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During myocardial ischemia, an imbalance occurs
between myocardial oxygen supply and demand.
Because the heart is an aerobic organ and relies almost
exclusively on the oxidation of substrates for the gen-
eration of energy, it can develop only a small oxygen
debt. The common clinical condition associated with
anaerobic metabolism is an uncomfortable sensation in
the chest, usually brought on by effort, called angina
The underlying problem is usually disease of the coro-
nary arteries or coronary atherosclerosis in which an
abnormal narrowing of the coronary arteries decreases
the blood supply to the myocardium to cause ischemia.
Thus, the oxygen supply to the myocardial cells also
falls, with anaerobic glycolysis and lactate production.
Traditional objective methods used to determine
the presence of ischemic heart disease include the
measurement of metabolic products in the coronary
venous drainage and contrast coronary angiography.
Noncatheterization methods to detect ischemic heart
disease depend on determinations of the consequénces
of altered regional coronary blood flow such as reduc-
tion in ventricular function or electrocardiographic
changes from rest to Stress (Figure 9-1). In addition
to electrocardiograms acquired at rest and during
stress, several cardiac imaging techniques are routinely
used in clinical practice. 2

Because the objective demonstration of ischemia
by electrocardiograms or cardiac imaging is associ-
ated with a significantly higher patient morbidity and
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mortality, the cellular basis of ischemia will be
reviewed, and then the noninvasive techniques cur-
rently available for evaluating patients with pos-
sible ischemic heart disease will be outlined. The
focus will be on the detection of ischemic heart dis-
ease and the determination of myocardial viability and
prognosis.

MYOCARDIAL ISCHEMIA

In the heart, increased oxygen demands must be met
almost entirely by increased coronary flow. The con-
tractile function of myocardial cells becomes impaired
during an ischemic insult lasting as little as 1 to 2 sec-
onds, because anaerobic metabolism cannot ade-
quately satisfy the metabolic demands of heart cells,
and the heart cannot incur an OXygen debt. The detri-
mental effects of ischemia are usually reversible, but
after periods of ischemia as short as 20 to 40 minutes,
necrosis of myocardial tissue results. Most of the
myocardial cell’s energy use goes to maintain the con-
tractile state. If energy is not constantly replenished by
oxidative metabolism, energy Stores will fall, metabolic
by-products accumulate, and contractile activity
declines. Although technically difficult, direct serial
tissue measurements of myocardial energy Stores (cre-
atine phosphate and adenosine triphosphate) can pro-
vide a sensitive guide to the presence oOr absence of
ischemia. Other less direct metabolic measures of
ischemia include local Pco,, lactate production, lac-
tate/pyruvate ratio, potassium release, or phosphate
release. However, most measurements that require
myocardial sampling can only be used in experimental
animals. Clinically, measurements of metabolites in
coronary sinus blood require cardiac catheterization
and can be altered by conditions other than ischemic
heart disease, which makes direct evaluation of
myocardial metabolism generally impractical in
humans.
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FIGURE 9-1. Schematic diagram of the cascade of physiological events during myocardial ischemia and the imaging correlates. Abn,abnormalities;
ECG, electrocardiogram; LV, left ventricle; MRI: magnetic resonance imaging; RVG, radionuclide ventriculography; TT, transthoracic; TE, trans-

esophageal; Vest, ambulatory radionuclide ejection fraction.

NONINVASIVE EVALUATION

Exercise Testing
Electrocardiogram

The pioneering work started by Master has led to an
established role for the electrocardiogram-monitored
exercise-stress test in the evaluation of ischemic heart
disease. There are reports that question the usefulness
of exercise testing, especially in populations in which
ischemic heart disease would be expected to have a
low prevalence. Nevertheless, dynamic exercise-stress
testing supplies information useful for evaluating the
predisposition to ischemia during normal daily activity.
Most of the published reports in this field support the
conclusion that ischemic heart disease is present when
typical angina and reversible ST depression occur dur-
ing a stress test.! In addition, a multifactor analysis
of the entire stress test findings can improve the over-
all accuracy of an exercise evaluation and estimate
prognosis.

The sensitivity of electrocardiographic testing for
detecting coronary artery disease has in large part been
based on the findings noted on coronary angiography.
There are several potential problems with this analysis:
(1) the presence of arterial stenoses does not necessarily
imply that a region of myocardial tissue is ischemic, but
rather that there is a potential for the attenuation of
regional coronary reserve capacity; (2) electrochemical
changes (ST depression) may not occur until the con-
tractile state is already impaired, which suggests that a
certain level of cellular ischemia must be reached before
clinically apparent electrocardiographic changes;and (3)
the effect of coronary collateral flow supply to the
myocardium distal to a stenosis and the extent of small
vessel disease is difficult to interpret. Therefore, one can
conclude that in patients with angiographic coronary
stenoses, the sensitivity of electrocardiographic evidence
of ischemia ranges from 49% to 80%, and the specificity
of this test is 41% to 95% (when 1 mm of ST depression
was defined as a positive result).

Imaging

There are certain factors such as abnormal resting elec-
trocardiogram, prior myocardial infarction, hyperventila-
tion, neurasthenia changes, drug intake, and left
ventricular hypertrophy that can make electrocardio-
graphic interpretation difficult. It is in these more diffi-
cult cases and in patients with intermediate risk factors
that noninvasive cardiac imaging can provide much
greater diagnostic information.

The sequence of events occurring during the genesis
of regional myocardial ischemia (Figure 9-1) emphasizes
the concept that regional abnormalities in myocardial
perfusion comprise a continuum from minor relative dif-
ferences in flow without metabolic or regional functional
consequences to the full expression of myocardial
ischemia with systolic and diastolic dysfunction, electro-
cardiographic signs, and angina. Seminal studies of coro-
nary blood flow in the early 1970s demonstrated that
whereas a diameter stenosis of approximately 80% to
90% was necessary to induce a detectable regional coro-
nary flow abnormality at rest, a stenosis on the order of
approximately 50% diameter narrowing would result in
regional flow disturbances during pharmacologically
induced hyperemia. Radionuclide techniques evaluated
myocardial perfusion and have been widely applied in
the study of coronary blood flow in humans during
stress. The concepts derived in animal models regarding
the degree of stenosis required to induce a physiological
flow abnormality during hyperemic stress were applied
to radionuclide perfusion imaging studies, so that a 50%
diameter stenosis on a coronary angiogram became the
“gold standard” against which myocardial perfusion imag-
ing was often tested. Other imaging modalities, including
echocardiography and cardiac magnetic resonance imag-
ing, are also being used to evaluate myocardial perfusion
and with more widespread availability could reach the
large population now being served with radionuclide
techniques.

After perfusion imaging started, the ability to evaluate
regional and global systolic ventricular myocardial func-
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tion became available with the use of exercise radionu-
clide angiography, echocardiography, and, more recently,
magnetic resonance imaging. These techniques were
also applied to the study of patients with known or sus-
pected coronary disease to find a noninvasive diagnostic
modality that would also be more efficacious than an
exercise electrocardiogram. This is accomplished by
measuring a physiological parameter that occurs earlier
in the sequence of events after a regional supply/ demand
imbalance than the ischemic ST depression detected by
electrocardiography or by symptoms of angina.

Conceptually, on the basis of the cascade of myocar-
dial cellular dysfunction, myocardial perfusion imaging
should be the most sensitive technique to detect the
presence of an epicardial coronary stenosis, with the
study of stress regional wall motion abnormalities the
next most sensitive, and exercise electrocardiograms the
least sensitive. To some degree, this is reflected in
numerous studies evaluating the sensitivities for detect-
ing coronary artery disease and particularly the findings
in several studies that myocardial perfusion imaging
detects coronary disease more efficiently at lower work-
loads than functional imaging or exercise electrocardio-
graphy. Furthermore, positron emission tomographic
(PET) techniques are likely to be the most sensitive,
because absolute values of regional coronary flow
reserve can be quantitated, presumably detecting more
modest heterogeneities in regional flow during a hyper-
emic stress.

DETECTION OF CORONARY ARTERY
DISEASE

Identification of traditional and newer risk factors for
coronary artery disease is the first step in the evaluation
of an individual’s risk for having coronary artery disease.
Those include advanced age and male gender, hyperten-
sion, hypercholesterolemia, family history of coronary
artery disease in first-degree relatives younger than the
age of 60, diabetes mellitus, smoking, obesity, sedentary
lifestyle, and elevated homocysteine. Various clinical pre-
diction models can be subsequently applied to further
stratify patients into low, intermediate, and high risk for
future cardiac events, including cardiac death and nonfa-
tal myocardial infraction on the basis of these risk fac-
tors. A modified version of the Framingham risk score
has been incorporated into the Third Report of the
National Cholesterol Education Program (NCEP
Guidelines) to estimate the 10-year risk for coronary
artery disease developing.?

Although it is well recognized that sensitivity and
specificity define the quality of a diagnostic test, the
result cannot be satisfactory interpreted without addi-
tional knowledge of the prevalence of disease in a given
population. Defining the pretest likelihood of coronary
artery disease in a certain individual and determining the
posttest probability after a positive or negative result is a
key feature and is based on the concepts included in
Bayes’ theorem of conditional probability, and it is now
well appreciated that cardiac imaging is of particular
importance in patients at intermediate risk (those with

pretest probability between 20% and 80%), because a
positive or a negative result influences further treatment
decisions.

The decision to perform a stress test to obtain diag-
nostic and/or prognostic information in patients with
chronic stable angina has been carefully reviewed in
ACC/AHA guidelines.> There are also ACC/AHA
Guidelines for exercise testing® and for the clinical use of
radionuclide imaging* and prognostic risk indices devel-
oped for stress echocardiography.’ There is also an
expert consensus document concerning electron-beam
computed tomography (EBCT) for the diagnosis and
prognosis of coronary artery disease.’ In general, these
guidelines strongly recommend an imaging study as part
of the evaluation in patients who are unable to exercise
and in those with baseline electrocardiographic abnor-
malities (preexcitation, paced ventricular rhythm,>1 mm
of resting ST-segment depression, complete left bundle
branch block). The use of digoxin or the presence of
left ventricular hypertrophy also decreases the speci-
ficity of exercise testing, whereas sensitivity may remain
unaffected. Several other subsets of patients benefit
incrementally with the use of cardiac imaging. Those
groups involve patients with prior myocardial infarction,
revascularization procedures (coronary artery bypass
grafting [CABG] or percutaneous transluminal coronary
angioplasty [PTCA]), known significant disease (for iden-
tification ;of the “culprit” lesion causing ischemia), dia-
betes, and patients with a previous positive imaging
study (Box 9-1). At present, there are no specific guide-
lines for cardiovascular magnetic resonance (CMR) imag-
ing, but information on this technique is included in this
chapter for general information purposes and the expec-
tation that this technique will play a more important role
in routine clinical cardiology practice.

EBCT

The early detection of coronary atherosclerosis would
seem desirable particularly among selected individuals

Complete left bundle-branch block

Electronically paced ventricular rhythm

Preexcitation (Wolff-Parkinson-White) syndrome or other, similar electro-
cardiographic abnormalities

More than 1 mm of ST-segment depression at rest

Inability to exercise to a level high enough to give meaningful results on
routine stress electrocardiography’

Angina and history of revascularization®

.

*Patients with this factor should be considered for pharmacological stress
tests.

'In patients with angina and a history of revascularization, characterizing the
ischemia, establishing the functional effect of lesions, and determining
myocardial viability are important considerations.

Adapted from Gibbons RJ, Balady GJ, Timothy Bricker J, et al. ACC/AHA 2002
guideline update for exercise testing: summary article. A report of the
American College of Cardiology/American Heart Association Task Force on
Practice Guidelines (Committee to Update the 1997 Exercise Testing
Guidelines).J Am Coll Cardiol 2002;40:1531.




