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Foreword

W.F. ARMSTRONG

While stress echocardiography is not the first technique to be applied to
patients for the diagnosis of coronary artery disease, it represents an impor-
tant clinical tool, likely to become of increasing pertinence in today’s era of
cost containment and mandated cost-effectiveness of diagnosis. It may be
the most rapidly expanding area of clinical echocardiography today.

Stress echocardiography as we know it today represents the natural con-
clusion and merger of observations made over fifty years ago. In 1935 Tenn-
ant and Wiggers demonstrated that the immediate result of a coronary oc-
clusion, was an instantaneous abnormality of wall motion [1]. As viewed
from the surface of the heart in an open chest dog preparation, cyanosis and
obvious paradoxical bulging of the left ventricular wall was noted. At a
similar time Masters and co-workers, using fairly rudimentary exercise de-
vices, described the response of the human cardiovascular system to sustained
exercise (Figure 1) [2]. These two observations diverged for four decades
while clinical investigation was pursued along the two parallel lines.

Following its birth with the Masters two-step test, formal cardiovascular
stress testing evolved through a period of treadmill exercise testing or bicycle
ergometry initially with one, then subsequently three, and finally twelve or
more electrocardiographic lead monitoring. As the pool of patients being
examined was expanded and the indications became more broad ranging, it
became apparent that the symptomatic and electrocardiographic responses
alone to physical exertion were insufficient for the diagnosis of coronary
artery disease in many individuals and that accuracy could be refined and
clinical utility expanded by adding cardiac imaging technique. The first imag-
ing techniques to be utilized were based on radionuclide technology and
involved either perfusion imaging with thallium or blood pool imaging with
technetium labeled red blood cells. These techniques were developed and
rapidly rose to pre-eminence in the late 1970’s and early 1980’s, they remain
today the most widely utilized of the imaging techniques used in conjunction
with cardiovascular stress. It was not until 1979 that echocardiographic imag-
ing at the time of cardiovascular stress testing was proposed as a diagnostic
technique (Figure 2) [3]. Following this initial encouraging, but obviously
preliminary report, the technique essentially lay dormant. There are numer-
ous reasons for this, including the technical limitations of early two-dimen-
sional scanning devices, the lack of efficient mechanisms for data storage,

T.H. Marwick, Stress Echocardiography, xi-xiv, 1994.
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Figure 1. Illustration from the original article by Arthur Masters. Reprinted with permission of
the American Heart Journal.

Figure 2. Early stress echocardiogram from the work of Wann et al. depicting a patient with
significant coronary disease and inducible ischemia (left panels). Following successful bypass
surgery there is return of normal function at rest and with stress in this individual (right panel).
Reprinted with permission of the American Heart Association.
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retrieval and analysis and the cumbersome nature of the examination itself.
Finally the need for yet another imaging technique for diagnosing coronary
disease was not firmly established, as the existing nuclear medicine techniques
appeared then, and to a certain degree now, to be sufficient for clinical
diagnosis. Fortunately the concept of stress echocardiography remained alive
in the imagination of a small number of individuals who devoted substantial
energy to further refinement of the technique, promoted its advantages
and worked toward development of newer schemes for image storage and
analysis.

In the mid to late 1980’s multiple generations of ultrasound equipment
evolved in a dramatically short time span, phenomenal progress was made
in image quality, and with it an ability to image virtually all patients pre-
senting for evaluation of coronary disease. Simultaneous with this we saw
the emergence of digital echocardiographic techniques. These devices revolu-
tionized echocardiography as we know it today, and allowed capture of
continuous loop cycles for side-by-side display. It was this development,
more than any other, which made stress echocardiography a truly practical
examination. Combined with the improved imaging capability the digital
acquisition devices made stress echocardiography a practical time-efficient
and cost effective tool which could be applied to virtually all patients on an
unselected basis as an efficient and accurate tool for the diagnosis of coronary
artery disease.

What followed next was a virtual explosion of interest in stress echocardio-
graphy and in the number of laboratories actively pursuing it not only
for investigational purposes but as a clinically relevant, practical patient
management tool. As one laboratory after another reported results confirm-
ing the accuracy of the technique, often utilizing different forms of physical
and pharmacologic stress, the enthusiasm for instituting programs in stress
echocardiography dramatically increased. In the late 1980’s and early 1990’s
“second generation” stress echocardiographers successfully disseminated the
technique out of university based teaching institutions and into the com-
munity.

We now see an era in which a stress echocardiography laboratory has
evolved into a common clinical presence, and with appropriate attention to
training, a clinically relevant tool which provides levels of accuracy equivalent
to that of the competing radionuclide techniques. It is not sufficient however
to have a tool capable only of making a diagnosis; it is essential that the
same technique be able to provide information regarding prognosis and
patient management. Following establishment of accuracy for detection of
coronary artery disease most laboratories have now turned their attention to
the prognostic implications of stress echocardiographic responses. As we
enter an era of cost containment, in which maximum clinical efficiency will
be demanded, stress echocardiography, because of its tremendous versatility
and accuracy for identifying patients with coronary disease as well as its
ability to provide prognostic information is now poised as a leading technique
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Figure 3. Apical four chamber view in an individual undergoing pharmacologic stress echocar-
diography. The blood pool has been opacified and the endocardial borders subsequently en-
hanced following an injection of intravenous sonicated Albumin solution.

in cardiology. The clinical utility has become well established and newer
techniques show promise for potentially greater clinical and investigative
uses (Figure 3).

In Stress Echocardiography: Its Role in the Diagnosis and Evaluation of
Coronary Artery Disease, Dr. Marwick provides a thorough, comprehensive
review of the basic and advanced concepts of stress echocardiography. This
text represents an excellent starting point for individuals wishing to gain
initial familiarity with stress echocardiography and a superb reference source
for more experienced investigators and clinicians finding a need to further
develop their understanding of the technique and advance its clinical rel-
evance in their laboratories.
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Preface

Stress echocardiography is a conceptually simple technique which permits
the detection of ischemic myocardium by direct visualization of the regional
left ventricular dysfunction, which occurs as a consequence of ischemia.
However, the simplicity of this concept contrasts with the technical difficulty
posed by the practical performance of this technique, a fact well evidenced
by the delay between the initial reports of this method by researchers in the
late 1970’s, and the relatively recent clinical interest in the approach.

The aim of this work is to investigate the application of this method as a
routine diagnostic tool for detection of the presence, site and extent of
myocardial ischemia. To this end, the pathophysiologic aspects which deter-
mine the development of abnormal regional function due to ischemia, and
the ability of ultrasound to detect abnormal function, are reviewed in chapter
1. The methodology of the test and its interpretation are discussed in chapter
2. The subsequent sections deal with the feasibility and accuracy of exercise
stress echocardiography (chapter 3) and pharmacologic stress echocardio-
graphy (chapters 4 and 5). Chapters 6 and 7 place stress echocardiography
in perspective with reference to the currently available alternatives for the
diagnosis of coronary artery disease (the stress electrocardiogram and nuclear
scintigraphy). The use of the technique for purposes unrelated to the diag-
nosis of coronary disease — assessment of prognosis (chapter 8), evaluation
of the efficacy of therapeutic endevours (chapter 9) and the detection of
viable myocardium (chapter 10) are discussed in the last section.

Stress echocardiography is a technically demanding technique, both to
perform and to interpret. While there is no substitute for ‘“hands-on” (prefer-
ably supervised) training, the purpose of this book is to facilitate the acqui-
sition of this expertise.

Thomas Marwick,
Cleveland, October 1993.

T.H. Marwick, Stress Echocardiography, xv, 1994.
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1. Basic Considerations in the Pathophysiology and
Detection of Ischemic Left Ventricular
Dysfunction

G.H. MAIRESSE and T. MARWICK

Regional systolic dysfunction is a very early sequel to the development of
myocardial ischemia. Because of the ability of echocardiography to visualize
the function of the heart non-invasively and in real-time, its use for the
detection of myocardial ischemia has been the source of research activity
since the earliest days of the technique. This chapter reviews aspects of
function in the normal and ischemic heart, as well as imaging considerations,
which are central to the understanding of stress echocardiography.

1.1 Pathophysiology of Ischemic Left Ventricular Dysfunction
1.1.1 Normal Contractile Properties of the Myocyte

Normal contractile function in the heart is intimately related to the behavior
of intracellular calcium (Ca**). During cellular depolarization, Ca®* flows
into the cytoplasm, inhibiting the binding of actin with troponin and therefore
permitting actin-myosin binding [1]. The resultant cross-bridge formation
induces a change in orientation of the myosin head, thereby producing a
relative change in position between filaments and cells, causing myocardial
contraction — visualized at echocardiography as myocardial thickening and
endocardial excursion. Finally, at the end of systole, the concentration of
Ca®" falls, allowing troponin to again bind with actin, resulting in relaxation
[2]. Both the augmentation and the reduction of Ca®" require energy, so
that ischemia may not only compromise contraction but also cause abnormal
relaxation (both of which are potentially detectable by echocardiography).
In summary, the mechanical functions of the heart correlate with the quantity
of Ca** which is bound to troponin and the myofibrillar sensitivity to Ca®"
[3]

The energy required for cross-bridge formation is derived from the hydro-
lysis of a molecule of adenosine triphosphate (ATP). Thus, when cardiac
workload increases, due to increases of heart rate, contractility or load, the
hydrolysis of ATP must increase simultaneously. Under normal circum-
stances, most of the heart’s ATP is produced by aerobic metabolism [4].
Although oxidative phosphorylation is the dominant source of ATP [5], a
variety of substrates can be metabolized by the cardiac myocytes, depending

T.H. Marwick, Stress Echocardiography, 1-10.
© 1994 Kluwer Academic Publishers.



2 G.H. Mairesse & T. Marwick

on their availability and the metabolic status of the heart. The major role of
aerobic metabolism in myocardial energy production causes myocardial ox-
ygen consumption (MVO,) to represent the global metabolic activity of the
heart, and as only 10 to 20% of this oxygen is used for physiologic processes
not directly associated with contraction, oxygen consumption effectively cor-
relates with cardiac work. The three main determinants of MVO, are heart
rate, myocardial tension and myocardial contractility, and in order to pro-
voke dysfunction due to ischemia, some form of stress is required to increase
one or more of these factors.

As the heart can develop only a small oxygen debt, a continuous supply
of oxygen is needed in order to maintain contractile activity. Oxygen supply
may therefore be the limiting factor for adequate adaptation to any increase
in workload [6]. This supply is dependent on coronary blood flow [7], which
in the setting of coronary disease is most influenced by the presence of
anatomic stenoses. Moreover, ischemia involves not only oxygen deprivation,
but also inadequate removal of metabolites due to reduced perfusion, and
this differs from hypoxia or anoxia. In the subendocardium [8], the combi-
nation of a greater wall stress, a greater resistance to flow and a higher
metabolic demand due to a greater degree of shortening results in a lower
perfusion rate and a greater susceptibility to ischemia. Other influences,
including hydraulic, mechanical, metabolic, neuro-humoral factors, and the
oxygen-carrying properties of hemoglobin influence oxygen supply to a lesser
degree.

1.1.2 Pathogenesis of Myocardial Ischemia

The final common pathway of ischemia is a mismatch between nutrient
supply and demand at the level of the cardiac myocyte, and is usually
provoked by circumstances necessitating increased nutrient requirements.
This situation may arise because of the inability to increase coronary supply
due to fixed stenoses in epicardial vessels, reduced coronary supply due to
vasoconstriction, and diseases of small vessels.

The commonest mechanism of ischemia is due to reduced coronary blood
flow secondary to fixed stenoses. In these circumstances, the severity of
stenosis determines the clinical picture. Coronary perfusion at rest is main-
tained at normal levels until stenoses are severe (> 90% of coronary di-
ameter), at which stage the patient suffers ischemia at rest. Ischemia may
be induced by stenoses of lesser severity if they prevent the development of
coronary hyperemia in response to increased oxygen demand. This may occur
in the presence of stenoses > 50% diameter [9]. However, although stenoses
of between 50 and 90% may induce ischemia by reduction of coronary
vasodilator reserve, the severity of narrowings and their physiologic effects
correlate poorly [10]. Generally, lesser degrees of stenoses require greater
amounts of demand (and hence coronary hyperemia) to induce ischemia;
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stenoses of 70 to 90% are reliably associated with stress-induced ischemia,
whereas those of 50 to 70% may or may not be flow-limiting.

Coronary vasospasm may occur in normal or abnormal vessels. Its occur-
rence in normal vessels is rare, but accounts for the development of ischemia
due solely to reduced blood supply, without increased demand. More com-
monly, vasomotor tone may modulate the severity of eccentric stenoses,
causing variations in exercise capacity from time to time [11].

The importance of small vessel disease in the heart has probably been
overstated, and the above mechanisms certainly account for the majority of
ischemic episodes. However, small vessel disease may contribute to the
development of ischemia in some diseases, principally diabetes [12]. How-
ever, the major cause of small vessel disease is probably left ventricular
hypertrophy, where vascular compression and inadequate angiogenesis may
produce ischemia of hypertrophied myocardium independent of epicardial
coronary disease [13].

1.1.3 Pathophysiology of Myocardial Ischemia

The various stress tests to detect or assess coronary artery disease reproduce
the imbalance between myocardial oxygen demand and supply which precipi-
tate ischemia [14], and this in turn is manifest as impairment of ventricular
function. The precise mechanism by which ischemia impairs left ventricular
function remains undefined. Ischemia rapidly reduces the rate of ATP usage
(within 10 to 15 seconds of its onset), but although this parallels the suppres-
sion of contractile function, it may not account for dysfunction because the
onset of contractile failure precedes the decline of myocardial ATP content
[15]. Contractile failure may be promoted by a slight initial decrease in ATP
causing a reduction of influx of Ca®* across the sarcolemma and from the
sarcoplasmic reticulum. However, functional changes during ischemia are
unlikely to solely reflect a decrease of total intracellular Ca**, which actually
rises during ischemia [16]. Another important mechanism may relate to
reduction in the Ca®* sensitivity of the myofilaments, interfering with the
ability of Ca®>* to modulate the force-generating properties of the contractile
proteins. Finally, the high [H"] induced by ischemia may compete with
Ca®* for the troponin receptors, resulting in impairment in the actin-myosin
interaction, and failure in contractility.

1.1.4 Effects of Myocardial Ischemia

Irrespective of its cause, myocardial ischemia in a single coronary territory
is associated with three clinical manifestations: abnormal regional left ven-
tricular function, ECG changes, and angina. The loss of normal contractile
activity in that vascular bed rapidly results in asynergy, which is recognizable
at echocardiography [17]. Acute coronary occlusion provokes paradoxical
motion (systolic bulging or dyskinesis) in the central ischemic zone, reduced
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contraction (akinesis or hypokinesis) in the adjacent zone and compensatory
hyperkinesis in the surrounding unaffected myocardium [18]. Ischemia-in-
duced alterations of systolic function occur very rapidly — during coronary
angioplasty, Wijns [19] showed a regional increase in left ventricular stiffness
within 20 seconds of coronary occlusion. Indeed, left ventricular distensibility
decreases before the onset of systolic failure [20]. The sequence of functional
events induced by ischemia begins with diminished left ventricular compli-
ance, followed by decreased myocardial contractility and increased left ven-
tricular end-diastolic pressure. These changes are evidenced at echocardio-
graphy by alterations of transmitral flow patterns, abnormal regional systolic
function and eventual left ventricular cavity enlargement and reduction of
overall left ventricular function.

Models involving coronary occlusion do not equate closely to clinical stress
testing, and a closer analogy is based upon gradations of coronary bloodflow
reduction. Such experiments have shown a predictable relationship between
reductions of flow and function, but for detectable wall motion abnormalities
to occur, flow must be reduced to 50% in at least 5% of the myocardium
[21].

From the standpoint of the ECG, the genesis of ST segment depression
reflects the particular sensitivity of the subendocardium to ischemia. The
ischemic myocyte is able to contribute less energy to the Na*/K™ pump,
resulting in losses of intracellular potassium [22], and partial depolarization
of the cells within the ischemic zone. These cells are thus at more negative
potential than normal depolarized cells during systole, creating an electric
current from the epicardium to the endocardium (ie. away from surface
electrodes), resulting in ST depression. While changes in the ST segment
and regional dysfunction are therefore both manifestations of ischemia, their
time-course may differ, and discrepancies (the presence of one without the
other) are not uncommon (see Chapter 5).

The mechanism of the third clinical manifestation — angina pectoris — may
be less associated with oxygen supply than the reduction of solute “washout”.
Acidosis and elevated potassium concentration in the involved tissues may
trigger release from the myocardial cells of substances such as adenosine,
bradykinin, histamine, or serotonin, to which the sensory intracardiac unmye-
linated sympathetic system appear to be extremely sensitive. These mechan-
isms can be modulated by the endorphine level during stress-induced is-
chemia [23].

Experimental and clinical experience [24-28] suggests that regional wall
motion abnormalities may precede angina or ECG changes. During complete
and acute interruption of blood flow during coronary angioplasty, Hauser
[27] noted that coronary occlusion was followed by wall motion abnormalities
in 86%, 19 = 8 seconds after balloon inflation; ST segment shifts in 36%,
30 = 5 seconds after balloon inflation and chest pain in 41%, 39 *+ 10 seconds
after balloon inflation. In this setting, the “ischemic cascade” [29] describes
a pathophysiologic continuum that begins with the abrupt onset of perfusion
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Local ischemia
\ 4

Abnormal diastolic performance

¥
Abnormal regional systolic function

¥

ECG abnormalities
\ 4

Chest pain

Figure 1.1. Sequence of phenomena induced by ischemia according to the “ischemic cascade”
theory.

abnormalities and terminates with the recognized clinical expressions of is-
chemia (Figure 1.1).

The above studies share the limitation of an experimental design involving
“supply-based” ischemia. Their application to the usual clinical setting of
“demand-led” ischemia assumes that the timing of these events is equivalent
in this situation. Fortunately, both experimental data on graded reductions
of flow [30] and clinical experience reassures us that this is so.

1.1.5 Physiological Basis for Stress-induced Ischemia

Techniques involving increases in O, demand (exercise, pacing or dobutam-
ine stress) or reductions in O, supply (vasoactive stress) can both be utilized
to demonstrate ischemia in patients with coronary artery disease.

a. Exercise-induced Ischemia. During exercise, the three major determinants
of oxygen consumption, heart-rate, blood pressure, and inotropic state all
increase with increasing cardiac work. Unless coronary perfusion increases
to satisfy the resulting oxygen demand, the myocardium will become is-
chemic. This relationship is modulated to some extent by other factors,
including body position and coronary tone. A change from supine to upright
position results in marked blood volume shifts to the legs and abdominal
organs, decreasing venous return, left ventricular end-diastolic volume and
pressure, stroke volume and cardiac index [31], all of which reduce cardiac
work and delay the ischemic threshold [32]. Likewise, dynamic changes in
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coronary artery tone at the site of atherosclerotic plaques can be induced
during exercise, contributing an element of vasospasm.

b. Pacing-induced Ischemia. The primary mechanism for the induction of
ischemia during pacing is the development of tachycardia, which exceeds
that obtained at pharmacologic stress and may be made equivalent to that
of exercise. Augmentations of blood pressure and inotropic state are minor
and secondary. There may also be an element of vasospasm; Nabel [33] has
shown that a simple increase in heart rate induced by pacing resulted in
modest vasodilation in patients with normal coronary arteries, but that coron-
ary stenoses were associated with paradoxical loss in luminal size, suggesting
that a reduction in coronary supply may also be involved in increasing heart
rate-induced ischemia.

c. Dobutamine-induced Ischemia. The inotropic activity of dobutamine re-
flects a combination of alpha, and beta, stimulation [34], and is equivalent
in efficacy to that of epinephrine. In the vasculature, the alpha, vasodilatory
effect of dobutamine is offset by the beta; vasoconstrictor activity, thus
limiting the net changes in blood pressure following dobutamine infusion
and producing a potential limitation to the test due to the development of
hypotension. Thus, although the inotropic state is enhanced by this drug,
the more important determinants of myocardial oxygen consumption (heart-
rate and blood pressure) are augmented to a lesser extent than is possible
using submaximal exercise. Nonetheless, the development of an ischemic
response in presence of coronary stenoses is analogous to that witnessed with
exercise — with initially a reduction of the positive inotropic effect [35] and
then regional ventricular dysfunction.

While the development of ischemia appears to correlate mainly with the
chronotropic effects of this drug [36], the degree of ischemia may outstrip
that expected at the attained level of cardiac work, possibly due to metabolic
effects known of as “oxygen-wasting”. This has been suggested by an aug-
mentation of the ratio between MVO, and the pressure-volume area (defined
as the sum of the external mechanical work and the end-systolic elastic
potential energy) during infusion of catecholamines (especially dobutamine),
despite independence from heart-rate changes [37-41]. Similarly, a recent
comparison of cardiac workload at the time of onset of regional wall motion
abnormalities during dobutamine and exercise stress found dyskinesia to
occur at significantly lower rate-pressure product during dobutamine stress,
suggesting the involvement of other mechanisms than simply an increase in
external cardiac work [42]. The cause of this “‘oxygen-wasting” is unclear,
but could reflect an increased energy cost of excitation-contraction coupling
and Ca®" reuptake after adrenergic stimulation [43].

d. Vasodilator-induced Ischemia. The coronary vasodilators induce myocar-
dial ischemia by a paradoxical impairment of oxygen supply. These agents
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exert their effects through the reduction of collateral flow due to lowering
of pressure in supplying vessels. This ‘“‘steal” process may be “vertical”’
(redirection from the endocardium to the epicardium), ‘‘horizontal” (redi-
rection from areas supplied by a stenosed artery to normally perfused areas),
or involve other mechanisms including the passive collapse of stenoses, sys-
temic steal (reducing coronary flow due to reduced perfusion pressure) and
luxury perfusion [44]. In addition, a degree of increased demand may contri-
bute to the genesis of ischemia.

The major coronary vasodilators used for stress echocardiography are
adenosine and dipyridamole. Adenosine is a very potent endogenous vasodil-
ator, which may be administered directly or indirectly (via dipyridamole).
Dipyridamole blocks the cellular uptake of adenosine, leading to an increased
concentration of adenosine in both the myocardial and the arterial wall [45].
They will be discussed further in Chapter 5.

e. Vasoconstrictor-induced Ischemia. Coronary spasm may be a contributor
to the development of myocardial ischemia, but is uncommonly its only
cause. The mechanism of coronary vasomotion is not well understood, and
the vasoconstrictor stressors (hyperventilation or ergonovine) may well not
be representative of the underlying pathophysiology. These tests are not
commonly indicated, but are discussed further in Chapter 5.

There is, therefore, a perplexing choice of exercise, pacing and pharmaco-
logic stress agents for use with stress echocardiography. On the basis of
current evidence, no single stress technique appears to enjoy unqualified
superiority, and the selection of a stress must be tailored to the clinical
question being addressed in each individual patient. These issues will be
discussed further in Chapters 3, 4 and 5.

1.2 Detection of Ischemic Dyssynergy with Echocardiography
1.2.1 M-mode Echocardiography

M-mode echocardiography has the advantage of a high sampling rate and
provides accurate spatial and temporal measurements. This technique has
been used for the identification of myocardial ischemia [46]. However, it is
an approach with important limitations. The M-mode beam interrogates only
an ‘““ice-pick” view of the heart, and even with tedious mapping, not all of
the ventricle may be visible. Moreover, the strengths of the methodology
apply only to when a view perpendicular to the chamber is available; off-axis
measurements may be misleading. Thus, stress M-mode echocardiography is
not attractive for routine clinical application, though it may be a useful
adjunct to two-dimensional imaging (see Chapter 2).
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1.2.2 Two-dimensional Echocardiography

The spatial orientation and real-time imaging provided by two-dimensional
echocardiography are ideal for the purpose of identifying myocardial is-
chemia [47]. Stress two-dimensional echocardiography has been attempted
since the late 1970’s [48]. However, the growth of stress echocardiography
as a clinical tool has been a later development, which has largely paralleled
the development of digital image processing [49]. Following the establishment
of its diagnostic role, stress echocardiography has progressed to further
applications, including the identification of viable myocardium and evaluation
of the efficacy of therapy.

The disadvantages of two-dimensional echocardiography for imaging the
response of the heart to stress relate to issues of subjectiveness and image
quality. Four other investigations are available to give a two-dimensional
assessment of left ventricular function; nuclear scintigraphy (including first
pass, and gated planar and SPECT imaging), contrast ventriculography,
computed tomography, and magnetic resonance imaging. While attempts
have been made to perform stress imaging with each, the last three are
currently either too invasive or too expensive to be attractive for clinical
purposes. The comparison between echocardiography and nuclear ventricu-
lography will be discussed in Chapter 7.

In conclusion, while stress 2D echocardiography is being used on a routine
clinical basis in some centers, its broader dispersion has been limited, in
part, by the concentration of expertise in relatively few institutions. The
subsequent chapters are aimed at dispelling some misconceptions about the
difficulty and accuracy of the technique, and address practical issues per-
taining to the performance of the test, including the definition of optimal
stressors. The book also seeks to define the place of the stress echocardio-
gram in the context of the other non-invasive techniques for the diagnosis
of ischemia.
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2. How to Perform Stress Echocardiography —
Practical Aspects

Regional left ventricular systolic function is impaired by myocardial ischemia,
and the extent and severity of ischemia determine the time-course and spatial
distribution of these abnormalities. The principle of stress echocardiography
is to image the heart at rest, and to compare these images with those obtained
following stress, with the implication that deterioration in regional function
corresponds to the presence of ischemia. The ability of echocardiography to
record the severity of regional dysfunction, as well as its spatial extent and
temporal distribution, permits an appreciation of the severity of coronary
pathology as well as its presence or absence. As exercise-induced ischemia
is usually transient, the most reliable data are generally acquired at peak
stress or (if peak images are not feasible) within the shortest possible time
after exercise [1]. Moreover, the induced wall motion abnormality may be
subtle if the stenosis is moderate, situated distally, or if the patient is stressed
submaximally. These considerations dictate that stress echocardiograms need
to be not only acquired rapidly, but should be of the highest quality as well.
The successful performance of stress echocardiography is therefore based
upon meticulous attention to practical detail.

2.1 Equipment for Stress Echocardiography
2.1.1 Echocardiograph Devices

The technical difficulties of stress echocardiography necessitate use of the
best available echocardiography equipment for this purpose [2]. Devices
more than 5 years old are noticeably inferior to current models and probably
should not be used for stress echocardiography. Recent advances in comput-
ing have permitted larger numbers of transducer crystals and improved signal
processing, with a commensurate improvement in two-dimensional image
quality. The development of relatively small transducers has also facilitated
rapid post-exercise imaging. However, as with resting echocardiography, the
selection between currently available echocardiography machines is one
based upon personal preference, familiarity and cost.

While most patients with suspected coronary disease are readily studied

T.H. Marwick, Stress Echocardiography, 11-37.
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by echocardiography, the prevalence of smoking and obesity in this popula-
tion means that the superior penetration of a 2.5 MHz transducer is usually
needed to visualize the deeper regions of the heart, even if this is at the cost
of some spatial resolution [3]. As with all two-dimensional echocardiography,
time should be taken to optimize images in each individual patient. In
particular, excessive gain settings should be avoided, as this may obscure
endocardial detail. Finally, depth must be altered to optimize image size,
definition and frame-rate (which falls with increasing depth).

2.1.2 Image Processing for Stress Echocardiography

i) Conventional Recording Methods. The strength of two dimensional echo-
cardiography is the ability to see the moving heart; data recording therefore
requires a medium offering continuous visualization of images. Until re-
cently, this has necessitated the use of video-tape, but video recordings
have several disadvantages for stress echocardiography. First, there is some
degradation of image quality in the course of recording and playing back from
tape — this may assume importance with respect to defining the endocardium,
especially if this is ill-defined due to suboptimal image quality. Second,
freeze-frame images (and those scanned slowly) may be impaired by artifacts
(though this is less of a problem with modern Super-VHS systems). Most
importantly, video playback is literally “real-time”, so that comparison of
regional wall motion before and after exercise requires the interpreter to
remember pre-test function in each individual segment when the post-exerc-
ise images are reviewed. In effect, this mandates much playing and rewinding
of the video tape to facilitate comparisons between images. This process is
time-consuming and does not lend itself readily to communication with non-
cardiologists, nor indeed, non-echocardiographers.

i) Image Digitization. Recent advances in computing have made digital
recording a practical alternative to the conventional, video recording method.
Although some ‘“‘all-digital” systems are available, generally, this method
usually requires digitization of video images (derived from the echocardio-
graphy machine or a videotape player), by a “frame-grabber” incorporated
in a modified personal computer. This process may be performed after the
stress (“off-line””), permitting selection of a specific cardiac cycle. However,
this is time-consuming, and most centers now perform direct (‘“on-line”)
digitization from the echocardiograph, which is less tedious. The on-line
approach also avoids image degradation inherent in recording onto, and
reading back from video-tape, and is readily incorporated into the imaging
protocol. For these reasons, most busy clinical laboratories use this on-
line processing. On-line acquisition may be possible using echocardiography
devices having combined digitizing capacity; these are convenient and econ-
omic on space requirements, but have the disadvantage that the acquisition
device is required in order to report the studies — a problem which may be
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avoided with separate digitizing equipment. Finally, a clear distinction should
be made between digitizing devices and the digital cine-loop facility built
into most modern echocardiography machines. The latter are restricted by
limited memory, although the incorporation of optical disks has improved
their ability to archive data in digital format.

The digitization process involves division of an image into a frame compris-
ing a grid of pixels, each containing data corresponding to the signal ampli-
tude (gray scale) at that site. There exists a difficult balance between the
benefits of a large quantity of pixels (high spatial resolution) and/or a large
number of gray levels (good contrast resolution), and the disadvantages of
extensive processing time and the storage of voluminous amounts of data.
The amount of data stored in each frame reflects the resolution employed -

this varies from 65,536 kilobytes using 256 X 256 pixel resolution, to 262,144
with 512 X 512 pixel resolution. Decisions regarding the sampling density are
best based upon the inherent resolution of the echocardiographic image,
which is of the order of 1 to 1.5 mm in the axial dimension, and less in lateral
and cross-plane dimension [4]. For images acquired at a depth of 18 cm, a
256 X 256 matrix is appropriate, as this gives each pixel an axial dimension
of 0.7 mm, or about half of the inherent resolution of the system.

Data processing requirements are also dictated by the number of frames
of interest. Digitization of every video frame of the cardiac cycle at a heart-
rate of 60/minute (ie one second per beat) at a frame-rate of 30/second,
would require 30 frames — or nearly 2 megabytes of memory using a
256 X 256 matrix. Even with larger memory available in current computers,
such amounts of data are unwieldy. There is therefore some need to be
selective about the number of frames acquired. Fortunately, the systolic
component of the cardiac cycle is of most importance for stress echocardio-
graphy, so that using an interim delay (interval between frames) of 40 to
60 msec, 8 frames (over 280 to 420 msec) can readily form a systolic cine-
loop at most physiologic heart-rates (Figure 2.1). In order to examine systole,
the sequence is initiated (following a “‘start-delay’’), by the R-wave of the
electrocardiogram, either through an external signal (R-wave beep), or
through scanning the scrolling ECG incorporated in the video image. Gen-
erally, to minimize ECG artifacts post-exercise, it is better to use a signal
exported from the treadmill ECG device than one derived from the echocar-
diograph, which may also be delayed by the process of updating the video
image [S5]. Use of a 256 X 256 resolution with an 8—frame cine-loop requires
only about 1/2 megabyte per cine-loop, which may be further compressed
for storage. Digital storage can be performed using floppy discs (which carry
a risk of degradation as well as being relatively expensive both in cost and
storage space), a hard disk (though this has limited volume and is unfavorable
for long term storage), or optical disks (which have a larger storage capacity
and will probably become the best choice).

Image digitization brings with it both benefits and disadvantages. The
former pertain to both acquisition and interpretation. Image quality may be
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Figure 2.1. Principle of systolic triggering for formation of a cine-loop. The first image (end-
diastole) follows the electrocardiographic R-wave (after a “‘start delay”), with subsequent frames
separated by an “‘interim delay”.

enhanced by avoidance of video-tape storage (especially if the data are
digitized on-line), and digital images have a linear increment of gray-scale.
Image acquisition (especially during and after stress) may be facilitated by
on-line digitization, as sequential cine-loops may be rapidly viewed to ensure
that an image of adequate quality has been acquired before moving on to
the next view in the shortest possible time. The cine-loop facilitates image
interpretation by allowing the observer to compare the same wall segments
in a side-by-side rest-stress format. It also enables integration of cardiac
motion both temporally and spatially, thus minimizing the effects of body
and respiratory movement. Image interpretation is also enhanced by the
ability to play cine-loops side-by-side. Individual frames are readily reviewed,
so that specific attention may be paid to the first half of systole (which limits
the influence of translational movement) in the interpretation of the study.
Finally, this technology has benefits for reviewing any type of echocardio-
graphic data rapidly and in condensed form. A sequence of several studies
(eg during the course of myocardial infarction, or before and after interven-
tion) may be ‘“‘re-mixed” digitally, enabling responses at temporally separate
resting or exercise examinations to be reviewed side-by-side (Figure 2.2).
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Figure 2.2. Side-by-side comparison of resting end-systolic apical 4-chamber (A4Ch) and apical
2-chamber (A2Ch) images before and after revascularization. The inferior, lateral and septal
walls are seen to be akinetic initially, with improvement after revascularization (arrows). Repro-
duced with permission of the American Journal of Cardiology.

Although serial studies may be reviewed on video tape, the time required
to find, review and compare them limits the feasibility of this activity.

The disadvantages of image digitization pertain mainly to problems related
to selection of the data to be digitized. As the method involves comparison
of single cardiac cycles, these must be of the same regions of myocardium
(hence the window and view must be the same), and care must be taken to
avoid sampling extrasystolic cycles. The timing of the cycle is also crucial,
and errors in triggering may make the digital cine-loops useless. Finally,
technical problems with the digitizer or corruption of the archived data risk
loss of the study. All of these reasons mandate duplicate recording of all
studies on video tape, which should be reviewed if the diagnosis is uncertain.

The balance between the advantages and disadvantages of image digitiz-
ation is best addressed by a comparison of interpretations using the two
techniques in the same patients. Such data are scarce; in our own experience
of comparing the findings in 86 patients [6], the accuracies of both dobutam-
ine and exercise echocardiograms (64% and 85%) were enhanced by digital
processing, compared with interpretation from video tape (with which accur-
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acies were 55% and 77%, respectively). For both dobutamine and exercise
studies, this benefit occurred mainly through a small improvement in sensitiv-
ity, at comparable levels of specificity. However, the numbers involved were
not large enough for these differences to attain statistical significance. Our
own practice is to employ on-line digitization for all studies, as we believe
that the process facilitates and shortens interpretation and enhances the
ability to detect mild ischemia.

2.2 Acquisition of Stress Echocardiograms
2.2.1 Stress Protocols for Combination with Echocardiography

In a fashion analogous to scintigraphic approaches, stress echocardiography
may be performed with exercise and non-exercise stresses. In general, pre-
parations for stress testing are little influenced by the addition of echocardio-
graphy. Unlike the scintigraphic approaches, unless pharmacologic stress is
to be used, an intravenous line is not required. Some logistic details do
require attention, however. If exercise stress is selected, the examination
bed should be positioned close to the treadmill or bicycle, to facilitate rapid
acquisition of post-stress images. A ‘“‘cut-away’’ bed (with an indentation
under the left chest) may enable easier access to the apical window. Electro-
cardiographic electrodes may need to be repositioned in order to optimize
echocardiographic windows, though this usually involves only leads V2 (left
parasternal) and V5 (apical) electrodes. As displacement of the ECG leads
may interfere with Q-wave interpretation of the pre-test ECG [7], this adjust-
ment should only be made after the routine resting ECG has been completed.
The displacement of the relevant leads (usually by one intercostal space) has a
minimal effect on ST-segment interpretation. Finally, the echocardiographic
study should not influence the type or performance of the stress protocol,
which should be tailored to each patient.

Either treadmill or bicycle exercise may be combined with echocardio-
graphy. Pre- and post-treadmill protocols are technically easier, as the patient
is supine and relatively immobile. However, imaging is difficult during tread-
mill stress [8], so the test cannot identify the time of onset of ischemia, which
may be a useful index of the physiologic severity of coronary disease. Bicycle
stress permits peak exercise imaging, and so may avoid false negative results
caused by the rapid resolution of ischemia. These aspects are discussed
further in Chapter 3.

For those patients who are unable to perform lower limb exercise, there
exist pharmacologic and non-pharmacologic methods for provoking myocar-
dial ischemia. The choices for pharmacologic stress (exercise simulating and
vasoactive agents) are discussed in Chapter 4. Other non-exercise approaches
include handgrip, cold pressor and pacing stresses [9-12]. Handgrip stress is
ineffective, and the cold pressor test is uncomfortable and poorly tolerated.
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Transvenous pacing stress is unacceptably invasive, though pacing may be
accomplished via the esophagus [11]. Recently, pacing has been performed
using electrodes attached to a transesophageal echocardiography probe [12];
because of better contact with the esophagus, this approach has required
lower stimulation thresholds and hence less discomfort than the former “pill”
electrode. Echocardiographic images are recorded at the end of each stage
in a fashion analogous to the approach for pharmacologic stress (Chapter 4).

2.2.2 Two-dimensional Imaging for Stress Echocardiography

The performance of stress two-dimensional echocardiography differs only in
detail from that of routine echocardiography. Indeed, one of the attractions
of using a stress-imaging technique with such excellent resolution of cardiac
structure is that nonspecific cardiac symptoms such as chest discomfort atypi-
cal for ischemia, and exertional dyspnea may be elucidated. Non-ischemic
causes of these symptoms include pericardial disease, pulmonary emboli,
aortic and mitral valve disease and cardiac masses. Thus, although some
curtailment of the complete echo-Doppler examination is often dictated by
the performance of the test in the context of the exercise laboratory, we
believe that a brief M-mode and color examination is mandatory at the pre-
stress imaging. Patients with significant non-ischemic pathology may then
proceed to a more complete study if required.

For stress echocardiography, it is useful to modify the views to attend
more to the myocardium than to the valves (for example, long axis paraster-
nal images are often portrayed more vertically than usual). Irrespective of
such minor variations, images should comprise apical, parasternal and/or
subcostal views [13] before, during (if possible) and after stress. The need
to acquire multiple views simply reflects the fact that any small incremental
piece of data may facilitate or corroborate a difficult interpretation. Because
of the potentially rapid resolution of ischemia, there is also a balance between
imaging perfection and speed of acquisition, especially for the post-stress
images, where a complete set of imperfect but “readable” images in the first
minute may prove more useful than perfect views obtained over several
minutes. However, this does not negate the importance of optimizing endo-
cardial definition and avoidance of foreshortening the left ventricular cavity.
To assist with the rapid acquisition of on-axis views, some authorities recom-
mend marking the location of the echocardiographic windows, though the
utility of this may be limited by movement of the window during or after
stress.

The parasternal views offer the optimal geometry between the transducer
and the walls of the heart, and hence the best image quality, provided that
the echocardiographic window is adequate (Figure 2.3). Images may be
enhanced by asking the patient to exhale, and improving the contact between
the heart and chest wall by lying as far as possible onto the left side (for
supine imaging) or by leaning forward on the bicycle (for upright imaging).
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Figure 2.3. Freeze-frame images and traced outlines of the parasternal long axis view of the
left ventricle. There is normal resting function (R), with reduction of anteroseptal and posterior

Pictures of good quality may enable wall thickening to be used for interpreta-
tion in addition to endocardial excursion. If uncertainty exists about the
diagnosis of ischemia in the anteroseptal or posterior walls, the orientation
of these walls usually enables M-mode imaging to be used in the identification
of delayed contraction.

The other parasternal images are acquired in the short-axis view, which
is most commonly acquired at the mid-ventricular (papillary muscle) level.
Apical short axis views may be useful to corroborate abnormalities detected
in the apical images, but are often technically difficult. Care should be
exercised in the performance and interpretation of high (subvalvular) images;
although the basal inferior segment (supplied by the posterior descending
branch of the right coronary artery) may be well seen in this view, incorpor-
ation of the valve plane or even the atrial wall may be misleading. Similarly,
tangential cuts may be obtained in any short-axis view, so that the observer
should be particularly vigilant for the presence of artifacts. This is not to say
that the short axis view should be ignored: if the apical window is of poor
quality, the right coronary artery territory (inferior wall) may only be appar-
ent in this view. Moreover, if good quality images are available, they have
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wall excursion and thickening (arrows) after bicycle exercise (Ex), consistent with ischemia of
both walls.

been considered by some authors to present the optimal views for visualiz-
ation of ischemia-induced alterations of ventricular volumes or ejection frac-
tion, although such alterations may be nonspecific for coronary disease.
(Figure 2.4).

The availability of apical views is mandatory for obtaining reliable stress
echocardiograms. The apex is the most common site of a wall motion abnor-
mality (because it is in the most distal perfusion zone of each coronary
artery), and this region is usually not visualized from the parasternal views.
Imaging should again concentrate on the myocardium rather than the valves
and aorta — this aspect influences the field depth and focusing, and parti-
cularly the location of the zoom window for cine-loop acquisition. Some
maneuvering may be required to optimize images; if the window is poor, the
patient may need to exhale — although sometimes the window is improved
by partial inspiration. Finally, the acquisition of a true apical 2—chamber
view is required rather than an apical long-axis view (Figure 2.5). This is
because the former examines the anterior and inferior walls, while the latter
visualizes the antero-septal and posterior walls, thereby duplicating the paras-
ternal long-axis view and neglecting to visualize the territory of the right
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Figure 2.4. Short axis views of the left ventricle in diastole (left) and systole, in a patient without
significant coronary disease, before (pre) and after (post) treadmill exercise, showing systolic
cavity dilation. Reproduced with permission of the American Journal of Cardiac Imaging.

coronary artery. On the other hand, the apical long-axis view may be used
in lieu of the parasternal long-axis if the latter window is poor.

Subcostal views are often not of very good quality at supine imaging.
However, during upright imaging, the diaphragm and heart are lower, and
closer to the subcostal window, providing potentially useful images. While
we do not use these views routinely at upright bicycle echocardiography,
they are useful if other views are unsatisfactory. Subcostal views have the
advantage of offering the optimal orientation between the ultrasound beam
and the endocardium, and have been used for quantitative echocardiography
[2]. Used in isolation, however, they do have limitations with respect to
permitting a full tomographic evaluation of the ventricle.

There are no firm rules in respect of the imaging sequence for stress
echocardiography. Digitizing devices generally label successive views as para-
sternal long- and short-axis, and apical 4- and 2—-chamber in that order; it
is therefore convenient to follow this pattern. However, because early post-
stress imaging time is particularly valuable, we perform apical views first if
the parasternal window is poor, or if resting dysfunction has already identified
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Figure 2.5. Stop-frame images of apical 2-chamber views in a patient with apical anterior wall
ischemia (arrows). The aortic valve is not visualized — hence the walls are anterior and inferior,
rather than anteroseptal and posterior (compare with Figure 2.3).

wall motion abnormalities in the parasternal view. Finally, while the quality
of the echocardiographic images is obviously important, very few patients
are unsuitable for this test because of poor image quality. Paradoxically,
imaging often improves after stress, so that imperfect resting images should
not lead to cancellation of the test.

2.2.3 Transesophageal Stress Echocardiography

Without doubt, the greatest limitation to the widespread acceptance of stress
echocardiography has been the image quality of standard two-dimensional
images. Use of the transesophageal “window” offers enhanced image quality
because it avoids problems related to soft tissue attenuation of the ultrasound
beam, and permits the use of higher frequency probes [14]. New echocardio-
graphic applications, including tissue characterization and three-dimensional
reconstruction, are being studied with this technique, and may be of use in
the field of stress echocardiography.
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However, despite its benefits in relation to image quality, transesophageal
stress echocardiography has not been widely adopted. Initially, the new
technique was not routinely applied for the purpose of stress echocardio-
graphy because the original transverse plane transesophageal probes offered
limited views of the left ventricle (principally, short axis and 4-chamber
equivalent). Some difficulties in obtaining reliable apical imaging have re-
mained after the introduction of biplane probes (this limitation being of some
importance as the apex is the earliest and most common site of ischemia),
but the availability of multiplane imaging has enabled visualization of the
entire left ventricle. Recently, the introduction of transesophageal pacing
stress (see Chapter 4) has given further impetus to the development of stress
transoesophageal echocardiography.Further advances are likely to come in
the form of probe miniaturization. However, at present, the procedure is
unpleasant for the patient, and seems unlikely to widely replace transthoracic
imaging, although some specific indications for it are likely to be found.

2.2.4 Stress Doppler Studies

While 2D-echocardiography examines regional wall morphology and func-
tion, Doppler studies examine the hemodynamic sequelae of these contrac-
tions. Hemodynamic alterations due to ischemia may be reflected in disturb-
ances of either systolic or diastolic flow.

Using a non-imaging Doppler transducer from the suprasternal window,
peak aortic bloodflow velocity and acceleration may be obtained at rest and
during exercise in 80-100% of patients. Doppler spectra of systolic bloodflow
may be used to assess stroke volume and cardiac output, by combination
with the ascending aortic diameter. However, these measurements introduce
a degree of inaccuracy, and as the left ventricular outflow dimensions do not
change [15] during stress (except in the presence of dynamic left ventricular
outflow tract obstruction), the velocity and acceleration data may be used to
characterize left ventricular systolic function [16]. Accordingly, it was found
that the stress-induced augmentation of aortic flow velocities of normal con-
trols exceeded those of patients with coronary disease, particularly those
with abnormal resting left ventricular function, and multivessel disease [17].
However, in a less selected group, considerable overlap was found between
patients with a normal and an ischemic picture at thallium scintigraphy [18],
though again the ischemic patients differed significantly from controls. These
findings correspond to the limitations of examining global left ventricular
functional parameters (see below), as these are relatively insensitive to small
areas of ischemia, which do not compromise global cardiac function. More-
over, stress-induced alterations in global cardiac function are not specific for
coronary disease. For these theoretical and practical reasons, stress Doppler
examinations of systolic function have not found clinical application.

Ischemia-induced alterations of left ventricular filling may be examined
by Doppler measurements of transmitral flow. The measured parameters
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include the peak passive (E wave) and active (A wave) filling velocities, the
E:A ratio, the deceleration time of passive (E wave) flow, diastolic time
intervals, and flow-velocity integrals of passive and active flow [19]. The
major limitation of this approach is that stress-induced tachycardias may
compromise the comparison of passive and active filling components, as the
E and A waves merge at higher heart rates. This difficulty has been circumv-
ented by the use of atrial pacing stress, which enables tachycardia to be
stopped abruptly in order to interrogate left ventricular filling (see Chapter
4). Using this technique, Iliceto has demonstrated pacing-induced ischemia
to correlate with diastolic dysfunction [20]. However, the relationship be-
tween stress and mitral flow is more complex than between it and aortic
flow, as exercise causes an augmentation of the effective valve area rather
than an increase in mitral diastolic time-velocity integral [21]. This ability of
the valve orifice to change may blunt flow modifications due to ischemia and
may limit the ability of diastolic flow profiles to identify coronary disease.
In practical terms, the analysis of diastolic function changes has also not
found wide application in clinical stress echocardiography.

Finally, color-flow Doppler may be able to contribute to the diagnosis of
myocardial ischemia by documentation of stress-induced mitral regurgitation
due to papillary muscle dysfunction. The practical benefit of this test has
been shown for both exercise and pharmacological stress approaches [22,23].
Moreover, it may have the clinical benefit of explaining the occurrence of
dyspnea disproportionate to the severity of coronary disease. The low frame-
rates imposed by color-flow mapping (especially over wide sectors) are a
limitation in the use of this technology during stress-induced tachycardias.
This situation may constitute another area where pacing stress is of specific
benefit.

2.3 Qualitative Interpretation of Stress Echocardiography

2.3.1 General Observations on Qualitative Interpretation of Regional
Function

While some variations in the style and emphasis of performing the two-
dimensional echo acquisition require a learning curve for the technician
performing the test, the individual interpreting the test also has an important
requirement for expertise. The length and difficulty of this process is related
to the experience of the echocardiographer, but even with accomplished
echocardiographers, experience varies with respect to the duration of this
learning period. Picano [24] reported that a period of 6 months and 100
supervised studies was required to bring the accuracy of “novices” experi-
enced in echocardiography (but not stress echocardiography) to the level of
“experts”, whose accuracy did not vary over time (Figure 2.6). However,
this study was performed using dipyridamole stress echocardiography, which
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Figure 2.6. Effect of a training period on the accuracy of interpretation of stress echocardiograms
by learning and experienced groups of observers (see text). Modified from Picano [24].

is a less potent inducer of ischemia than dobutamine or exercise stress —
leading to less severe and more localized wall motion abnormalities, which
may be more subtle to appreciate than those induced by other stresses.
Moreover, the interpretations in Picano’s study were obtained from video
tape, and our experience suggests that it is easier to identify changes in
regional function when comparing segments in a digitized, side-by-side for-
mat. Therefore, our expectation is that this learning period is somewhat
shorter using exercise or dobutamine echocardiography, and image digitiz-
ation. Irrespective of these details, once this expertise is achieved, stress
echocardiography interpretations have proven to be highly reproducible [25].

For practical purposes, we concur with the following rules for qualitative
interpretation; minor degrees of hypokinesia are not identified as ischemia
(especially if only apparent at peak, and not post-exercise), abnormalities
are corroborated whenever possible with another view, studies are read by
multiple observers whenever possible, and reading is blinded to all other
data [26]. When reviewing examinations, we rely predominantly on the
digitized images, but also use video images to corroborate technically difficult
studies, examine non-standard views, and to check M-mode and Doppler
analyses. The first step is to check that images are triggered correctly and
the pre-, peak- and post-stress views are comparable — if not, little reliance
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Table 2.1. Interpretation of stress echocardiography for the diagnosis of coronary artery disease.

Diagnosis Resting function Peak/post-stress regional function
Normal Normal Hyperkinesis
Ischemic Normal Reduction compared with rest

Reduction compared with other hyperki-
netic segments
Delayed contraction
Hypokinetic Reduction compared with rest
Failure to improve (? - see text)

Infarction Akinetic/dyskinetic Not interpretable for ischemia (see text)

should be placed on the digitized data, and the video may be used exclusively
in such situations. We then briefly review the whole study, first checking if
wall motion is normal at rest, then to see if there are obvious changes in
cavity size (suggesting multivessel disease) or cavity shape. Such changes
occur in the presence of severe ischemia, and the most important evaluation
is based upon comparison of regional function at rest and stress. In order to
standardize these findings, the left ventricle is usually divided into a number
of segments, defined by various landmarks. The American Society of Echo-
cardiography recommendations have been modified (Figure 2.7) to comprise
16 segments (septal, lateral, anterior and inferior at the apex, with these
segments as well as anteroseptal, and posterior segments at the base and
mid-papillary muscle level). Function at rest and stress is compared in each
segment both by examining the continuous cine-loop and then frame-by-
frame, using the digital images and paying particular attention to contraction
during the first part of systole (especially if there is excessive rotational or
translational movement). The following are offered as a guideline to facilitate
decision-making about what constitutes normal, ischemic and infarcted myo-
cardium (Table 2.1).

2.3.2 Interpretation of Resting Function

Regional wall motion at rest may be classified as dyskinetic, akinetic, hypoki-
netic or normal. The presence of abnormal regional function at rest implies
previous infarction, but unfortunately, hypokinesia may be seen as a normal
variant [27]. Hypokinetic segments, therefore, should not be identified as
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Figure 2.7. Segmentation of the left ventricle, showing assumed perfusion territories of the 3
major coronary vessels in parasternal long axis, short-axis, apical four-chamber and apical two-
chamber views.

Other difficulties arise with this algorithm for the echocardiographic diag-
nosis of infarction. First, small (especially non Q-wave) infarcts may not
cause any wall motion abnormality, or cause hypokinesia, which is not recog-
nised as infarction. Second, problems may occur in the distinction of severe
hypokinesia (non-infarcted) from akinesia (infarcted). A useful guide is to
identify akinesia based upon endocardial excursion < 2 mm, and hypokinesia
with endocardial excursion <5 mm, although this simplifies the problems
inherent in attempts to quantitate regional movement (see below). For exam-
ple, regions which fail to thicken or which move only in late systole (after
movement of the adjacent myocardium), may be moving passively, and
should be considered as akinetic irrespective of endocardial excursion. Third,
even the presence of akinesis or dyskinesis may not correlate with infarction
in a pathologic sense, and such regions may actually consist of viable tissue.
Thus, if the clinical question pertains to myocardial viability, a different
algorithm should be used for qualitative interpretation. In these circum-
stances, the diagnosis may be tempered by the thickness of the involved
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Figure 2.8. Pre- and post-exercise images in diastole (left) and systole (right) showing infarction
of the anteroseptal wall. Note that in addition to akinesis and failure to respond to stress, the
region (arrowed) is thinned and echodense. Reproduced with permission of the American
Journal of Cardiac Imaging.

myocardium - thinned and echodense tissue corroborates the diagnosis of
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sequel of myocardial ischemia, which is readily and reproducibly identified
if akinesia or dyskinesia are induced. Stress-induced hypokinesia is more
difficult to identify, and use of a reference marker on the screen may assist
in its detection, particularly if it is relative to hyperkinesia in other segments
(as opposed to an absolute deterioration compared with rest). Moreover,
using quantitative techniques [29], considerable variability has been identified
in regional wall motion at peak exercise, and regional hypokinesis may occur
in normal individuals. In the light of these considerations, the detection of
more subtle indices (tardokinesis and reduced thickening) together with
hypokinesis may confirm the diagnosis of ischemia. Unfortunately, an ap-
preciation of myocardial thickening requires good quality images with defi-
nition of the epicardium,; it is often only readily apparent in the septum. The
perception of tardokinesis is facilitated by the improved stop-frame images
permitted by image digitization, but nonetheless remains relative and some-
what subjective. To avoid false positives due to inhomogeneous updating of
the video image, we have arbitrarily selected a delay of 100 msec (2 stop
frames) as the minimum to justify a diagnosis of ischemia on these grounds.

The diagnosis of ischemia in segments with abnormal resting function is
more difficult to interpret, and may to some extent depend upon the stress
agent. Using bicycle or dobutamine echocardiography, if a segment is identi-
fied as infarcted by akinesia or dyskinesia at rest, we do not classify a
further deterioration of function as ischemia [30], as increased loading may be
responsible for such a response. This may not be true of vasodilator stress
echocardiography, where ischemia is characterized as a new or worsening
wall motion abnormality [31]. The diagnosis of ischemia in segments showing
resting hypokinesis is probably the most difficult and controversial interpreta-
tion. Myocardium with resting hypokinesis but showing a stress-induced
improvement is identified as normal. From a theoretical standpoint, a further
deterioration is consistent with ischemia, though in practical terms, this may
be hard to identify confidently. The use of a side-by-side cine loop analysis
greatly facilitates this interpretation, and use of a reference marker on the
screen is invaluable in comparing minor changes in the severity of hypokin-
esis. Finally, there is no consensus regarding the diagnosis in hypokinetic
regions which fail to improve function — we have previously characterized
these as ischemic, based upon the absence of hyperkinesis, but this definition
(and its opposite) are unsupported experimentally.

2.3.4 Factors other than Coronary Disease Influencing Regional Function

Non-coronary factors may influence regional cardiac function. The hemodyn-
amic status of the patient may impact upon the recognition of wall motion
abnormalities; pressure loads (for example, hypertension) increase local wall
stress and enhance the recognition of dysfunctional regions, while reduction
of afterload (for example, by mitral regurgitation) may reduce wall stress
and make regional dysfunction less prominent.



How to Perform Stress Echocardiography 29

Local factors potentially causing false positive scans for ischemia include
abnormal electrical activation (pacing, left bundle branch block, Wolf-Parki-
nson-White syndrome), abnormal septal movement due to previous cardiac
surgery or right ventricular volume overload, and heterogeneities related to
cardiomyopathies, aortic and mitral regurgitation. Areas adjacent to zones
of myocardial infarction may be tethered by the akinetic infarcted zone and
consequently fail to improve function with stress, or even appear dyskinetic
if the infarct bulges during stress. In this circumstance, it is difficult to
distinguish peri-infarct ischemia and tethering, though this distinction may
be clarified by careful examination of wall thickening. A similar process may
account for apparent wall motion abnormalities in the basal inferior wall,
close to the plane of the mitral valve, where isolated wall motion abnormali-
ties require cautious interpretation. Other causes of false positive and false
negative studies are addressed further in Chapter 3.

2.3.5 The Stress Echocardiogram Report

In addition to the detection of ischemia-induced wall motion disturbances,
stress echocardiography may give prognostically-important information re-
garding the degree of coronary disease. This may be inferred from the site,
extent (number of abnormal segments), severity (segmental wall motion
score), time of onset and offset of ischemia, and the effect of ischemia on
global left ventricular function. The report should reflect these other findings
in addition to identifying the presence or absence of coronary disease. We
report stress echocardiograms as follows;

i. Resting images

|

resting wall motion
structural abnormalities which may account for the patient’s symptoms

ot o

i. Stress images

presence, site, extent, and severity of abnormal function
time of onset and duration after stress

iii. Segmental function
— wall motion score at rest, and during or after stress
iv. Global analysis

— function at rest and stress, based on qualitative evaluation, wall motion
scoring, or ejection fraction calculations.
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2.4 Quantitative Analysis of Regional Function

There are global and regional quantitative approaches to the evaluation of
left ventricular wall motion. These may be further divided into semi- and
fully-quantitative categories.

A semi-quantitative regional approach is widely used for the reporting of
exercise echocardiograms, and is an extension of the qualitative method
described above. Instead of identifying improvement or deterioration within
regions, application of this method is based upon scoring regional function.
Various scoring systems have been used; we use a modification of the Amer-
ican Society of Echocardiography segmentation described by Broderick [32].
With this, a score of 1 is given for normal regions, with scores of 2, 3 and 4
for hypokinesis, akinesis and dyskinesis, 5 for aneursym, and 6 and 7 for
akinesis or dyskinesis with thinning, respectively. By averaging the scores of
individual segments, a ‘“‘score index” may be obtained, which gives a semi-
quantitative index of global systolic function, analogous to the ejection frac-
tion, with similar prognostic significance [33].

While these scoring methods go some way towards countering the criticism
of subjectivity, they do not truly measure function independent of the ob-
server. Global systolic function may be quantitated by tracing systolic and
diastolic contours for the calculation of ventricular volumes and ejection
fraction [34]. Unfortunately, however, ejection fraction is an imperfect mea-
sure of contractility, being dependent on loading conditions and heart-rate.
An alternative and less loading-dependent measure is the peak systolic pres-
sure-end systolic volume ratio [35]. Nonetheless, all global indices share the
problem of being relatively insensitive to mild ischemia, as well as being
non-specific for coronary disease.

The quantitation of regional function involves tracing of endocardial (and
for some methods, epicardial) interfaces, their superimposition using a fixed
or floating reference system, and measurement of the selected parameters.
There are potential problems at each step. Tracing of contours is dependent
upon border definition of good quality — in our experience of bicycle and
post-treadmill stress, only 40 to 50% of images have adequate image quality
for tracing of the endocardial contours in systole and diastole — an experience
which contrasts with the ability to subjectively interpret over 90 to 95% of
studies in cine-loop format. Moreover, the usual reliance on apical views to
examine most of the myocardium is limited by suboptimal edge detection
caused by the parallel orientation of the echocardiographic beam with the
endocardium, a problem which may be circumvented by use of the subcostal
window during erect bicycle stress [35], but at the cost of limiting the amount
of myocardium examined. Moreover, even with this time-consuming activity,
the technique is not objective, as some subjectivity is inherent in tracing the
borders. The second major problem relates to choices as to whether or not
a fixed or floating frame of reference should be used in order to compensate
for rotational or translational movement of the heart [36]. Failure to correct
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Figure 2.9. Benefits and disadvantages of fixed and floating reference systems, as applied to
short axis views. A fixed system does not compensate for translational and rotational cardiac
movement, so that superimposition of systolic (dashed line) and diastolic images may suggest
abnormal function even in normal ventricles (upper left). Superimposition of images based upon
the center of mass (upper right) corrects for this extrinsic cardiac movement. However, the
same process may inappropriately correct ischemia-induced wall motion abnormalities (lower
right).

for such movements may cause false positives, but their correction may
hinder the detection of milder abnormalities (Figure 2.9). Finally, as systole
is temporally heterogeneous among different myocardial regions, not just
one but several frames should be traced to form a composite picture of
maximum systole — a tedious and time-consuming process which is unattrac-
tive for clinical practice.

Regional function may be quantitated as thickening or endocardial excur-
sion. While the former is more independent of cardiac translation or rotation
(and hence the center of reference is of less concern), the results are difficult
to correlate with those of other modalities, and most importantly, the feas-
ibility of this method is limited by difficulty in tracing the epicardial border.
Endocardial excursion may be measured by segmental area shrinkage, per-
imeter shrinkage, or radial change. A modification of the latter, involving
the center-line method [37] has become the most widely accepted approach.
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Figure 2.10. Centerline method for quantitation of regional left ventricular dysfunction. A line
is centered between diastolic and systolic outlines, and the excursion around this line is measured
in 100 chords, placed perpendicular to the endocardium. The results may be graphed to portray
excursion on a segmental basis; in this example, the apical septum demonstrates dyskinesis,
which is evidenced as a negative deflection from chords 26-47.

This method first requires tracing and superimposition of systolic and diastolic
images. A center-line is drawn midway between these profiles, and chords
are arranged perpendicular to the centerline. Chord lengths, normalized for
body size and the diastolic perimeter length, are then expressed as a function
of location (on the x-axis), and compared with a normal range (Figure 2.10).
Although favorable results have been obtained using this fully quantitative
approach for the interpretation of regional function [35], it is time-consuming
and at present, not clearly superior to the qualitative methods. At present,
therefore, the quantitative approach remains a research rather than a clinical
tool at most centers.

2.5 New Approaches to the Interpretation of Stress Echocardiography

As described above, stress echocardiography is currently highly dependent
upon subjective analysis, and quantitation presents a multiplicity of problems.
Nonetheless, there is an appreciation that the full potential of this technique
will only be realized as a routine test when the results are quantitated,
preferably with a degree of automation. The first steps must concern image
enhancement and edge detection, and there have recently been some encour-
aging advances. Problems arising from translational movement may now be
corrected by superimposition of colorized diastolic and systolic images, with-
out algorithms based upon the center of mass [38]. Color Doppler imaging



How to Perform Stress Echocardiography 33

has been applied to the definition of acceleration of the myocardial walls
[39], with improvement of image quality. These advances may facilitate the
quantitation of regional function.

Significant developments in 2—dimensional echocardiography are occur-
ring in the sphere of backscatter analysis and tissue characterization. Both
the mean amplitude of ultrasonic backscatter [40], and its cyclic variation
during systole and diastole [41] have been altered by ischemia in animal
models. The application of this technology to the clinical arena is undergoing
preliminary development. Picano [42] has recently reported that videodensi-
tometry may be used to show that asynergic myocardium due to ischemia
demonstrates increased echodensity, although changes in cyclic variation
could only be obtained during coronary angioplasty. Clearly, this system
will need to corroborate the presence of ischemia in segments which are
hypokinetic: greater sensitivity is likely to be obtained when reflected signal
intensity can be directly analysed without video processing. In the future, an
appreciation of echodensity and backscatter variation may then assist in the
qualitative interpretation of wall excursion, timing, and thickening.

The difference between the backscatter characteristics of myocardium and
blood has recently been used to obtain automatic detection and tracking of
the left ventricular cavity [43]. On-line quantitation of left ventricular vol-
umes has been utilized during dobutamine echocardiography [44], and groups
with “normal” and “abnormal” responses may be thus defined, although no
correlates with coronary anatomy or regional left ventricular function have
been reported. However, our initial impression is that automated edge detec-
tion does not yet enhance the accuracy of regional analysis for stress echocar-
diography.

Finally, the development of transpulmonary contrast agents may further
enhance the ability to localize the endocardial border. In addition, contrast
echocardiography may permit quantitation of myocardial perfusion. Echocar-
diography may eventually offer a means of evaluating both perfusion and
function using the same technique, at both rest and stress.

2.6 Pitfalls in the Performance and Interpretation of Stress
Echocardiography

The above sections have been directed towards practical issues regarding
the performance and interpretation of stress echocardiograms. The novice
practitioner also needs to prepare for potential sources of inaccuracy, which
may pertain to the physician supervising the test, patient, echocardiogram,
digitizer or image interpretation.

It is critical that the appropriate form of stress is chosen to answer a
particular clinical question. For example, the functional evaluation of the
heart after myocardial infarction involves issues pertaining to myocardial
viability, suggesting that a dobutamine test may be the optimal choice. In
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contrast, in a patient without previous infarction, who is able to exercise
maximally, exercise echocardiography may be the optimal choice. Issues
regarding optimization of tests for individual patients are still being investi-
gated, and are discussed in later chapters.

With respect to patient factors, the limitations posed by poorly echogenic
patients are real, although probably overstated. Of greater importance are
patient-related factors which limit the ability to induce ischemia, including
inability to exercise maximally or tolerate maximal doses of dobutamine (see
Chapters 3 and 4) and ingestion of anti-anginal drugs. The importance of
the latter is determined by the reason for the test; investigation on therapy
is appropriate if the clinical question pertains to the efficacy of treatment for
the control of angina, but it is inappropriate if the test is performed for
diagnostic purposes. The effect of anti-anginal therapy on the development of
dipyridamole-induced wall motion abnormalities has been studied by Lattanzi
[45]. Using a placebo-controlled design, this study demonstrated that beta-
blockers and calcium antagonists reduced the sensitivity of dipyridamole
echocardiography from 92% to 67% and 85% to 62%, respectively. In 3
patients treated with both agents, the sensitivity was reduced from 100% (on
placebo) to 33% (on treatment).

Echocardiographic factors leading to erroneous results are avoidable.
Apart from technically difficult studies, they include the use of inadequate
equipment or insufficiently trained technicians. Ischemia may be missed in
these situations by failure to visualize the abnormal segment, or delayed
imaging after ischemia has resolved. Similarly, the digitizer may be responsi-
ble for problems if ECG gating is not optimized, or if used inexpertly. The
greatest potential pitfalls, however, relate to the interpretation of studies.
Failure to appreciate the subtle manifestations of ischemia (tardokinesis and
hypokinesis), as well as over-interpretation of basal wall motion abnormali-
ties are avoidable with adequate training. However, some interpretations are
difficult even for experts — these include studies involving abnormal septal
movement of non-ischemic origin (due to coronary graft surgery or left
bundle branch block), the distinction of peri-infarct ischemia from tethering
of adjacent myocardium to the infarct zone, and interpretation of suboptimal
images. Images involving extensive translational movement require parti-
cularly careful attention, with examination of the first half of the cardiac
cycle and careful corroboration of findings between views.

2.7 Conclusion

The development of stress echocardiography has paralleled improvements
on echocardiographic technology and image processing. Even the best equip-
ment, however, cannot substitute for expertise in both image acquisition
and interpretation. The achievement of results comparable to those in the
literature is therefore dependent upon the training of the echocardiographer.
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3. Exercise Echocardiography

The combination of exercise with two-dimensional echocardiography was the
first reported form of stress echocardiography. It remains, arguably, the
optimal combination of stress with echocardiography. This chapter will exam-
ine methodological aspects and the accuracy of this test in the detection of
coronary disease. Comparisons with the stress ECG and other stress-imaging
combinations will be addressed in subsequent chapters.

3.1 Methodologies of Exercise Echocardiography

The equipment required for performance of exercise echocardiography is a
high quality echocardiography machine, preferably with on-line connection
to a digitizer, in addition to standard stress equipment (treadmill, upright or
supine bicycle). The study requires the presence of two technicians, one to
perform the exercise test and monitor the hemodynamic and ECG response
to exercise, and the other to acquire the echocardiographic images. The
technique of performing the test differs according to the exercise methodol-
ogy selected.

3.1.1 Treadmill Exercise Stress

Treadmill stress echocardiography [1] is based upon the comparison of pre-
and post-exercise data (usually the parasternal long- and short-axis and apical
four- and two-chamber views). We normally perform diagnostic exercise
echocardiograms after abstention from anti-anginal therapy for at least one
day, as these drugs may prevent the development of myocardial ischemia.
The patient is prepared for exercise in the usual fashion. Resting images are
obtained in the standard left lateral position, digitized on-line and saved in
a quad-screen format before exercise begins. ECG electrodes (usually leads
V2 and V5 only) may need to be relocated prior to stress if they interfere
with the echocardiographic windows [2]. An appropriate stress protocol is
selected, based upon the clinical status of the patient, who then proceeds to
exercise in the standard fashion, the test being modified only to obtain images
as rapidly as possible. Hence, no “cool-down” period is interposed between
peak exercise and lying down, as any delay in post-exercise imaging may be

T.H. Marwick, Stress Echocardiography, 39-59.
© 1994 Kluwer Academic Publishers.



40 T. Marwick

Figure 3.1. Pre- and post-treadmill exercise systolic and diastolic images demonstrating normal
resting function, with anteroseptal ischemia (arrows) after stress. Reproduced with permission
of the Journal of the American College of Cardiology.

matched by a loss of sensitivity, particularly for the diagnosis of milder or
well-collateralized coronary disease [3]. The process of getting off the tread-
mill should take no more than 20 seconds with practice, enabling rapid
resumption of imaging in the left lateral position as soon as possible after
peak exercise. As discussed in Chapter 2, post-stress imaging is greatly
facilitated by on-line image digitization, as the formation of sequential cine-
loops allows the technician to be confident that at least one cardiac cycle of
good quality has been obtained. The use of a digitizer also enables selection
of an optimal end-expiratory image from sequential cine-loops after exercise.
Finally, selected pre- and post-exercise cine loops are re-mixed digitally [2],
conventionally with resting images displayed to the left of the post-exercise
images (Figure 3.1).

3.1.2 Bicycle Exercise Stress

Bicycle stress is usually performed in the upright position [4], although supine
bicycle stress has recently been combined with echocardiography [5]. As
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with treadmill stress, the patient undergoes routine preparation for exercise.
Resting supine images are acquired and digitized as described above. The
protocol then deviates from usual echocardiographic practice, with acqui-
sition of images in the upright position on the bicycle. This usually permits
apical images of high quality, which may be supplemented by subcostal views
[4]. Satisfactory parasternal views may be obtained at rest if the patient is
instructed to lean forwards and exhale, and these images often improve
during stress. The acquisition of resting upright views has two benefits; first
(and paradoxically), they may offer better image quality, and second, they
offer a resting image with the same orientation as views acquired during
exercise, thus permitting comparisons of wall motion in peak and post-stress
views in as close as possible to equivalent regions. Exercise is commenced,
and the standard views may be obtained at each stage of exercise, digitized
and recorded on video tape. Although older digital acquisition systems only
permitted the archiving of peak exercise images, the availability of larger
amounts of computer memory has permitted saving digital data at each level
of exercise. Despite the attractions of peak imaging, post-stress images should
also be obtained, as some wall motion abnormalities may only be recognized
in these supine images, due either to technical problems with peak data
acquisition (suboptimal upright image quality and conclusion of exercise
after having saved peak data), or the provocation of abnormal function by
increasing preload on lying down post-stress. Finally, after exercise, the best
pre-peak, peak- and post-exercise line loops are selected and mixed with the
appropriate (supine or upright) resting images.

3.1.3 Selection of the Optimal Exercise Stress

The exercise methodology of choice for stress echocardiography remains
undefined, and treadmill and bicycle exercise echocardiography each have
their advocates. Pre- and post-treadmill protocols are probably the most
widely used. Their main advantage is that image acquisition is technically
less demanding than during bicycle stress, as the circumstances most closely
resemble those of routine echocardiography; the patient is supine and rela-
tively immobile. The disadvantage of this approach is that, although efforts
have been made to image the heart during treadmill stress [6], in the hands
of most practitioners, the examination is limited to “snapshots” of the heart
before and after exercise. The delay between peak exercise and the com-
pletion of post-exercise imaging is probably of limited importance (see
below).

Bicycle protocols involving imaging at peak exercise are effective not only
for diagnosing the presence or absence of ischemia at peak stress, but also
for identifying the time of onset of ischemia, which may be a useful index
of the physiologic severity of coronary disease. Moreover, several imaging
considerations favor use of the cycle ergometer for stress echocardiography.
First, the use of peak rather than post-exercise imaging may avoid false
negative studies due to rapid resolution of ischemia. Second, images acquired



42 T. Marwick

in the upright position are often of surprisingly good quality, and in individ-
uals with suboptimal supine echocardiographic windows the availability of
additional upright views may materially enhance the interpretation of the
study. Indeed, the decision about the presence or absence of coronary disease
is made on the basis of double the amount of data (peak- and post-exercise)
than are available using treadmill exercise. Third, the capacity to define the
time of onset of abnormal wall motion, and follow its progression over time
may deliver more pathophysiologic data about the severity of disease than is
available from the pre- and post-exercise “‘snapshot’ available with treadmill
protocols. These benefits are bought at the cost of technical difficulty and
some compromise in specificity (see below). In addition to these technical
problems, maximal exertion on a cycle ergometer may be limited by fatigue
or leg discomfort without achieving peak heart rate or maximal aerobic
capacity [7], especially in countries such as the USA and Britain, where
bicycles are not widely used in everyday life. Thus, although some patients
- for example those with claudication or balance disturbances — may exercise
better on a bicycle, treadmill exertion is believed to more reliably stress all
subjects, producing similar oxygen requirements per kilogram at comparable
workloads, irrespective of fitness considerations. This perceived benefit of
treadmill exercise is notwithstanding the fact that, at an equivalent workload,
bicycle exercise may be associated with higher blood pressure and rate-
pressure product than treadmill stress [8].

Supine bicycle stress permits the entire protocol to be performed in the
left lateral position — which is the ideal situation for imaging. However, this
form of stress does not reflect normal physiology, and the issue of feasibility
may also pertain to the performance of supine bicycle stress, as patients
often experience difficulty in performing maximal exercise in this position.
Supine bicycle stress offers a potential for increased oxygen consumption
(due to greater maximum blood pressure and rate-pressure product, together
with the increased venous return), reflected by enhancement of anginal and
ST segment responses in the supine position [9]. However, these benefits
of supine exercise may never be realized if the subject becomes fatigued
prematurely.

The selection of one or other of these alternatives is essentially a trade-
off between image quality and feasibility (which are greater with supine
imaging), and the resolution of ischemia following maximal stress (which
may influence results if peak imaging cannot be performed). The time-
course of ischemia reflects its duration and severity. Patients with multivessel
coronary disease have been documented to demonstrate continuing abnormal
wall motion for up to 30 minutes after exercise, while patients with milder
disease [10] or extensive collateralization [11] do not show persisting wall
motion abnormalities. Not surprisingly, during bicycle stress echocardio-
graphy [3] and nuclear ventriculography [11], regional dysfunction is more
frequently observed at peak stress than after stress (Figure 3.2), suggesting
that protocols offering peak stress images should be more sensitive than
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those (like treadmill exercise) involving post-stress imaging only. However,
this would only confer a clear benefit for bicycle over treadmill exercise if
the two stresses were analogous with respect to their ischemic potential,
which may not be so, as exercise is limited by fatigue more frequently with
the bicycle. Moreover, the ischemic period may be shorter after bicycle exer-
cise, causing the phenomenon of lower sensitivity with post-exercise imaging
to be more prominent in this situation. Indeed, the only direct comparison
between bicycle and treadmill stress echocardiography reported to date sug-
gests that there is only a minor difference in sensitivity between peak bicycle
and post-treadmill methodologies for inducing ischemia [12]. This gain may
be at the cost of lower specificity, probably due to artifactual interpretation
of wall motion abnormalities, due to movements of the heart and body. Post-
bicycle imaging avoids this problem, but at the cost of lower sensitivity.

In conclusion, while each form of stress has its particular advantages,
their overall accuracies are similar, with perhaps minor benefits in terms of
sensitivity for the bicycle and specificity for the treadmill (see below), al-
though a direct comparison in a large number of patients would be necessary
to confirm this. To a large extent, the selection of one or other stress is at
present a matter of local preference and expertise.

3.2 Accuracy of Stress Echocardiography

The adequate assessment of any test for the diagnosis of coronary disease
should be based upon guidelines ensuring that studies reflect clinical practice
[13]. The most important considerations are that the study group should be
as representative and as unselected as possible. Use of a representative group
precludes selection of studies on the basis of image quality. It also prevents
studying the extremes of the spectrum of patients with severe coronary
disease in the sensitivity group, and comparison with normal controls in the
specificity group. Study designs comparing the findings of stress echocardio-
graphy with coronary anatomy are necessarily biased towards a group with
severe enough coronary disease to warrant angiography. However, care must
be made to avoid an additional (post-test) referral bias. This process is
characterized by a pattern of high test sensitivity (only patients with positive
test results proceed to angiography) and low specificity (the few normal
angiograms in the series being requested because of false positive test re-
sults).

The results of comparisons between exercise echocardiography and angio-
graphy [5,10,14-35] are reviewed in Table 3.1. Despite wide variations,
largely reflecting the constitution of the study populations, most authors have
reported exercise echocardiography to be sensitive — identifying 80 to 85%
of patients with significant coronary artery disease. Most studies have shown
false positive rates of 10 to 15%, giving specificities in the 85 to 90% range.
These results for specificity may be colored by the population undergoing
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Figure 3.2. Diastolic (left) and systolic (right) images and traced outlines of the apical two-
chamber view at rest, peak- and post-exercise showing rapid resolution of ischemia after bicycle
stress. Contraction is homogeneous at rest (A), with an area of apical akinesia (arrows) at peak

angiography for symptoms suggestive of coronary disease — who may not,
therefore, have normal hearts. Cardiomyopathic or microvascular processes
may account for some abnormalities witnessed in this group, and normalcy
rates (reflecting the results of the test in a population with a low probability
of coronary disease) are an alternative method of assessing the ability of the
test to identify normal myocardium. Two studies have reported normalcy
rates of over 90% [5,30].

Table 3.1 also illustrates the long history of this technique, showing that
its wider adoption has correlated with improvements in equipment and image
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stress (B), with normal function one minute post-exercise (C). The patient had a mild (60%)
stenosis of the left anterior descending coronary artery.

digitization over the last 7 years. Interestingly, despite the facilitation of the
technique by digital acquisition and review [35], the benefits of digitization
are not apparent as an enhancement of accuracy. However, direct compari-
son of blinded results using digital and video play-back in the same patients
has suggested an increment of sensitivity with the use of image digitization,
for both exercise and non-exercise techniques (TM, unpublished data).
Several methodologic and clinical aspects influence the reported accuracy
of exercise echocardiography. The methodologic influences include; a) the
definition of coronary stenosis significance, b) exclusion of patients with
technically difficult studies, and c) the type of stress. Patient parameters
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Table 3.1. Sensitivity and specificity of exercise echocardiography for the diagnosis of coronary arter

Author Year Ref n Stress Success CAD deftn Multivessel ~ MI
technique  rate (% all CAD) (% all CAD

Wann 79 14 28 SB 71% >50% 13 (87%) 8 (53%)

Morganroth 81 15 55 SB 78% >50% 25 (718%) 18 (56%)

Maurer 81 16 48 T™ 85% >50% 17 (74%) 0

Visser 83 17 52 SB 75% >50% 15 (58%) 6 (23%)

Limacher 83 18 73 T™ 100% >50% 45 (80%) 33 (59%)

Robertson 83 10 30 T™ 92% >75% 13 (62%) 14 (67%)

Ginzton 84 19 41 UB 95% MI - 23 (100%)

Armstrong 86 20 95 ™, D 100% >50% 45 (56%) 36 (45%)

Armstrong 87 21 123 T™, D - >50% 59 (58%) 50 (50%)

Ryan 8 22 64 TM,D - >50% 15 (38%) 0

Voelker 8 23 56 SB 86% >50% 22 (65%) 19 (56%)

Sawada 89 24 57 TM/UB,D 100% >50% 11 (39%) 0

Sheikh 90 25 34 T™M,D - >50% 0 0

Crouse 91 26 228 TM,D - >50% 106 (61%) -

Mertes 91 27 150 SB, D 90% - - -

Agati 91 28 57 SB,D - >85% 0 -

Galanti 91 29 53 UB,D - >70% 14 (48%) 0

Marwick 92 30 150 T™,D 100% >50% 54 (47%) 55 (48%)

Pozzoli 92 31 75 UB,D - >50% 16 (33%) 0

Salustri 92 32 4 UB,D - >50% 0 0

Quinones 92 33 112 ™, D - >50% 45 (52%) -

Hecht 93 5 180 SB,D 100% >50% 82 (60%) 38 (28%)

Ryan 93 34 309 UB,D 100% >50% 126 (60%) 132 (63%)

CAD = coronary artery disease, CAD defntn = stenosis diameter for definition of CAD, D = image digi
angiography, ref = reference number, RV =right ventricle, SB = supine bicycle, SVD = single vess

influencing test results include; i) previous myocardial infarction, ii) the
extent and severity of coronary disease, and iii) the site of coronary disease.

3.2.1 Methodologic Influences on the Accuracy of Exercise
Echocardiography

a. Definition of Stenosis Significance. Coronary stenoses occur in a spectrum
of severity, but for studies of accuracy, an arbitrary cutoff must be assigned
to define “significant” disease. Use of > 50% diameter stenosis (the most
common cutoff) identifies almost all lesions limiting flow under conditions
of peak vasodilation, but also includes some stenoses which are physiologi-
cally non-significant — use of this standard may thus limit sensitivity but is
associated with high specificity. Conversely, use of a > 70% cutoff ensures
that practically all “‘significant” stenoses are flow-limiting (hence producing
a high sensitivity), but some stenoses of < 70% diameter, despite classifica-
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disease.
Sensitivity — Sensitivity — Sensitivity MI  Specificity Comments
overall SVD pts excluded
87% (n=15) 50% (n=2) 71% (n=17) 100% (n=5) 30 degree sector scan
66% (n=32) 57% (n=7) 57% (n=21) 91% (n=11)
86% (n=28) 50% (n=6) 83% (n=23) 69% (n=13) RV analyzed

77% (n = 26)
91% (n = 56)
100% (n = 21)
100% (n = 23)
88% (n = 80)
88% (n = 101)
78% (n = 40)
41% (n = 34)
86% (n = 28)
81% (n = 21)
97% (n = 175)
87% (n = 121)
81% (n =27)
93% (n = 27)
84% (n = 114)
71% (n = 49)
86% (n = 30)
74% (n = 86)
93% (n = 137)
91% (n = 211)

73% (n = 11)
64% (n = 11)
100% (n = 8)

81% (n = 42)
76% (n = 25)

88% (n = 17)
81% (n =21)
92% (n = 66)
85% (n = 50)
81% (n = 27)
93% (n = 14)
77% (n = 60)
60% (n = 33)
86% (n = 30)
58% (n = 41)
84% (n = 55)
86% (n = 85)

70% (n = 20)
79% (n = 24)
100% (n = 7)

80% (n = 44)
78% (n = 51)
78% (n = 40)

86% (n = 28)
81% (n =21)

81% (n =27)
93% (n = 27)
80% (n = 59)
71% (n = 49)
86% (n = 30)

100% (n = 82)
95% (n = 126)

92% (n = 13)
88% (n = 17)
75% (n = 4)
100% (n = 16)
87% (n = 15)
86% (n = 22)
100% (n = 24)
100% (n = 6)
86% (n = 29)
92% (n = 13)
64% (n = 53)
80% (n = 29)
63% (n = 30)
92% (n = 26)
86% (n = 36)
88% (n = 26)
64% (n = 14)
81% (n = 26)
86% (n = 43)
78% (n = 98)

30 degree sector scan

On treatment

On treatment

Apical views only

Females only

Quant angio, max stress
Normal = hypercontractile

Apical imaging

Quant angio, max stress

zation, Echo = exercise echocardiogram, MI = myocardial infarction, quant angio = quantitative
disease, TM = treadmill, UB = upright bicycle.

tion as ‘“‘non-significant”, are indeed physiologically important and compro-
mise the measured specificity. Thus, using a > 75% stenosis cutoff, Robert-
son [10] reported a sensitivity of 100%, but a specificity of only 75%.
Moreover, the qualitative interpretation of coronary arteriography as this
“gold standard” is limited by observer variability [36], difficulties in assessing
eccentric stenoses, and poor correlation between the anatomic severity of
stenoses and their effects on flow [37,38]. Quantitative coronary arteriogra-
phy [39] has circumvented some of these technical problems, with improved
correlation with functional parameters [40]. Using quantitative angiography,
Shiekh [25] found that a stenosis diameter of 50% gave a sensitivity of 81%,
and a specificity of 92%. In that study, patients with single-vessel coronary
disease developing wall motion abnormalities after maximal exercise had an
absolute stenosis diameter of 1.0 mm, compared with 1.7 mm in those with
visually assessed stenoses > 50% but without inducible ischemia. Using quan-
titative wall motion evaluation but an otherwise similar study design, Agati
[28] found that the best correlate of abnormal function was an absolute
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lumen diameter of 0.7 mm, corresponding to an 85% stenosis diameter.
The discrepancy between these studies may reflect the use of quantitative
echocardiography in Agati’s study, which requires a reduction of normal
function for the diagnosis of ischemia (rather than inhomogeneity of contrac-
tion, which may be more sensitive).

b. Influence of Echocardiographic Image Quality. Although over 90 to 95%
of images are usually interpretable, the quality of stress echocardiograms
obviously varies from patient to patient. Studies which exclude technically
poor quality examinations may enhance the apparent accuracy of the test,
at the risk of making the data less relevant to routine practice. Recent reports
involving unselected groups have also circumvented criticisms related to
clinical applicability [20,24,30]. Regrettably, the influence of image quality
on accuracy is difficult to measure. We devised a four-point subjective rating
system for this purpose; an ““A quality”’ study was defined by good endocard-
ial definition, with good image quality in all views, “B quality” by images
lacking endocardial definition, and/or failure to demonstrate wall motion in
all views (as long as segments could be analysed in at least one view), “C
quality” by failure to image all segments even in multiple views (but with all
coronary territories visualized at least in part), and “D quality” defined by
severely compromised images, with failure to visualize one or more coronary
territories. We attempted to interpret all visualized segments, classifying all
other regions as normal. In this study, suboptimal images (C and D quality)
were not identified as predictive of sensitivity [30] because even in these
instances, enough of the myocardium was apparent to permit visualization
of the ischemic segments.

c. Influence of Stress Modality. Accuracy may be influenced by the type of
stress used in so far that it must be sufficient to provoke ischemia. Handgrip
stress [41] offers only a small increase in cardiac work, and is relatively
insensitive: if patients cannot exercise with their legs, pharmacologic testing
is preferable. Despite the theoretical advantages and disadvantages of tread-
mill and bicycle stress, recent results have been very similar with each.
Combining data from multiple studies shows post-treadmill echocardiography
[26,30,33] to have a sensitivity of 88% and specificity of 75% , compared with
88% and 77% for upright bicycle [29,31,32,34], and 90% and 80% for supine
bicycle echocardiography [5,28]. Direct comparisons will be needed in large
numbers of patients in order to determine whether any modality is superior.

3.2.2 Clinical Influences on the Accuracy of Stress Echocardiography
i) Myocardial Infarction. As echocardiography readily identifies the pres-

ence and site of prior infarction [42]; the inclusion of post-infarction patients
inflates the sensitivity of exercise echocardiography for the identification of
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coronary artery disease. Moreover, the presence of coronary artery disease
is usually already known from pre-test data in patients undergoing exercise
testing after infarction; it is therefore inappropriate to include them in studies
pertaining to the diagnosis of coronary artery disease. Thus, if patients are
stratified according to presence or absence of electrocardiographic Q-waves
[21], the sensitivity of a resting or stress-induced wall motion abnormality
for the prediction of coronary disease among those with Q-wave evidence of
prior infarction (98%) exceeds that in those without previous infarction
(78%). The other approach used to avoid inflating the recorded levels of
sensitivity with post-infarction patients is to exclude those with resting walil
motion abnormalities. This also identifies lower levels of sensitivity [22], but
may be excessively stringent, as it excludes individuals with severe chronic
ischemia (‘“hibernation”) and/or post-ischemic dysfunction (‘“‘stunning’)
without infarction [43]. Moreover, from a clinical perspective, stratification
on the basis of a resting wall motion abnormality is less sound, as this may
only be known if the patient has already had a resting echocardiogram —
implying the inclusion of this test to the diagnostic sequence. For these
reasons, in our own work, “infarction” is defined by Q-wave criteria.

While inclusion of post-infarction patients in studies of overall diagnostic
accuracy is inappropriate, stress echocardiography still has a role in this
group. As discussed in later chapters, the clinical question in these circum-
stances pertains not to the diagnosis of coronary disease, but to the ability
to identify heterozonal ischemia (or “ischemia at a distance’”), homozonal
ischemia (or peri-infarct ischemia), and myocardial viability. The detection
of coronary disease by stress echocardiography in a territory other than that
of the infarct-related artery is reported to range from 65% [21] to 72% [30]
— a range comparable to the results of thallium scintigraphy in the equivalent
situation. While stunned (viable) myocardium has been shown to be respon-
sive to sympathomimetic agents [44], the role of the sympathomimetic effects
of exercise in this respect is unknown. In practice, subtle changes in pre-
existing wall motion abnormalities are difficult enough to identify in a resting
patient during dobutamine stress, and may be impossible under the more
difficult circumstances of exercise stress.

it) Coronary Disease Extent and Severity. Patients with significant stenoses
in one or more coronary vessels are likely to have a larger area of ischemic
myocardium. The implications of this are a larger area of abnormal wall
motion and/or a more severe wall motion abnormality. Indeed, while col-
lateral flow may protect a region with single vessel disease, this cannot
occur in situations where collateral vessels are themselves compromised by
stenoses. Not surprisingly, many studies (Table 3.1) have shown the sensitiv-
ity of exercise echocardiography to be lower in the presence of single vessel
disease. However, the sensitivity of exercise echocardiography for single
vessel disease has varied form 76 to 93% in recent studies of digital echocar-
diography [26-34]. This variation is caused by modulation of the effect of
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single vessel disease by other factors, so that ischemia may be induced
notwithstanding the presence of single vessel disease if lesions are severe or
proximal.

Increasing stenosis severity has a similar effect. Milder stenoses, even if
they limit peak hyperemic flow, may produce little or no ischemia. In Sheikh’s
study of quantitative angiography and exercise echocardiography, only about
half of a group of patients with 50-70% stenoses demonstrated echocardio-
graphic evidence of ischemia [25]. In our experience, the angiographic predic-
tors of false negative results were shown to be the presence of single vessel
and mild coronary disease [30]. Fortunately, the group of patients with
negative stress echocardiograms have a relatively benign prognosis [45].

iii) Site of Coronary Disease. Ischemia involving the posterior wall of the
left ventricle is potentially difficult to detect with ECG or nuclear perfusion
imaging. The same does not appear to be true of stress echocardiography.
In our experience of detection of single-vessel coronary disease [30], 77% of
26 left anterior descending and 69% of 26 right or circumflex stenoses were
identified. In a stepwise logistic regression model, Armstrong [21] reported
that proximal left anterior descending and circumflex lesions were indepen-
dently associated with the presence of an abnormal exercise echocardiogram.
The ability of stress echocardiography to recognise the presence of disease
in individual vessels is discussed further, below.

iv) Exercise Capacity. In patients with chronic stable angina, myocardial
ischemia becomes apparent after the oxygen requirements of the heart are
increased, and exceed the ability of the coronary arteries to increase per-
fusion. Thus, the sensitivity of the exercise ECG, stress thallium imaging
and nuclear ventriculography are all compromised by the performance of
submaximal exercise [46—48]. The results of post-treadmill stress echocardio-
graphy are influenced in the same way [30], with 39% of false negative results
reflecting the performance of submaximal stress, defined by failure to achieve
85% of age-predicted maximal heart-rate. In accordance with the lower
heart-rate response of bicycle exercise, the influence of this variable is less
prominent — both Hecht [5] and Ryan [34] have shown failure to achieve
target heart-rate is not predictive of false negative scans in this setting.

3.3 Causes of False Negative and False Positive Exercise Echocardiogram
Results

Assessment of the accuracy of exercise echocardiography is based upon the
comparison of anatomic (angiographic) and functional (echocardiographic)
indices of coronary disease. Unfortunately, the binary distinction between
disease being “present” or ‘‘absent” requires an arbitrary separation, the
level of which influences values for sensitivity and specificity, as described
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Figure 3.3. Frequency of single vessel disease, moderate (50-70%) coronary stenoses, and
submaximal exercise among patients with incorrect (false negative) and correct (true positive)
stress echocardiograms.

above. Some “‘inaccuracies” merely reflect these limitations, for example, a
“false negative” stress echocardiogram in the presence of a ‘‘significant”
60% stenosis may be due to the absence of ischemia engendered by this
lesion rather than any shortcoming of the test itself. In summary, there is
no perfect “gold standard” for judging the presence of significant coronary
disease.

Nonetheless, not all inaccuracies are due to the problems inherent in the
comparison of anatomic and functional tests. Milder grades of coronary
disease (moderate stenoses especially in a single vessel), although limiting
flow, may induce small regions of ischemia that are not identifiable by stress
echocardiography. Other causes of false negative results include poor image
quality, delayed post-exercise imaging, continued anti-anginal medications
and submaximal exercise [30]. The latter three of these occur because is-
chemia resolves before imaging or does not occur at all (Figure 3.3). In
these situations, use of the term “non-diagnostic” should be considered for
reporting negative test results.

The causes of false positive stress echocardiograms are less well under-
stood than for false negative studies, but potentially reflect methodologic
and patient-related problems. False positive results are likely if mild abnor-
malities are over-interpreted, especially in the context of suboptimal (espe-
cially off-axis) views. A specific problem in this respect pertains to the basal
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inferior wall, which may be partially shadowed by the papillary muscle in
the apical 2-chamber view, as well as being tethered to the adjacent valve
ring. Our practice is to be particularly circumspect in the interpretation of
wall motion abnormalities restricted to this area alone; unless abnormal wall
motion is demonstrated in another view and/or in an adjacent segment, we
err on the side of being conservative in the identification of ischemia at this
site. Patient-related false positives may arise if patients with non-coronary
heart disease are included — not all stress-induced abnormalities of global
left ventricular function are due to ischemia. Indeed, in active individuals,
lack of hyperkinesia and overt hypokinesia may occur after maximal stress,
suggesting that such persons may require the application of different criteria
to most other patients undergoing stress echocardiography [49]. Moreover,
studies with stress nuclear ventriculography in patients with valvular regurgi-
tation have suggested that apparent regional wall motion abnormalities may
also be detected [50]. Whether this is also true of stress echocardiography
remains to be defined.

3.4 Identification of Stenoses in Individual Coronary Vessels

The ability of exercise echocardiography to detect coronary disease does not
appear to be influenced by its site. Moreover, several studies have indicated
that the test is able to accurately identify the lesion responsible for ischemia.
Such analyses have been based upon standardized models for the prediction
of vascular territories supplied by each vessel (see Chapter 2), whereby the
septal, anteroseptal, anterior and apical walls are ascribed to the left anterior
descending, the posterior and lateral walls to the left circumfiex, and the
inferior and inferoseptal walls to the right coronary artery. Of course, this
scheme is a generalization of the findings in individual patients, where the
vascular territories are highly variable. The commonest source of ambiguity
is the posterior wall (supplied by either right or circumfiex coronary artery,
depending on their relative size), and some authors have compensated for
this by combining the right and circumflex systems into a common, posterior
system. In our experience of locating the site of pathology in patients with
single-vessel disease, regional sensitivities were 77% for the anterior descend-
ing, 67% for the circumflex, and 70% for the right coronary [30]. In an
entire study group (including patients with multivessel disease and previous
infarction), Hecht reported respective sensitivities of 95%, 78% and 81%
[5]. However, Armstrong [21] predicted left circumflex disease correctly in
only 22% of patients with stenoses in this vessel, and Pozzoli [31] reported
a sensitivity of 45% for recognition of left circumflex disease as such. The
source of this variation is unclear — in addition to the variation in coronary
anatomy, it may reflect problems with resolution of the lateral wall endocar-
dium because of the parallel orientation of the wall and ultrasound beam,
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Figure 3.4. Identification of multivessel coronary disease in a patient with a previous myocardial
infarction. A resting wall motion abnormality is identified (large arrow) in the distal septum,
reflecting prior infarction in the territory of the left anterior descending coronary artery. Exer-
cise-induced regional dysfunction, due to left circumflex stenosis, is apparent in the lateral wall.
Reproduced with permission of the Journal of the American College of Cardiology.

and problems of lateral resolution. The circumflex territory may also be small
in some patients.

3.5 Diagnosis of Multivessel Disease by Exercise Echocardiography

Exercise echocardiography more readily identifies myocardial ischemia in
the setting of multivessel disease. A different aspect relates to the ability of
this test to recognise multivessel disease as such (Figures 3.4 and 3.5). Again,
these analyses are colored by the application of assumptions relating to
the relative distributions of the coronary arteries. The accuracy of stress
echocardiography for the recognition of multivessel disease differs in patients
with and without resting wall motion abnormalities due to myocardial infarc-
tion.

Multivessel disease is readily recognized in patients with previous myocar-
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dial infarction. In an unselected group [30], 88% of patients with multivessel
disease who were able to perform maximal exercise showed “ischemia at a
distance”. These results reflect the fact that the presence of a resting wall
motion abnormality effectively defines the presence of disease in one terri-
tory, so that ischemia need occur in only one region for the coronary anatomy
to be predicted. The situation of patients without previous infarction is quite
different, in that two or more regions must become ischemic for multivessel
disease to be predicted. In this context, ischemia in one zone may limit
exercise before the cardiac workload is enough to precipitate ischemia in
another less severely diseased area. In addition, the examiner’s eye tends to
concentrate on the most severely ischemic region, as the test centers upon
the comparltlve interpretation of segments with each other. These features
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Figure 3.5. Identification of multivessel coronary disease in a patient without previous myocar-
dial infarction. At rest (top) the septum and lateral walls contract homogeneously. At peak
exercise, the septum is thinned and akinetic, and the lateral wall is hypokinetic (arrows). After
exercise, the proximal septum recovers, but the apex does not, and the lateral wall, although
thickening more, has not returned to normal.

to age, gender, medical therapy, number of diseased vessels, and exercise
parameters, no differences in the extent or severity of ischemia were apparent
between the 48 patients with silent ischemia and the remaining 26 with
angina. This study exemplifies the benefits of stress echocardiography with
respect to visualizing disease extent (because of its high-resolution tomo-
graphic imaging) and severity (because of the ability to score regional func-
tion).
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Figure 3.6. Recognition of multivessel disease in patients with and without previous myocardial
infarction [30].

3.6 Conclusion

Exercise echocardiography has become accepted as a feasible technique for
the identification of coronary artery disease. Treadmill and bicycle stress are
equally applicable, and the selection of one or other technique should reflect
the locally preferred stress methodology, as well as the patient’s ability to
use either device.

The test is generally accurate for the detection of coronary disease, as
well as its site. Situations associated with an increased probability of false
negative results have been characterized, and in circumstances where such
test factors (eg submaximal stress) are present in conjunction with a negative
result, the test should be reported as non-diagnostic, rather than negative.
Likewise, the ability of the test to identify the absence of multivessel disease
in patients without previous infarction is limited.
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4. Stress Echocardiography Using Exercise-
Simulating Techniques

The choice of techniques for inducing ischemia at stress echocardiography
corresponds to that for the scintigraphic methods, and involves a fundamental
distinction between exercise and non-exercise approaches. The latter include
exercise-simulating methods (including sympathomimetic and pacing
stresses), which increase myocardial oxygen demand, and vasoactive agents
(principally dipyridamole and ergonovine stresses), which primarily influence
myocardial blood supply. This chapter will examine the exercise-simulating
techniques, and explore whether their use is justifiable in preference to
exercise stress. The following chapter will deal with the vasoactive stress
agents.

4.1 Indications for Use of Exercise Simulating Agents

Pharmacologic and pacing stresses are usually reserved for patients who are
unable to exercise. Stress echocardiography for the diagnosis of coronary
artery disease in patients with peripheral vascular, orthopedic and neurologic
limitations may mandate the use of a non-exercise stress. This may also be
true for patients who are in a poor state of fitness, especially the elderly, in
whom the test has been shown to be well tolerated and reliable [1]. Stress
echocardiography may also be indicated for prognostic reasons in ‘“‘at risk”
patients undergoing operative treatment for vascular and orthopedic con-
ditions where intervention may improve the functional state of the patient.
In such circumstances, concerns relate not only to the avoidance of peri-
operative cardiac events, but also the prediction of occult coronary disease,
which may become apparent after the operative treatment of non-cardiac
exercise limitation (see Chapter 9).

Particular clinical circumstances may also favor the use of non-exercise
stress. The performance of stress echocardiography in the cardiac catheriz-
ation laboratory or the operating room may assist in clinical decision-making
regarding the adequacy of revascularization. However, augmentation of ox-
ygen demand by exercise is not possible in these situations, which necessitate
the use of a non-exercise stress.

Finally, even in the routine stress laboratory, there are some attractions
to the use of pharmacologic, in preference to exercise stress. Dobutamine
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stress may be particularly indicated for the detection of viable myocardium
in patients with previous myocardial infarction (see Chapter 10). There is
also some support for its widespread use instead of exercise, based upon
advantages inherent in the nature of the stress and the imaging protocol.
The incremental nature of the stress means that the time-course of ischemia
may be identified — these data are not available using post-treadmill stress,
and are more diificult to obtain at bicycle exercise. The imaging benefits of
pharmacologic testing relate to the relative technical ease of image acquisition
and better image quality inherent in (essentially) resting imaging — improve-
ments which may permit the use of more quantitative reporting techniques.
Indeed, the presumptive merits of pharmacologic stress echocardiography
are analogous to those of stress thallium imaging with dipyridamole [2].
Similarly, the technical demands of performing peak- or post-exercise imag-
ing have led to the advocation of non-exercise stressors for all patients.

4.2 Exercise Simulation Using Pharmacologic Stressors
4.2.1 Pharmacologic Considerations

The exercise simulating agents include dobutamine, dopamine, epinephrine
and isopreterenol. As the name of the group suggests, their mechanism of
action involves the induction of ischemia (and hence abnormal function)
by increasing cardiac work and thereby oxygen requirements, in a fashion
analogous to that of exercise. For this to be completely true, the myocardial
metabolic effects of these agents should parallel changes in hemodynamics.
In the case of dobutamine, however, experimental data [3] have suggested
that there may be a metabolic stress additive to increased cardiac work (see
Chapter 1). In addition, the sympathomimetic agents all cause a maldistribu-
tion of coronary flow, involving a dose-dependent reduction of subendocard-
ial perfusion in the face of mild coronary stenoses [4]. This flow maldistribu-
tion does not appear to be the dominant source of ischemia, which instead
reflects the development of tachycardia [5].

Despite the similarities between these agents, they are not interchange-
able. Although epinephrine and isopreterenol have been used for stress
testing [6,7], their arrhythmogenic consequences are clearly a disadvantage.
Concern about these side-effects may limit the administered dose, compro-
mising the degree of stress and thereby the sensitivity of the test (see below).
Dopamine causes more alpha-stimulation and consequently may cause prob-
lems if it extravasates. It may also be less effective than dobutamine in terms
of precipitating myocardial ischemia [8]. Dobutamine has become the most
commonly administered exercise simulating agent, and the subsequent sec-
tion is predominantly directed towards analysis of this pharmacologic stress.
A derivative, arbutamine [9], also shows promise in this respect, but the
relative benefits of this, compared with its parent compound, are ill-defined.
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As dobutamine is predominantly a beta-1 agonist, its main initial effect is
as an inotrope; this facilitates the detection of zones with abnormal function,
as normal areas become hyperkinetic in response to the drug. Other receptors
are stimulated to a lesser degree, so that vasodilation and chronotropy appear
at higher doses [8,10], usually at the 20 mcg/kg/min level of the routine
stress protocols. This chronotropic response, involving a mean heart-rate
increment of 40 to 50 beats/minute and mean peak heart-rates of 110-120
beats/minute [11-17], appears to be the most important factor in terms of
precipitating ischemia. Blood pressure normally rises, but may fall at higher
doses, usually reflecting the vasodilator effects of this agent. Coronary flow
in normal vessels is augmented by increasing myocardial oxygen demand, as
well as a weak vasodilator effect. This aspect permits the combination of
dobutamine stress with perfusion scintigraphy, which depicts regional varia-
tions in coronary flow reserve [18,19]. Finally, the half-life of dobutamine is
so short (2-3 minutes) that complications or ischemia resolve promptly.

4.2.2 Dobutamine Stress Protocol

Patients are prepared for stress testing in the standard fashion; the test is
performed in the fasting state, and patients are usually asked to stop anti-
ischemic drugs on the day of the procedure. Chest lead monitoring may be
modified (as in the case of exercise echocardiography) to remove electrodes
from the echocardiographic windows, and intravenous access is secured. In
addition to standard resuscitation equipment, intravenous beta-adrenoceptor
blocking agents and nitrates should be available, in order to treat severe
ischemia.

Dobutamine is usually administered incrementally, starting at S
mcg/kg/min, and increasing to 40 mcg/kg/min in 2 or 3 minute stages [11-
17]. The peak dose of 40 mcg/kg/min is now widely adopted, but variants
include maximal doses of up to 50 mcg/kg/min and down to 20 mcg/kg/min
[13,15]. Lower dose-rates administered over longer periods are able to attain
similar hemodynamic effects to the high-dose protocols [15]; the relative
plasma levels with different dose-regimens have not been studied. The stan-
dard dobutamine protocol has been combined with atropine in those in whom
the test is negative at peak dose [20], and this maneuver is of particular
benefit in patients on beta-blocking drugs. The addition of atropine produces
a major increment of heart-rate and is effective in inducing ischemia. It
appears to be safe, although there is less published experience than with
standard dobutamine testing. Unfortunately, however, many non-diagnostic
results at dobutamine testing reflect premature termination of the stress due
to side-effects (see below), and the addition of atropine is unlikely to be of
benefit in these situations.

The end-points of the test are completion of the protocol, development
of severe angina or left ventricular dysfunction, or the development of intol-
erable side-effects. The patient is monitored continuously, using clinical
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Figure 4.1. End-systolic images from a dobutamine echocardiogram, showing normal function
at rest, little change at low-dose, hyperkinesis (arrows) at high-dose, and rapid resolution post-
stress. Reproduced with permission of the American Journal of Cardiac Imaging.

signs, the electrocardiogram, and 2D-echocardiography (with storage on
video-tape). Because only four digitized cine-loops can be displayed at once
on the quad-screen display, we currently select a resting image, low-dose (10
mcg), and two high dose images, usually 30 and 40 mg. Other protocols
involve digitization of rest, low-dose, high-dose and post-stress images (Fig-
ure 4.1). Other authors describe filling the quadrants with images at rest, at
the first dose (5 mcg), final dose (40 mcg) and post-stress. With either
approach, four quad-screens are used for the four standard views. The images
are then interpreted qualitatively, as described in Chapter 2.

4.2.3 Hemodynamic Responses to Dobutamine Stress

Dobutamine induces enhancement of left ventricular contractility at low
doses, followed by increased systolic blood pressure, with heart-rates of over
100 beats/minute at doses >20 mcg/kg/minute. Cohen [12] has correlated
the hemodynamic response with the presence and extent of coronary disease.
Heart-rate was found to increase significantly, with peak heart-rates of about
120 beats/minute in most patients, reflecting a heart-rate increment of 40-
50 beats/minute. Systolic blood pressure usually attains levels of about 170
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mmHg in normotensive patients, due to an increment of 30 to 40 mmHg;
Cohen found that only patients with 3-vessel disease failed to mount a
significant blood pressure response. The rate-pressure product increases in
all patients, with representative peak levels of 16,500-20,000 [11,12]. There
is usually no significant change of diastolic blood pressure. As might be
expected from the stepwise nature of the test, the development of ischemia
occurs at lower dobutamine doses and at lower cardiac workloads in the
presence of more extensive coronary disease. In our experience, however,
there is too much overlap between groups for the hemodynamic response to
be a reliable predictor of one-, two- or three-vessel coronary disease.

The physiologic responses to dobutamine may be tempered by beta-adre-
noceptor blockade, which induces a state of competitive antagonism. Patients
taking beta-blockers have been shown [11,13,14,20] to demonstrate a signifi-
cantly lower peak heart-rate response (to a peak of 90 to 100 beats/minute),
and a lower double-product (to levels of around 14,000), although the systolic
blood pressure response is less attenuated. In a group of patients (almost all
of whom were beta-blocked) who had no ischemia induced by a standard
dobutamine protocol, atropine was shown to increase the heart-rate to 120
beats/minute, comparable to the levels attained in patients not taking beta-
blocking agents [20].

Even in the presence of a maximal dobutamine stress, the hemodynamic
responses to this agent are less than those usually recorded at maximal
exercise stress. Four studies have reported on the physiologic responses to
exercise and dobutamine stress, performed in the same patients [15,21-23].
In each study, although systolic blood pressure levels were comparable, the
peak heart-rate and double product were significantly greater during exercise
than dobutamine stress. Thus, while dobutamine is considered to be an
“exercise simulating” drug, there are limitations to its correspondence with
exercise stress. The effects of these disparities in the intensity of stress on
the sensitivity of the test will be discussed further in a later section.

4.2.4 Side-effects of Dobutamine Stress Testing

The side-effects of dobutamine stress reflect the consequences of intense
sympathomimetic stimulation. In our experience in 217 consecutive studies
[17], 29% of patients developed significant dose-limiting side-effects, a fre-
quency comparable with the 31% incidence reported by Salustri [13]. The
end-points of dobutamine stress in our hands are summarized in Figure 4.2.
About two-thirds of patients attained peak dose or achieved an ischemic
end-point. Of the remaining patients, who stopped prematurely due to side-
effects, the commonest problems were due to hypotension and arrhythmias.
Other side-effects included: dyspnea, anxiety and vagal reactions, palpita-
tions and formication, but these did not usually require test termination.
Hypertension (we normally stop the test for systolic blood pressures
>220/120) is surprisingly uncommon.
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The frequency and severity of side-effects varies between studies; if all
side-effects are included they may be recorded in up to 82% of patients [15],
while a frequency of only 5% has been reported if only serious, dose-limiting
side-effects are considered [11]. Some of this heterogeneity relates to the
stress protocol employed; their incidence tends to be lower in studies where
the test is terminated if patients achieve a target heart-rate or when echocar-
diographic evidence of ischemia is seen [11]. Similarly, side-effects were
less prevalent in the series reported by Cohen [12], because patients with
submaximal test responses were excluded.

Arrhythmias most commonly involve atrial and ventricular extrasystoles,
non-sustained atrial and (less often) ventricular tachycardias, and rarely,
atrial fibrillation and sustained ventricular tachycardia. In an experience of
over 200 patients, we have not witnessed any sustained or life-threatening
arrhythmias, a finding consistent with that reported from other centers, and
contrary to previous concerns [24].

Hypotension (which is usually asymptomatic) has been variously defined,
leading to some variability in its reported frequency. We terminate the test
if the systolic blood pressure falls >20 mmHg; others have used a > 30 mmHg
reduction [15] or a > 15 mmHg fall from baseline [11]. In our experience
[17], hypotension is an unpredictable and frequent complication (occurring
in 28%, although not necessarily provoking the termination of the test),
unrelated to echocardiographic abnormalities or the presence or severity of
coronary disease. This complication is usually due to the vasodilator effects
of dobutamine, particularly if it appears suddenly after a dosage increment
[25]. In some patients, it may reflect dynamic left ventricular outflow tract
obstruction [26]. Data presented by Marcowitz [25] suggests that gradual
falls in blood pressure are correlated to myocardial ischemia, and this may
explain the attenuated blood pressure response in the group of patients with
three-vessel disease reported by Cohen [13]. However, our experience is less
consistent with hypotension being a marker of coronary disease — in 40
patients with sudden and 24 with gradual hypotension, the presence of coron-
ary disease or ischemia in these groups did not differ from a control group
of 164 patients without a hypotensive response.

As a consequence of these side-effects, dobutamine stress is contraind-
icated in patients with severe hypertension and serious arrhythmias. Nonethe-
less, while side-effects may concern the physician performing the test and
compromise its sensitivity by limiting the maximum attained dose (see
below), major complications are exceedingly rare and no deaths have been
reported. One advantage of on-line echocardiographic imaging is that the
extent and severity of ischemia may be better appreciated than they might
with the electrocardiogram alone, or with pre- and post-stress imaging alone.
This may permit termination of the stress before severe left ventricular
dysfunction develops.
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Figure 4.2. End-points of the dobutamine stress protocol in 217 unselected patients undergoing
coronary angiography [17].

4.2.5 Accuracy of Dobutamine Stress Testing

In contrast to exercise testing [27], angina and electrocardiographic changes
during dobutamine stress have limited accuracy except in patients with a
high coronary disease probability. In those studies which permit a direct
comparison of exercise and dobutamine data, the sensitivity of the former
reproducibly exceeds that of the latter. These findings are discussed in more
detail in Chapter 5, but to summarize our experience, we believe that dobuta-
mine stress should necessarily be combined with an imaging technique.

The results of recent studies of dobutamine echocardiography are summar-
ized in Table 4.1. The overall sensitivity for the detection of visually assessed
stenoses of >50 or >70% varies from 68 to 95% . In comparison with quanti-
tative angiography, dobutamine echocardiography has a sensitivity of 86%
for the detection of stenoses with minimal lumenal diameters <1 mm [28].
These variations reflect differences in the study populations — our own experi-
ence has been interesting in this respect. Our initial experience with dobutam-
ine echocardiography [29] comprised a trial where patients were carefully
supervised, and were studied off therapy, under optimal conditions, yielding
an overall sensitivity of 85%. As the clinical utility of the test became
apparent, and routine clinical studies were incorporated into our experience,
an increasing proportion of patients had a “‘suboptimal” test (either due to
inability to complete the protocol or interference by beta-blocker therapy),
and a lower sensitivity was reported [17].

As with exercise echocardiography, slightly higher sensitivities are re-
ported for dobutamine echocardiography in patients with myocardial infarc-
tion, because the presence of a regional wall motion abnormality identifies
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Figure 4.3. Relative effect of “submaximal” stress (failure to complete protocol or testing on
beta-blocker therapy) on the sensitivity of dobutamine stress echocardiography (2DE) and
perfusion scintigraphy (MIBI-SPECT) [17].

the presence of coronary disease, independent of the stress. The sensitivity
of dobutamine echocardiography for the detection of single-vessel coronary
disease is lower than for multivessel disease, and has been in the 40 to 70%
range in most studies. Some heterogeneity in the accuracy of the test in this
situation presumably reflects variations in the severity of single vessel coron-
ary disease in different study groups.

The specificity of dobutamine echocardiography ranges from 82 to 100%.
In our experience [17], no unifying feature accounts for these false positive
results, which have a comparable frequency with those witnessed at exercise
echocardiography.

Other sympathomimetic agents (epinephrine, isopreterenol) have been
reported to have modest sensitivity in the diagnosis of coronary artery disease
[30-32]. These agents have not achieved clinical acceptance because of safety
concerns. Moreover, limitation of peak dose because of concerns regarding
side-effects may restrict the attainable sensitivities.
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4.2.6 Evaluation of the Site and Extent of Coronary Disease Using
Dobutamine Echocardiography

The location, extent and severity of coronary disease are as readily studied
using dobutamine as with exercise echocardiography. Using the standard
assumptions about the distribution of coronary territories, Sawada reported
the location of wall motion abnormality to correspond to the distribution of
the stenosed vessel in 16 of 17 patients with single vessel disease [11].
The accuracy of dobutamine echocardiography for identification of coronary
disease in the anterior and posterior circulations is equivalent [14,17].

The ability of exercise echocardiography to predict multivessel disease
(Figure 4.4) is greater in those with than without previous myocardial infarc-
tion (see Chapter 3). The same is true of dobutamine stress; in 41 patients
with a localized wall motion abnormality, Sawada found its sensitivity for
remote disease (in the non-infarct-related artery) to be 81%, and its speci-
ficity to be 87% [11]. Similarly, studies of patients after myocardial infarction
have shown a sensitivity of 85% and a specificity of 88% in the detection of
multivessel disease [22]. Dobutamine echocardiography has therefore been
proposed as an alternative to exercise testing for the detection of residual
ischemia after myocardial infarction [21].

The recognition of multivessel disease in patients without previous infarc-
tion has been reported in up to 70% of patients with stenoses in >1 vessel
[11]. This exceeds the levels reported for these patients using exercise echo-
cardiography (see Chapter 3), and may reflect a greater propensity to con-
tinue the test once ischemia has occurred in one segment. Our experience
has been less favorable; only 43% of patients with =2 vessel disease were
recognised as such. This may reflect a tendency to focus on the most ischemic
area (making other less ischemic regions appear normal), and may also occur
if the pharmacologic study is terminated because of ischemia in one zone,
before a second territory becomes ischemic.

In patients with multivessel disease, ischemia tends to have an earlier
onset (Figure 4.5), at a lower dose of dobutamine and a lower heart-rate
and rate-pressure product [11]. However, patients with severe single-vessel
disease may also demonstrate an early onset of ischemia [14], so that while
this relationship is a guide to lesion severity, we have not found the time
or hemodynamic response at onset to be a useful predictor of multivessel
disease.

In order to assess the ability of the test to appraise the extent of disease,
free of assumptions about the distribution of individual coronary arteries,
we compared the proportion of segments showing abnormal wall motion with
an angiographic index of coronary disease extent (the Gensini score). This
demonstrated a close correlation with an equivalent score of perfusion defect
extent, although both underestimated the angiographic extent of disease as
measured by the Gensini score [17].
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Table 4.1. Sensitivity and specificity of dobutamine stress echocardiography.

Author Reference n Peak dose “Significant”  Sensitivity —
mcg/kg/min CAD overall

Sawada 11 103 30 >50% 95% (n = 81)
Cohen 12 70 40 >70% 86% (n = 51)
Salustri 13 52 40 >50% 54% (n=37)
Marcowitz 14 141 30 >50% 96% (n = 109)
Mazeika 15 50 20 >70% 78% (n = 36)
Previtali 16 35 40 >70% 68% (n = 28)
Marwick 17 217 40 >50% 72% (n = 142)

CAD = coronary artery disease, SVD = single vessel disease.

4.2.7 Influence of Anti-anginal Therapy on the Results of Dobutamine
Echocardiography

As the development of ischemia is a sine que non of developing abnormal
regional function, anti-ischemic therapy may be expected to reduce the sensi-
tivity of stress echocardiography. Thus, beta-blockers, calcium antagonists
and combined therapy have been shown to reduce the sensitivity of dipyrida-
mole stress echocardiography. Surprisingly, the influence of anti-anginal ther-
apy on the sensitivity of dobutamine echocardiography has been a matter of
some dispute, with several series failing to document an effect [11,13,14].
These results may clouded by a degree of selection bias, as patients with
more symptomatic coronary disease (which is therefore more severe and
more likely to precipitate ischemia) are more likely to be on treatment. In
our experience, false negatives have correlated with patients who failed to
complete the protocol due to the development of side-effects and/or who
took beta adrenoreceptor antagonists on the day of the test; these situations
may be an indication for combining the test with perfusion scintigraphy,
which is not so severely compromised by these features (Figure 4.3). In the
experience of McNeill [20], patients on beta-blockers accounted for 94% of
patients who failed to attain >85% of age-predicted maximal heart-rate, and
had a negative test result. In this situation, the administration of atropine
(up to 1mg), after the conclusion of the dobutamine protocol has been
shown to intensify the hemodynamic response to dobutamine, and may
enhance the sensitivity of dobutamine stress testing, without reducing speci-
ficity or inducing serious side-effects.

4.2.8 Should Dobutamine Echocardiography Be Considered in Patients
Who Are Able to Exercise?

The above sections have focussed on the use of non-exercise stress in those
patients who are unable to exercise. Even in patients who are able to exercise,
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Sensitivity —
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Specificity
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normal RWM

Specificity
normal RWM

89% (n = 38)
69% (n = 16)
40% (n = 20)
95% (n = 62)
50% (n=12)
50% (n = 16)
66% (n = 68)

7% (n = 22)
95% (n = 19)
80% (n = 15)
66% (n = 32)
93% (n = 14)
100% (n =7)
83% (n = 75)

89% (n = 35)

63% (n = 24)
87% (n = 30)
70% (n = 23)

85% (n = 20)
80% (n = 15)
91% (n = 23)
100% (n = 13)

pharmacologic approaches are attractive. The technical demands of acquiring
good images in an exercising, tachypneic patient are substantial, and although
ameliorated by post-stress imaging, this is at the cost of a reduction of
sensitivity. Pharmacologic stress has the attraction of offering imaging at
peak stress, without the difficulty of performing the study in an exercising
patient. Apart from the practical aspects, the ability to readily examine the
time of onset of ischemia is not available with pre- and post-treadmill imag-
ing, and less feasible during bicycle stress than during pharmacologic protoc-
ols. Exercise techniques are more dependent on the interpretation of digit-
ized cine-loop images, with the inherent problems of sampling error due to
non-representative beats or views.

Echocardiographic responses to stress have been compared between dobu-
tamine and exercise in three studies [23,33,34]. Using supine bicycle exercise
in patients off medical therapy, Cohen [33] reported a sensitivity of 76% for
exercise, and 86% for dobutamine stress — this difference being non-signifi-
cant, for both patients with single- and multi-vessel disease. The specificity
of both tests was 87%. In 48 patients with suspected coronary disease and
with studies of good quality, Hoffman [34] reported supine bicycle echocar-
diography to have a feasibility of 88%, a sensitivity of 84%, and a specificity
of 88%. The respective figures for dobutamine were 90%, 88% and 84%.
However, although bicycle and dobutamine echocardiography produced
analogous results in these studies, both involved supine bicycle stress and
excluded patients with suboptimal studies. Preliminary comparisons of arbut-
amine with exercise have also been reported, showing similar levels of accur-
acy [9]. However, both dobutamine and arbutamine induce a lower workload
on the heart than exercise. The implications of this under routine clinical
circumstances need to be addressed for both compounds.

In our comparison of dobutamine and exercise echocardiography, we
attempted to reproduce the circumstances of routine clinical practice [23].
In this study, the overall accuracy of dobutamine echocardiography (64%)
was less than that of bicycle exercise stress (85%, p < 0.0001) in 86 unselected
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Figure 4.4. Freeze-frame and traced diastolic (left) and systolic (right) images before and after
low-dose (5 mcg/kg/minute) dobutamine. The anteroseptal and posterior walls show reduced
excursion and thickening (arrows), and the systolic cavity size has increased. The multiple

patients without myocardial infarction. While the specificity of dobutamine
echocardiography (83%) was somewhat greater than that at peak exercise
(80%), the relative sensitivities were dependent upon the presence of anti-
anginal treatment and the ability of patients to complete the dobutamine
protocol. In patients not taking beta-blockers on the day of the test and able
to complete the dobutamine protocol (“‘optimal” test, n = 22) the sensitivity
of dobutamine echocardiography (73%) was not significantly different from
that of exercise echocardiography (87%). In contrast, in those with a subopti-
mal dobutamine stress test, the sensitivity (41% ) was less than that obtainable
with exercise (94%, p < 0.0001). These data were supported by the develop-
ment of ST segment depression, which occurred with comparable frequency
during dobutamine and exercise stress in the “optimal” group (59% vs 77%)
but was less frequent during dobutamine than exercise in the suboptimal
dose group (15% vs 73%, p <0.01). The effect of submaximal dobutamine
stress had less impact on the overall sensitivity of dobutamine stress perfusion
scintigraphy (65% ), which was not significantly different from that of exercise
scintigraphy (73%). The difference in the sensitivity between dobutamine
and exercise stress echocardiography parallels the greater cardiac workload
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involved segments and early onset of ischemia concur with the finding of multivessel coronary
artery disease at angiography.

imposed by exercise (Figure 4.6). Thus, the sensitivity and accuracy of dobut-
amine echocardiography are only comparable to those of exercise echocardio-
graphy in patients able to undergo an optimal dobutamine test.

Moreover, in our experience [23], exercise induced more ischemia than
dobutamine, even when the comparison was restricted to the 28 patients
with coronary disease who demonstrated stress-induced wall motion abnor-
malities at both tests. At echocardiography, the extent of wall motion abnor-
mality at exercise (34 = 18% of left ventricular segments) exceeded the extent
demonstrated as ischemic using dobutamine stress (15 + 8%, p < 0.0001).
Similarly, the extent of perfusion defects at exercise (29 = 12% of left ven-
tricular segments) exceeded the extent of defects using dobutamine stress
(22 £ 11%, p = 0.02), in the 33 patients with coronary disease who showed
stress-induced perfusion defects at both tests.

We also examined the relative feasibility of dobutamine and exercise
stress, using a qualitative, four point scale of image quality (described in
Chapter 2) and a similar three point scale of diagnostic confidence. Dobuta-
mine echocardiograms provided higher quality images than those attainable
using the bicycle. Of the 86 dobutamine echocardiograms, 20 were of A
quality, 53 of B quality, 11 of C quality and 2 of D quality, compared with
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Figure 4.5. Rate-pressure product at the onset of ischemia in 46 patients with 1, 2 and 3 vessel
disease and a positive dobutamine stress echocardiogram. There is a trend towards the onset of
ischemia at lower rate-pressure product with increasing severity of coronary disease.

3, 46, 29, and 8 studies of these respective qualities with exercise. Thus,
73 dobutamine echocardiograms were of excellent or good quality (85%),
compared with 49 at exercise (57%, p <0.001). The opposite relationship
applied to diagnostic certainty, which was greatest with exercise echocardio-
graphy; 15 of the 86 dobutamine echocardiograms (17%) were interpreted
with a high level of confidence, compared with 32 exercise studies (37%,
p = 0.004). Moderate diagnostic confidence was attained in 47 dobutamine
and 31 exercise echocardiograms, and low levels of diagnostic certainty were
present in 24 dobutamine and 23 bicycle studies.

In summary, the technical facility of dobutamine echocardiography per-
mits the acquisition of better quality images than are available with exercise.
However, this benefit is outweighed by the fact that dobutamine imposes a
lower workload on the heart, with the consequence of smaller, less severely
ischemic foci, which are more difficult to recognise. Finally, dobutamine
appears to be a less robust stress than exercise, and its sensitivity is signifi-
cantly compromised by submaximal stress.
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Figure 4.6. Heart-rate (HR), systolic blood pressure (SBP) and rate-pressure product (RPP)
responses at peak effect (Pk) during dobutamine and exercise stress in 86 patients with suspected
coronary disease.

4.3 Exercise Simulation Using Pacing Stress

While pharmacologic stress echocardiography has been found to be accurate,
these tests are contraindicated in some patients, and side-effects may limit
their feasibility in others. Atrial pacing stress, although more invasive, has
the advantage of avoiding these sequellae.

Pacing induces myocardial ischemia [35,36] by increasing myocardial ox-
ygen consumption (due to increased heart-rate), and reducing subendocardial
perfusion [37]. This technique has unique advantages, including the ability
to immediately terminate the stress if the patient develops complications,
and the capacity to achieve a pre-determined heart-rate in almost all patients.
The use of pacing for stress testing has involved atrial stimulation, either
transvenously or via the esophagus, as ventricular pacing itself causes both
abnormal regional contractility and abnormal perfusion. Of these, only the
transesophageal route has gained acceptance as a routine stress modality.

Transesophageal atrial pacing (TAP) using a “pill electrode” has been
combined with transthoracic imaging for nearly 10 years [38]. A typical
protocol takes about 11 minutes, starting at a heart-rate of 110 beats per
minute, increasing in 2 minute intervals to a rate of 150 per minute. Atropine
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Table 4.2. Sensitivity and specificity of atrial-pacing stress echocardiography.

Author Reference n Methodology  Feasibility ~ Sensitivity Sensitivity

- overall -SVD
Lambertz 41 50 TAP-TEE 100% 93% (n = 46) 85% (n = 20)
Kamp 42 71 TAP-TEE 99% 83% (n=52) 69% (n=13)
Zabalgoitia 43 36 TAP-TEE 90% * 90% (n=21) 100% (n=14)

* Feasibility in complete unselected series of 86 patients.

may be required to overcome Wenckebach atrioventricular block, which may
become apparent at high pacing rates. The test is performed using the normal
precautions for stress testing, with ECG and echocardiographic monitoring.
The usual endpoints are the completion of the pacing protocol, or the devel-
opment of extensive ischemia as defined by severe chest pain, severe ECG
changes or extensive wall motion abnormalities. Very favorable results have
been obtained by the use of atrial pacing in combination with echocardio-
graphy (Table 4.2). In a large series, the sensitivity of this test was shown
to be 89%, with a specificity of 84% [39].

The ability to cease pacing and suddenly return to a low (though not
necessarily resting) heart-rate may be of particular value in Doppler stress
testing, as the hemodynamic sequellae of ischemia take some time to resolve,
even after the ischemic stimulus dissipates. Studies using this methodology
have shown a pattern consistent with reduced ventricular compliance, with
reduction of rapid filling and enhancement of active filling [40]. These
changes are difficult to discern with other forms of stress, because the active
and passive filling waves tend to merge during tachycardias. Similarly, the
same maneuver may assist in the combination of stress testing with color-
flow Doppler as the use of low frame-rates may pose a problem at high
heart-rates. Despite these advantages, however, this technique has not be-
come widely used because in the experience of many centers, esophageal
pacing may be poorly tolerated.

A newer development has been the use of TAP in combination with
transesophageal echocardiography (TEE). The attachment of the pacing
electrodes to the TEE probe enhances their contact with the esophagus,
reducing stimulation energy (because smaller currents are required to attain
atrial capture), and enhancing patient tolerance. The technique of TAP-TEE
involves placement of the TEE probe in the usual fashion. The electrodes
are attached 7 to 12 cm proximal to the tip, so that when the transducer is
in the stomach, they are positioned directly adjacent to the left atrium.
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Specificity Pacing ECG  Exercise ECG Pacing ECG  Exercise ECG -
- sensitivity — sensitivity — specificity specificity
100% (n=9) 49% (n=46) 53% (n=46) 67% (n=9) 50% (n=9)
94% (n=18) 52% (n=40) 50% (n=48) 82% (n=17) 83% (n=18)
93% (n=14) 43% (n=14) - 100% (n=11) -

Pacing is usually started at 110 beats/minute and increased in 10 beat/minute
increments every 2 minutes until a rate of 150/minute, which is maintained
for 5 minutes. The test is performed using the normal precautions and end-
points for stress testing, with ECG and TEE monitoring. In the three re-
ported studies to date [41-43], the sensitivity and specificity of this approach
have been in the range of 90% (Table 4.2). These very favorable findings
have been paralleled by similar findings using transesophageal echocardio-
graphy and dipyridamole stress [44], implying that the accuracy of the tech-
nique pertains more to high-quality imaging than the chosen stress modality.
The approach is not without problems, however. In relation to TAP, the
need to stimulate the esophagus has prevented esophageal views from being
acquired — thus all imaging has been performed in the transgastric plane
(being limited to the short axis view when using a single-plane probe). This
may be ameliorated by multiple electrodes higher on the probe (to permit
longitudinal transgastric views), or with use of the multiplane probe. Second,
the insertion of the transesophageal probe in an awake patient may itself
provoke hemodynamic changes and hence ischemia, so that “resting” TEE
images may not be truly acquired at rest. Third, the equipment requirement
is greater than that needed for the alternative approaches. Finally, given the
invasive nature of this test, it seems unlikely that stress TEE will become
the stress echocardiographic modality of first choice for all patients, although
it is clearly of benefit in those with suboptimal transthoracic images, patients
intolerant to pharmacologic stresses, or those in whom pacing rather than
pharmacologic stress is attractive for safety reasons.

A study comparing TAP and exercise echocardiography has shown similar
levels of accuracy [45]. The former was shown to be more feasible (in 95%),
although the lower feasibility of exercise echocardiography in that study
(80%) reflects a success rate somewhat lower than the usually obtained levels
(see Chapter 3).
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4.6 Conclusion

Currently available data suggest that pacing and dobutamine stress (provided
that the dobutamine protocol is completed) are able to provide similar levels
of accuracy to exercise echocardiography. As pacing is unpleasant, we limit
the use of this stress to patients with contra-indications to dobutamine in-
fusion. Atropine may be a useful adjunct to any stressor if a higher heart-
rate response is desired. In patients with a poor transthoracic window, trans-
esophageal echocardiography should be considered, with pacing or pharma-
cologic stressors.

The performance of non-exercise stress echocardiography is more feasible
than with exercise, and the training requirement for the acquisition of exerc-
ise images is probably greater than for echocardiography during pharmaco-
logic stress or pacing stress. On the other hand, a number of considerations
favor the use of exercise stress in those who can perform it. Exercise stress
provides useful ECG data (which are less accurate with pharmacologic stres-
sors), yields important data regarding functional capacity and prognosis, and
gives results which are readily extrapolated to everyday life. Based on these
considerations, exercise echocardiography, if practicable and in expert hands,
currently appears to offer more data than the non-exercise approaches. Our
current practice is to limit the use of exercise simulating techniques to patients
who are unable to perform maximal exercise.
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5 Stress Echocardiography with Vasoactive Agents

Exercise and dobutamine stress induce ischemia by increasing myocardial
oxygen requirements to a level which exceeds the ability of a stenosed
coronary artery to satisfy the increased demand (see Chapters 3 and 4)
Ischemia 1n most ambulatory situations 1s caused by oxygen demand out
stripping supply, but it may be combined with reduction 1n coronary supply
due to vasospasm or coronary steal This “supply-side” 1schemia may be
replicated during stress testing, either using dipyridamole as a convenient
form of pharmacologic stress, or using ergotamine to specifically investigate
the presence of a vasoactive mechanism of 1schema

5.1 Vasodilator Stressors
511 Mechanism of Action

As 1n the case of the exercise simulating drugs, more than one vasodilator
stress agent (dipyridamole and adenosine) 1s available In contrast to the
differing profiles of the sympathomimetic agents, however, the vasodilators
differ more subtly Dipyridamole exerts its effects indirectly, through increas-
g endogenous adenosine levels, by reduction of cellular re-uptake and
metabolism [1,2] Variability of its effects on these processes may account
for “dipyridamole insensitivity”’ [3] Adenosine 1s a powerful vasodilator of
a strength equivalent to that of papaverne [4] Thus, despite therr final
common pathway, dipyridamole and adenosine differ in their time of onset
(respectively 4 to 8 minutes and immmediate), their duration of effect (re-
spective half lives being 6 hours and 10 seconds), and 1n the intensity of their
side-effects (which are more intense, and more transient, with adenosine)
Dipyridamole has the benefit of a longer clinical experience as a stress agent
[5]

Based upon studies demonstrating increased coronary flow without mn
creased oxygen requirements [6], dipyridamole was 1nitially used as an anti
anginal agent However, before long, it was found to precipitate 1schema
[7], and the mechanism of this was reported to be coronary ‘“‘steal” — a
phenomenon whereby blood which supplies compromised tissue 1s “‘stolen”
by well perfused regions after administration of the drug While dipyridamole

T.H Marwick, Stress Echocardiography 81-94.
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was subsequently reported — predominantly in the German literature [8] —
as a non-exercise provocative agent for the stress ECG, it has gained most
attention in the dipyridamole thallium protocol [9]. Its mechanism of action in
this context is readily understandable, as the drug induces maximal coronary
vasodilation throughout the heart, leading to flow heterogeneity in the pres-
ence of significant coronary stenoses and therefore apparent perfusion de-
fects, with or without ischemia being provoked in a functional or metabolic
sense.

The diagnosis of coronary disease at stress echocardiography mandates
the induction of regional wall motion abnormalities (and hence ischemia),
and several means have been proposed for the provocation of ischemia with
dipyridamole [8,10,11]. Coronary steal is believed to be the main mechanism
- this may be ‘“‘vertical” or ‘“horizontal” through the left ventricular wall.
Vertical steal (subepicardial from subendocardial) occurs because of the
depressurization of the microcirculation in response to vasodilation, causing
vessels to collapse under the greater extravascular pressure of the subendo-
cardium. Horizontal steal (non-stenosed from stenosed territory) is caused
by reduced flow to collaterals from normal vessels after the runoff from these
increases in response to vasodilation. Non-steal mechanisms may involve the
effects of dipyridamole upon the stenosis, perfusion pressure, and even
demand-induced ischemia. Profound vasodilation of the microcirculation may
provoke ‘“collapse” of the stenosis due to a reduction of lateral pressure
induced by increased flow. Systemic vasodilation may compound these me-
chanisms by reduction of diastolic coronary perfusion pressure. Ischemia may
be perpetuated by increased cardiac workload due to increased sympathetic
activity secondary to angina, and coronary spasm may also play a minor role.
However, despite all of these putative mechanisms, myocardial metabolic
studies using positron emission tomography have suggested that metabolic
evidence of ischemia is uncommon even in patients showing flow heterogene-
ity in response to dipyridamole [12].

5.1.2 Vasodilator Stress Protocols

Coffee, tea and cola drinks should be avoided for 12 hours before the
examination, as xanthines antagonise the effects of dipyridamole on adenos-
ine metabolism [13], as well as by direct competitive inhibition of adenosine
activity. Patients are also usually advised to fast for a few hours before the
test, as dipyridamole may induce nausea.

The procedure should be undertaken in the stress laboratory, or a similarly
equipped room.In addition to the usual resuscitation equipment, aminophyl-
line and intravenous nitrates should be available for the treatment of oc-
casional, severe ischemia. The patient is prepared for stress testing in the
usual fashion, and an intravenous line is inserted. For dipyridamole stress,
we attempt to use a large proximal arm vein, as this compound is strongly
alkaline and tends to cause local discomfort if not well diluted by venous
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Figure 5.1. High-dose dipyridamole echocardiography protocol, illustrating two-stage infusion
under echocardiographic (echo) and ECG monitoring, with digitization (dig) at rest, before and
twice following the second dose.

blood. The most commonly administered dose for intravenous dipyridamole
for myocardial perfusion imaging is 0.14 mg/kg/min [14]; oral dipyridamole
has been used for echocardiography [15], but is not recommended now that
the parenteral form is readily available, as its absorbtion and time-course of
effects are erratic. The usual 4 minute infusion protocol for myocardial
perfusion scintigraphy [0.56 mg/kg) has been found to produce unsatisfactory
levels of sensitivity for stress echocardiography (Figure 5.1), but may be
significantly enhanced by an additional 2 minutes of infusion if the initial
response is negative and no major side-effects have appeared [16]. Electrocar-
diographic and echocardiographic monitoring is continued throughout the
study and recorded on video-tape. Digitized images are saved at rest, before
the start of the second dose (8 minutes), after the second dose (12 minutes,
which is the commonest time for the onset of ischemia), and at 16 minutes.
As positivity after 18 minutes is extremely rare, some authorities routinely
administer 50 to 75 mg of aminophylline, to counteract the effects of dipyrida-
mole, and to induce coronary spasm (in case ischemia is in part caused by
this process). We recommend an individualized approach to the use of this
antidote, depending on the presence and extent of ischemia induced, the
overall left ventricular function, and the clinical state of the patient. Larger
doses of aminophylline (200 mg or more) may be needed to reverse severe
ischemia.

Adenosine is a direct-acting drug, which rapidly achieves steady state, and
with biological effects of rapid onset [4]. It is therefore suitable for injection
using an incremental dose schedule. Early studies using the drug in combi-
nation with myocardial perfusion scintigraphy [17,18], started at low doses.
The original echocardiographic study with this agent employed a peak dose
of 0.14mg/kg/min [19]. We have used increments of 0.10, 0.14 and
0.18 mg/kg/min, in 3 minute stages [20], which duplicates the ‘high-dose”
dipyridamole protocol, as long as the peak dose is tolerated. Digitized images
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Figure 5.2. Freeze-frame systolic images at rest (upper left), before (upper right) and after
(lower frames) the second dose of a high-dose dipyridamole echocardiography protocol. The
anterior wall demonstrates reduced excursion after the second dose (arrows). Note the absence
of a hyperkinetic response to stress (contrast with Figure 4.1), and a minor increment of heart-
rate.

are acquired at the end of each 3 minute interval. Aminophylline is not
required, as effects resolve within a minute of stopping the infusion.

Studies are interpreted by comparison of resting and stress images, using
a similar approach to that employed for exercise and dobutamine. However,
because of the lack of a major inotropic component to vasodilator stress
(Figure 5.2), the development of hyperkinesis is not considered, and deterior-
ation of hypokinetic segments is more readily ascribed to ischemia (as wall
stress is not significantly altered). Thus, ischemia at vasodilator echocardio-
graphy is identified by the presence of a new or worsening wall motion
abnormality.

5.1.3 Hemodynamic Effects of Vasodilator Stress Agents

Unlike exercise and dobutamine stresses, dipyridamole exerts only minor
effects on cardiac workload. Irrespective of the presence or absence of
coronary artery disease [21], patients undergoing a high-dose protocol show
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a significant increment of heart-rate (to a peak of approximately 90 beats/mi-
nute) and rate-pressure product (to a peak of approximately 12,000), with a
small (non-significant) reduction of systolic and diastolic blood pressure. The
addition of an additional 0.28 mg/kg produces a significant increment of
heart-rate and blood pressure above that achieved at low dose [16].

However, despite coronary steal rather than increased workload being
looked upon as the primary mechanism of action of this agent, greater
hemodynamic responses appear to correlate with higher probabilities of a
positive test. Thus, using a low-dose [0.56 mg/kg] protocol, Picano recorded
a heart-rate increment from 73 * 14 to 102 + 16 in patients with true-positive
findings, which significantly exceeded that in patients with false negative test
results, and a similar difference was apparent for the rate-pressure product
[22]. The greater hemodynamic response at positive tests may be a marker
of optimal vasodilator effect, or represent a direct role for increased cardiac
workload during dipyridamole stress.

The hemodynamic responses to adenosine appear to be dose-dependent,
with an increment of blood-pressure and rate-pressure product in patients
studied using a higher dose protocol [19,20]. Again, however, the hemodyn-
amic changes are less than those usually associated with dobutamine or
exercise stress.

5.1.4 Side-effects of Dipyridamole and Adenosine

As dipyridamole and adenosine are effectively the same agent, they have a
similar side-effect profile. In general, as adenosine is more potent, its side-
effects are more intense and frequent than those of dipyridamole, though of
shorter duration.

The side-effect profile of high-dose dipyridamole echocardiography has
been studied in over 10,000 patients [23]. Significant sequellae (including
both major complications and dose-limiting side-effects) occurred in 113
patients (1.2%). Major adverse reactions, including myocardial infarction,
pulmonary edema and malignant arrhythmias, occurred in 7 patients
(0.07%), comparable to the experience reported for dipyridamole thallium
imaging [5]. Five of these events were associated with the presence of myocar-
dial ischemia, unrecognised by inexperienced operators, but the development
of side-effects was otherwise unpredictable. Of the dose-limiting side-effects,
the most frequent were due to ischemia, hypotension, bronchospasm and
bradycardias (including complete heart block). Despite their relative rarity,
deaths have been reported from these complications [5], so that dipyridamole
and adenosine stress are contraindicated in patients with untreated atrio-
ventricular block, and bronchospastic disorders. Patients with chronic ob-
structive airways disease who have no or minimal airways reactivity, and can
tolerate the cessation of theophylline-containing compounds, may undergo
the test.

About two-thirds of patients studied with the high-dose dipyridamole
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Completed protocol 66%

Ischemia 8%

Hypotension 6%

Conduction abnorm 5% Other 2%
Dyspnea 13%

Figure 5.3. End-points of high-dose adenosine stress in 97 patients with and without coronary
disease [20].

protocol experience minor side-effects, which reflect the systemic vasodilator
effects of the compound, including flushing and headache [16]. However,
minor side-effects rarely preclude completion of the study, partly because
the infusion is completed before they become evident. These symptoms
usually resolve spontaneously, but if their nature or severity warrants active
treatment, the administration of aminophylline usually provides rapid relief.
Nitrates are useful for relieving subendocardial ischemia, coronary spasm
and angina due to increased oxygen demand. As with dobutamine echocar-
diography protocols, the ability to visualize the onset and severity of ischemia
“on-line” enables the early recognition and treatment of ischemia.

Most patients undergoing adenosine stress develop some form of side-
effect [19]; in our experience [20], side-effects prevented about a third of
patients from achieving the peak dose (Figure 5.3). Qualitatively, these
correspond to those experienced during dipyridamole stress, although chest
discomfort (possibly due to a direct algogenic effect of adenosine) and
dyspnea (which appears to be caused by a first-pass effect in the lungs) are
more frequent. Cessation of the infusion is usually the only treatment re-
quired for side-effects.

5.1.5 Accuracy of vasodilator stress testing

Although chest pain and ST segment changes may be provoked by dipyridam-
ole or adenosine stress, these have generally been found to be neither sensi-
tive nor specific (see Chapter 6). As in the case of dobutamine, some form
of imaging should be combined with vasodilator stress testing.

Studies addressing the accuracy of vasodilator stress echocardiography for
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the identification of coronary artery disease are summarized in Table 5.1
[15,16,19-22,24-32]. This table demonstrates that the sensitivity of dipyrida-
mole stress echocardiography for the detection of coronary artery disease
demonstrates significant variability between studies. As in the previous chap-
ters on exercise and dobutamine stresses, this heterogeneity reflects differ-
ences in the definition of “significant” disease, different stress protocols,
anti-anginal drug therapy, and patient selection. Most studies of dipyridamole
stress echocardiography have utilized a criterion of >70% stenosis to denote
significant coronary stenoses — as discussed in Chapter 2, use of this cutoff
tends to enhance sensitivity, which may be lower if the test is challenged
with the detection of milder stenoses (>50%). However, the variability in
the results expressed in Table 5.1 occurs between studies with the same
cutoff, and the test has an excellent specificity in all studies, which is inconsis-
tent with bias introduced by a conservative criterion of disease (which inflates
sensitivity at the cost of impaired specificity).

The use of the low dose (0.56 mg/kg) protocol is associated with sensitivi-
ties ranging from 56 to 82%, generally lower than those reported with the
high dose regimen, which range from 58 to 94%. Similar results have even
been obtained with oral dipyridamole stress [15], although the sensitivity
recorded in that series may have been colored by a high prevalence of
multivessel disease and the inclusion of patients with myocardial infarction.
Again, however, heterogeneous results occur even in those patients tested
using the same regimen.

The sensitivity of dipyridamole stress echocardiography is significantly
compromised by anti-anginal drugs — beta-blockers, calcium antagonists and
combination therapy [33]. The majority of subjects studied in Table 5.1 were
performed off anti-anginal therapy, and the series characterized by the lowest
sensitivity involved cessation of therapy for four half-lives. Thus, while anti-
anginal therapy may account for low sensitivity of the test in clinical practice,
it does not explain the heterogeneity of the findings in these series.

As was seen in earlier chapters, the greatest source of variability pertains to
differences in study populations. The inclusion of patients with myocardial
infarction, and high prevalence of multivessel coronary disease may inflate
the sensitivity of any test, and multivessel disease is especially prevalent in
many of the reported dipyridamole echocardiography studies — largely a
reflection of the referral of patients with more extensive coronary disease to
tertiary referral centers. Indeed, the sensitivity of dipyridamole echocardio-
graphy for single vessel coronary disease (Table 5.1) shows most results to
be in the 50% range, even with optimal (transesophageal) imaging. The
ability of standard dose dipyridamole stress to induce ischemia in patients
with single vessel disease has been specifically examined by Kern [34], who
confirmed that, even in the presence of a good coronary hyperemic response,
only 3 of 13 patients developed regional dysfunction consistent with ischemia.

A variant of the standard vasodilator stress protocol is to combine the

test with exercise [27,29] or atropine [30], which offers a greater cardiac
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Table 5.1. Sensitivity and specificity of echocardiography with vasodilator stress.

Author Ref n Stress “Significant”  Multivessel
technique stenosis dia (% all CAD)
Cohen 15 50 Dipy 400 mg po >70% 28 (78%)
Picano 16 93 Dipy 0.84 mg/kg* >70% 48 (67%)
Zoghbi 19 33 Ad 0.14 mcg/kg/min* >75% 11 (55%)
Marwick 20 97 Ad 0.18 mcg/kg/min* >50% 28 (47%)
Mazeika 21 55 Dipy 1.00 mg/kg* >70% 30 (75%)
Picano 22 66 Dipy 0.56 mg/kg >70% 20 (40%)
Masini 24 83 Dipy 0.84 mg/kg* >70% 24 (62%)
Picano 25 445 Dipy 0.84 mg/kg* >50% 119 (46%)
Massa 26 52 Dipy 0.84 mg/kg* >70% 12 (23%)
Picano 27 33 Dipy 0.84 mg/kg + ex >50% 8 (33%)
Agati 28 42 Dipy 0.60 mg/kg >75% 22 (76%)
Labowitz 29 48 Dipy 0.56 mg/kg + ex >70% 26 (65%)
Pingitore 30 130 Dipy 0.84 mg/kg + atr >50% -
Agati 31 32 Dipy 0.84 mg/kg* >70% 18 (75%)
Previtali 32 35 Dipy 0.84 mg/kg* >70% 12 (43%)

* Low dose positivity permits conclusion of study before stated “peak” dose.
Ad = adenosine, atr = atropine, dia = diameter of coronary artery, Dipy = dipyridamole,
reference, SVD = single vessel disease, TTE = transthoracic echocardiography.

workload than is available from dipyridamole testing alone. Both combi-
nations may be sensitive for the detection of coronary disease in patients with
false negative results by conventional approaches. The use of transesophageal
echocardiography [31] results in excellent image quality, but although a
good option in patients with poor transthoracic images, does not solve the
fundamental problem of dipyridamole having relatively “weak” ischemic
potential for diagnostic testing in patients with mild disease.

The performance of imaging in a supine position permits combination
of regional functional assessment with Doppler [28,29,35,36]. Early studies
demonstrated a distinction between patients with coronary disease and nor-
mal controls [28,32]. However, in a recent clinical series [36], Doppler evalu-
ation of systolic function was not found to be useful in discriminating those
with and without ischemia induced by dipyridamole echocardiography, be-
cause global function was preserved by the development of compensatory
hyperkinesis in non-ischemic zones. The hemodynamic effects of dipyridam-
ole themselves alter atrioventricular flow, thus precluding Doppler evaluation
of left ventricular filling as a marker of ischemia.

Two reports have described the results of adenosine stress echocardio-
graphy [19,20]. Using a peak infusion rate of 0.14 mg/kg/min, in 73 patients
with suspected or known coronary disease, Zoghbi [19] reported an overall
sensitivity of 85% and a specificity of 92% for the detection of >75%
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M infarctn Sensitivity — Sensitivity — Specificity Comments

(% all CAD) overall SVD

16 (44%) 81% (n=36) 88% (n=38) 93% (n = 14)

17 (24%) 74% (n=72) 50% (n=12) 100% (n = 21)

Excluded 60% (n=20) 30% (n=9) 92% (n = 13)

Excluded 58% (n=159) 52% (n=31) 87% (n=38) Consecutive group
18 (45%) 40% (n=40) 0% (n=10) 93% (n = 15)

9 (18%) 56% (n=150) 37% (n=30) 100% (n=16) Typical angina (79%)
15 (38%) 79% (n=39) - 93% (n=44) Females only

0 (0%) 96% (n=256) 56% (n=137) 96% (n=135) Off treatment

9 (17%) 90% (n=52) - - PTCA candidates

10 (42%) 88% (n=24) - 89% (n=09)

Excluded 82% (n=29) - 100% (n =13)

- 64% (n=33) - 80% (n=15) On treatment

- 87% (n=94) - 94% (n=34) Atr in negative DET
9 (38%) 92% (n=24) 67% (n=106) 100% (n=8) TTE not feasible
1(4%) 57% (n=28) 31% (n=16) 100% (n=7)

DET = dipyridamole echo test, ex = exercise, M infarctn = myocardial infarction, Ref =

stenoses. However, the sensitivity was only 60% in 35 patients with a normal
baseline electrocardiogram. Our experience is similar [20]; in 100 non-infarct
patients studied with a high-dose protocol (0.18 mg/kg/min), the sensitivity
of adenosine echocardiography was 56% .

5.1.6 Indices of Coronary Disease Severity by Vasodilator
Echocardiography

Just as coronary disease is not an ““all or none”’ phenomenon, the echocardio-
graphic findings show a spectrum of changes in the dimensions of time-
course, extent and severity [10]. More severe disease in the vessel supplying
an ischemic region generally correlates with a more severe wall motion
disturbance, and multi-vessel disease usually corresponds with more exten-
sive areas of ischemia. The time until the onset of regional asynergy corre-
sponds to the ‘‘ischemia-free” time at exercise testing. Hence, an early
positive response at ‘‘standard dose” (0.56 mg/kg) correlates with multivessel
disease [16,21], with worse prognosis [37], and with a lower ischemic thresh-
old at exercise testing [38]. In addition to this “time co-ordinate”, there is
also a ‘“‘space co-ordinate” [10] relating to the extent of coronary disease.
Both considerations give an index of the physiologic significance of coronary
disease.
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5.1.7 Selection of the Optimal Pharmacologic Stress — Dobutamine vs
Dipyridamole

In patients who cannot exercise, the above sections demonstrate that favor-
able clinical experience has been reported with both dobutamine and vasodil-
ator stress echocardiography. Insofar as the contraindications of each test
vary, the choice of stress may be individualized to each patient; those with
hypertension or arrhythmias should undergo a vasodilator rather than an
inotropic stress, and patients with bronchospasm or conduction disorders
should be submitted for dobutamine testing. Most patients do not have these
contraindications, however, and for this majority, few data are available to
select the optimal stress. Comparison of the efficacy of the stressors in
separate studies is not reasonable, given the extrinsic influences upon test
accuracy, apparent in tables 4.1 and 5.1. Thus, the choice of optimal stress
for provoking ischemia should preferably be based on a comparison between
the agents in the same patients, under the same conditions.

Previtali [33] compared dipyridamole (0.84 mg/kg) and dobutamine
(40 mcg/kg/min) stresses in a group of 35 patients with chest pain and sus-
pected coronary artery disease. In the 12 with multivessel disease, both
dobutamine and dipyridamole tests had a sensitivity of 92%. In 16 patients
with single-vessel disease, dobutamine had a 50% sensitivity, compared with
31% for dipyridamole (p = NS). The specificity of both tests was 100% in 7
patients without coronary disease. This small study, in a selected group,
suggested that the tests were comparable, with a possible advantage for
dobutamine in detecting patients with milder disease. In 25 patients with
coronary disease, studied by Martin [39], a significantly higher level of sensi-
tivity was obtained with dobutamine (76%) than adenosine and dipyridamole
(40% and 56%, respectively). This benefit was circumscribed by a signifi-
cantly lower level of specificity with dobutamine (60%), compared with
adenosine (93%). Dobutamine was the best tolerated agent.

We prospectively studied 97 non-infarct patients with suspected coronary
disease, using adenosine (0.18 mg/kg) and dobutamine (40 mcg/kg/min)
stresses [20]. Both protocols were terminated because of side-effects in about
30% of patients; but all were reversible and no serious complications oc-
curred. There was no significant difference between the tests in terms of
patient preference. Dobutamine imposed a significantly greater workload on
the heart (Figure 5.4). In 62 patients with significant coronary disease (de-
fined by the quantitation of >50% stenosis in a major epicardial vessel), the
sensitivity of dobutamine echocardiography was 84%, compared with 56%
for adenosine echocardiography (p <0.001). This difference was more
prominent in the 32 patients with single-vessel disease (81% vs 50%,
p < 0.01) than in those with multivessel disease (87% vs 63%, p = 0.07). The
specificity of dobutamine echocardiography was 82%, and that of adenosine
echocardiography was 92% (p = NS). This larger study confirms that for the
diagnosis of coronary disease, dobutamine is more sensitive than vasodilator
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Figure 5.4. Heart-rate (HR), systolic blood pressure (SBP) and rate-pressure product (RPP)
responses at peak effect (Pk) during dobutamine and adenosine stress in 97 patients with
suspected coronary disease. Studies were performed under the same conditions and resting
hemodynamic parameters were equivalent.

echocardiography, especially in those with milder disease. Thus, we believe
that for diagnostic (not necessarily prognostic) purposes, dobutamine is the
optimal non-exercise stress.

5.1.8 Use of Dipyridamole in Preference to Exercise Stress — Is It Justified?

As in the case of dobutamine (Chapter 4), many patients considered for
dipyridamole echocardiography could potentially undergo exercise stress. In
these subjects, dipyridamole has been recommended as a preferable test
because of its higher feasibility, better image quality, lack of reliance on
image digitization, ability to offer peak images, and stepwise protocol [40].
However, the issue must be decided on the basis of the comparitive accuracy
of the tests, performed in the same patients and under the same circumstances
- unfortunately, few such data exist.

Dipyridamole and exercise stress echocardiography have been compared
by Picano [41]. Of 55 patients, dipyridamole studies were feasible in 100%,
compared with 73% of exercise studies (p < 0.01). However, the latter suc-
cess rate is lower than reported from most recent exercise echocardiography
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studies (Chapter 3), and may to an extent reflect the interpretation of the
studies from video tape rather than a digitized quad-screen display. Among
40 patients in whom both studies were interpretable, the sensitivity (72%
and 76%) and specificity (100% and 87%) of dipyridamole and exercise
echocardiography were comparable. These results should be tempered by
considerations regarding the study group; 18 of 34 patients with coronary
disease had multivessel disease, stenoses of >70% diameter were considered
significant, and no patients had moderate stenoses. On these grounds, the
levels of sensitivity achieved are also less than might be expected from recent
exercise echocardiography studies. The comparability of vasodilator stress
with exercise stress has therefore not been established in an unselected group
without myocardial infarction and with a wide spectrum of coronary disease
severity.

5.2 Ergonovine Stress Testing

Patients with anginal symptoms, in whom stress testing and coronary angio-
graphy have been negative, are sometimes suspected of suffering from coron-
ary spasm. Spasm may occur following prolonged hyperventilation, or may
be provoked by ergonovine injection [42]. In either case, ischemia caused
by coronary spasm may become evident at echocardiography as regional
left ventricular dysfunction. The usual hyperventilation protocol involves 5
minutes of deep, rapid breathing, followed by 10 minutes of echocardio-
graphic imaging. Ergonovine is administered in a step-wise protocol, involv-
ing boluses of 0.025 mg, doubled every 10 minutes until attainment of a dose
of 0.4 mg, ischemia, or limiting side-effects (hypertension or nausea). This
test should not be performed in patients with previous infarction or docu-
mented myocardial ischemia, and has the potential hazard of producing
severe or prolonged ischemia.This stress has not met with wide acceptance
in the echocardiography laboratory, and our own preference is to perform
it in the angiography laboratory, with direct imaging of the spasm, and the
ability to locally infuse nitrates and open the vessel mechanically, should
complications arise.
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6. Comparison of Exercise and Pharmacologic Stress
Echocardiography and Electrocardiography

T. MARWICK and J-M. DETRY

The provocation of ST segment depression in response to increased cardiac
work is accepted as the simplest and most widely used test for the docu-
mentation of myocardial ischemia [1]. These phenomena reflect changes in
the polarity of (usually subendocardial) segments, based upon ischemia-
induced disturbances in the electrical state of individual myocytes [2], and
depend to some extent on the location and extent of ischemia. While the
stress electocardiogram (ECG) reflects the electrical manifestation of is-
chemia, its ability to accurately identify this may be clouded by the develop-
ment of similar ECG patterns with non-ischemic processes. These influences
contrast with the sensitivity and specificity of the mechanical sequelae of
ischemia, identified by echocardiography.

Comparisons between the exercise ECG and exercise echocardiography
may be made on the basis of their accuracy for the diagnosis of coronary
disease, their relative abilities to functionally assess disease, and their prog-
nostic implications. This chapter will primarily address the issue of accuracy.
In order to deal with the limitations posed by making this comparison in the
wide spectrum of patients studied, the population will be divided into three
groups: those with an interpretable ECG who are able to exercise maximally,
patients with an uninterpretable ECG (due to left ventricular hypertrophy,
left bundle branch block, digitalis effect etc), and those able to exercise only
submaximally, or who are unable to exercise. In a recent review [3] of over
1800 patients attending the exercise laboratory of a tertiary referral center
over 1 year, these groups were roughly evenly represented (Figure 6.1). The
comparison between the stress ECG and stress echocardiography has differ-
ent implications in each group, and will be analyzed separately.

6.1 Test Selection in Active Patients with an Interpretable ECG
6.1.1 Current Status of the Exercise ECG

Patients with chest pain are usually referred for exercise testing in order to
confirm or exclude the diagnosis of coronary artery disease. The accuracy of
147 consecutively published studies of exercise testing was recently reviewed
by Gianrossi [4]. Sensitivity and specificity were found to vary widely (from

T.H. Marwick, Stress Echocardiography, 95-111.
© 1994 Kluwer Academic Publishers.
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Figure 6.1. Proportion of patients with interpretable ECG and maximal exercise, uninterpre-
table ECG, submaximal exercise and inability to exercise, among 1814 unselected patients
referred for stress testing. Reproduced with permission of Acta Clinica Belgica.

20-100%), reflecting variations in patient selection and exercise testing me-
thodology. Even accepting these variations, the mean sensitivity and speci-
ficity were respectively 68 + 16% and 77 £ 17%. In a series of 8 studies,
selected by Detrano and Froelicher [S] on the grounds of having clinically
representative populations with minimal referral bias and no review bias, the
average sensitivity and specificity were 71% and 73% . This modest level of
accuracy may reflect a negative influence from some subgroups with parti-
cularly poor results using the exercise ECG (discussed further in a later
section of this chapter).

Attempts have been made to improve on these reported levels of accuracy,
by inclusion of non-ST segment data from the exercise ECG, as well as
data from the non-ECG components of the exercise test. The efficacy of
incorporation of R wave amplitude [6] and heart rate data [7] into the ST
analysis has been disputed [8,9]. Other authors have attained more accurate
results by combining ECG data (ST depression, ST slope, R wave amplitude)
with heart-rate response and exercise duration on the treadmill [10,11], or
with workload on the bicycle [12]. In the latter study of 387 male patients,
the use of a multivariate approach increased the sensitivity of the ECG
exercise test to 82%, compared with 64% using ST segment criteria alone.
The specificity was 92% with the multivariate, and 82% using ST segment
interpretation. Use of this multivariate approach at another center confirmed
this high level of specificity, together with enhancement of sensitivity from
70% to 84% [13].
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6.1.2 Comparisons of Exercise ECG and Exercise Echocardiography

While the reported levels of accuracy of the exercise ECG are inferior to
the 80-85% sensitivity and specificity results reported in recent exercise
echocardiography studies (Chapter 3), a proper comparison between the
exercise ECG and exercise echocardiography requires that both tests be
performed in the same group of patients. This study design may necessitate
the relocation of electrodes (usually V, and Vs) away from the parasternal
and apical echocardiographic windows, with the possibility of an adverse
effect on the accuracy of the stress ECG. Nine studies [14-23] comparing
immediate post-treadmill or peak- (bicycle) exercise echocardiography with
the ST segment response of the exercise ECG in the same patients are
summarized in Table 6.1. The results show some heterogeneity, but generally
display superiority of exercise echocardiography over the ST segment inter-
pretation in both sensitivity and specificity. These results may to an extent
be colored by the study population, especially in the larger, clinical series —
patients are more likely to have been referred for echocardiography in the
presence of an equivocal, or clinically inconsistent ECG result, and this
finding is likely to remain negative during the exercise echocardiography test,
too. Nonetheless, greater sensitivity has also been recorded in an unselected
population. The inferiority of the exercise ECG with respect to specificity
again reflects studies involving a comparison in all patients, including those
whose ECG might otherwise have been classed as uninterpretable. Indeed,
in our experience [21], once patients with non-diagnostic results were ex-
cluded, the specificity of the exercise ECG rose from 47% to 74% , becoming
comparable to that of echocardiography (87%, p = NS). Interestingly, ex-
clusion of patients with non-diagnostic ECG results did not alter the superior-
ity of the echocardiogram with respect to sensitivity (Figure 6.2). These data
support the conclusion that exercise echocardiography enhances the accuracy
of the exercise ECG for the diagnosis of coronary disease, predominantly
by providing greater sensitivity for its detection.

The greater sensitivity of exercise echocardiography than the exercise
ECG is not surprising, as ST segment changes are a later occurrence in the
“ischemic cascade” than are regional wall motion changes [24]. Indeed, the
same enhancement of accuracy was demonstrated in early data examining
the value of combining thallium imaging with the exercise test [25]. Nonethe-
less, the adequacy of the exercise ECG in these studies has been questioned,
partly because the reported sensitivities are less than those in the above
reviews of ECG exercise testing, and also because the comparison of echocar-
diography with the ST segment evaluation neglects other aspects of the ECG
and exercise data which may be important. One study has approached this
issue in a preliminary form [26], by comparing exercise echocardiography
with the multivariate score of Detry [12]. In 59 patients with coronary disease,
the sensitivity of this score (78%) was not significantly less than that of
exercise echocardiography (90%), but the latter was more sensitive than was



98 T. Marwick & J-M. Detry

Table 6.1. Comparison of sensitivity and specificity of exercise stress echocardiography and

Author Ref n Method Method  Sensitivity Sensitivity
- stress - ECG - echo - ECG

Morganroth 14 30  Supine bike 12-lead  63% (n=19) 63% (n=19)
Maurer 15 36 Treadmill II, V§ 83% (n=23) 52% (n=23)
Limacher 16 73 Treadmill 12-lead  91% (n = 56) 86% (n = 56)
Armstrong 17 59 Treadmill 3-lead 80% (n = 44) 59% (n=32)
Ryan 18 64  Treadmill 3-lead 78% (n = 40) 60% (n = 35)
Galanti 19 53  Upright bike 12-lead  93% (n =27) 78% (n=27)
Crouse 20 228  Treadmill NS 97% (n = 175) 51% (n = 175)
Marwick 21 82  Treadmill 12-lead  87% (n = 54) 63% (n = 40)
Ryan 22 309  Upright bike  3-lead 91% (n=211)  40% (n=131)
Hecht 23 180  Supine bike 12-lead  93% (n = 137) 52% (n=137)

Echo = exercise echocardiogram, ECG = exercise ECG, MI = myocardial infarction, ref =

of ST segment analysis alone (63%, p=0.01). The tests did not differ
significantly in specificity (Figure 6.3). More data are needed before it can
be concluded that these newer approaches to exercise ECG testing produce
comparable data to exercise echocardiography. In particular, to become

%
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Sensitivity Specificity Accuracy
Exercise ECG 63 74 67
Exercise echo 87 82 82

EdExercise ECG []Exercise echo

Excluding; postMI pts, nondiagnostic ECG
negative tests at submax exercise.
Figure 6.2. Sensitivity, specificity and accuracy of exercise echocardiography (echo) and exercise

ECG [21] after exclusion of patients with non-diagnostic echo (negative test at a submaximal
exercise) or ECG (uninterpretable ECG or negative submaximal exercise).
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the exercise ECG for the detection of coronary artery disease.

Specificity Specificity Exclusions
- echo - ECG

91% (n=11) 91% (n=11) MI patients

92% (n = 13) 77% (n = 13) MI patients

88% (n=17) 94% (n =17) None (n =29 pts with MI)

87% (n = 15) 89% (n=09) MI patients

100% (n=24)  50% (n = 22) Abnormal resting WM

96% (n = 26) 65% (n = 26) Abnormal resting WM

64% (n=53) 62% (n=53) MTI’s not specified

82% (n = 28) 74% (n =23) MI patients, non-diagnostic ECG
78% (n = 98) 89% (n =74) None

86% (n = 43) 86% (n = 43) None

reference number, WM = wall motion.

widely applicable, a multivariate exercise score must be developed with
treadmill exercise testing.

6.1.3 Comparison of the Exercise ECG with Non-exercise
Echocardiography

The relative technical ease of pharmacologic stress echocardiography has led
to interest in the performance of non-exercise stress in patients who are
otherwise able to exercise. In this context, stress echocardiography has re-
tained its superiority over the stress ECG alone (Table 6.2). With respect
to dobutamine [27-32], the only exceptions to the greater sensitivity of
echocardiography over the exercise ECG related to those individuals under-
going a submaximal dobutamine study [32]. For dipyridamole [33-36], there
is some variation in the recorded sensitivity of stress echocardiography (see
Chapter 5), with one report suggesting that the exercise ECG is more sensi-
tive [36]. With both stressors, in relatively small numbers of patients, the
specificity of pharmacologic stress echocardiography exceeded that of the
exercise ECG.

6.2 Use of Stress Echocardiography in Subgroups Where the Stress ECG is
Unreliable

6.2.1 Patients in Whom the Resting ECG Shows Repolarization
Abnormalities

Patients with left ventricular hypertrophy, left bundle branch block, digitalis
therapy or sometimes prior myocardial infarction exhibit repolarization ab-
normalities on the resting ECG. The existence of these resting ST segment
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Table 6.2. Comparison of sensitivity and specificity of pharmacologic stress echocardiography

Author Ref n Comparison ~ Method  Sensitivity Sensitivity
- stress - ECG - echo - ECG

Palac 27 39 Dbvs TML NS 84% (n = 25) 60% (n = 25)
Hoffman 28 48 DbvsU-Bk NS 88% (n = NS) 64% (n = 34)
Berthe 29 30 Dbvs U-Bk 12-lead  85% (n=13) 42% (n=12)
Mazeika 30 50 Dbvs TML 12-lead  78% (n = 36) 72% (n = 36)
Salustri 31 35 DbvsU-Bk 12-lead 62% (n=26) 46% (n = 26)
Marwick 32 86 Dbvs U-Bk  3-lead 54% (n = 56) 77% (n = 56)
Picano 33 66  Dipy vs U-Bk 12-lead  56% (n = 50) 62% (n = 50)
Picano 34 93  Dipy vs U-Bk 12-lead  74% (n=72) 69% (n=72)
Massini 35 68  Dipy vs U-Bk 12-lead  77% (n = 26) 69% (n = 26)
Mazeika 36 55  Dipy vs TML 12-lead  40% (n = 40) 80% (n = 40)

Db = dobutamine, Dipy = dipyridamole, Echo = exercise echocardiogram, ECG = exercise
TML = treadmill, U-Bk = upright bicycle exercise, WM = wall motion.

changes limits the ability to discern ischemia-induced changes, and such
patients are usually classified as having exercise tests which are uninterpre-
table for the presence of ischemia. On these grounds, it is inappropriate to
compare the results of exercise echocardiography with an attempted ECG
interpretation. Instead, the question must be whether exercise echocardio-
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Figure 6.3. Sensitivity, specificity and accuracy of ST segment interpretation, multivariate (MV)
exercise score, perfusion scintigraphy (ExMIBI) and exercise echocardiography (ExEcho) after
exclusion of patients with uninterpretable ECG.
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and the exercise ECG for the detection of coronary artery disease.

Specificity Specificity Comments
- echo - ECG

86% (n = 25) 79% (n = 14)

84% (n = NS) 85% (n=14) Excluded poor image quality

88% (n=17) 73% (n=15) Post-MI, submaximal exercise tests
93% (n=14) 71% (n = 14) Excluded uninterpretable ECG
67% (n=9) 89% (n=9)

83% (n = 30) 43% (n = 30) Included submaximal Db stresses
100% (n = 16) 69% (n = 16)

100% (n = 21) 71% (n=21)

93% (n = 42) 52% (n = 42) Females, MI excluded

93% (n = 15) 67% (n = 15) Db positivity = new/worse WMA

ECG, MI = myocardial infarction, NS = not stated, ref = reference number,

graphy is an effective test for the diagnosis of coronary disease in patients
whose stress ECG is uninterpretable. The accuracy of exercise echocardio-
graphy in these situations has been confirmed in two studies. Armstrong [17]
found that of 18 patients with an ambiguous ST segment response, the
sensitivity of exercise echocardiography in the 12 patients with coronary
artery disease was 75%, while its specificity was 100% in the 6 patients
without disease. Marwick [21] reported on 34 patients with submaximal
exercise capacity or uninterpretable ECG findings; the sensitivity of exercise
echocardiography was 71% among 21 patients with coronary disease, and its
specificity was 85%. Stress echocardiography has similarly been shown to be
accurate in patients with left bundle branch block [37].

6.2.2 Patients with Left Ventricular Hypertrophy

The identification of coronary artery disease in patients with left ventricular
hypertrophy is a frequent clinical challenge. In this condition, the accuracy of
ECG stress testing is compromised [38], as also is the accuracy of myocardial
perfusion imaging, which is discussed in Chapter 7.

While the role of both exercise and non-exercise stress echocardiography
in the setting of left ventricular hypertrophy is still being established, standard
resting echocardiography has gained acceptance as the test of choice for the
definition of left ventricular hypertrophy. Ventricular dimensions are usually
measured from M-mode images; septal thickness (S), ventricular end-dias-
tolic dimension (EDD), and posterior wall (PW) thickness are measured just
below mitral valve leaflet level, and left ventricular mass is calculated using
the formula [39]:

Echocardiographic LV mass (g) = 1.04{(S + EDD + PW)> — EDD?}.
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To obtain left ventricular mass values consistent with necropsy data, the
echocardiographic mass is corrected to give the true mass [40];

True LV mass = 0.8 (echocardiographic LV mass) + 0.6 g.

Hypertrophy may then be defined in accordance with the Framingham data,
as =131 g/m? in males, and =100 g/m? in females [41].

The influence of left ventricular hypertrophy (defined by LV mass criteria)
on the accuracy of exercise echocardiography has been examined [42] in a
group of 127 patients with known coronary anatomy, who had echocardiog-
rams of adequate quality for ventricular mass calculation (Figure 6.4). This
group was separated into subgroups with (n = 69) and without left ventricular
hypertrophy (n = 58). These groups had comparable clinical, exercise and
angiographic features, but more excellent (“A” quality) studies were ob-
tained in those with left ventricular hypertrophy. Wall motion abnormalities
were present in 24 of the 29 patients with coronary artery disease and
hypertrophy (sensitivity 83%), in contrast to 15 of the 22 patients with
coronary artery disease but without hypertrophy (sensitivity 68%, p = NS).
Normal ventricular function was observed in 39 of the 40 patients without
coronary disease but with hypertrophy (specificity 98% ), compared with 30
of 36 patients without either (specificity 83%, p = 0.05). The overall accurac-
ies with and without left ventricular hypertrophy were 91% and 78% (p =
0.02), respectively. Moreover, exercise echocardiography was significantly
more sensitive than the exercise ECG.

In summary, these results suggest that the accuracy of exercise echocardio-
graphy is not compromised in patients with left ventricular hypertrophy —
indeed, the specificity was superior among those with this problem, possibly
due to better image quality. In any event, stress echocardiography appears
to be unique amoung the conventional non-invasive tests for coronary artery
disease, as the others are significantly influenced by co-existent hypertrophy.

6.2.3 Diagnosis of Coronary Artery Disease in Females

The routine exercise ECG has proven to be unreliable for the diagnosis of
coronary artery disease in women [43-47]; values for sensitivity range from
61 to 73%, and for specificity, from 59 to 79% . The problem of the exercise
ECG in females thus pertains to lack of both sensitivity and specificity in the
ST segment response. As in the case of male patients with suspected coronary
artery disease, a multivariate approach (including non-ECG exercise vari-
ables), has been shown to improve both the sensitivity (59% to 70%) and
specificity (77% to 93%) of detection of coronary artery disease in females
[48]. Myocardial perfusion imaging has also been shown to circumvent this
problem [46,47]. While use of this modality as a first-line test in all female
patients is clearly not applicable from the standpoints of cost and availability,
it may be useful in a sequential approach [47].

To date, two studies have compared the accuracy of stress echocardio-
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Figure 6.4. Sensitivity, specificity and accuracy of exercise echocardiography in patients with
and without left ventricular hypertrophy.

graphy and stress ECG in females. In a study of 83 consecutive women
presenting for evaluation of chest pain [49], the 39 with coronary disease
were detected with equivalent sensitivity by high-dose dipyridamole echocar-
diography and the exercise ECG (79% versus 72%, p = NS). However, the
44 without significant disease were more readily recognised as being normal
using dipyridamole echocardiography than with the exercise ECG (specificity
93% versus 52%, p < 0.001). Similar findings were reported by Sawada [50],
in a group of 57 women, among whom the sensitivity and specificity of
exercise echocardiography were both 86%, as compared with 29% and 83%
with the exercise ECG alone. These studies indicate that stress echocardio-
graphy is a more accurate test than the stress ECG for the diagnosis of
coronary artery disease in females.

6.3 Pharmacologic Stress Echocardiography versus Electrocardiography in
Patients Who Are Unable to Exercise

Many patients referred for stress testing because of symptoms suggestive of
coronary disease are either unable to exercise, or exercise submaximally.
Patients in this group should be investigated using a non-exercise test (dis-
cussed in Chapter 4). As this group constitutes a major proportion of patients
seen in routine practice (Figure 6.1), the decision as to whether pharmacol-
ogic testing may be performed with the ECG alone, or whether imaging is
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Table 6.3. Comparison of sensitivity and specificity of pharmacologic stress echocardiography and ST
changes at the same stress, for the detection of coronary artery disease.

Author Ref n Significant Multivessel Stress ECG Sensitivity
stenosis (% al CAD) methodology leads echo

Sawada 53 55 >50% dia 14 (40%) Db to 30 mcg 3or12  89% (n=235)
Cohen 54 70 >70% dia 35 (69%) Db to 40 mcg 12 86% (n =51)
Salustri 31 52 >50% dia 17 (46%) Db to 40 mcg 12 54% (n = 37)
Marcowitz 55 141 >50% dia 47 (43%) Db to 30 mcg 12 96% (n = 109)
Mazieka 30 50 >70% dia 24 (67%) Db to 20 mcg 12 64% (n = 36)
Marwick 37 217 >50% dia 74 (52%) Db to 40 mcg X,Y,Z 72% (n=142)
Picano 33 66 >70% dia 20 (40%) Dipy 0.56 mg iv 12 56% (n = 50)
Picano 34 93 >70% dia 48 (67%) Dipy 0.84 mg iv 12 74% (n=172)
Massini 35 83 >70% dia 24 (61%) Dipy 0.84 mg iv 12 79% (n = 39)
Picano 57 33  >50% dia 8 (33%) Dipy 0.84 mg + ex 12 88% (n=24)
Cohen 58 50 >70% dia 28 (78%) Dipy 400 mg po 12 81% (n = 36)
Agati 59 42 >75% dia 22 (76%) Dipy 0.60 mg iv 12 82% (n=129)
Mazeika 36 55 >70% dia 30 (75%) Dipy 1.00 mg iv 12 40% (n = 40)
Marwick 60 97  >50% dia 28 (47%) Ad .18 meg/kg/mn X, Y,Z 58% (n=159)
Zoghbi 61 33  >75% dia 11 (55%) Ad .14 mcg/kg/mn 12 60% (n = 20)

Ad = adenosine, Db = dobutamine, dia = diameter of coronary artery, Dipy = dipyridamole, ex =
Ref = reference.

necessarily required, has major implications with regard to workload and
clinical cost.

6.3.1 Echocardiography or ECG for Dobutamine Stress Testing?

Dobutamine increases cardiac work in a fashion comparable to that of exerc-
ise. It might therefore be hoped that results similar to those of the exercise
ECG could be available from the dobutamine ECG. Initial studies, using 5
minute increments of dobutamine, to a peak dose of 20 mcg/kg/minute, were
optimistic in this respect. In a group of 75 post-infarction patients studied
by Coma-Canella [51], dobutamine-induced ST depression (>1mm) had a
sensitivity of 84%, and a specificity of 64% for the detection of multivessel
disease — the suboptimal specificity being ascribed to peri-infarct ischemia
causing a positive test in patients with coronary disease restricted to the
infarct-related artery. In a group of 90 patients (70 of whom had prolonged
or unstable angina), the presence of angina and/or >1mm ST segment
depression had a sensitivity of 95% in 63 patients who had significant coron-
ary disease [52].

Unfortunately, these results for the dobutamine stress ECG have not been
replicated in studies using the usual dobutamine stress echocardiography
protocols, in patients with a lower pre-test probability of coronary disease
[30,31,37,53-55]. In these studies (Table 6.3), ECG sensitivities in the 25%
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segment changes at the same stressechocardiography compared with ST segment

Sensitivity
ST changes

Specificity
echo

Specificity
ST changes

Comments

23% (n = 35)
12% (n = 51)
24% (n = 52)
17% (n = 109)
47% (n = 36)
28% (n = 131)
36% (n = 50)
61% (n=172)
62% (n = 39)
75% (n = 24)
17% (n = 36)
38% (n = 29)
38% (n = 40)
23% (n = 57)
45% (n = 20)

85% (n = 20)
95% (n = 19)
80% (n = 15)
66% (n = 32)
93% (n = 14)
83% (n =75)
100% (n = 16)
100% (n = 21)
93% (n = 44)
89% (n=9)
93% (n = 14)
100% (n = 13)
93% (n = 15)
87% (n = 38)
92% (n = 13)

95% (n = 20)
95% (n = 19)
100% (n = 15)

71% (n = 14)
94% (n = 65)
88% (n = 16)
86% (n = 21)
50% (n = 44)
89% (n=9)
100% (n = 14)
100% (n = 13)
80% (n = 15)
90% (n = 33)

MI excluded

MI included

MI included

MI included

MI included

Excl non-dx ECG, MI
MI included

MI included

Females only

MI included

MI included

MI excluded

MI included

Excl non-dx ECG, MI

100% (n=13)  Normal resting ECG

exercise, excl = excluded, MI = myocardial infarction, non-dx = non-diagnostic,

range have been more representative, with the exception of Mazeika’s study
[30], which used a longer duration of dobutamine administration, as well as
being designed to identify more severe (>70%) stenoses. These studies have
also shown the specificity to be in the range of 95% . Even after the exclusion
of uninterpretable ECG results, in our experience in 196 patients without
myocardial infarction, presenting for diagnostic angiography, the sensitivity
of =0.1mV ST segment depression or elevation was 28% in the 131 who
had coronary disease, and its specificity was 94% [37]. Defining a positive test
on the presence of either pain or significant ST segment changes increased the
sensitivity to 52%, at the cost of a reduction in specificity to 67%. These
findings are analogous to those of Sawada [53], in whose study the sensitivity
of ST segment changes alone were enhanced from 23% to 46% by the
inclusion of angina in the definition of a positive test, with a smaller fall in
specificity from 95% to 90% .

The results discussed above were obtained by the application of ST seg-
ment criteria developed for use with exercise, to dobutamine testing. The
pattern of low sensitivity and high specificity suggests that these criteria are
not optimal for dobutamine testing. Clearly, the propensity for ECG artifact
is less with pharmacologic than with exercise stress, and the possibility was
considered that the criterion of =1 mV ST depression was not required to
obtain adequate specificity with this test. We therefore performed an empiric
receiver operating curve analysis (Figure 6.5) to determine whether the use
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Figure 6.5. Empiric receiver operating curves for optimal degree of ST segment depression,
ranging from 0 to 80 msec after the J-point.

of other ST segment criteria could enhance the accuracy of the ST segment
interpretation alone [56]. One hundred and thirty-three pts with known
coronary anatomy, an interpretable ECG and without previous infarction
were studied. A standard dobutamine protocol (5 to 40 mcg/kg/min) was
used, and ECG leads X, Y and Z were filtered and recorded digitally at the
end of each stage. Using >50% diameter stenoses to define CAD, various
criteria of ST segment depression (both absolute and relative to the resting
state) were used to create receiver operating curves at 0-80 msec after
the J-point. Conventional criteria (=1 mm horizontal or downsloping ST
depression at 60 msec after the J point) gave a sensitivity (n = 87) of 17%
for the dobutamine ECG, with a specificity of 96%, and an accuracy 43%.
The optimal receiver operating curve was obtained using absolute measure-
ments of =0.5mm ST depression at 80 msec after the J-point. However,
although the results were better — this cutoff gave a sensitivity of 36%
(p <0.03 vs conventional criteria), specificity of 85%, and accuracy of 52%
— they were still unsatisfactory.

Several possible explanations may underlie the heterogeneity in the ob-
served results of dobutamine stress ECG. Discrepancies may relate in part
to the use of different protocols, and in some instances, poor results for
ECG sensitivity may reflect the use of extensive wall motion abnormalities
(which may precede ST segment change) as a stress endpoint. However, it
is most likely that the earlier, favorable results reflect use of the dobutamine
ECG in populations at high risk of coronary disease [51,52]. Irrespective of
the cause, the results of ST change alone are so poor that we have concluded
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that the combination of dobutamine with an imaging technique is essential
for routine diagnostic use.

6.3.2 Echocardiography or ECG for Vasodilator Stress Testing?

The accuracy of the ST segment response for the diagnosis of coronary
disease at dipyridamole- and adenosine-stress testing is also compared with
the results of echocardiography in Table 6.3 [33-36,57-61]. After the initial
proposal of dipyridamole as a stress agent, several studies showed moderately
favorable levels of accuracy using dipyridamole-ECG testing [62]. As in the
case of dobutamine, these results probably reflected the study population
more than the efficacy of the stress for inducing ischemia.

We studied 90 patients with an ECG interpretable for ischemic changes;
the sensitivity of adenosine-induced ST segment depression or elevation
(=0.1mV) was 23% in 57 patients with coronary disease, with a specificity
of 90% [60]. These results were concordant with the 35% sensitivity and
100% specificity reported by Zoghbi [61].

In general, neither dipyridamole nor adenosine are particularly effective
for inducing ischemic ST segment changes. We believe that some form of
cardiac imaging is mandatory if these agents are selected as stressors for the
detection of coronary disease in patients who are unable to exercise.

6.4 Implications — Should an Exercise Echocardiogram be Performed in All
Patients with Suspected Coronary Disease?

Despite the more favorable results of stress echocardiography over stress
ECG testing in many of the above subgroups, we have not made a global
alteration of our practice in respect of replacing the exercise ECG. Patients
undergo exercise testing for various reasons other than for the diagnosis
of coronary disease, including for prognostic purposes, for evaluation of
arrhythmias, and to assist in decision-making regarding coronary interven-
tions. In these latter circumstances, the ST segment data are of secondary
importance to information pertaining to exercise capacity and hemodynamic
responses to exercise. Use of exercise echocardiography as a diagnostic tool
in these situations may be inappropriate if these other exercise data are the
most important to obtain.

The diagnostic use of the exercise stress test requires optimal accuracy in
those patients with a moderate risk of coronary disease. Patients being tested
at the extremes of high- or low-pretest disease probability have their post-
test probability little influenced by the test result, and if studied with an
exercise test, should have the procedure performed for purposes of docu-
menting exercise capacity. The question of replacing the stress ECG with
stress echocardiography therefore pertains mainly to diagnostic stress testing
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in patients with a moderate risk of coronary disease. This question will be
addressed with respect to the groups discussed above.

In our practice, patients who cannot exercise, or who are likely to exercise
submaximally, are referred for a pharmacologic stress test. The choice of
echocardiography versus scintigraphy for this purpose will be discussed in
Chapter 7. Nonetheless, the poor sensitivity of dobutamine, dipyridamole
and adenosine stress ECG all indicate that echocardiography (or another
imaging modality) is mandatory in combination with these stressors.

Patients with an uninterpretable ECG due to repolarization abnormalities
should have echocardiography (or another imaging test) combined with any
stress testing protocol. An argument can be made for primary use of exercise
echocardiography in those in whom the exercise ECG is known to be mislead-
ing, including females and patients with mitral valve prolapse. However, we
believe that more consideration needs to be given to the newer multivariate
stress approaches (which benefit from objective computerized analysis), be-
fore exercise echocardiography is accepted as the primary investigation for
coronary artery disease in these groups.

In patients who are able to exercise maximally, with an interpretable
resting ECG, exercise echocardiography should not replace the routine exerc-
ise ECG as a first investigation. In this setting, we use echocardiography as
a secondary option, if the initial exercise ECG has provided equivocal results.
This strategy, involving performance of exercise echocardiography as a se-
cond test, after an initial routine exercise ECG, is analogous to the conven-
tional application of thallium perfusion scintigraphy. The latter is recom-
mended in situations when the initial exercise test has proven misleading or
non-diagnostic (exercise-induced pain without ST segment changes), or when
the exercise ECG results are at variance with the pre-test disease likelihood
(for example, elderly males with typical ischemic chest pain but without
typical ECG changes).

Non-invasive testing for coronary disease is not, of course, restricted
to diagnostic indications. Use of the stress echocardiogram as a primary
investigation is also reasonable in situations where management questions
are poorly answered by the exercise ECG alone — for example, when a
“culprit” vessel or the presence of multivessel disease requires definition.
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7. Comparison of Stress Echocardiography and
Scintigraphic Techniques for the Diagnosis of
Coronary Artery Disease

T. MARWICK and J.A. MELIN

Nuclear cardiology techniques may be used to diagnose coronary artery
disease by the examination of myocardial function and perfusion at rest
and during exercise. Because these methodologies are well established, the
efficacy of stress echocardiography as an adjunct (or even, an alternative)
warrants particularly careful consideration. However, despite the favorable
record of the nuclear techniques, they have disadvantages with respect to
cost (of imaging equipment, isotopes and disposables), patient convenience
(particularly with thallium imaging) and availability. Nevertheless, the dom-
inant issue in the selection of one or the other technique must be accuracy.
This chapter will attempt to define the place of stress echocardiography
in the context of these nuclear imaging techniques. As a number of variables
may potentially influence the results of either test, comparisons will focus on
studies involving performance of both echocardiographic and nuclear imaging
in the same patients. For these comparisons to be valid, we are assuming
that the investigators in these studies are equally expert in either technique.
Likewise, we assume that practitioners making choices between echocardio-
graphy and scintigraphy have equivalent expertise available in each. Indeed,
the accessibility of expert performance and interpretation promises to be a
paramount issue in the relative clinical diffusion of these approaches.

7.1 Current Status of Scintigraphic Approaches for the Diagnosis of
Coronary Artery Disease

7.1.1 Nuclear Ventriculography

Ventricular function may be examined before and after exercise using equilib-
rium nuclear ventriculography (also known as gated blood pool scanning) or
radionuclide angiocardiography (also known as first pass nuclear ventriculog-
raphy). Variable criteria are used to label an exercise ventriculogram as
abnormal, but features suggestive of coronary artery disease include; failure
to improve ejection fraction in response to stress, failure to attain a specified
ejection fraction, and development of new or worsening regional wall motion
abnormalities [1-3]. These count-based methods of calculating ejection frac-
tions are particularly favorable in the evaluation of patients with left ven-

T.H. Marwick, Stress Echocardiography, 113-137.
© 1994 Kluwer Academic Publishers.
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tricles of non-geometric shape, for example, after myocardial infarction.
However, the regional function criteria are less reliable, both for technical
reasons (see below) and because only endocardial excursion and not thicken-
ing data are available. Also, because data are acquired in only one view
during exercise (left anterior oblique in gated studies and right anterior
oblique and anterior in first-pass studies), the prevalence of regional wall
motion abnormalities is significantly lower than that of an abnormal ejection
fraction response. When present, however, regional wall motion abnormali-
ties are highly specific for coronary artery disease. The strength of global
functional evaluation with nuclear ventriculography and the weakness of
regional evaluation contrast with the respective strengths and weaknesses of
echocardiography (Chapter 2).

Gated blood pool scanning involves detection of circulating tracer mixed
evenly in the blood, with a prolonged period of sampling (5 to 10 minutes
of imaging at rest, with 2 to 3 minutes of exercise and post-exercise imaging)
to obtain adequate counts. Images are created by the summation of hundreds
of cardiac cycles, usually divided into 16 to 24 frames in a cine-loop gated
on the R-wave [4,5]. The shortcomings of this technique are inherent in its
methodology. The heterogeneity in stroke volumes over many cardiac cycles,
together with respiratory and body movement, leads to imperfect definition
of the endocardial border, and therefore, of regional systolic function. The
duration of exercise imaging means that these data may not necessarily be
obtained at peak exercise. Finally, the need to minimize body movement
over a long duration of imaging mandates supine (or semi-supine) exercise,
which is relatively non-physiologic [6], and during which the patient may be
limited by fatigue rather than cardiovascular stress.

The alternative, first pass methodology, is based upon obtaining a rela-
tively high concentration of isotope in the left ventricle over a short time,
through injection of the tracer as a rapid bolus [7]. This approach offers
good imaging of the right heart chambers, but the bolus may become diluted
by the time that it reaches the left side, particularly in patients with heart
failure. The main limitations of the gated technique are solved using this
approach, which obtains peak exercise images in real time, and may be used
with upright exercise. However, images acquired in this fashion are also non-
tomographic, so that analysis of left ventricular regional wall motion may
still be limited. Moreover, various technical problems may appear with either
method, including those due to soft tissue attenuation and labelling of the
red blood cells.

The accuracy of stress nuclear ventriculography is dependent upon the
criteria employed in its interpretation. In patients with a normal ejection
fraction, Jones [7] found criteria of stress-induced regional dysfunction to
have high specificity (88%), but low sensitivity (46%). In contrast, global
alterations of ejection fraction were more sensitive but less specific. Combin-
ing regional and global data in patients with optimal scans gave a sensitivity
of 90%, with a specificity of 58%. Prospective application of the criteria
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previously developed in 486 patients to a new series of 221 similar patients
identified a sensitivity of 87% and a specificity of 54% [8]. The lack of
augmentation of ejection fraction from rest to exercise has been used to label
a radionuclide angiogram as abnormal, but as the change in ejection fraction
from rest to exercise is a complex response influenced by many variables
[9,10], and the peak exercise ejection fraction has been found to be a better
parameter for the detection of coronary disease [11]. The observation that
absolute ejection fraction provided more diagnostic information than change
in ejection fraction has been confirmed by a large patient group assembled
from several centers [12]. Finally, the low specificity of the global ejection
fraction parameter can be explained by different factors such as patient
selection considerations [13,14], physiologic factors [15,16] affecting ventricu-
lar function during exercise (such to age and gender), and the obligate
use of symptomatic patients with normal coronary arteriograms to define
specificity.

7.1.2 Myocardial Perfusion Imaging

The basic principle of scintigraphic perfusion imaging is that myocardial
tracer activity reflects perfusion and viability, because selected intravenously-
administered radioisotopes concentrate in the myocardium [17]. Within re-
gions of infarction, the absence of viable cells to concentrate the tracer
prevents its uptake in the resting state. A similar picture may be obtained
with viable tissue subtended by an obstructed artery, although in this situ-
ation, it is the absence of tracer delivery rather than the absence of tracer
uptake which is the cause of the perfusion defect. The majority of injected
TI-201 is taken up in non-cardiac sites immediately after injection — because
of its long half-life, T1-201 continues to be delivered to the myocardium from
these sites, and continues to be concentrated by viable myocytes in regions
supplied by occluded vessels. Such viable regions therefore show redistribu-
tion on late (24 hour) images, or following thallium reinjection [18,19].

Arteries with significant (= 50% diameter) stenoses do not usually cause
abnormal perfusion at rest [20], but do limit the ability to increase coronary
flow by vasodilation (induced by either exercise or dipyridamole). Non-
homogeneity of coronary vasodilation (analogous to measurement of coron-
ary flow reserve) in different territories thereby identifies coronary stenoses,
provided that this non-uniformity was not present at rest. It is important to
note that for perfusion scintigraphy, stress techniques are based on causing
coronary vasodilation rather than necessarily inducing ischemia in a func-
tional or metabolic sense. Pre-existing coronary vasodilation induced by anti-
anginal therapy, and limitation of the vasodilator response to exercise by
limiting heart rate response are therefore potential problems. Submaximal
augmentation of coronary flow (caused by either submaximal exercise or
dipyridamole unresponsiveness), may not permit detection of less severe
stenoses, contributing to lower sensitivity [21].



116 T. Marwick & J.A. Melin

Conventional planar imaging (performed in 3 views) is limited by relatively
poor spatial resolution, and ambiguity about the quantity of malperfused
tissue. Tomographic imaging (SPECT) has improved Tl sensitivity from
around 85% with planar techniques to around 95% [22], improved the localiz-
ation of defects [23] and assessment of defect size, and facilitated a global
evaluation of the heart (using polar map displays). However, the perfor-
mance of SPECT takes longer, costs more, is technically demanding, and
has problems with specificity [24].

The greatest problems with T1-201 imaging reflect the physical properties
of this compound [25]. Thallium produces low energy photons (69-83 KeV)
which are readily attenuated by soft tissue (causing false positive defects and
suboptimal imaging of deep structures), and are prone to scatter (causing
poor spatial resolution). Counts are also limited by radiation dosimetry.
Some of these disadvantages have been ameliorated by use of the isonitriles
as bloodflow tracers. This group of synthetic, Tc-99 m-tagged compounds,
such as sestamethoxybutylisonitrile (MIBI) has advantages over T1-201 with
respect to higher energy emissions, more favorable radiation dosimetry,
generation on-site, and availability of a true resting scan. Despite these
theoretical advantages, however, the accuracy of myocardial perfusion imag-
ing using the isonitriles is comparable to that of TI-201, rather than being
significantly better [26]. Moreover, a problem common to both TI-201 and
MIBI-SPECT studies is variable attenuation caused by varying distance of
myocardial regions from the collimator and variable tissue thickness in-
terposed between the myocardium and the collimator. These attenuation
patterns are frequently the source of false positive studies, and various
algorithms are being developed which are aimed at correcting for attenuation
and scatter. Alternatively, because of its high count rates, planar or SPECT
MIBI images may be acquired with cardiac gating to assess wall thickening
in addition to myocardial perfusion. The review of gated MIBI data should
offer an additional quality control method for identifying SPECT imaging
attenuation artifacts.

Positron emission tomography (PET) has advantages over conventional
scintigraphic methods in relation to attenuation correction, higher energy
emissions (which limit problems with attenuation artifacts and improve imag-
ing of the inferoposterior aspect of heart), availability of a true resting scan,
and improved contrast and spatial resolution. These theoretical benefits have
been translated into greater levels of accuracy [27]. One study in 203 patients
performed with near simultaneous injection of Rb-82 and TI-201, reported
similar specificities of 78% and 80% for PET and SPECT. The sensitivity
was 93% for PET compared with only 76% for SPECT [28]. A second
study, comparing exercise or dipyridamole stress T1-201 SPECT to Rb-82
dipyridamole stress PET in 81 patients, reported similar sensitivities for both
approaches but a significant gain in specificity with PET from 53% to 88%
[29]. However, PET remains too expensive to be applicable as a clinical tool
in other than the largest of referral centers.
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7.2 Accuracy of Stress Echocardiography versus Stress Nuclear
Ventriculography

On theoretical grounds, echocardiography and gated nuclear ventriculogra-
phy examine different aspects of imaging the left ventricle, as discussed
above. The strength of nuclear ventriculography is in the accurate assessment
of global function, while the evaluation of regional function is the strength
of echocardiography. Despite these considerations, the ability to appreciate
changes in global left ventricular performance with echocardiography and
gated nuclear ventriculography are comparable [30], as are evaluations of
regional function with echocardiography and first pass ventriculography [31].
However, in contrast to the nuclear ventriculography methodologies, echo-
cardiography can offer imaging of multiple planes at peak stress, has good
spatial resolution and edge detection (hence reliably examines regional wall
motion), and may be used to analyze myocardial thickening. Because non-
ischemic myocardium develops hyperkinesis to compensate for ischemic dys-
function in other areas, disturbances of global left ventricular function usually
reflect extensive ischemia, while milder ischemia may produce no alteration
in the ejection fraction. In contrast, the compensatory response of normal
myocardium enhances the appreciation of regional wall motion disturbances
using stress echocardiography.

These theoretical considerations are supported by limited data obtained
by direct comparison of exercise echocardiography and exercise nuclear ven-
triculography [32-34]. In these studies, global and/or regional criteria were
used for the assessment of nuclear scans (Table 7.1). Comparison of the
sensitivities in only 70 patients show that stress echocardiography is more
sensitive than nuclear ventriculography for the identification of myocardial
ischemia. Comparison of the specificities of stress echocardiography and
nuclear ventriculography has been reported in only 30 patients. In studies
using global functional criteria, the specificity of nuclear ventriculography
may be compromised by false positives caused by exercise-induced impair-
ment of the ejection fraction in patients with hypertrophic and valvular heart
diseases [35]. In this group, the specificity of nuclear ventriculography (an
ejection fraction-based test) might be expected to be inferior to that of stress
echocardiography (whose interpretation does not usually include ejection
fraction analysis). While the available reports suggest stress echocardio-
graphy and nuclear ventriculography are equivalent, studies in larger, unse-
lected groups may confirm the superiority of echocardiography, reflecting its
strength in the evaluation of regional function.

In conclusion, comparisons of stress echocardiography and stress nuclear
ventriculography show them to have similar accuracy, with echocardiography
having some benefit in terms of sensitivity. Although technically more de-
manding, echocardiography also has the benefits of lower cost, providing
other anatomic information (regarding the valves and pericardium), and is
more tomographic.
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Table 7.1. Comparison of sensitivity and specificity of exercise stress echocardiography and the exerci

Author Ref n Nuclear LV function Sensitivity — Sensitivity —
methodology criteria echo nuclear

Limacher 32 24  Supine MUGA EF reduction or WM 92% (n=24) 71% (n=24)

abn
Visser 33 35  Supine MUGA Regional WM abn 86% (n=22) 91% (n=22)
Crawford 34 18  Upright MUGA  EF reduction 89% (n=18) 77% (n = 18)

Echo = exercise echocardiogram, EF = ejection fraction, LV =left ventricular, MI = myocardi
number, WM = wall motion.

7.3 Accuracy of Stress Echocardiography versus Perfusion Scintigraphy

Myocardial perfusion scintigraphy is currently the most widely used imaging
technique for the non-invasive diagnosis of coronary artery disease. The
advantages and disadvantages of each test are summarized in Table 7.2.
Thallium imaging is relatively automated, but has the disadvantages of being
costly, time-consuming for the patient (because of redistribution imaging),
involves radiation exposure, and may have problems with specificity due to
artifacts. Stress echocardiography does not share these technical problems
and can offer real-time imaging of the heart (possibly enhancing safety and
enabling visualization of the time-course of ischemia), but is technically more
difficult. The influence of these considerations on the relative accuracy of
each test can only be addressed by direct comparison of the tests in the same
patient population.

On theoretical grounds, perfusion scintigraphy identifies the presence of
coronary disease on the basis of stress-induced perfusion heterogeneity —
which may not necessarily parallel the presence of myocardial ischemia,
especially in the setting of vasodilator stress [36]. Thus a stenosis may be
identified by perfusion scintigraphy when coronary flow increases after vaso-
dilation by only two-fold, compared with four-fold in a normal zone, even
though the oxygen requirements of the stenosed zone are adequate to prevent
ischemia in a metabolic or functional sense. This difference between the
techniques also causes drug therapy (which prevents the development of
ischemia) to influence the results of echocardiography [37], while it does not
influence the results of perfusion scintigraphy [38], because the latter exam-
ines coronary supply (which is little influenced by drug therapy). This per-
fusion-function discrepancy is less liable to occur with exercise stress, as
the vasodilator effect of stress more closely parallels myocardial metabolic
requirements. For these reasons, studies comparing perfusion scintigraphy
and stress echocardiography using exercise (or dobutamine) and vasodilator
stress will be considered separately.
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nuclear ventriculography for the detection of coronary artery disease.

Specificity — Specificity — Comments Detection Detection

echo nuclear SVD - SVD - ECG
echo

88% (n=17) 8% (n=17) Mlptsincluded 64% (n=11) 64% (n=11)

92% (n=13) 100% (n=13) MI pts excluded 60% (n=5) 60% (n=5)

- - MI pts included NS NS

infarction, MUGA = gated nuclear ventriculogram, pts = patients, ref = reference

Table 7.2. Comparison of advantages and disadvantages of stress echocardiography and myocar-
dial perfusion imaging.

Stress echocardiography

Stress thallium imaging

Equipment Low cost Expensive
Portable Laboratory-based
Personnel ~ “Learning curve” for acqui- Relatively automated
sition/reading
License necessary
Imaging No radiation Small radiation exposure

Rapid, instant results

Tomographic

Imaging during exercise, at peak &
post

Long protocols
Planar vs SPECT
“Snapshot” at peak exercise

Reporting  Regional function/thickening Regional flow heterogeneity
Usually qualitative Quantitation well accepted
Global function available (EF,ESV)  Global indices available (TID, lung-heart
ratio)
Benefits Identifies other sources of chest pain  Viability data available
Problems  Technically difficult studies Artifacts

Interpretation of infarct zones

LV hypertrophy, Left bundle branch
block

7.3.1 Exercise (or Dobutamine) Stress Echocardiography and Perfusion
Scintigraphy

The sensitivity and specificity values reported in studies involving exercise
(or dobutamine) stress echocardiography and stress perfusion scintigraphy in
the same patients are summarized in Table 7.3 [39-44]. These studies have
been selected because of the direct comparison of both tests with angio-
graphic data as the reference standard. Other studies have involved cath-
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Table 7.3. Comparison of sensitivity and specificity of echocardiography and myocardial

Author Ref n Significant Stress methodology Nuclear Sensitivity —
stenosis methodology echo

Maurer 39 36 >50% Treadmill Planar Tl 83% (n=23)
Galanti 40 53 >70% Upright bike Planar TI 93% (n=27)
Pozzoli 41 75 >50% Upright bike SPECT-MIBI 71% (n = 49)
Salustri 42 44 >50% Upright bike SPECT-MIBI/TI  86% (n = 30)
Quinones 43 112 >50% Treadmill SPECT-TI 74% (n = 86)
Marwick 4 217 >50% Db 40 mcg/kg/min  SPECT-MIBI 72% (n = 142)
Perin 47 25 >50% Dipy 0.56 mg/kg ~ SPECT-T1 58% (n=19)
Simonetti 48 35 >75% Dipy 0.84 mg/kg Planar Tl 86% (n=22)
Parodi 49 79 >50% Dipy 0.84mg/kg ~ SPECT-MIBI 73% (n = 60)
Marwick 50 97 >50% Ad 0.18 mg/kg/min SPECT-MIBI 58% (n=159)

AD = adenosine, CAD = coronary artery disease, Dipy = dipyridamole, Echo = exercise
TI = thallium, WMA = wall motion abnormality.

eterization in subgroups of patients, and will not be discussed because of the
absence of a reference standard for all patients.

The sensitivities of both tests for the identification of coronary artery
disease are comparable. The theoretical superiority of perfusion imaging for
the detection of mild ischemia (evident as flow heterogeneity) was evidenced
in practice in one study [41] which showed a benefit for perfusion imaging
in the setting of single vessel coronary artery disease. The confirmation of
this in only a single study may reflect the inclusion of mild (50-70% stenoses)
in the coronary disease subgroup, as well as the appropriate exclusion of
patients with resting ECG abnormalities.

The values for specificity recorded in these studies are also comparable
between echocardiography and perfusion scintigraphy, with most series show-
ing a small benefit for echocardiography. These data are also consistent with
previous data which indicate that the high sensitivity of myocardial perfusion
imaging with SPECT is at the cost of a sacrifice in specificity [24]. Concor-
dance rates between scintigraphy and echocardiography for the presence or
absence of disease range from 80 to 90% in most studies.

The results of direct comparisons of exercise and dobutamine stress echo-
cardiography and perfusion scintigraphy presented in this chapter suggest
that the two techniques offer comparable levels of accuracy in the diagnosis
of coronary artery disease. This equivalence is contrary to the results ex-
pected from the “ischemic cascade” model (Chapter 1) — as the development
of a perfusion disturbance initiates ischemia, perfusion imaging might be
expected to be more sensitive than wall motion imaging for the detection of
ischemia. However, the relative performance of each modality is determined
not only by the underlying physiology, but also by its imaging characteristics.
Various strengths of the echocardiographic technique may compensate for
the development of dysfunction after perfusion abnormalities, including im-
proved spatial resolution, and the ability to categorize wall motion indepen-
dently in each segment (contrasting with the relative flow comparisons used
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perfusion imaging after various stressors for the detection of coronary artery disease.

Sensitivity — Sens-SVD - Sens-SVD - Specificity — Specificity — Exclusions
nuclear echo nuclear echo nuclear
74% (n = 23) 50% (n = 6) - 2% (n=13) 92% (n=13) MI

100% (n =27) 93% (n = 14) 100% (n = 14) 96% (n=26) 92% (n=26) MI, resting WMA
84% (n = 49) 60% (n = 33) 82% (n = 33) 96% (n=26) 88% (n=26) Abn resting ECG
83% (n = 30) 86% (n = 30) 83% (n = 30) 85% (n=14) 64% (n=14) Multivessel CAD

76% (n = 86) 58% (n = 41) 61% (n = 41) 88% (n=26) 81% (n=26) -

76% (n = 142) 66% (n = 68) 74% (n = 68) 83% (n=75) 67% (n=175) MI

95% (n=19) - - 100% (n=6) 50% (n=6) -
91% (n=22) - - 92% (n=13) 100% (n=13) MI
7% (n=60) - - 84% (n=19) 84% (n=19) MI

86% (n=59)  52% (n=31)  81% (n=31)  87% (n=38) 71% (n=38) MI

echocardiogram, MI = myocardial infarction, ref = reference number, SVD = single vessel disease,

in myocardial perfusion imaging). Some ischemic regions may even be identi-
fied by echocardiography rather than scintigraphy - for example, abnormal
wall motion due to subendocardial ischemia may be evident before malperfu-
sion is extensive enough (horizontally and vertically) to be apparent at per-
fusion scintigraphy.

7.3.2 Vasodilator Stress Echocardiography versus Perfusion Scintigraphy

As discussed in Chapter 5, the coronary steal induced by dipyridamole is
rarely responsible for extensive ischemia of the variety needed to cause global
ventricular dysfunction. Thus, despite early studies showing concordance
between stroke volume changes and perfusion defects at thallium imaging
[45], subsequent studies have shown no reliable correlation between the two
[46,47]. Studies comparing the regional functional responses of vasodilator
stress echocardiography and perfusion imaging, with catheterization data are
summarized in Table 7.3 [47-50]. Perfusion heterogeneity may be induced
at standard vasodilator doses, but steal phenomena (hence metabolic or
functional evidence of ischemia) are generally not [36]. Hence, studies report
that perfusion imaging is more sensitive than echocardiography during stan-
dard doses of dipyridamole (0.56 mg/kg). Using a high-dose protocol, echo-
cardiography during dipyridamole [47] or adenosine [50] stress was less sensi-
tive than perfusion scintigraphy. This finding was less prominent in those
with multivessel disease, though scintigraphy was more sensitive in both
single and multivessel disease groups (Figure 7.1). This superiority of scintig-
raphy is not apparent with dobutamine or exercise stress (see below).

The comparison of echocardiography and perfusion scintigraphy using
vasodilator stress places the former at an intrinsic disadvantage, as this form
of stress is not optimal for echocardiography, while it is for scintigraphy (see
Chapter 5). Comparisons have also been made between the techniques using
the best stress for each — exercise [51,52] or dobutamine [50] for echocardio-
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Figure 7.1. Comparison of accuracies of adenosine stress echocardiography and MIBI-SPECT
and dobutamine stress echocardiography and MIBI-SPECT in unselected patients undergoing
coronary angiography [50]. Reproduced with permission of the American Heart Association.

graphy, and a vasodilator for scintigraphy. Under such circumstances, the
sensitivities of the tests are comparable, though the specificity of echocardio-
graphy exceeds that of scintigraphy.

7.3.3 Combination of Stress Echocardiography and Perfusion Scintigraphy

The roles of functional and perfusion imaging might potentially be comple-
mentary in the diagnosis of coronary disease, with scintigraphy sometimes
showing greater accuracy because of the earlier development of perfusion
heterogeneity in the ischemic cascade, and echocardiography showing greater
accuracy in other instances, as described previously. We therefore investi-
gated the results of combining perfusion imaging with dobutamine stress
echocardiograms in all or some of a study group of 217 patients [44]. The
sensitivity, specificity and accuracy of these combined approaches is por-
trayed in Figure 7.2. The first combination is to employ both tests in all
patients — this maximizes the sensitivity (89% ), but compromises the speci-
ficity by combining the false positives of each methodology (specificity 52%).
This option is therefore not feasible on grounds of cost or results. As the
specificity of echocardiography is high, the next alternative is to combine the
tests only in patients in whom echocardiography is negative. This option
offers the same results as the first combination, with the performance of
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DbE combined with o~ 1 N —
MIBI-SPECT in; Sensitivity Specificity Accuracy
All patients 89 52 76
Negative DbE 89 52 76
Submax DbE(ex LVH,LBB) 77 79 77
Neg submax DbE 80 77 79

{2 anl patients [ Negative DbE N Submax DbE(ex LVH,LBB) [ Neg submax DbE

Figure 7.2. Sensitivity, specificity and accuracy of combinations of dobutamine echocardio-
graphy (DbE) and perfusion imaging (using MIBI-SPECT) for the diagnosis of coronary artery
disease in unselected patients [44]. The four combinations comprise use of MIBI-SPECT in all
patients, and restriction to those with a negative DbE, a submaximal DbE (except patients with
LBBB and LVH, in whom DbE may avoid false positive perfusion results), and submaximal
DbE only in those with negative scans. Reproduced with permission of the Journal of the
American College of Cardiology.

fewer scintigrams (in 47%), but to be useful clinically, requires on-line
interpretation.

The third and fourth alternatives focus on the use of echocardiography as
a preliminary test, combining with Tc99 m MIBI perfusion scintigraphy in
those with submaximal tests (patients on beta-blocking drugs, or in whom
the maximal dobutamine dose is not attained). If this approach is combined
with the avoidance of perfusion imaging in any patient with left ventricular
hypertrophy and left bundle branch block (the major sources of false positive
perfusion imaging results — see below), a further reduction of the number
of scintigrams can be achieved (to 29%), and gives a high sensitivity without
compromising specificity to the same extent. Additional reduction in the
number of scintigrams (to 14% ) with comparable enhancement of sensitivity
can be achieved by the use of scintigraphy only in those with a negative
submaximal dobutamine echocardiogram may further limit the number of
required studies (n = 30), while at the same time increasing the sensitivity
of dobutamine echocardiography alone. The latter two alternatives represent
the most efficient combinations of scintigraphy with dobutamine echocardio-
graphy.
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7.4 Identification of Myocardial Ischemia or Infarction Using Stress
Echocardiography or Scintigraphy

While these data on sensitivity and specificity are of use in comparing the
tests in the diagnosis of coronary disease, this is not always the question
clinically. In patients after myocardial infarction, this analysis is somewhat
limited, as it does not discriminate between the diagnoses of scar and is-
chemia. In order to elucidate this point, a comparison of the type of abnor-
mality is required on a regional basis.

While the concordance between echocardiography and perfusion scintigra-
phy for the presence or absence of coronary artery disease is usually 80 to
90% , the agreement between the tests is usually about 10% less with respect
to the identification of normal, ischemic or infarcted myocardium [51,52].
This heterogeneity occurs because the interpretation of ischemia or infarction
with both perfusion scintigraphy and echocardiography is ambiguous. A
“fixed” thallium perfusion defect at 4 hours may indicate severe ischemia
rather than scar [53], and combinations of ischemia by echocardiography and
“scar” by perfusion scintigraphy are often not associated with a history of
prior infarction or Q waves in the corresponding segment [52]. These features
suggest that the echocardiographic diagnosis is correct — but definitive proof
awaits the comparison with a “gold standard” of viability (myocardial meta-
bolic imaging or follow-up after revascularization). Likewise, resting akinesia
may be due to tethering of normal myocardium due to adjacent scar [54],
stunning or hibernation (see Chapter 10), and not only infarction (Figure
7.3). Moreover, the deterioration of function in ischemic myocardium may
involve a change from abnormal to more abnormal — which is more difficult
to identify than alterations from normal function. Patients with resting dys-
function therefore have more discordant results than those with normal
function, and thallium imaging may be more reliable than stress echocardio-
graphy for visualization of the infarct- and peri-infarct zones after myocardial
infarction [43]. Again, however, the final clarification of this matter must
await interpretation of these mismatched diagnoses in the light of an indepen-
dent reference standard other than angiography, which merely identifies the
presence of coronary disease rather than its effects upon the myocardium.

7.5 Assessment of Disease Localization and Extent Using Stress
Echocardiography and Scintigraphy

The posterior regions of the heart may not be reliably assessed with perfusion
scintigraphy, due to problems of photon attenuation. This problem appears
to be less prominent with echocardiography, which more readily detects the
sequelae of coronary stenoses involving the inferior wall [43], although other
data conflict with this interpretation [42]. On the other hand, echocardio-
graphic interpretation of wall motion abnormalities in the circumflex territory
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Figure 7.3. TI-SPECT findings among patients with resting and stress-induced left ventricular
dysfunction. Segments with resting wall motion abnormalities show more discordant results at
scintigraphy than those with stress-induced wall motion abnormalities. Modified from Quinones
[43].

may be compromised by poor endocardial definition in the apical 4-chamber
views of the lateral wall. A corresponding benefit of scintigraphy over echo-
cardiography in these segments has been suggested by Pozzoli [41]. However,
in larger numbers of patients, regional analyses failed to show significant
benefits of either test for the detection of either anterior or posterior territory
disease.

We have compared the ability of echocardiography and perfusion scinti-
graphy to predict coronary disease extent in a series of over 200 patients,
studied by both techniques [44]. Using a standard algorithm to reflect the
perfusion territories of the coronary arteries, dobutamine stress echocardio-
graphy identified 18% of the 74 patients with multivessel coronary disease
as having functional abnormalities in >1 coronary territory, compared with
scintigrams showing a multivessel pattern in 34% (p = NS). On the other
hand, echocardiography was more specific for multivessel disease, which it
predicted incorrectly in 9% of patients having single vessel disease, compared
with 19% falsely predicted by perfusion imaging. The ability of each test to
recognize multivessel disease was also analysed by correlating the echocardio-
graphic or perfusion extent score (calculated from the number of segments
demonstrating abnormal regional function or perfusion, expressed as a per-
centage of the visible segments — usually 16), with an angiographic score of
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disease extent (modified from the Gensini score). The echocardiographic and
scintigraphic correlation with the angiographic score corresponded to a simi-
lar degree, with respective R values of 0.45 and 0.35. These data indicated
that functional and perfusion indices of coronary disease extent are compar-
able, and have similar overall accuracy in predicting (but underestimating)
multivessel disease.

7.6 Situations of Intrinsic Benefit for Stress Echocardiography versus
Scintigraphy

While some artifacts are readily recognized as such at perfusion scintigraphy
[55], there are some patient subgroups who continue to generate dispro-
portionate numbers of false positive scintigrams — in particular, women,
patients with left bundle branch block and those with left ventricular hyper-
trophy. The accuracy of stress echocardiography has been established in
women (see Chapter 6), although no series attending to the direct comparison
with perfusion scintigraphy in women has thus far been reported.

Patients with left bundle branch block (as well as paced rhythms) typically
demonstrate false positive perfusion defects in the territory of the left anterior
descending coronary artery [56-58]. The cause of false positive perfusion
imaging in the presence of left bundle branch block remains uncertain. The
most likely explanation is that asynchronous activation of the septum may
cause this to contract during part of diastole, which is the time that coronary
perfusion is maximal. A perfusion defect may therefore arise at rest, or
(more commonly) be induced by exercise, when diastole is further shortened.
Thus, the use of a vasodilator stress (which does not normally induce signifi-
cant tachycardia) may avoid this problem [57]. Other authors have suggested
that patients with known left bundle branch block should only be identified
as showing ischemia if the apex is involved in the perfusion defect [58].

Left bundle branch block also interferes with the interpretation of stress
nuclear ventriculography, both due to regional and global functional changes
[59,60]. The ability of echocardiography to examine left ventricular thicken-
ing, as well as its ability to interrogate other left anterior descending territory
regions than the septum, may circumvent these problems. Reports involving
a few patients with left bundle branch block appear to show that stress
echocardiography (Figure 7.4) does not share the false positive results of
perfusion imaging [44].

As discussed in Chapter 6, coronary artery disease and left ventricular
hypertrophy frequently co-exist. Not only is ECG stress testing problematic
— perfusion scintigraphy in these patients shows a suboptimal accuracy [61].
False positive resting [62] or stress-induced defects [63] reflect both imaging
considerations and the physiologic sequelae of left ventricular hypertrophy
(heterogeneity of regional flow reserve). False negative perfusion scintigra-
phy may also arise due to the effects of hypertrophy on the coronary microcir-
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Figure 7.4. Results of adenosine stress echocardiography and MIBI-SPECT in a patient with
left bundle branch block and normal coronary arteries. Scintigraphy (upper right) reveals an
anteroseptal perfusion defect. Systolic images at rest and during adenosine stress demonstrate
normal myocardial thickening at the same site (circled).

culation. The development of left ventricular hypertrophy may be associated
with inadequate growth of the coronary vasculature, as well as alterations of
vascular geometry [64]. This is compensated by augmentation of resting
myocardial bloodflow [65], although despite this, resting regional flow per
gram of tissue may be diminished [66]. As resting flow is increased and
maximal flow remains the same or is reduced [66—68], flow reserve is reduced
even in the absence of coronary disease [69]. The augmentation of tracer
uptake into normal tissue after vasodilator stress is reduced, so the difference
between a normal area and one supplied by a stenosed artery may be less
apparent, analogous to the situation of submaximal exercise. These pheno-
mena have been shown to reduce the sensitivity of dipyridamole stress PET
perfusion imaging [70], where the sensitivity was 55% in 20 patients with left
ventricular hypertrophy, and 85% in 34 patients with normal left ventricular
mass (p = 0.03), despite the groups being matched for other clinical, treat-
ment and angiographic variables which influence sensitivity (Figure 7.5).
The lack of any compromise in the accuracy of exercise echocardiography
due to hypertrophy has been discussed in Chapter 6 — indeed, the absence
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Figure 7.5. False negative PET perfusion scintigraphy with LV hypertrophy. Perfusion is homo-
geneous at rest (“rb01”) and stress (“rb02”) despite two-vessel coronary disease (bottom).

of coronary disease in those with left ventricular hypertrophy was more
reliably defined than in those with normal left ventricular mass. These find-
ings have been confirmed in a direct comparison with myocardial perfusion
scintigraphy (Figure 7.6); dobutamine stress echocardiography was more
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Figure 7.6. Adenosine stress echocardiography and MIBI-SPECT in a patient with normal
coronary arteries and left ventricular hypertrophy. The hypertrophied septum (arrows) thickens
normally between diastole (top) and systole, at rest and during dipyridamole stress. Scintigraphy
reveals a false positive perfusion defect after adenosine, with a partial defect at rest.

specific than perfusion scintigraphy in 75 patients with < 50% stenoses parti-
cularly in the 17 patients with left ventricular hypertrophy but without coron-
ary disease, where the specificity of echocardiography (94% ) was significantly
greater than that of scintigraphy (59%, p = 0.02). Indeed, division of the
specificity group into subgroups with and without left ventricular hypertrophy
or left bundle branch block (Figure 7.7), showed that the lower overall
specificity of dobutamine scintigraphy was chiefly attributable to the false
positives associated with the former group [44].
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Figure 7.7. Specificity of stress echocardiography (echo) and perfusion scintigraphy (MIBI-
SPECT) in patients with left ventricular hypertrophy (LVH) or left bundle branch block
(LBBB), compared with the specificities in patients without these abnormalities. Reproduced
with permission of the American Heart Association.

7.7 Stress Echocardiography versus Scintigraphy — A Bayesian Approach

While values for sensitivity and specificity have a useful role in comparing
tests, the use of these investigations in diagnostic practice is to assist in the
clinical recognition of coronary disease. In this sense, tests are used to
reclassify the initial clinical impression of the probability of coronary disease
into high-, low- and intermediate-risk subgroups. According to Bayes’ theo-
rem, the likelihood of a positive test result is determined by the probability
of disease in the patient studied, as well as the accuracy of the test. A
comparison of tests using probability analysis permits examination of their
performance in groups with various pre-test likelihoods of disease. We per-
formed this analysis in 217 patients studied with dobutamine echocardio-
graphy and MIBI-SPECT [44]. The pre-test disease probability, and the post-
test probability (derived from the pre-test probability and the odds ratios
calculated from values for sensitivity and specificity) were estimated in all
patients. The population was grouped into those at high- (>80% ), intermedi-
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ate- (20-80%) and low-probability (<20%) of disease, before and after the
performance of each test, and the ability of each test to re-stratify patients
was analyzed (Figure 7.8). By application of Bayes’ theorem, echocardio-
graphy defined 139 patients (64%) as being in the high- or low-probability
groups, compared with 110 (51%) using scintigraphy (p = 0.005), thus leaving
more patients in the intermediate-probability group after scintigraphy. The
accuracy of predicting coronary disease in the high probability group, and
the absence of disease in the low-probability group was similar for echocar-
diography (120/139, 86%) and scintigraphy (99/110, 90%).

7.8 Conclusion — Selection of Stress Echocardiography or Perfusion
Scintigraphy for the Diagnosis of Coronary Disease

As discussed in the conclusion to Chapter 6, there is currently no rationale
for the uniform substitution of the exercise ECG with stress echocardio-
graphy. The indications for perfusion scintigraphy and stress echocardio-
graphy are therefore similar;

1. Diagnosis of coronary artery disease in patients unsuitable for routine
exercise testing or in patients with an intermediate risk of disease,

2. Assessment of the physiologic significance of known coronary stenosis,

3. Assessment of prognosis, as determined from the quantity of infarcted
tissue, and the amount of ischemic tissue,

4. Follow-up after intervention.

This chapter has concentrated on the comparison of perfusion imaging and
stress echocardiography for diagnostic purposes; comparisons related to other
aspects will be discussed briefly in other chapters.

Some features of stress testing with echocardiography and perfusion scin-
tigraphy are comparable - for example, their sensitivity for the diagnosis of
coronary disease, and their ability to identify the site (and to a lesser degree,
the extent) of disease. Both techniques also have their strong and weak
points. Echocardiography requires less equipment (and costs less) than scin-
tigraphy. However, at the present state of development, stress echocardio-
graphy is highly operator dependent. Irrespective of other considerations if
there is no local expertise in stress echocardiography, its use in preference
to the nuclear techniques is highly inappropriate. However, once this con-
dition is fulfilled, we believe that the selection of one or other test should
be tailored to clinical circumstances rather than as a uniform decision. To
this end, we propose the following guidelines.

Perfusion imaging is more useful in;

1. Post-infarction patients. Thallium scintigraphy is probably more able to
identify combinations of ischemia and infarction [43], is accurate for the
detection of viable myocardium (although dobutamine echocardiography
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Figure 7.8. A Bayesian approach to the comparison of dobutamine stress echocardiography
(right) and MIBI-SPECT (left). Patients are classified before and after the test into low-,
intermediate- and high-probability of coronary disease, and the ability of each test to accurately
re-classify them is compared (see text).

is promising in this respect), and lacks the problem of peri-infarct tether-
ing seen with echocardiography,

2. Patients requiring vasodilator stress (those unable to exercise and also
unable to undergo dobutamine testing). Only perfusion imaging is recom-
mended for diagnostic purposes, as vasodilator echocardiography is in-
sensitive, particularly for single vessel disease.

3. Patients with poor echocardiographic windows (though these individuals
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are difficult to predict without performing resting imaging, and the win-
dow may paradoxically improve with post-exercise hyperventilation).
Echocardiography is more useful in;

1. Those with left ventricular hypertrophy and left bundle branch block.
Stress echocardiography appears to be more specific than perfusion scin-
tigraphy in these situations (though these data await confirmation).

2. Patients in whom safety is a major concern (potentially unstable or
severely ischemic). Using echocardiography, ischemia may be observed
“on-line”” and the appropriate action taken.

3. Studies being performed to assess the adequacy of therapy - as echocar-
diography visualizes ischemia rather than perfusion heterogeneity, and
provides an additional index of disease severity by measuring the is-
chemia-free stress time.

4. Patients with a suspicion of significant valvular, myocardial or pericardial
components to their presentation.

The combination of echocardiography and scintigraphy cannot be recom-
mended because of cost constraints. However, as particular features of stress
testing have been identified in which echocardiography is inaccurate (submax-
imal exercise, submaximal pharmacologic protocols), it may be useful to
perform stress echocardiography as the procedure of choice, with the ability
to inject Tc-99M MIBI in such circumstances. This option has only become
feasible with the availability of MIBI, which does not undergo redistribution.
This strategy is accurate as well as cost-efficient.

In a majority of stable patients without a history of infarction, left ventricu-
lar hypertrophy or left bundle branch block, who are able to exercise or
undergo dobutamine stress, these guidelines leave the decision of echocardio-
graphy versus scintigraphy unresolved. Further large studies are needed to
elucidate additional areas where either test is particularly useful.
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8. Use of Stress Echocardiography for Assessment of
Interventions and Medical Treatments

The previous sections have dealt with issues relating to the performance of
stress echocardiography for the diagnosis of coronary artery disease. How-
ever, the chronic nature of this illness mandates the careful follow-up of
patients, to identify the progression of disease or the development of compli-
cations. Functional tests are well suited to monitoring the progress of patients
in these respects. This chapter will review data pertaining to the efficacy of
stress echocardiography for the follow-up of patients after coronary bypass
surgery, coronary angioplasty, and medical therapy of ischemic heart disease.

8.1 Use of Stress Echocardiography after Coronary Artery Bypass Surgery

Despite the efficacy of surgical revascularization of the myocardium for the
relief of angina, the process of bypassing coronary stenoses with vein grafts
is essentially a temporary, palliative measure. The recurrence of angina after
coronary artery bypass surgery is frequent, occurring in 38% of patients in
the 6 year interval after surgery [1]. This recurrence reflects both the progres-
sion of native vessel disease and graft failure. Indeed, one year after oper-
ation, the bypass occlusion rate varies from 10 to 31%, and significant
stenoses are present in 10% of vein grafts at 18 months [2-5]. The evaluation
of these patients for recurrent ischemia therefore constitutes an important
clinical challenge, particularly in the light of the high prevalence of coronary
bypass surgery.

Unfortunately, ischemia may not be reliably detected using conventional
criteria in this group of patients. Chest pain is both frequent and difficult to
interpret. The high prevalence of musculoskeletal pains causes chest discom-
fort to be non-specific for the presence of coronary stenoses [6]. Routine
exercise testing has suboptimal sensitivity in this population, as many patients
in this group show features such as repolarization abnormalities which
compromise its interpretation [6—8]. The sensitivity of thallium imaging for
the detection of progressive coronary disease has also been limited [8-12].
Some of the problems of conventional scintigraphic imaging (photon attenu-
ation, contrast resolution, and the distinction of ischemia from scar) may
be circumvented using positron emission tomography. However, while this
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technique reliably identifies recurrent atherosclerosis after bypass surgery
[13], it is not a clinically feasible test on the grounds of cost and availability.

Stress echocardiography may be an attractive alternative to the current
approaches for the diagnosis of recurrent ischemia in post-bypass surgery
patients. As discussed in Chapter 5, the sensitivity of stress echocardiography
exceeds that of the stress ECG. Moreover, stress echocardiography may
avoid the problem of delayed thallium redistribution, which, because of the
high prevalence of myocardial infarction among patients undergoing bypass
surgery, is a frequent source of ambiguity between ischemia and scar in this
population. Recent studies support the accuracy of exercise echocardio-
graphy in post-bypass patients. Sawada [14] studied 42 patients at a mean
interval of 6 years after surgery, reporting a feasibility of 90%, a sensitivity
of 94% and a specificity of 83% . In a group of 125 patients [15], the feasibility
of stress echocardiography was 100% , with a sensitivity of 98% and specificity
of 92%, both being superior to the results of ST segment analysis. Williams
[16] found stress echocardiography to have a sensitivity of 95% and specificity
of 87% in 34 patients. Unlike the situation of native coronary disease, the
use of a multivariate exercise score (see Chapter 5) did not appear to enhance
the results of ST segment analysis. All studies indicate that the technique
reliably identifies the site and extent of recurrent or persisting coronary
disease.

Similarly, the results of high-dose dipyridamole echocardiography nor-
malize early after bypass surgery [17]. However, data pertaining to the
efficacy of pharmacologic stress echocardiography for the late detection of
recurrent coronary disease are more scant.

8.2 Stress Echocardiographic Evaluation of Patients Undergoing Coronary
Angioplasty

Since its inception over a decade ago, percutaneous transluminal coronary
angioplasty (PTCA) has proven to be a safe and effective means of treating
coronary stenoses [18]. As stress echocardiography is a readily repeatable
non-invasive investigation, it may have a role in the selection, early evalu-
ation and late follow-up of patients undergoing this procedure.

The accepted indications for PTCA vary on a idiosyncratic basis, but an
obvious precondition is the presence of myocardial ischemia. This is generally
not in question when PTCA is performed for the treatment of unstable
angina, but may be a consideration in the management of chronic angina.
In the current environment of cost-control, the demonstration of ischemia
within the territory of a potentially angioplastiable vessel may be used to
justify such an intervention. Not surprisingly, stress echocardiography has
been almost uniformly positive in series of patients selected by other means
to undergo PTCA [19-21].

While PTCA is known to relieve angina promptly in most patients, the
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seeds of recurrent angina — incomplete revascularization and restenosis — are
to some extent present following the initial procedure. Although restenosis is
a heterogeneous syndrome, some such complications actually reflect residual
stenosis, which may be difficult to recognize on post-PTCA angiograms
because of apparent improvement of luminal dimensions secondary to extra-
vasation of contrast into the media due to plaque fissuring and dissection.
Indeed, quantitative angiographic methods [22] have shown that the absolute
diameter of the vessel following the procedure is independently predictive
of this problem. Studies examining the prognostic significance of stress echo-
cardiographic findings early after PTCA [20,21] have shown that a persist-
ently positive test reliably predicts the recurrence of angina. Moreover, this
functional evaluation appears to avoid the problem of delayed normalization
of coronary flow reserve in the immediate post-PTCA period, defined by
invasive means [23], and evident at thallium imaging [24]. Direct comparison
of dobutamine stress perfusion scintigraphy and echocardiography in 26 pa-
tients within 24 hours of PTCA showed residual stress perfusion defects
in 5 patients (19%), only one of whom had abnormal function by stress
echocardiography [25]. In summary, there may be some benefit in functional
evaluation of patients after PTCA, and these preliminary data suggest that,
for this purpose, echocardiography is the test of choice.

At subsequent follow-up, restenosis remains the single greatest problem
besetting PTCA, occurring in approximately one third of patients and seg-
ments [22]. In practical terms, the need for a test to identify recurrent disease
late after the procedure far exceeds the role of investigations for selection and
early evaluation of PTCA. Stress echocardiography has proven to effectively
identify patients with restenosis [21,26,27]. At late post-PTCA follow-up,
results have been shown to correlate well with those of perfusion scintigraphy
(28,29].

8.3 Stress Echocardiography and the Effects of Drug Therapy

As stress-induced wall motion abnormalities are based upon the development
of myocardial ischemia, it might be anticipated that the results of stress
echocardiography may be modulated by the treatment of ischemia. While
this has implications for the diagnostic use of stress echocardiography, it may
also offer a role for this test in the evaluation of drug therapy. In this respect,
stress echocardiography can offer more comprehensive data than merely
detecting the presence or absence of myocardial ischemia. The extent of
ischemia may be assessed from the severity of global left ventricular dysfunc-
tion, as well as the number of segments involved. The severity of ischemia
may estimated by use of a wall motion score, or by the amount of stress
required to induce an ischemic response — most readily measured as the
duration of stress.

The effects of anti-anginal therapy upon the results of stress echocardio-
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graphy have been studied most effectively using dipyridamole stress. In a
placebo-controlled cross-over study [30] of 57 patients with significant coron-
ary disease (defined by >70% diameter stenoses), 91% developed echocardi-
ographic evidence of ischemia off therapy, but only 65% became ischemic
on therapy (p <0.01). This effect was most marked for the combination of
beta-blockers and nifedipine (33% sensitivity vs 100% in the control group),
and was roughly equally represented in patients on beta-blockers (sensitivity
67%), calcium antagonists (sensitivity 62%) and a calcium antagonist-nitrate
combination (71%). These effects paralleled the influence of drug therapy
on the results of exercise testing — the number of positive tests being 47% on
therapy and 70% off therapy. In those patients whose stress echocardiograms
remained positive for ischemia, the time until the onset of ischemia signifi-
cantly lengthened with therapy, again matched by a similar enhancement of
exercise time. Finally, therapy was associated with a reduction of the wall
motion score index, though this alteration did not correlate well with alter-
ation of exercise time, possibly because of the use of ischemia as a test
endpoint (thereby blunting the possible maximal wall motion score). Re-
cently, these findings have been reproduced using beta blocker therapy alone
[31].

The above findings support the role of stress echocardiography for the
evaluation of drug therapy. However, the use of dipyridamole for this pur-
pose does not reflect the usual mechanism of ischemia due to increased
oxygen demand. Indeed, as the main effects of dipyridamole pertain to
coronary steal, it is presumably the collateral-related effects of calcium antag-
onists and nitrates which are tested with this protocol. Similarly, the protec-
tion of subendocardial flow by beta-blockade presumably constitutes the
mechanism of the control of dipyridamole-induced ischemia with this drug.

Thus, an approach which evaluated the effects of drug therapy on exercise-
or dobutamine-induced ischemia may be more attractive from the standpoint
of evaluation of anti-anginal therapy. Unfortunately, such data are sparse.
Iliceto [32] has reported improvement of the wall motion score index during
atrial pacing, with gallopamil therapy. The effects of beta-adrenoceptor
blockade on dobutamine stress echocardiography are disputed. No effect of
beta blockade on the accuracy of dobutamine echocardiography was reported
by Salustri [33], but a reduction of myocardial ischemia due to treatment
may have been concealed by a higher prevalence of coronary disease in
patients on beta-blocker therapy. We found that beta-blocker therapy on the
day of the test, combined with the performance of submaximal tests, corre-
lated with false negative findings [34]. However, it is uncertain whether a
reduction of dobutamine echocardiography sensitivity in this situation would
reflect the anti-ischemic action of beta-blockade, rather than an inhibitory
effect upon receptor stimulation.

At exercise echocardiography, a submaximal heart-rate response has been
shown to correlate with false negative results [35], and beta-blockade is
certainly a potent source of submaximal heart-rate responses. However, no
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direct effect of drug therapy on exercise echocardiography results has been
reported, and indeed no placebo controlled study of the effects of medical
therapy on exercise-induced wall motion abnormalities has been published
to date.

8.4 Evaluation of Heart Transplants Using Stress Echocardiography

Following heart transplantation, patients are prone to accelerated atherogen-
esis in the graft coronary vasculature. Moreover, as ischemia in the dener-
vated heart may be clinically silent, intensive follow-up — including routine
follow-up angiography - is often performed to identify it. The routine stress
ECG has not found wide following for this purpose because the resting ECG
is often uninterpretable for ischemia, and because coronary disease is often
mild. These considerations might suggest a role for stress echocardiography
in post-transplant surveillance.

The usefulness of dipyridamole echocardiography for this purpose has
recently been reported by Ciliberto [36]. The test proved to have 100%
specificity for those with normal coronaries, and had a sensitivity of 87% for
detection of >50% stenoses, the latter being the only patients with cardiac
events at early (9 month) follow-up. We compared the feasibility and speci-
ficity of exercise ECG, echocardiography and perfusion imaging in 35 patients
without coronary disease at an interval of 33 = 16 months after trans-
plantation. The exercise ECG was uninterpretable due to resting ST segment
abnormalities in 14 patients (feasibility 60%), and 19 of the remaining 21
had a normal test (specificity 90% ). Exercise echocardiography could not be
performed in 1 patient (feasibility 97% ), though 7 others had studies of poor
quality due to abnormal cardiac orientation. Abnormal septal motion was
present in 20 patients at rest, but no stress-induced wall motion abnormalities
were observed (specificity 100%). All patients had interpretable MIBI-
SPECT images (feasibility 100% ); resting perfusion defects were present in
3 patients, and 3 had a stress-induced defect (specificity 91%). Thus, in the
search for coronary graft disease, the exercise ECG is often not feasible,
and exercise echocardiography (which may be technically difficult) or MIBI
are highly specific for coronary disease [37].
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9. Prognostic Value of Stress Echocardiography

Previous chapters have concentrated upon the ability of stress echocardio-
graphy to predict the presence of significant coronary artery disease. This
approach permits the comparison of this test and various other non-invasive
methodologies, using angiographic stenosis as the reference standard. How-
ever, this standard may be difficult to accurately define [1], and may not
correlate with functional indices of coronary flow [2]. Consequently, the
clinical value of identifying moderate (but ‘“‘significant’’) coronary stenoses
may reasonably be questioned.

An alternative approach is to use indices of patient outcome to judge the
efficacy of testing. This has the merit of being more directly pertinent to
patient care; our attempts to identify coronary disease are made so as to
predict and/or treat the sequelae of the disease — myocardial ischemia,
infarction and death. Thus, a test providing reliable prognostic information
is not only useful to the patient (for making plans for the future), but by
identifying high risk patients, may help select individuals for intervention.
This chapter will examine the usefulness of stress echocardiography for the
prediction of major cardiac events in patients with chronic stable angina, for
prognostication in patients after myocardial infarction, and for forecasting
cardiac complications at major non-cardiac (vascular) surgery.

9.1 Assessment of Prognosis in Patients with Stable Coronary Disease

The average annual mortality among all patients with chronic stable angina
was low — only 4% - even in the days before widespread use of modern
therapeutic regimens [3]. Some clinical data (pertaining to the severity of
angina, a history of hypertension or prior infarction, and resting ST segment
depression) may identify subgroups at higher and lower risk [4]. However,
in patients without prior infarction, coronary angiography has provided more
powerful prognostic data — the detection of three-vessel or left main coronary
disease identifies subgroups with 5 year mortalities of 15% or 43%, respec-
tively [4,5]. The coronary anatomy carries prognostic significance because it
determines the extent of myocardial ischemia. Hence, the only modest ability
of stress echocardiography (or any non-invasive test), for the prediction of
the exact coronary anatomy [6,7] may not compromise the prognostic rel-
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evance of its results, provided that the extent of ischemia is identified. On
these grounds, exercise capacity and ST segment depression at exercise
testing both offer important prognostic information in patients with stable
coronary disease [8], as do the results of nuclear ventriculography and thal-
lium imaging [9,10].

Useful prognostic data might therefore be expected of stress echocardio-
graphy, which identifies the presence, extent and severity of myocardial
ischemia. Unfortunately, with the development of the technique at the same
time as the development of readily available coronary revascularization at
coronary angioplasty, natural history data are sparse with respect to positive
test results, as many such patients proceed to intervention. The exception is
the study of Corday [11], who followed 16 patients with an abnormal stress
ECG and wall motion abnormalities for a mean period of 19 months, over
which time, 6 (38%) suffered cardiac events.

The prognostic value of a negative stress echocardiogram is equally impor-
tant, as it addresses an important limitation of comparisons with coronary
angiography - the issue of post-test selection bias [12]. This arises if all
patients in a series do not submit to angiography. The non-invasive test then
appears to be sensitive (as those with positive tests are most likely to undergo
angiography), but questions remain as to the outcome of those with negative
results who tend not to be investigated further. The consequences of “‘false
negative” studies are best addressed by follow-up of patients at some time
interval after the test. Studies performed over several years of follow-up
have shown patients with normal exercise electrocardiography results to have
a benign prognosis [8]. Similar findings have been reported for patients
having normal thallium-201 perfusion scintigraphy [13] or normal radionu-
clide ventriculography [10]. Few data are available to document the prognosis
of individuals with a normal exercise echocardiogram. Corday [11] recorded
no cardiac events over a 19 month period in patients with a normal exercise
echocardiogram. Sawada [14] followed 148 such patients over a period of
28 =9 months, and found only 6 to have had cardiac events, all of which
occurred in those patients who exercised submaximally (<85% age-predicted
maximum heart-rate or <6 METS). These “events” comprised 4 patients
requiring coronary revascularization, and 2 patients suffering myocardial
infarction, giving a likelihood of myocardial infarction in patients with a
negative exercise echocardiogram of 0.85% per year. However, the study
population was one characterized by a low probability of coronary disease
(39%), a high prevalence of females (almost 50%), and a mean age of 53
years. Other institutions, especially in Europe, might expect to see an older
group of patients, fewer females, and a higher probability of coronary artery
disease. No data are available regarding the prognostic value of the stress
echocardiogram in such a population.

In those patients who are unable to exercise, preliminary data on pharmac-
ologic stress echocardiography have also shown negative tests to herald an
excellent prognosis. Picano [15] compared the prognostic implications of
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clinical features, the resting ECG and dipyridamole stress echocardiography
in 539 patients. Cardiac events occurred in 83 of 204 patients (41%) with
wall motion abnormalities occurring at low dose, 21 of 82 patients (26%)
with high dose positivity, and 14 of 253 patients (6% ) with normal echocar-
diography results. In a univariate analysis, a positive dipyridamole echocardi-
ogram was the strongest predictor of death and hard events, followed by
ECG changes and stress-induced angina. Positive dipyridamole echocardio-
graphy and angina were also the stongest predictors of hard events in a
multivariate model. Furthermore, a sub-analysis of 341 patients with exercise
ECG and coronary angiography findings demonstrated a positive stress echo-
cardiogram to remain the best predictor of cardiac events.

Few data are available to address the prognostic value of dobutamine
echocardiography. In a study of 291 patients [16], 1.3% of 76 patients with
a normal dobutamine echocardiogram suffered a myocardial infarction over
a mean follow-up of 15 months, with no cardiac deaths occurring in this
group. Two of 39 patients with inducible ischemia (5%) suffered myocardial
infarction and cardiac death. Those with ischemia and previous infarction
had respective incidences of 9% and 19%.

9.2 Use of Stress Echocardiography to Assess Prognosis after Myocardial
Infarction

The frequency of cardiac events in the first year after myocardial infarction
has been reported to vary from 5 to 10% - higher than that associated with
chronic stable angina [17]. The major determinants of adverse sequellae are
the amount of infarcted myocardium (actual damage) and the extent of
jeopardized myocardium (possible damage). The prognostic influence of
myocardial dysfunction after myocardial infarction may be determined from
the ejection fraction [18], from an analogous wall motion score index [19],
or from the extent of the resting thallium defect [20]. The influence of
ischemia is usually apparent from the stress ECG [21], perfusion [22] or wall
motion imaging [23] during exercise or other stressors. Using a stepwise
approach, about 20% of patients may be identified as being at very high risk
(due to irreversible left ventricular dysfunction), 30% to be at moderate risk
(on the basis of ongoing ischemia), and 50% at low risk [24].

No consensus exists regarding the optimal investigation of post-infarction
patients. Preliminary risk stratification is possible using clinical data [25]. It
is thus possible to identify groups at particularly low risk, in whom further
investigations are not justified upon Bayesian grounds - indeed, the situation
is analogous to that of diagnostic investigation in patients with a low pre-
test probability of coronary disease. Nonetheless, exercise testing is almost
uniformly performed - partly because the presence of ongoing ischemia
offers the prospect of intervention, and partly because exercise testing offers
an important source of reassurance, which is important in rehabilitation. A
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negative exercise ECG [21] indicates a favorable prognosis, with a 2% mor-
tality in the year after infarction, compared with a 27% mortality with a
positive test. However, while the routine exercise ECG is a reasonable first
test for prognostic stratification in post-infarct patients, it has important
shortcomings. These include its inability to identify the site and extent of
coronary disease, and its dependence on the patient’s exercise capacity —
such that patients with left ventricular dysfunction may fail to develop is-
chemia because their exercise capacity is too low. The need to overcome
these issues, as well as to quantify the extent of left ventricular dysfunction,
have driven the use of functional imaging after myocardial infarction, The
prognostic data obtainable from thallium imaging [pertaining to not only the
presence and extent of ischemia, but also the extent and severity of the total
perfusion defect and evidence of stress-induced left ventricular failure) has
been shown to more effectively identify high cardiac risk than exercise par-
ameters or even coronary angiography [22]. Debate continues regarding the
optimal combination of non-invasive studies. A recent comparison of the
ability of exercise ECG, resting echocardiography, nuclear ventriculography
and thallium imaging to predict both severe and total post-infarction compli-
cations, has suggested that the optimal approach is a combination of thallium
imaging and nuclear ventriculography [26]. However, this study did not
include stress echocardiography.

The echocardiographic identification of jeopardized myocardium may be
divided into the detection of peri-infarct ischemia (‘‘homozonal dyssynergy”),
multivessel disease (‘“‘heterozonal dyssynergy’) and residual viable myocar-
dium in the infarct zone (Figure 9.1) — features which may be demonstrated
at dobutamine or dipyridamole echocardiography. Moreover, stress echocar-
diography offers the ability to determine both the extent of left ventricular
damage (on the resting images) and the extent of jeopardized myocardium
(on stress images), using a single test. As the echocardiographic calculation
of ejection fraction is based upon the assumption of a geometric ventricular
shape, which is inappropriate after myocardial infarction, evaluation of left
ventricular function is better made using a wall motion score [19].

Studies addressing the prognostic value of stress echocardiography after
myocardial infarction are summarized in Table 9.1 [27-32]. The sensitivity
for the recognition of ischemia at a distance was around 80%, and its speci-
ficity was around 90% [27,29], being comparable with the ability of scintigra-
phy to recognize multivessel disease in patients late after infarction (discussed
in Chapter 3). In the series examining exercise stress, the sensitivity of a
new wall motion abnormality (63 to 80%) and its specificity (65 to 76%)
exceeded the sensitivity and specificity of ST segment depression for the
prediction of cardiac events. In contrast to these results, rest and stress
ejection fractions predicted multivessel disease [27] and cardiac events [28,29]
less effectively than regional wall motion abnormalities. Moreover, the prog-
nostic power of the stress echocardiography data was found to exceed that
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Figure 9.1. Schematic diagrams of apical 4—chamber views of the heart following a left anterior
descending territory infarction, demonstrating a wall motion abnormality (WMA) at rest, with
improvement of function during low-dose dobutamine therapy (denoting viability). At high
doses of dobutamine, homozonal ischemia develops in this and adjacent tissue, as well as
heterozonal ischemia in the left circumflex territory.

of clinical and exercise parameters, when compared in univariate and multi-
variate analyses [28].

While exercise testing is useful in reassuring patients about their ability
to resume usual activities after myocardial infarction, and although exercise
parameters are well known to carry independent prognostic information,
there are nonetheless obvious attractions to the use of non-exercise tech-
niques in the post-infarction population. Many recurrent ischemic events
occur early after infarction, and a technique which can be brought to the
bedside offers the possibility of identifying and treating “at risk” patients
before events occur. Dipyridamole, dobutamine and pacing stresses [30-34]
have all been studied for this purpose (Table 9.1). The methodologies of
these non-exercise approaches are described in Chapters 4 and 5, and each
method has particular benefits and disadvantages. Atrial pacing has proven
to be very safe (as the stress may be terminated instantly), but it remains
invasive and uncomfortable, even with the recent development of combined
transesophageal pacing and imaging. Dobutamine stress may provide unique
data about myocardial viability (see Chapter 10), but its safety in a large
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Table 9.1. Estimation of post-infarction prognosis by exercise echocardiography.

Author Reference n Stress Timing post-MI  WMA sens ST sens
Jaarsma 27 43 Treadmill 3w 77% 55%
Applegate 28 67  Treadmill 2w 63% 38%
Ryan 29 40  Treadmill 2-3W 80% 55%
Iliceto 30 83  Atrial pacing = <3W 65% 32%
Bolognese 31 104 Dipyridamole 1-2W 45% 32%
Bosco 32 78  Dipyridamole 1-2W 76% 29%

AP = angina pectoris, MI = myocardial infarction, sens = sensitivity, spec = specificity, WMA

population of patients early after infarction remains to be established. Dipyri-
damole may produce transient but uncomfortable side-effects, but appears
to be safe and is probably the main alternative to exercise echocardiography.
All three have proven effective for the detection of multivessel disease and
have provided acceptable positive and negative predictive values for the
subsequent development of cardiac events. A large multicenter study using
dipyridamole (the EPIC study) is in progress [35]; preliminary results suggest
that the combined ability of echocardiography to document both resting
dysfunction and ischemia may be translated into the ability to stratify risk
accordingly (Figure 9.2).

The superiority of stress echocardiography over the stress ECG for the
assessment of prognosis in post-infarction patients has been further supported
in a series of 401 patients [36]. Of these subjects, those with both exercise
ECG and dipyridamole echocardiography being positive for ischemia ac-
counted for the only cardiac deaths, together with a 51% event rate over a
3 year follow-up. Patients with positivity at neither test had a 7% event rate.
Of the remainder, there was a 21% event rate in the group with a positive
stress ECG only, and a 40% event rate in those with a positive stress
echocardiogram only. Moreover, the ability of stress echocardiography to
distinguish heterozonal from homozonal ischemia causes stress echocardio-
graphy to be significantly more sensitive and specific than the stress ECG
for the definition of multivessel disease [37].

While both stress perfusion scintigraphy and stress echocardiography are
more effective than the stress ECG for post-infarct prognostication, few data
are available to compare them. As discussed in Chapter 7, flow heterogeneity
may be evident with milder, prognostically less important disease than that
which causes regional ischemic dysfunction. Preliminary data suggest that
these different mechanisms may account for some differences in the prognos-
tic power of each test. McNeill [38] compared dipyridamole stress echocardio-
graphy and MIBI-SPECT in patients after recent myocardial infarction. Di-
pyridamole echocardiography proved the most accurate for the prediction of
subsequent hard events, largely because of a higher positive predictive value.

In summary, the results of stress echocardiography for prognostication
after infarction are encouraging. The acceptance of stress echocardiography
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WMA sens ST sens Events Mean follow-up
95% 67% MI, AP 12 weeks

80% 76% Death, MI, CABG 11 months

95% 65% Death, MI, AP, CABG  6-10 months
92% 78% MI, AP 14 months

74% 70% Death, MI, AP, CABG 13 months

92% 92% Death, MI, AP

= wall motion abnormality.

as a means of post-infarct risk stratification has thus far been tempered by
the small size of studies, with few “hard” end-points, and the extensive data
validating the use of scintigraphic techniques for risk stratification. However,
the data becoming available from the EPIC study promises to circumvent
these reservations [35]. Nonetheless, the advent of thrombolytic therapy has
significantly diminished the event-rate in post-infarct patients, and the rela-
tive cost-effectiveness of all these techniques will have to be re-addressed in
the thrombolytic era.

Mortality (%)

A :
Lo [l im 1

Figure 9.2. Prediction of post-infarction mortality (over 15 = 10 months), based upon normal
or abnormal resting LV function (wall motion score index less or greater than 1.6), and the
absence or presence of ischemia.
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Table 9.2. Prediction of perioperative cardiac events with stress echocardiography in patients

Author Ref n Stress Sensitivity Specificity PV+
Tischler 60 109 Dipyridamole  7/8 (88%) 99/101 (98%) 719 (78%)
Marwick 61 67  Dipyridamole  12/15 (80%)  46/52 (88%) 12/18 (67%)
Lane 62 57  Dobutamine 4/4 (100%) 19/34 (56%)  4/19 (21%)
Lalka 63 60  Dobutamine 10/12 (83%)  28/48 (58%)  10/30 (33%)

Davila-Roman 64 91 Db +atropine  17/17 (100%)  68/74 (92%)  17/23 (74%)
Poldermans 65 131 Db + atropine  15/15 (100%)  96/116 (83%)  15/35 (43%)

AP = angina pectoris, Db = dobutamine, CABG = coronary bypass surgery, LVF = left
value of a positive test, PV — = predictive value of a negative test.

9.3 Prediction of Cardiac Events in Patients Undergoing Major Non-cardiac
Surgery

9.3.1 Background

Coronary atherosclerosis is frequently present in patients with atherosclerotic
disease elsewhere [39], and the occurrence of peri-operative coronary events
has therefore been studied extensively in combination with major vascular
surgery. Cardiac events are the leading cause of perioperative death [40-
42], and severe coronary disease is also the major contributor to late deaths
after vascular surgery. Due to the inactivity conferred by these diseases,
myocardial ischemia may not be provoked by increased myocardial oxygen
demand in the daily life of such patients. Thus, about 15% of those undergo-
ing vascular surgery have occult coronary artery disease [39], which may first
present with peri-operative myocardial infarction, serious arrhythmias or
death. For these reasons, attempts have been made to identify patients with
coronary disease and to revascularize selected patients to reduce the risk of
vascular surgery [43]. Available tools for risk stratification include clinical
evaluation, exercise stress testing, pharmacologic stress testing (usually in
combination with echocardiographic or scintigraphic imaging), and coronary
angiography. The latter is too expensive for screening all vascular patients,
and will not be discussed further.

Clinical risk stratification in this situation is of value as a preliminary
measure. Classical surgical risk scores [44] reflect the prognosis of general
surgical populations (where coronary disease is less prevalent), and have
been shown to have limited efficacy in predicting “at risk” patients among
those with a high prevalence of cardiac disease [45]. A more specific clinical
evaluation of coronary risk may be of some value [46]. In contrast to other
situations of clinical uncertainty about the diagnosis of coronary disease,
exercise stress testing is not routinely useful to precipitate ischemia, because
limitation of exercise capacity due to cerebrovascular events or limb ischemia
may compromise the sensitivity of the exercise ECG [47], even in combi-
nation with perfusion scintigraphy, nuclear ventriculography or echocardio-
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undergoing vascular surgery.

PV- Accuracy Events

99/100 (99%)  106/109 (97%) MI, AP

46/49 (94%)  58/67 (87%)  MI, AP, CABG

19/19 (100%)  23/38 (61%)  Death, MI, CABG
28/30 (93%)  38/60 (63%)  Death, MI, AP, CABG
68/68 (100%)  85/91 (93%)  MI, AP, CABG

96/96 (100%)  111/131 (85%) MI, AP, LVF

ventricular failure, MI = myocardial infarction, PV + = predictive

graphy [48-51]. Use of a non-exercise stress is therefore appropriate in this
population.

Dipyridamole stress myocardial perfusion scintigraphy is currently the
most widely accepted pharmacologic stress testing methodology for risk
stratification in these patients. This test is highly sensitive for the detection
of coronary stenoses — so that a negative dipyridamole thallium test reliably
implies the absence of disease and has a high negative predictive value for
the absence of cardiac events after surgery [52-54]. The positive predictive
value of scintigraphy for the prediction of cardiac events has been less
satisfactory. In the above studies, the frequency of events in those with
positive scans ranges from 33 to 44% [46,53,54], with the highest frequency
(50%) in the study of Boucher [52]. In part, these results reflect the subopti-
mal specificity of thallium perfusion imaging, particularly in unselected (often
elderly) populations, which include patients at high risk of false positive
perfusion scintigrams such as those with left bundle branch block and left
ventricular hypertrophy [55,56]. Paradoxically, the high sensitivity of dipyrid-
amole thallium imaging may also contribute to these results, as patients with
moderate coronary disease are readily identified, even though they are less
likely than those with severe disease to suffer a cardiac event.

9.3.2 Stress Echocardiographic Methods for Risk Stratification in Vascular
Surgery Patients

As stress echocardiography is potentially widely available and relatively inex-
pensive, it would be attractive as a technique for risk stratification in vascular
surgery patients. Indeed, preliminary data suggest that pharmacological stress
echocardiography is effective in this setting (Table 9.2).

As discussed in Chapter 5, dipyridamole induces ischemia by creating
coronary steal. This usually requires the presence of severe or extensive
stenoses [57], and hence the technique is relatively insensitive to mild or
single-vessel disease [58], and is thereby less sensitive for the diagnosis of
coronary disease than is perfusion scintigraphy [59]. Dipyridamole echocar-
diography has been used for risk stratification prior to vascular surgery
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Figure 9.3. Diastolic (left) and systolic 4—chamber views at rest, after low and high-dose dipyrid-
amole echocardiography in a patient undergoing vascular surgery. The lateral wall (arrows)
contracts normally at rest (top), and becomes hypokinetic (middle) and then dyskinetic (bottom)
indicating ischemia. At angiography, the patient was found to have circumflex and right coronary
disease, and underwent myocardial revascularization prior to vascular surgery.

(Figure 9.3). The high positive predictive value (78%) of this test reported
by Tischler [60] in a group of 109 vascular surgery patients may reflect the
relatively selective detection of multivessel disease, and therefore, of patients
who are more likely to develop complications from the stress and hemo-
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Figure 9.4. Correlation of peri-operative events (see text) with ischemia identified by electrocar-
diography, echocardiography and thallium-SPECT during dipyridamole stress.

dynamic challenges of vascular surgery. Moreover, the lower sensitivity of
dipyridamole echocardiography for milder coronary disease did not compro-
mise its negative predictive value (99%).

The specificity of vasodilator stress echocardiography in an unselected
clinical population [59] appears to exceed that of tomographic perfusion
scintigraphy (SPECT). In view of both higher specificity and the selective
detection of multivessel (prognostically more important) disease, dipyridam-
ole echocardiography might be expected on theoretical grounds to offer a
better positive predictive value for risk stratification than thallium imaging.
Only one study [61] has compared the prognostic ability of both tests in the
same patients undergoing vascular surgery (Figure 9.4). Among 67 patients
undergoing dipyridamole stress echocardiography and thallium-SPECT, vas-
cular surgery, and follow-up, 15 had a cardiac endpoint (perioperative is-
chemia or myocardial infarction, or cancellation of surgery for cardiac con-
cerns and/or pre-operative coronary revascularization). Patients with
endpoints could not be predicted reliably on clinical grounds, but correlated
with the detection of ischemia by echocardiography or thallium-SPECT. The
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sensitivity of thalllum-SPECT for the prediction of events was not signifi-
cantly different from that of echocardiography (67% vs 80%), but the latter
was more sensitive than angina and ST segment changes alone (sensitivity
40%, p =0 01) The predictive value of a positive thallum test was 36% -
less than with echocardiography (67%, p = NS) or ST segment changes
and/or angina (66% , p = NS) The specificity of thalllum SPECT (65%) was
less than that of echocardiography (88%, p 001%) or angina and ST
segment depression (94%, p=001) The predictive value of a negative
result was high with all tests  87%, 94%, and 84% with thalllum SPECT,
echocardiography and ST segment changes, respectively The accuracy of
thallium-SPECT (66% ) was less than that of echocardiography (87%, p =
0 02) and ST changes and angina (82%, P =0 05) The results of this study
suggest that dipyridamole echocardiography is a feasible, and more specific
alternative to thallium SPECT for the prediction of cardiac events 1n patients
undergoing vascular surgery

Dobutamine stress echocardiography has also been used for peri-operative
risk stratification [62-65] In these series, the predictive value of a negative
dobutamine echocardiogram in patients undergoing vascular surgery has been
high, reflecting the high sensitivity of dobutamine echocardiography Indeed,
on multivanate testing, the presence of 1schemia provoked by dobutamine
echocardiography increased the risk of an event by 42-fold [65] Even in
those patients with a positive test who have surgery cancelled, there 1s a high
prevalence of events at follow-up However, while this method 1s more
sensitive than the vasodilator stress approach for the prediction of coronary
disease, the principal difference n sensitivity 1s patients with single vessel
disease [59] Such individuals may have good collateral flow and a good
contractile reserve, making them less likely to suffer a major cardiac event
at the time of surgery Not surprisingly, the positive predictive value of
dobutamine echocardiography for peri-operative cardiac events has been
somewhat lower, consistent with the identification of milder coronary disease,
and correlating with the experience of dipyridamole thalllum imaging

In summary, the various pharmacologic stress-imaging combinations share
a high negative predictive value for the identification of patients unlikely to
suffer peri-operative complications Further data are required but prehm
nary results suggest that dipyridamole echocardiography may be the test of
choice for risk stratification 1n patients undergoing vascular surgery, because
of the high predictive value of a positive test

9.4 Conclusion

The three situations discussed 1n this chapter — the group undergoing diagnos-
tic stress, the post infarction population, and the high-risk operative patients
— all provide evidence of the prognostic power of stress echocardiography
In general, the predictive power of a negative test 1s very high, reflecting the
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high sensitivity of stress echocardiography for coronary disease of greater
than moderate severity. The predictive power of a positive test, while much
lower (because not all “at risk” patients suffer events) appears to be greater
in some situations than that of perfusion scintigraphy. Such comparisons
between non-invasive imaging approaches, in respect of their ability to pre-
dict disease endpoints, will attract increasing attention in the current cost-
cutting environment in health care.

References

10.

11.

12.

13.

14.

15.

16.

. Marcus M, Skorton S, Johnson, Collins, Harrison, Kerber R. Visual estimates of percent

diameter coronary stenosis: “A battered gold standard”. J Am Coll Cardiol 1988;11:882—
5.

. Klocke F. Measurements of coronary blood flow and degree of stenosis: Current clinical

implications and continuing uncertainties. J Am Coll Cardiol 1983;1:31-41.

. Kannel WB, Feinlieb M. Natural history of angina pectoris in the Framingham study:

Progress and survival. Am J Cardiol 1972;29:154-61.

. Taylor HA, Deumite NJ, Chaitman BR et al. Asymptomatic left main coronary artery

disease in the coronary artery surgery study (CASS) registry. Circulation 1989;79:1171-9.

. Proudfit WL, Kramer JR, Goormastic M, Loop FD. Survival of patients with mild angina

or myocardial infarction without angina; A comparison of medical and surgical treatment.
Br Heart J 1988;59:641-7.

. Armstrong WF, O’Donnell J, Ryan T, Feigenbaum H. Effect of prior myocardial infarction

and extent and location of coronary disease on accuracy of exercise echocardiography. J
Am Coll Cardiol 1987;10:531-8.

. Andrade MJ, Landi P, Michelassi C, Malasoma M, Gimelli A, and EPIC investigators.

Dipyridamole echocardiography in left main coronary stenosis [abstract]. Echocardiography
1993 (in press).

. Weiner DA, Ryan TJ, McCabe CH et al. Prognostic importance of a clinical profile and

exercise test in medically treated patients with coronary artery disease. J Am Coll Cardiol
1984;3:772-80.

. Brown KA. Prognostic value of thallium-201 myocardial perfusion imaging: A diagnostic

tool comes of age. Circulation 1991;83:363-81.

Lee KL, Pryor DB, Pieper KS et al. Prognostic value of radionuclide angiography in
medically treated patients with coronary artery disease. A comparison with clinical and
catheterization variables. Circulation 1990;82:1705-17.

Corday S, Martin S, Areeda J, Hajduczki I. Prognostic value of treadmill echocardiography
in patients with chest pain and positive stress ECG [abstract]. Circulation 1988;78:11-272.
Diamond GA. Reverend Bayes’ silent majority: An alternative factor affecting sensitivity
and specificity of exercise electrocardiography. Am J Cardiol 1986;57:1175-80.

Pamelia FX, Gibson RS, Watson DD et al. Prognosis with chest pain and normal thallium-
201 exercise scintigrams. Am J Cardiol 1985;55:920-6.

Sawada SG, Ryan T, Conley MJ, Corya BC, Feigenbaum H, Armstrong WF. Prognostic
value of a normal exercise echocardiogram. Am Heart J 1990;120:49-54.

Picano E, Severi S, Michelassi C et al. Prognostic importance of dipyridamole-echocardio-
graphy test in coronary artery disease. Circulation 1989;80:450-7.

Marcovitz PA, Bach DS, Shayna VL, Armstrong WF. An abnormal dobutamine echocardi-
ogram predicts death and myocardial infarction in the year following study [abstract].
Circulation 1992;86:1-789.



160 T. Marwick

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Luria MH, Debanne SM, Osman MI. Long-term follow-up after recovery from acute
myocardial infarction. Arch Intern Med 1985;145:1592-5.

Multicenter Postinfarction Research Group. Risk stratification and survival after myocardial
infarction. N Engl J Med 1983;309:331-6.

Nishimura RA, Reeder GS, Miller FA et al. Prognostic value of predischarge 2—dimensional
echocardiogram after acute myocardial infarction. Am J Cardiol 1984;53:429-32.
Silverman KJ, Becker LC, Bulkley BH er al. Value of early thallium-201 scintigraphy for
predicting mortality in patients with acute myocardial infarction. Circulation 1980;61:996—
1003.

Theroux P, Waters DD, Halphen C, Debaisieux JC, Mizgala HF. Prognostic value of
exercise testing soon after myocardial infarction. N Engl J Med 1989;30:341-52.

Gibson RS, Watson DD, Craddock GB et al. Prediction of cardiac events after uncom-
plicated myocardial infarction: A prospective study comparing predischarge exercise thall-
ium-201 scintigraphy and coronary angiography. Circulation 1983;68:321-36.

Nicod P, Corbett JR, Firth BG et al. Prognostic value of resting and submaximal exercise
radionuclide ventriculography after acute myocardial infarction in high risk patients with
single and multivessel disease. Am J Cardiol 1985;52:30-6.

DeBusk RF. Specialized testing in recent acute myocardial infarction. Ann Intern Med
1989;110:470-81.

Norris RM, Caughey DE, Deeming LW, Mercer CJ, Scott PJ. Coronary prognostic index
for predicting survival after recovery from acute myocardial infarction. Lancet 1970;ii:485-
91.

Candell-Riera J, Permanyer-Miralda G, Castell J et al. Uncomplicated first myocardial
infarction: Strategy for comprehensive prognostic studies. J Am Coll Cardiol 1991;18:1207-
19.

Jaarsma W, Visser CA, Funke Kupper AJ, Res JC, Van Eenige MJ, Roos JP. Usefulness
of two-dimensional exercise echocardiography shortly after myoardial infarction. Am J
Cardiol 1986;57:86-90.

Applegate RJ, Dell'Italia LJ, Crawford MH. Usefulness of two-dimensional echocardio-
graphy during low-level exercise testing early after uncomplicated acute myocardial infarc-
tion. Am J Cardiol 1987;60:10-4.

Ryan T, Armstrong WF, O’Donnell JA, Feigenbaum H. Risk stratification after acute
myocardial infarction by means of exercise two-dimensional echocardiography. Am Heart
J 1987;114:1305-16.

Tliceto S, Caiati C, Ricci A et al. Prediction of cardiac events after uncomplicated myocardial
infarction by cross-sectional echocardiography during transesophageal pacing. Int J Cardiol
1990;28:95-104.

Bolognese L, Sarasso G, Aralda D, Bongo SA, Rossi L, Rossi P. High dose echocardio-
graphy test early after uncomplicated acute myocardial infarction: Correlation with exercise
testing and coronary angiography. J Am Coll Cardiol 1989;14:357-63.

Bosco M, Gandolfo N, Belli R, Parigi A, Schon W. Prognostic value of echocardiography
with high-dose dipyridamole after recent uncomplicated myocardial infarction. G Ital Car-
diol 1991;21:15-22.

Berthe C, Pierard LA, Hiernaux M er al. Predicting the extent and location of coronary
artery disease in acute myocardial infarction by echocardiography during dobutamine in-
fusion. Am J Cardiol 1986;58:1167-72.

Mannering D, Cripps T, Leech G et al. The dobutamine stress test as an alternative to
exercise testing after acute myocardial infarction. Br Heart J 1988;59:521-6.

Landi P, Orlandini A, Chiarella F et al. The prognostic value of rest and stress echocardio-
graphy early after uncomplicated acute myocardial infarction: The first 995 patients of the
EPIC study [abstract]. J Am Coll Cardiol 1993;21:441A.

Severi S, Michelassi C. Prognostic impact of stress testing in coronary artery disease.
Circulation 1991;83(Suppl III):82-8.



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Prognostic Value of Stress Echocardiography 161

Bolognese L, Sarasso G, Bongo AS et al. Stress testing in the period after infarction.
Circulation 1991;83(Suppl III):32-7.

McNeill A, Slagboom T, Salustri A et al. Residual ischaemia after recent myocardial
infarction: Comparison of high dose dipyridamole stress echocardiography and Tc-99 m
MIBI SPECT [abstract]. Eur Heart J 1991;12:230.

Hertzer NR, Beven EG, Young JR et al. Coronary artery disease in peripheral vascular
patients. A classification of 1000 coronary angiograms and results of surgical management.
Ann Surg 1984;199:223-33.

Jamieson WR, Janusz MT, Miyagishima RT, Gerein AN. Influence of ischemic heart disease
on early and late mortality after surgery for peripheral occlusive vascular disease. Circulation
1982;66:92-7.

Ennix CL, Lawrie GM, Morris GC et al. Improved results of carotid endarterectomy in
patients with symptomatic coronary disease: An analysis of 1546 consecutive carotid oper-
ations. Stroke 1979;10:122-5.

Crawford ES, Bomberger RA, Glaeser DH et al. Aortoiliac occlusive disease: Factors
influencing survival and function following reconstructive operation over a twenty-five year
period. Surgery 1981;90:1055-66.

Foster ED, Davis KB, Carpenter JA et al. Risk of noncardiac operation in patients with
defined coronary disease: The Coronary Artery Surgery Study (CASS) registry experience.
Ann Thor Surg 1986;41:42-7.

Goldman L, Caldera DL, Nussbaum SR ez al. Multifactorial index of cardiac risk in noncar-
diac surgical procedures. N Engl J Med 1977;297:845-50.

Takase B, Younis LT, Labovitz AJ et al. Comparison of the prognostic value of rest 2—
dimensional echocardiography, dipyridamole stress thallium myocardial imaging, and clini-
cal indices for perioperative cardaic events in major nonvascular surgical patients [abstract].
J Am Coll Cardiol 1992;19:101A.

Eagle KA, Singer DE, Brewster DC, Darling RC, Mulley AG, Boucher CA. Dipyridamole
thallium scanning in patients undergoing vascular surgery. Optimizing preoperative evalu-
ation of cardiac risk. JAMA 1987;257:2185-9.

Cumming GR. Yield of ischemic exercise electrocardiograms in relation to exercise intensity
in a normal population. Br Heart J 1972;34:919-23.

Brady TJ, Thrall JH, Lo K et al. The importance of adequate exercise in the detection of
coronary heart disease by radionuclide ventriculography. J Nucl Med 1980;21:1125-30.
Iskandrian AS, Heo J, Kong B, Lyons E. Effect of exercise level on the ability of thallium-
201 tomographic imaging in detecting coronary artery disease: Analysis of 461 patients. J
Am Coll Cardiol 1989;14:1477-86.

Marwick T, Nemec J, Pashkow F, Stewart WJ, Salcedo E. Accuracy and limitations of
exercise echocardiography in a routine clinical setting. J Am Coll Cardiol 1992;19:74-81.
Leppo J, Boucher CA, Okada RD, Newell JB, Strauss HW, Pohost GM. Serial thallium-
201 myocardial imaging after dipyridamole infusion: diagnostic utility in detecting coronary
stenoses and relationship to regional wall motion. Circulation 1982;66:649-62.

Boucher CA, Brewster DC, Darling RC, Okada RD, Strauss HW, Pohost GM. Determina-
tion of cardiac risk by dipyridamole thallium imaging before peripheral vascular surgery. N
Engl J Med 1985;312:389-94.

Eagle KA, Coley CM, Newell JB et al. Combining clinical and thallium data optimizes
preoperative assessment of cardiac risk before major vascular surgery. Ann Intern Med
1989;110:859-66.

Leppo J, Plaja J, Gionet M, Tumolo J, Paraskos JA, Cutler BS. Noninvasive evaluation of
cardiac risk before elective vascular surgery. J Am Coll Cardiol 1987;9:269-76.

DePuey EG, Guertler-Krawczynska E, Robbins WL. Thallium-201 SPECT in coronary
disease patients with left bundle branch block. J Nucl Med 1988;29:1479-85.

DePuey EG, Guertler-Krawczynska E, Perkins JV, Robbins WL, Whelchel JD, Clements
SD. Alterations in myocardial thallium-201 distribution in patients with chronic systemic



162 T. Marwick

57.

8.

59.

61.

62.

63.

65.

hypertension undergoing single-photon emission computed tomography. Am J Cardiol
1988;62:234-8.

Picano E. Dipyridamole echocardiography test: The historical background and the physiol-
ogic basis. Eur Heart J 1989;10:365-76.

Mazeika P, Nihoyannopoulos P, Joshi J, Oakley CM. Uses and limitations of high dose
dipyridamole stress echocardiography for evaluation of coronary artery disease. Br Heart
J 1992;67:144-9.

Marwick T, Willemart B, D’Hondt AM et al. Selection of the optimal non-exercise stress for
the evaluation of ischemic regional myocardial dysfunction and malperfusion: Comparison of
dobutamine and adenosine using echocardiography and Tc-99 m MIBI single photon emis-
sion computed tomography. Circulation 1993;87:345-54.

. Tischler MD, Lee TH, Hirsch AT et al. Prediction of major cardiac events after peripheral

vascular surgery using dipyridamole echocardiography. Am J Cardiol 1991;68:593-9.
Vincent M, Marwick T, D’Hondt AM et al. Prediction of perioperative events at vascular
surgery: Selection of thallium scintigraphy or echocardiography with dipyridamole stress?
[abstract]. Circulation 1992;86:1-790.

Lane RT, Sawada SG, Segar DS et al. Dobutamine stress echocardiography for assessment
of cardiac risk before noncardiac surgery. Am J Cardiol 1991;68:976-7.

Lalka SG, Sawada SG, Dalsing MC et al. Dobutamine stress echocardiography as a predictor
of cardiac events associated with aortic surgery. J Vasc Surg 1992;15:831-42.

. Davila-Roman VG, Waggoner AD, Sicard GA, Geltman EM, Schechtman KB, Perez JE.

Dobutamine stress echocardiography predicts surgical outcome in patients with an aortic
aneurysm and peripheral vascular disease. J Am Coll Cardiol 1993;21:957-63.

Poldermans D, Fioretti PM, Forster T et al. Dobutamine stress echocardiography for
assessment of perioperative cardiac risk in patients undergoing major vascular surgery.
Circulation 1993;87:1506-12.



10. Echocardiographic Determination of Myocardial
Viability

T. MARWICK and J-L. VANOVERSCHELDE

Regional myocardial dysfunction after myocardial infarction is not always
due to irreversible damage to all involved tissue. Early after acute ischemic
events, “‘stunning” (dysfunction despite normalization of coronary perfusion)
resolves spontaneously [1]. Later after the event, dysfunction in viable tissue
may be due to further episodes of stunning due to recurrent ischemia, or to
chronic ischemia, which is often termed ‘“hibernation” [2]. In the latter
situations, resumption of normal function is contingent upon prevention of
recurrent or ongoing ischemia, usually by myocardial revascularization.

The presence of viable myocardium may influence clinical decision-making
with respect to the mode of revascularization, and possibly the decision
to revascularize. The mode of revascularization may be altered if viable
myocardium is identified in a region thought to be infarcted — in order to
resupply such an additional territory, a multi-vessel angioplasty or bypass
surgery may need to be considered in preference to a single-vessel angiopla-
sty. Moreover, preliminary data are emerging to support the use of revascu-
larization in patients with viable myocardium, who do not otherwise fulfill
the usual symptomatic or prognostic indications for intervention. First, global
ejection fraction [3] and the patient’s overall functional capacity [4] may be
enhanced by revascularization. Second, evidence is accumulating that such
tissue is inherently unstable without revascularization, and is liable to further
events [5,6]. The detection of viable myocardium is therefore clinically perti-
nent to both referral of patients for intervention, and the type of intervention.

10.1 Definition of ‘‘Viable Myocardium”’

Some form of reference standard is required to define and compare the
accuracies of techniques for predicting myocardial viability. Metabolic, con-
tractile or global functional markers of myocardial viability have been util-
ized, without a concensus as to the most reliable methodology. Although
used as a test to identify viable myocardium, metabolic markers of myocardial
viability (see below) have been used as a reference standard in some studies.
Such a design permits simultaneous performance of the test in question and
the reference standard, precluding misleading results due to intercurrent
events, or attrition of patients either because of failure to revascularize
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or failure to return for follow-up. However, this approach has the major
disadvantage of being clinically impractical — patients are revascularized in
order to improve the function of affected regions, rather than to reperfuse
metabolically viable tissue — indeed, not all areas of perfusion-metabolism
mismatch recover functionally. For these reasons, the use of metabolic imag-
ing is unsatisfactory as a reference standard.

A more widely accepted definition of myocardial viability is the improve-
ment of regional systolic function following myocardial revascularization.
This approach requires patient follow-up after revascularization (usually at
3 months), in order to document whether regional function has improved,
indicating viability. The use of a relevant clinical endpoint (regional function)
outweighs the constraints imposed by performing a follow-up study.

In addition to the improvement in regional wall motion and thickening,
improvement in global left ventricular function should also be considered in
the definition of myocardial viability. Prognostic studies have indeed indi-
cated that indices of global systolic function (such as end-systolic volume and
ejection fraction) are strong predictors of survival in patients with chronic left
ventricular dysfunction due to coronary artery disease [7]. In such patients,
coronary revascularization by either bypass surgery or balloon angioplasty,
may thus not only improve ventricular function, but also prolong survival.
In addition, it has been shown that the degree of improvement in global
left ventricular function following coronary revascularization was intimately
related to the amount of salvageable myocardium [3]. This implies that some
threshold amount of viable tissue is needed to impact on global left ventricu-
lar function and on prognosis. Thus, although the improvement of regional
left ventricular function identifies the presence of viable myocardium, clinical
decision-making may be dependent upon quantification of the amount avail-
able to produce an improvement in left ventricular function.

10.2 Approaches to the Detection of Myocardial Viability

The conventional techniques used for the detection of myocardial viability
include the absence of ECG Q-waves, the absence of regional left ventricular
dysfunction, and ‘“‘fixed” scintigraphic perfusion defects. Electrocardio-
graphic Q-waves are not specific for infarction; they may be caused by
ischemia, in which circumstance they may be reversible [8]. Such tissue may
be erroneously identified as non-viable, a discrepancy which is particularly
common following thrombolysis. Their presence correlates poorly with myo-
cardial viability, assessed on metabolic grounds [9]. Regional left ventricular
dysfunction may reflect myocardial stunning or hibernation rather than in-
farction, so that 30-40% of regions with pre-operative dysfunction will de-
monstrate enhancement of function after revascularization [10]. Thallium
perfusion defects after stress, which fail to reverse on 4-hour redistribution
images, do not preclude functional recovery after revascularization — either
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PTCA [11] or surgery [12]. In summary, these conventional approaches for
the definition of myocardial viability lack sufficient accuracy to be wholly
satisfactory for routine clinical use.

Two new scintigraphic approaches have been applied to the problem of
identifying viable infarct-zone tissue which is likely to recover function with
revascularization. These include position emission tomography (PET) and
thallium scintigraphy with thallium reinjection. Several approaches have been
proposed to identify jeopardized but viable myocardium by use of PET.
Because depressed regional contractile performance secondary to ischemia
reflects underlying derangement of myocardial perfusion and metabolism,
flow and metabolic imaging has been the focus of much attention. The
hallmark of viable myocardium using the FDG technique is demonstration
of a “metabolism perfusion mismatch” of persisting glucose uptake in malp-
erfused regions [13]. Results of studies in patients with left ventricular dys-
function due to chronic coronary artery disease have indicated that positron
imaging with F-18 deoxyglucose or with C-11 acetate accurately predicts the
presence of viable myocardium within dysfunctional areas. Using the FDG
approach, myocardial viability can be detected with sensitivities in the range
of 75-85% and specificities of 78-92% [3,14,15]. However, the FDG tech-
niques greatly overestimate both the amount and the extent of viable myocar-
dium in patients with previous myocardial infarction [16,17]. Although the
suboptimal positive predictive accuracy of PET in these studies may reflect
inadequate revascularization, graft closure or restenosis, it may also be a
manifestation of the exquisite sensitivity of FDG imaging for small (usually
subepicardial) portions of myocardium which may not contribute materially
to contraction when revascularized. Therefore, because many patients with
coronary artery disease and poor left ventricular ejection fraction have sus-
tained one or more previous myocardial infarctions in the past, assessment
of myocardial viability with PET and FDG alone may offer insufficient
diagnostic accuracy for appropriate clinical management and decision mak-
ing.

The alternative method for the assessment of myocardial viability using
PET is based upon the evaluation of regional myocardial oxygen consumption
and absolute blood flow. Because of the aerobic nature of cardiac contrac-
tion, assessment of myocardial oxidative metabolism with PET and C-11
acetate has been recently proposed to evaluate the potential for functional
recovery after revascularization. Under experimental conditions of ischemia
followed by reperfusion, maintenance of oxidative metabolism has been
shown to be an important determinant of viability and to portend the re-
covery of contractile function following reperfusion [18]. In patients with
chronic coronary artery disease with [17] or without [19] previous myocardial
infarction, it was recently shown that maintenance of oxidative metabolism
was a prerequisite to functional recovery after coronary revascularization.
Evaluation of absolute levels of regional perfusion to dysfunctional myocar-
dium may also be helpful in distinguishing viable from nonviable myocardium
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without recourse to metabolic imaging. Preliminary data suggest that seg-
ments that will eventually recover function upon coronary revascularization
have higher absolute levels of myocardial blood flow [20] and a greater
transmural proportion of the myocardium that is “perfusable” [21] compared
with segments that remain dysfunctional postoperatively.

Myocardial viability may also be assessed by measurement of membrane
retention of cationic tracers. As concentration of these agents within the
myocyte is against an electrochemical gradient, cell viability is a prerequisite
for their concentration within the cell. While reduced tracer delivery in
comparison with normal regions may cause ‘“‘perfusion defects”” on immediate
post-exercise images, viable myocardium continues to concentrate the tracer
over subsequent hours, as the agent continues to perfuse the tissue. Eventu-
ally, the “‘perfusion defect” appears to resolve as increasing amounts of
tracer are concentrated in the region of interest [22]. In patients with severe
coronary stenosis [23], this process is constrained by reduced tracer delivery,
explaining why failure to “redistribute” at 4 hours does not necessarily
connote non-viable tissue. The problems posed by delayed redistribution
may be circumvented by allowing for a longer redistribution time such as 24
hours (but this is often impractical clinically), or reinjecting thallium in order
to augment the delivery of the tracer [24,25]. The latter method correlates
well with viability estimated by position emission tomography [26]. Limited
data [25] suggest that thallium reversibility after thallium reinjection predicts
enhancement of regional function after revascularization, with 87% sensitiv-
ity and 100% specificity.

Preliminary data with both dobutamine and dipyridamole suggest that the
responses of regional left ventricular function to either of these agents may
be effective in the detection of viable myocardium. Although all stress me-
thodologies may be used to identify peri-infarct ischemia and heterozonal
ischemia, no data exist in relation to the detection of viable myocardium
with exercise stress.

10.3 Diagnosis of Viable Myocardium Using Dobutamine Echocardiography

Experimental models of myocardial stunning generally involve occlusion of
a coronary artery, followed after a variable time by resumption of normal
coronary flow. Even after an ischemic period of only 20 minutes, regional
function may remain impaired for up to 6 hours. Provided that the myocar-
dium is viable and non-ischemic [27-31], the severity of this dysfunction may
be temporarily ameliorated by sympathomimetic agents — isoproterenol,
dopamine and dobutamine. The mechanism of this response is unclear,
but appears to be truly inotropic and unrelated to alterations in loading
conditions.

In contrast with myocardial stunning, there is no valid experimental model
for chronic hibernation. In contrast to experimental models which purely
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involve myocardial stunning, the clinical pathophysiology of chronic regional
dysfunction due to coronary disease is more complex, involving both post-
ischemic dysfunction and ongoing reduction of coronary flow. It was initially
proposed that hibernation resulted from chronic or ongoing myocardial is-
chemia. Recent observations suggest that it could instead arise from repeti-
tive episodes of myocardial stunning, eventually resulting in prolonged post-
ischemic dysfunction [32]. Whatever the mechanisms, myocardial hibernation
in humans is associated with marked ultrastructural alterations of the myo-
cytes, which includes a profound loss of myofilaments and contractile material
[32]. It should therefore not be surprising if the hibernating tissue was not
as responsive to inotropic stimulation as purely stunned myocardium. The
hibernating segments may also show no or a very limited residual coronary
flow reserve, which should also limit their ability to increase function upon
inotropic stimulation. The clinical implications of these findings are that
stunned myocardium, which is probably predominant in the early post-infarc-
tion setting, might be detected using dobutamine echocardiography, while
hibernating myocardium, which may be preponderant later after infarction,
might be less responsive to this test.

Conventional dobutamine protocols (see Chapter 4) have been combined
with echocardiography for the determination of myocardial viability. How-
ever, the interpretation of functional responses for the purpose of determina-
tion of myocardial viability generally involves responses to low doses of
dobutamine (Figure 10.1). Combinations of augmentation of function at low
dose, with deterioration of function at high dose, may be used to identify
non-viable tissue, viable myocardium supplied by a stenosed or non-stenosed
artery, or simply myocardial ischemia (Table 10.1).

The applicability of dobutamine testing to patients studied early (<2
weeks) after myocardial infarction has been confirmed clinically. Using nu-
clear ventriculography, Sadler [33], showed that the detection of viable myo-
cardium (defined by responsiveness to isopreterenol) correlated with the
presence of patent infarct-related arteries in post-thrombolysis patients. The
ejection fraction in such patients rose by 14 + 1%, in contrast to 6 = 1% in
those with occluded vessels. Correlation of dobutamine responsiveness with
follow-up findings was obtained by Barilla [34]. In this study of a selected
group of patients found to have dobutamine responsive regions after ‘‘incom-
plete” infarction (comprising patients with non Q-wave infarcts, and patients
with infarction treated with thrombolytic therapy), regions predicted to be
viable by dobutamine responsiveness were found to improve after subsequent
revascularization. Non-revascularized segments responded to dobutamine,
but showed less improvement at follow-up (Figure 10.2), suggesting that
these regions were still ischemic, and implying that viable, but dysfunctional
and ischemic (hibernating) regions could still be dobutamine responsive.
These data have been reproduced in a less selected group of post-throm-
bolysis patients by Smart [35], who showed that improvement of the wall
motion score index with low-dose dobutamine had a 71% sensitivity for its
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Figure 10.1. Diastolic (left) and systolic 2-chamber images and traced drawings at rest (top), 5
mcg/kg/minute and 10 mcg/kg/minute (bottom) of dobutamine. The patient has anterior akinesis

recovery at follow-up, while the absence of an improvement had a specificity
of 74% for failure to improve at follow-up. These investigators also found
that improvement at high-doses of dobutamine (20 mcg/kg/min) was not a
reliable predictor of recovery.

The issue of stunning and hibernation in relation to dobutamine respon-
siveness has also been examined by Pierard [36]. In this study, the prediction
of myocardial viability using low-dose dobutamine echocardiography was
compared with its prediction using positron emission tomography in 17 pa-
tients after thrombolysis. Early after admission, the diagnosis of viability
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(arrows) at rest, with progressive thickening of the basal- and mid-anterior segments in response
to dobutamine, denoting myocardial viability.

Table 10.1. Interpretation of dobutamine echocardiography for the diagnosis of myocardial
viability in patients with abnormal resting function.

Diagnosis Rest Low dose Db Peak dose Db
Ischemia — mild Normal/abnormal No change Reduced
Ischemia - severe Normal/abnormal Reduced Reduced
Viable — patent IRA Abnormal Improved Improved
Viable — occluded IRA  Abnormal Improved (?) Reduced
Infarction Abnormal No change No change

Db = dobutamine, IRA = infarct-related artery.
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Figure 10.2. Comparison of echocardiographic wall motion score index in revascularized and
non-revascularized patients at baseline (rest), after low-dose dobutamine (Db), and follow-up
(F/U) in patients with viable myocardium after “incomplete” myocardial infarction (see text).
Modified from Barilla [34].

correlated in 79% of segments. However, of the patients responding to
dobutamine, only those with preservation of regional perfusion (who did not
require revascularization) showed functional recovery at follow-up (Figure
10.3). In contrast, patients having regions predicted to be viable on the basis
of persistent metabolic activity despite reduced flow did not demonstrate
functional recovery at follow-up, even though all but one demonstrated
dobutamine responsiveness. These data support the hypothesis that both
stunned and hibernating myocardium are responsive to dobutamine. How-
ever, the response of hibernating myocardium appears to be less predictive
of recovery than the equivalent response in stunned tissue. This conclusion
must be tempered by the small numbers involved, with 2 of the six patients
with hibernation not being revascularized.

While existing data suggest that augmentation of regional function in
response to dobutamine stress may predict myocardial viability in the early
post-infarct period, few data are available to support or refute the efficacy
of dobutamine testing for the prediction of myocardial viability later after
myocardial infarction. Preliminary data have addressed the accuracy of re-
gional dobutamine responsiveness for the prediction of functional recovery
of abnormal function due to revascularization late after infarction [37]. In 36
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Figure 10.3. Alteration of wall motion score index (a lower index implying better function) in

response to dobutamine (Db) and follow-up (F/U) in patients with normal perfusion, perfusion-
metabolism mismatch, and necrotic myocardium by PET criteria. Modified from Pierard [36].

patients who underwent revascularization by angioplasty (n = 17) or bypass
surgery (n = 19), we evaluated recovery of regional function 5 = 3 months
after revascularization. A total of 201 segments showed akinesis or dyskinesis
before revascularization. Sixty of these segments (29% ) improved function
after revascularization and were accordingly considered as viable, while the
remaining 141 segments showed no or minimal improvement after revascu-
larization and were therefore considered as nonviable. Of the 60 viable
segments, 48 had improved function during infusion of low-dose dobutamine
before revascularization (sensitivity 80%). Of the 141 nonviable segments,
111 had shown no or trivial functional improvement with dobutamine (speci-
ficity 79%). The overall accuracy of dobutamine echocardiography, on a
segmental basis, was 80% . The predictive value of a positive test was 62%
and that of a negative test 89% . We also considered the accuracy of the test
to predict improvement in both regional and global left ventricular function
in an individual patient analysis. Twenty-one patients had viable myocardium
in 2 segments or more, and did not deteriorate global function after revascu-
larization (group 1). The remaining 15 patients had none or minimally viable
tissue, and had further increased in both end-diastolic and end-systolic vol-
ume after revascularization (group 2). Both groups were similar with respect
to pre-revascularization ejection fraction and exercise capacity. Dobutamine
echocardiography correctly identified 20 of 21 patients from group 1 (95%),
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Figure 10.4. Accuracy of dobutamine echocardiography for prediction of myocardial viability,
defined by improvement of regional function after revascularization [37].

while it failed to improve function in 11 of 15 patients of group 2 (73%).
Overall, 31 of 36 patients (86%) were correctly categorized by dobutamine
echocardiography. These data suggest that dobutamine responsiveness is a
highly sensitive test for the prediction of viability with good specificity and
negative predictive value.

10.4 Dobutamine Echocardiography vs Reinjection Thallium Imaging for
Identification of Viability

The feasibility and apparent accuracy of dobutamine echocardiography for
the definition of myocardial viability has led some authors to question
whether it may be able to compete with scintigraphic approaches for the
diagnosis of viable myocardium. In our initial approach to this comparison,
we compared the concordance between low-dose dobutamine echocardio-
graphy and reinjection T1-201 imaging in 21 patients, at an interval of 22 + 37
months after infarction [38]. Regions of interest were specified by the pres-
ence of regional dysfunction and/or a resting perfusion defect subtended by
the infarct-related artery; viability (at Tl imaging) was defined by filling in
of a resting defect at either the 4 hour or the TI reinjection images, and
viability (at echocardiography) was defined by residual contractile function,
or functional improvement or deterioration (ischemia) in response to dobuta-
mine. Of 185 segments, both were in agreement regarding the diagnosis of
viable myocardium in 90 and its absence in 35, giving a concordance of 68%,
with approximately equal numbers of the remainder identified as viable by
each technique. Using the Tl results as the reference standard for diagnosis
of viability, 43 segments were viable, for which echocardiography had a
sensitivity of 70%, and 64 were non-viable, in which echocardiography
showed a specificity of 55%.
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In a follow-up study, Marzullo and coworkers [39] studied 14 patients
35 + 24 weeks after the acute event, and analyzed the relation between
radioisotopic (rest T1-201 or rest Tc-99 m sestamibi scans) and echocardio-
graphic markers of viability as well as the relative sensitivity and specificity
of these methods in predicting the recovery of function after revasculariz-
ation. Of the 75 dysfunctional myocardial segments identified at baseline on
resting echocardiograms, 49 (65%) showed improved wall motion at the
follow-up study, 11 + 2 weeks after revascularization, and were considered
as viable. At pre-revascularization dobutamine echocardiography, 82% of
these viable segments improved function by at least one full grade during
dobutamine echocardiography, while 92% of the nonviable segments failed
to improve wall motion. These results favorably compared with the sensitivity
(86% ) and specificity (92% ) of delayed thallium imaging in the same patients.

We have also analyzed the concordance between low-dose (5 to 10
mcg/kg/min) dobutamine echocardiography and thallium-201 exercise-redis-
tribution-reinjection scintigraphy in 33 patients with regional left ventricular
dysfunction, most [31-33] with previous myocardial infarction [40]. The
patients were studied at an average of 5 + 2 months after the index event.
Their mean ejection fraction was 40 = 14%. All patients underwent resting
pre and post-revascularization two-dimensional echocardiography. Myocar-
dial viability was defined as an improvement in regional wall motion score by
at least one full grade in 2 adjacent segments. Twenty-one patients improved
regional wall motion after revascularization, while the remaining 12 patients
did not. Pre-revascularization criteria for viability were: by thallium-201
reinjection scintigraphy, a preserved or only moderate decrease of thallium
uptake (>50% of maximal activity), by dobutamine echocardiography, an
improvement in regional wall motion score by at least one full grade in two
adjacent segments. The positive predictive value of thallium reinjection for
viable myocardium was 86% , similar to that of low-dose dobutamine echocar-
diography (87%). The negative predictive values for the two tests were also
similar, respectively 87% and 90% . These preliminary data suggest that, late
after myocardial infarction, dobutamine echocardiography appears to have
similar accuracy to thallium reinjection scintigraphy for the diagnosis of
viable myocardium.

10.5 Diagnosis of Viable Myocardium Using Dipyridamole
Echocardiography

Sympathomimetic agents are not alone in their ability to induce transient
improvements in the function of stunned myocardium. Both dipyridamole
and papaverine [41] have been shown to enhance both segmental shortening
and load-independent indices of ventricular function in stunned myocardium,
and the same may be true of adenosine (Figure 10.5). The mechanisms
responsible for these effects remain ill-defined. An indirect sympathomimetic
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Figure 10.5. Diastolic (left) and systolic 2-chamber views and equivalent traced images at rest
(top) and during low- and high-dose (bottom) adenosine echocardiography. Resting antero-
apical akinesis resolves at low dose (myocardial arrows), indicating viability, with recurrence at
high dose (endocardial arrows), suggesting ischemia.

effect, occurring as a response to dipyridamole-induced ischemia is possible.
Augmentation of myocardial blood volume may increase contractility by
mechanisms analogous to the Frank-Starling relationship. Finally, if tissue is
not stunned but chronically ischemic, coronary perfusion may be enhanced
by these vasodilators.

Clinically, dipyridamole stress echocardiography has been shown to effec-
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High-dose

tively identify both heterozonal and peri-infarct ischemia in patients after
myocardial infarction [42]. Recent data presented by Picano [43] suggest that
this test may also be able to identify viable myocardium. In 22 patients, 15
of whom had an old (>3 months) infarction, dipyridamole echocardiography
(using a standard high-dose protocol) and rest/late redistribution thallium
imaging were performed, with follow-up echocardiography being obtained
in 15 patients. Echocardiographic evidence of myocardial viability was de-
fined by an augmentation of regional function during the hyperkinetic phase
of the dipyridamole response; at thallium imaging, it was defined by regional
activity >55%. Using the thallium criteria as a reference standard for the
interpretation of 80 aynergic segments, dipyridamole echocardiography had
a sensitivity of 81%, and a specificity of 96% . Using recovery of function
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after revascularization as the reference standard, dipyridamole echocardio-
graphy had a sensitivity of 79% in 19 segments showing an improvement in
function, and 87% in 39 segments which failed to improve function.

10.6 Conclusion

Enhancement of regional left ventricular function is not the main outcome
sought by intervention, which is really aimed at improving global left ven-
tricular function and the overall functional state of the patient. These endpo-
ints may be measured by ventricular volumes and ejection fraction, or exerc-
ise capacity after revascularization — all of which require analysis on a patient
rather than a regional basis. There is a paucity of functional follow-up data
in general, and none available with either dobutamine echocardiography or
thallium reinjection techniques. In summary, while enhancement of regional
function is an accepted endpoint for myocardial viability, there may be a
disparity (currently undefined) between the ability of different tests of vi-
ability to predict recovery in global functional indices.

The place of stress echocardiography in the assessment of patients follow-
ing myocardial infarction currently centers upon the detection of residual
myocardial ischemia (see Chapter 9) — either in another coronary territory
(manifest as “heterozonal asynergy”) or in the same territory (peri-infarct
ischemia). Preliminary data suggest that the revascularization of viable myo-
cardium after myocardial infarction may be beneficial for prognosis. Thus,
the most appropriate test for patients after myocardial infarction may be one
which is able to detect heterozonal ischemia, peri-infarct ischemia and viable
myocardium. However, the relative importance in the detection of viable
tissue within the infarct site, in addition to residual ischemia, remains unre-
solved.
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