascular
outcomes (55). Assessment of myocardial blood flow
reserve with PET allows characterization of endothelial
dysfunction and may serve as a future platform for early
identification of asymptomatic CAD.

Because of near-complete first-pass myocardial extrac-
tion and limited backdiffusion of PET tracers, the time
required to obtain maximal myocardial uptake is dependent
on the coronary flow velocity, thus making quantification of
coronary blood flow achievable. Normal values for resting
coronary flow have been established in resting conditions as
well as in relation to cardiac work, described by the
rate-pressure product (56,57). Additionally, whereas coro-
nary blood flow rates increase with age, the magnitude of
increased flow from dipyridamole-stimulated hyperemia is
not age-dependent (56). Reduced resting coronary flow and
impaired increase in flow as a response to pharmacologic or
cold pressor “stress” serve as markers of endothelial
dysfunction. Impaired myocardial blood flow or flow re-
serve has been demonstrated in asymptomatic patients with
elevated cholesterol (58), smoking (59), hypertension (60),
and insulin resistance (67). In patients with single-vessel
CAD undergoing flow-pressure measurements, flow resis-
tance and fractional flow reserve were shown to be abnor-
mal in >50% of presumably normal vessels (62). Although
there is unequivocal evidence that endothelial dysfunction
is a relevant prognostic marker of future cardiac events
(47,63), only a few studies have shown that endothelial
dysfunction is a relevant therapeutic target (63,64). However,
quantitative PET flow measurements have been used to
demonstrate improvement in endothelial dysfunction and
myocardial ischemia in patients with advanced CAD after
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medical treatment. An example of a patient exhibiting
improvement in adenosine-stimulated hyperemia after 1 y
of treatment with 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitor is shown in Figure 6 (65). Further studies
are needed to elucidate the role of PET-based coronary flow
quantification in improving screening for preclinical CAD
and the potential to guide therapeutic decisions.

MOLECULAR IMAGING

In the current era, diagnosis and treatment of cardiovas-
cular disease is increasingly being defined by underlying

/
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FIGURE 6. Polar map of myocardial tracer uptake during
adenosine vasodilation is shown in a patient with CAD. (A)
Relative distribution of the radiotracer (as would be the case
with SPECT studies) suggests single-vessel disease in the
territory of left anterior descending (LAD) artery. (B) Quantitative
assessment of regional myocardial blood flow reserve with 13N-
ammonia PET. In a vascular territory without significant coro-
nary artery stenosis, a normal myocardial blood flow reserve is
approximately 3 mL/min/g. As such, quantitative myocardial
blood flow assessment identifies abnormal flow reserve in all 3
vascular territories in this patient; 1.37 mL/min/g in LAD
territory, 1.65 mL/min/g in left circumflex (LCX) territory, and
1.91 mL/min/g in right coronary artery (RCA) territory. The
clinical implication for the presumed diagnosis of 1-vessel
disease on evaluation of relative myocardial radiotracer uptake
versus 3-vessel CAD on quantitative assessment of myocardial
blood flow reserve is important and not inconsequential.
Moreover, follow-up polar maps (C and D) acquired 1-y after
medical therapy with pravastatin show significant improvement
in myocardial flow reserve in all 3 vascular territories when
compared with baseline values (A and B). The extent of the
stress-induced defect decreased from 51% of LAD vascular
territory to only 3%. Moreover, there is increase and normal-
ization in myocardial blood flow reserve in LCX and RCA
vascular territories, which could be detected only on quantita-
tive measurements of myocardial blood flow (D) but not
on evaluation of the relative radiotracer uptake (C). (Adapted
from (65).)
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molecular and genomic aberrations rather than by clinical
signs and symptoms alone. Molecular imaging exploits the
targeting of expressed cell-surface molecules, intracellular
processes, and gene expression. Such information can
potentially allow better disease definition, more effective
choice of therapeutic intervention, and individualized mon-
itoring of response to treatment.

Prevention with Medical Therapy and Risk Factor
Modification

Aspirin and statins are useful in primary and secondary
prevention of atherosclerosis and its associated comor-
bidities because of their antiplatelet, lipid-lowering, and
antiinflammatory effects. As the natural history of athero-
sclerosis and the role of inflammation become increasingly
understood, new pharmaceutical agents are likely to be
developed. Nuclear molecular imaging of cellular and mo-
lecular events in the development of atherosclerosis will
not only assist in furthering this understanding but will also
help direct clinical management in the future.

Clinical efforts for risk factor modification, such as
encouragement of smoking cessation and optimization of
lipid and hypertension control, do not need risk stratifica-
tion by stress testing but should be globally applied.
Although localized therapies such as coronary stenting
might stabilize rupture-prone lesions, current cardiac stress
testing cannot direct such treatment options. As the goal of
cardiac stress testing is to identify CAD so that manage-
ment can be adjusted to prevent significant cardiovascular
events, future cardiac stress testing should focus on char-
acterization of the vulnerable plaque.

Molecular Targets for Imaging Unstable Atherosclerotic
Plaques

Molecular imaging offers exciting opportunities to trans-
late the continuously improving comprehension of the
pathophysiology of atherosclerosis at the molecular and
cellular levels to identification of the vulnerable plaque
within the clinical realm. Atherosclerotic lesions slowly
develop in the tunica intima with buildup of cellular and
extracellular components originating from both the vessel
lumen and the tunica media. Initial accumulation of fat-
laden macrophages (foam cells), T-lymphocytes, and
smooth muscle cells is known as an intimal xanthoma or
fatty streak. These preatherosclerotic lesions form shortly
after birth and throughout life and commonly regress as
their distribution changes from childhood to adult life
beyond the third decade (66). A second preatherosclerotic
lesion, known as intimal thickening, is comprised primarily
of smooth muscle cells within a proteoglycan-rich matrix.
Both of these preatherosclerotic lesions have the potential
to develop into progressive atherosclerotic lesions (67).
Progression of atherosclerotic lesions continues with the
development of intimal xanthoma into a lipid-rich core that
becomes covered with a fibrous cap comprised of smooth
muscle cells and proteoglycan extracellular matrix. Cellular
and molecular components associated with plaque progres-
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sion and instability include monocyte recruitment proteins,
foam cells, matrix metalloproteinases, and apoptosis (68).
There is potential for imaging unstable atherosclerotic
plaques by targeting these components with molecular
markers that are conjugated to a PET radiotracer. For
example, '>°I-labeled low-density lipoprotein has been used
to image atherosclerotic disease in carotid arteries (69). A
radionuclide target for macrophages, !3'I-labeled monocyte
chemoattractant protein-1, has been shown to accumulate in
lipid-rich, macrophage-rich regions in animal models of
atherosclerosis (70,71). ?°™Tc-Labeled annexin V, which
localizes to apopotic cells, may be useful in identifying
unstable atherosclerotic plaques (68,72). Finally, '®F-FDG
has increased uptake in inflamed vascular tissue and can
serve as a marker for atherosclerosis (73). Rudd et al. have
recently demonstrated that '8F-FDG PET with coincident
CT studies detects significant carotid artery plaques in
patients with recent transient ischemic attack (74). Whether
these favorable results in animals and humans can be
translated into useful modalities for screening of preclinical
unstable atherosclerosis remains untested.

Molecular Targets for Imaging Myocardium

Targeting intracellular metabolic processes of the myo-
cardium or expressed cell-surface molecules for imaging
should expand our ability to diagnose and treat subclinical
LV dysfunction or progressive LV remodeling in patients
with heart failure that often remain elusive with traditional
imaging techniques. The fibrosis, apoptosis, and other
cellular and molecular events involved in LV remodeling
of heart failure might be assessed to improve understanding
of the significance of these events in heart failure progres-
sion but also to track response to therapy. Similarly, cardiac
transplant recipients undergo myocardial biopsy at best
annually for monitoring of graft rejection. Identification of
molecular markers associated with rejection that can be
recognized by nuclear probes should replace the necessity
for this routine invasive testing. Success in cardiac arrhyth-
mia ablations is increasing with improved use of imaging
techniques (Fig. 7). Identification of molecular or cellular
markers associated with arrhythmias may enhance imaging
techniques and further improve the efficacy of ablations or
provide new therapeutic options for ablation. Another
important area in cardiology is the potential for cardiac
regeneration in postmyocardial infarction and heart failure
patients. Nuclear imaging of steps in regeneration should
help advance this field and assist its realization as a new
frontier in cardiac medicine.

Targeting Myocardial Metabolism. Metabolic adaptation
likely represents one of the earliest responses to myocardial
ischemia, which is regulated to protect the structural and
functional integrity of the heart. Ischemia may be transitory
and reversible, or permanent and irreversible, leading to
myocardial infarction. Myocardial ischemia may also lead
to postischemic stunning, hibernation, and preconditioning.
A decrease in oxygen delivery to the myocardium results in
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FIGURE 7. Transverse CT, PET, and
integrated PET/CT images of the heart
from a patient with ischemic cardiomy-
opathy are shown. (A) CT image shows
abnormal thinning of the apical and
apicolateral regions of the LV and pre-
served wall thickness in the septal and
lateral regions. (B) Corresponding '8F-
FDG PET image shows preserved meta-
bolic activity in septal and lateral regions
and relatively decreased metabolic ac-
tivity in apical and apicolateral regions.
(C) Integrated PET/CT image (C) provides
accurate coregistration of the limited-
spatial-resolution metabolic signal of
PET with the high-resolution anatomic
signal of CT. (Adapted from (30).)

the downregulation of mitochondrial oxidative metabolism
and reduced contractile function. The heart helps protect
itself from the oxygen-lack fate of infarction by switching
its energy source from aerobic to anaerobic glycolysis.
While such a metabolic switch has been well established in
chronically hypoperfused myocardium, termed hibernation,
the metabolic consequences of hypoxia in the setting of
acute or transient ischemia is less well established (75).
Acute switch from aerobic to anaerobic metabolism may be
a crucial condition for immediate cell survival after acute or
transient myocardial ischemia. Without these refined adap-
tive changes in metabolism, the resultant energy deficit
could lead to cell death, either by apoptosis or necrosis.
Thus, targeting intracellular metabolic processes for imag-
ing will undoubtedly expand our ability to diagnose and
treat subclinical or progressive cardiovascular disorders
(45,52,53).

Targeting Cardiac Sympathetic Innervation. Imaging of
cardiac sympathetic innervation with '23I-metaiodobenzyl-
guanidine ('2’I-MIBG) is an emerging area of risk strati-
fication. MIBG is an analog of guanethidine and acts as a
false adrenergic neurotransmitter. Mismatches between
myocardial innervation and perfusion are common in
patients with ischemic heart disease. Regional denervation
of the heart in the postischemic myocardium may persist
for 15 d or longer after an ischemic event. In the post-
myocardial infarction setting, the territory of abnormal
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I23_MIBG uptake (corresponding to sympathetic denerva-
tion) often exceeds the final infarct size, and such patients
are at higher risk for subsequent ventricular arrhythmias
(76-78). Similarly, in patients with LV dysfunction and
heart failure, decreased '2I-MIBG uptake in the heart is
associated with poor clinical outcome (79). Should these
findings prove prognostic for outcomes in a larger number
of patients with LV dysfunction, '>’I-MIBG imaging may
have a role in selecting patients who may optimally benefit
from defibrillators (76). '23I-MIBG has been available in
Europe for >10 y, but it is not FDA approved for cardiac
application in the United States.

Targeting Tissue Angiotensin-Converting Enzyme (ACE).
The renin—angiotensin system and its primary effector
peptide, angiotensin II, have been implicated in the path-
ophysiology of interstitial fibrosis, LV remodeling, and
heart failure. The discovery of the tissue ACE system and
its ability for local production of angiotensin II in the heart
(beyond the circulatory system) provides the potential of
ACE imaging in the heart and monitoring LV remodeling
(80). Experiments using !?°I-labeled angiotensin I and
angiotensin II infusions have shown that >90% of cardiac
tissue angiotensin I and >75% of cardiac tissue angiotensin
II are synthesized in situ and are not derived from circulation
(81). It is believed that the knowledge of tissue expression of
the renin—angiotensin system may have important implica-
tions in management of heart failure patients (82).
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Consequently, a new radiolabeled ACE inhibitor, '8F-
fluorobenzoyl-lisinopril, was recently synthesized without
compromising its affinity for tissue ACE (83). In explanted
cardiac tissues from patients with chronic ischemic heart
disease, a specific binding of '8F-fluorobenzoyl-lisinopril to
ACE was shown, which was about twice as great as the
nonspecific binding (80). Furthermore, the binding of !8F-
fluorobenzoyl-lisinopril was nonuniform in infarct, periin-
farct, and remote, noninfarct myocardial segments. These
preliminary data in ex vivo human tissues set the stage for
future probes that target LV remodeling with radionuclide
techniques. This should allow a more judicious use of
neurohumoral antagonists especially in the subjects who do
not show a manifestation of heart failure (84). In others,
specific targeted imaging may allow timely selection of
individualized treatment strategies and ensure optimization
of therapeutic intervention.

Radionuclide Imaging of Cell- or Gene-Based Regener-
ative Therapy. Targeted implantation of autologous skeletal
myoblasts, bone marrow stromal cells, hematopoietic stem
cells, or local gene delivery may functionally revitalize
scarred, noncontractile myocardial regions. Cell-based ther-
apy for the treatment of heart disease has become a clinical
reality. Radionuclide imaging of the fate of myogenic cell
grafts and therapeutic genes in vivo may provide insight
into cell survival and proliferation and the mechanism by
which they improve cardiac function or prevent remodeling.
In animal studies, transplanted cardiomyoblasts expressing
a PET reporter gene have been imaged longitudinally with
micro-PET to gain insight into the pattern of cell survival
(85). Future applications of PET and SPECT in human
studies include characterization, visual representation, and
quantification of cell survival and response to gene-based
regenerative therapies.

CONCLUSION

The new healthcare trend in cardiovascular diseases
suggests a paradigm shift from detection and treatment of
CAD to prediction and prevention of CAD. Although
efforts to improve on limitations and exploit strengths of
current myocardial perfusion methods will continue, it is
likely that greater accessibility to CT angiography will fuel
the growth in myocardial perfusion imaging, with the need
to carefully assess the physiologic significance of imaged
anatomic lesions and high calcium score, preferably in
absolute quantitative terms. A further understanding of
CAD pathophysiology at the molecular and cellular levels
will allow radionuclide imaging to evolve into a primary
prevention tool by earlier detection of atherosclerosis as
well as identification of vulnerable plaques and adaptations
in myocardial metabolism.

Radionuclide tracers by their nature reflect physiologic
processes at the cellular level. Nuclear imaging techniques
are well suited for cardiac molecular imaging because of
their relatively high intrinsic sensitivity and excellent depth
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penetration. Hence, in the era of molecular medicine,
nuclear cardiology is uniquely primed to provide insight
into underlying molecular and genomic aberrations of
cardiovascular disease and foster the development of inno-
vative therapeutic interventions in the future.
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