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Foreword

Less than 18 years have passed since the first coronary balloon angioplasty
was performed in September 1977 by Andreas Gruntzig. In 1993, 185700
coronary angioplasties were performed in Europe and in many European
countries, percutaneous transluminal coronary angioplasty is the most com-
mon method of myocardial revascularization, well ahead of coronary bypass
surgery. This explosive growth of interventional cardiology results from
major technological advances. The balloons have been markedly improved
with a better profile, excellent trackability, and good pushability. The steer-
able guide wires are excellent and can reach the most difficult and the most
distal parts of the coronary tree. The guiding catheters offer excellent support
and good back-up in the ostium. Meanwhile, new tools have been proposed
and designed for a “lesion specific’” approach. Coronary stenting which is
the “second wind” of angioplasty has dethroned most of the so-called new
tools and stents are currently implanted in 30-60% of cases. Similar develop-
ments have occurred in the field of mitral valvuloplasty, ablative techniques
in electrophysiology, and in the field of interventions in congenital heart
disease.

However, these advances would not have been possible without the con-
comitant development of cardiac imaging. For many interventions, cardiac
imaging is an necessary pre-requisite:

1. Imaging is mandatory to identify the lesions needing an intervention.
Coronary bypass surgery or angioplasty cannot be performed without
prior coronary angiography. However, scintigraphic stress testing is also
needed to identify perfusion defects in the area supplied by the diseased
artery.

2. Imaging is necessary to guide the interventions. This includes not only
coronary angiography but also the new techniques like intracoronary
ultrasound or angioscopy. The first technique is especially useful to iden-
tify the atherosclerotic mass but also the composition of the plaque and
the dissections resulting from balloon dilatation. Angioscopy is the only
tool able to adequately identify thrombus, a problem with which the
interventional cardiologists has to deal more and more frequently. Finally,
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intracoronary Doppler can assess the immediate results in determining

coronary flow reserve.

3. Imaging is finally useful to asses the short and long term results of the
various interventions. This includes a broad array of procedures from
angiography to intracoronary ultrasound but also stress echocardiography,
perfusion scintigraphy or positron emission tomography.

Whilst technological advances have rapidly improved interventional tech-

niques, imaging technology has also undergone extraordinary development.

Nobody can imagine a new catheterization laboratory without digital imag-

ing. Digital storage of the data has been harmonized and the DICOM stan-

dard will allow us shortly to exchange digitised data not only by sending
floppy disks or compact disks but even by transferring the images directly
via information highways.

In nuclear medicine camera design has been improved and new tracers
are available. New miniaturised imaging catheters provide cross-sectional
ultrasound images of the coronary wall. Small guide wires are new tools to
measure coronary blood flow velocity using the Doppler technique.

Promising advances have also been achieved with other non-invasive tech-
niques such as the CT-scanners which are helpful to diagnose pulmonary
embolism, and with magnetic resonance imaging. The interest in latter tech-
nique, which is well established in aortic imaging or depiction of complex
congenital heart disease, has now been extended to the field of coronary
arteries with the challenging goal of identifying the coronary lesions.

No field in medicine has proliferated and developed as extensively as
imaging. This book is aimed at helping general cardiologists to get abreast
of the latest developments in cardiac imaging. Obviously, each technique
more or less competes with another one. This book will not and cannot
provide the final answer to which technique is the best one. This is evident
when reading the section on stress imaging before interventions. However,
this book will provide an excellent opportunity of getting up-to-date with the
most recent developments and forging a personal judgement.

The reader will discover that there is no longer competition between the
cardiac imaging community and interventional cardiologists but, in contrast,
a mutual interest to contribute to a better understanding and management
of cardiovascular disease.

Michel E. Bertrand, M.D.

Professor of Medicine

Head Department of Cardiology
University Cardiological Hospital Lille
France



Preface

There are two things: science and opinion;
the first leads to knowledge, the second to ignorance

Hippocratis

Interventional cardiology and cardiac imaging are closely inter-related sub-
jects. Since the early days of catheter-based cardiovascular interventions,
imaging techniques have been used to define the necessity of and aid in the
performance of interventions, as well as assessing the results of this form of
therapy. Within the last 20 years, cardiac imaging as well as interventional
catheterization have come a long way.

Although imaging is often defined as noninvasive imaging, invasive x-ray
imaging continues to be the most important tool of the interventionalist.
Fluoroscopy remains the ‘mother of all interventions’ and coronary angio-
graphy is still the basis of all coronary procedures. X-ray imaging has wit-
nessed immense progress towards higher image quality at lower radiation
exposure. Today, radiation exposure from thallium scintigraphy is higher
than that of a state-of-the-art diagnostic cardiac catheterization including
coronary angiography using digital image acquisition technology.

On the other hand, noninvasive techniques have matured from imperfect
substitutes for invasive diagnosis into high quality imaging tools in their own
right, often replacing invasive procedures or adding information which cannot
be obtained invasively. Echocardiography has probably seen the most striking
progress: beginning with the M-mode technique, two- and three-dimensional
reconstructions of cardiac anatomy, Doppler assessment of functional par-
ameters, and stress imaging as well as the transesophageal approach have
been developed. Radionuclide imaging has progressed from planar to tomo-
graphic imaging and attenuation correction is now undergoing clinical studies.
New imaging modalities such as positron emission tomography (PET) or
ultrafast computed tomography have entered the clinical arena. More re-
cently, magnetic resonance imaging has established itself as an important new
tool for the anatomic diagnosis and functional assessment of cardiovascular
disease. Even from within the coronary arteries, new forms of imaging have
become available such as intracoronary ultrasound or Doppler measurements
of intracoronary flow velocities.

Parallel to this breath-taking speed of development in the imaging field,
numerous new cardiac interventions have been introduced and more and
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more complex procedures are now possible for diseases which, only a few
years ago, were thought to be the exclusive battle-ground of cardiac surgery.
Thrombolytic therapy is now firmly established as a means of significantly
decreasing infarct mortality and a multitude of catheter-based coronary inter-
ventions including balloon angioplasty and stenting, among others, have
proved useful to ameliorate anginal symptoms in patients with coronary
disease. Although balloon valvuloplasty has not yielded improved outcome
in aortic stenosis, it has proved to be as successful as surgical procedures in
mitral and pulmonic stenosis. The recent development of catheter-based
curative interventions in congenital heart disease now offers an alternative
to surgery or a means of avoiding repeated surgery in a significant number
of children or adult patients with congenital heart disease.

What makes imaging such an integral part of all types of interventions?
The patient’s complaints and a straightforward clinical examination are rarely
sufficient to justify an immediate intervention. In our opinion, some form of
functional noninvasive cardiac imaging is crucial in many patients to more
objectively define the need for an intervention. Undoubtedly, some patients
require some form of intervention on an emergency basis solely based on
clinical symptoms and others have such impressive abnormalities in their
stress ECG that further evaluation would simply be a waste of time and
money. However, in current practice these patients constitute only an —
albeit sizeable — minority. The majority of coronary patients will profit from
some form of noninvasive stress imaging in order to clearly define the need
for invasive investigation and intervention. It may, however, be advisable
not to have the same physician interpret the results of imaging stress studies
and perform the intervention to avoid ‘self referral bias’. An objective func-
tional assessment of myocardial perfusion or wall motion during stress should
counteract the dreaded ‘oculo-stenotic’ reflex. Managing patients in this way
will have a positive impact on the quality of care and at the same time help
to contain costs in this era of incessant increase in health-care expenditure.

Today, imaging in the form of angiography is still indispensable in guiding
coronary interventions. Recently, new imaging tools such as intracoronary
ultrasound or blood flow measurements by Doppler guidewires have become
available to the interventionalist and provide additional information for on-
line guidance of procedures. Although these new tools may ultimately result
in less reliance on noninvasive stress imaging studies, the interventionalist
often collaborates with an imaging oriented specialist in the catheterization
laboratory for optimal interpretation of images and on-line measurements of
luminal areas or flow velocities. Another good example of close coliaboration
between interventionalist and imaging specialist during an intervention is
balloon dilatation of cardiac valves guided by transthoracic or transeso-
phageal echocardiography.

Objective documentation of the success or failure of an intervention be-
yond the angiographic depiction of the immediate result requires the use of
invasive or noninvasive imaging techniques. Again, intracoronary ultrasound
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may be helpful for the interventionalist in deciding whether the lumen en-
largement achieved by the procedure is indeed satisfactory even though the
ultrasound image is the less forgiving modality of incomplete dilatation as
compared to the angiogram. However, postinterventional imaging stress tests
or Doppler assessment of intracoronary blood flow may remain abnormal
for some time to become only normal at follow-up angiography weeks to
months later. Thus, some caveats remain with respect to the role of postin-
terventional stress imaging.

Imaging and intervention belong together and it is important that special-
ists in each field understand the concepts and the potential, the capabilities
and the shortcomings of the other field. However, the increasing complexity
of a multitude of new developments makes it increasingly difficult for the
individual physician to keep pace and gain or retain sufficient knowledge
in both fields. Therefore, the intention of this book is to provide clinical
cardiologists and interventionalists with an up to the minute overview on the
use of cardiac imaging techniques in combination with modern interventional
procedures such as thrombolysis, nonsurgical coronary revascularization, val-
vuloplasty, and interventions in congenital heart disease. Each section of the
book contains several chapters describing how imaging techniques can be
used before, during, and after intervention to select the optimal interven-
tional strategy including the choice of simply continuing medical therapy.
However, imaging can also be helpful to understand the interaction between
disease and interventional therapy, and this aspect is also reflected in the
book.

Some readers may miss certain topics such as the role of electron beam
CT in the diagnosis and prognostic assessment of coronary artery disease.
However, the idea of the book was to select a number of frequently used
interventions and imaging techniques rather than producing an encyclopedia
which would combine all possible imaging modalities with every type of
cardiac intervention. Unavoidably, there will be some bias in some chapters
written by recognized and enthusiastic experts in the topic. The competition
between nuclear cardiologists and stress echocardiography proponents is
likely to exist even between the staff members in many cardiology depart-
ments and to some extent merely reflects the positive experiences each
investigator has made with his favourite imaging tool. ‘‘Imaging and interven-
tion” will provide the reader with an opportunity to study the competing
techniques in detail and develop his or her own personal preference on how
to use the various options most efficiently. For the interventional cardiologist,
this book will be useful to learn more about the many ways cardiac imaging
can be of assistance to him in the catheterization laboratory. It cannot be
overemphasized that the exclusive reliance on good old coronary angiography
may result in suboptimal treatment and an unnecessary risk to the patient.

The book is structured around a number of interventional procedures with
special emphasis on the clinically relevant problems. For instance, imaging
in conjunction with thrombolysis is focused on the assessment of the risk
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zone, on the evidence of postinfarct viability, and on prognostic evaluation.
This structure should help the reader to quickly find the information per-
taining to a given clinical problem. Since the main focus of the book is on
imaging, there is a large number of carefully selected colour and black and
white figures illustrating the key points of each chapter to the reader. The
bibliographies contain up-to-date references as well as the classic quotations
on the topic. Therefore, we hope that this book may also be useful for the
reader who would like to study certain aspects in more detail.

We gratefully acknowledge the excellent work of the many contributors
to the book who helped us to capture the dynamic developments in both
fields. Nettie Dekker, Monique Pagels, and Helen Liepman at Kluwer de-
serve our grateful recognition for their patience and support during the
planning and the production phase of the project. We are also obliged to
many friends and colleagues at our institutions for all their constructive
criticism.

Christoph Nienaber
Udo Sechtem
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1. Serial myocardial perfusion imaging with
Tc-99m-labeled myocardial perfusion imaging
agents in patients receiving thrombolytic therapy
for acute myocardial infarction

FRANS J. Th. WACKERS

Introduction

Numerous studies have shown the beneficial effect of thrombolytic therapy
early in the course of acute myocardial infarction. Long term mortality of
patients with acute infarction treated with thrombolytic therapy is dramat-
ically lower than that of patients receiving conventional therapy [1]. Never-
theless, reocclusion of the infarct artery may occur in approximately 30% of
patients. Interestingly, reocclusion may be silent and not associated with
recurrent myocardial infarction [2]. Reocclusion without reinfarction may
result in ongoing hibernating myocardium. This condition may be associated
with unfavorable outcome. Accordingly, substantial effort has been directed
toward “fine tuning” appropriate adjunctive therapy with antithrombotic
agents to enhance permanent infarct artery patency. However, since mor-
tality is low, and since reocclusion of infarct artery may be silent, it may
be difficult to definitively assess improved comparative efficacy of a novel
treatment strategies. Very large numbers of patients would need to be en-
rolled in trials to demonstrate statistically significant differences in outcome.

The single most important, and direct effect of thrombolytic therapy is
that of restoration of blood flow in the infarct artery. This will generally
result in salvage of myocardium, and consequently preservation of global left
ventricular function. Indeed, the majority of patients presently treated in
thrombolytic trials have, in spite of sustained acute myocardial infarction,
preserved normal global left ventricular function at hospital discharge. How-
ever, in the individual patient it is generally impossible to know how much
myocardium was initially at jeopardy, and how much true benefit was gained
by thrombolytic therapy.

Early after acute myocardial infarction therapeutic efforts should be di-
rected toward administering thrombolytic therapy (or performing primary
coronary angioplasty) as soon as possible after onset of chest pain. No time
should be wasted in these early hours, when every minute counts, on diagnos-
tic procedures.

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology. 1-12.
© 1996 Kluwer Academic Publishers.
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Concept of serial myocardial perfusion imaging

The new technetium-99m(Tc-99m) labeled myocardial perfusion imaging ag-
ents provide the unique possibility to assess noninvasively the efficacy of new
strategies in thrombolytic therapy utilizing the one characteristic that these
agents share: absence of significant redistribution after injection [3, 4]. Re-
gional myocardial accumulation of these radiotracers reflects the distribution
of regional myocardial blood flow at the time of injection. In other words,
the pattern of myocardial blood flow can be ““frozen over time”. This makes
it feasible to assess noninvasively the extent of myocardium at risk without
delaying therapy. This can be achieved with myocardial perfusion imaging
as follows. As soon as a patient with acute chest pain arrives in the emergency
depeartment a Tc-99m-labeled agent, for instance Tc-99m-Sestamibi, is in-
jected (Figure 1). If the patient meets appropriate criteria, thrombolytic
therapy or revascularization can be initiated at the earliest possible time.
The actual area of myocardium at risk can be assessed noninvasively by
myocardial perfusion imaging at later time, convenient for medical staff and
patient. A subsequent repeat injection of Sestamibi allows assessment of the
amount of apparent myocardial salvage. In this manner the patient serves as
his, or her, own control (Figures 2—-4). Using change in myocardial perfusion
defect as an end point, considerable fewer patients may need to be enrolled
in studies that evaluate potential benefit effects of new treatment strategies,
than when other end points are used.

Tc-99m Sestamibi

25 mCi Tc-99m Sestamibi
Acute 25 mCi
Infarct t-PA/SK  Imaging Repeat Imaging
- @ . o
0 <4 hrs 1-5 hrs 24-48 hrs
Risk Area Salvaged
Myocardium

Figure 1. Diagram of myocardial perfusion imaging protocol in setting of trombolytic therapy
for acute myocardial infarction. Abbreviations: t-PA = tissue-type plasminogen activator; SK =
streptokinase.
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Figure 2. Planar myocardial perfusion imaging with Tc-99m-Sestamibi before and after success-
ful thrombolytic therapy for acute inferior wall myocardial infarction. The images on the left
were obtained after radiotracer injection in the emergency department prior to initiation of
thrombolytic therapy. The images were acquired 2 hours later at the patient’s bed side. The
area at risk for infarction is in the inferoposterior and lateral wall (arrows). The images on the
right were obtained one day later after a repeat injection with Tc-99m-Sestamibi. Improved
visulalization of the inferoposterior wall (LL view) due to successful reperfusion of the infarct
artery can be appreciated. On the LAO view the residual posterolateral infarct is visualized.
Quantitatively 42% of the initial risk area was salvaged by thrombolytic therapy. Abbreviations:
ANT = anterior view; LAO = left anterior oblique view; LL = left lateral view. (Reproduced
with permission from [3].)

Imaging protocol

Depending on the initial dose (10-30 mCi) of Tc-99m-Sestamibi administered
in the emergency department, good quality images can be obtained up to 5
hours after administration of radiotracer. Imaging can be performed either
at the patient’s bedside using a mobile planar gamma camera, or if the
patient is relatively stable, in the nuclear medicine laboratory using tomo-
graphic imaging equipment. The latter obviously requires careful monitoring
and close physician supervision. Wackers et al. [3] and Gibbons et al. [4]
were first to demonstrate the feasibility of this approach. Subsequently,
numerous reports have confirmed that patients with acute infarction can be
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Figure 3. Planar myocardial perfusion imaging with Tc-99m-Sestamibi before and after success-
ful thrombolytic therapy for acute anteroseptal myocardial infarction. Same imaging protocol
as in Figure 2. The risk area prior to thrombolytic therapy is in the anteroseptal walls (arrows).
After thrombolytic therapy improved radiotracer uptake is noted consistent with successful
reperfusion of the infarct artery. Quantitatively 33% of the initial risk area was salvaged by
thrombolytic therapy. (Reproduced with permission from [3].)

safely subjected to nuclear imaging [5-10]. A second injection of T-99m-
Sestamibi can be administered either on the same day or on another day.

For serial imaging on the same day 10 mCi and 25 mCi is administered
with a time interval of approximately 3 hours. For serial imaging on different
days 25-30 mCi can be administered for each injection.

Insights in pathophysiology of acute infarction

Myocardial perfusion studies in patients with acute myocardial infarction
have provided useful insight into the human pathophysiology of acute myo-
cardial infarction. Similar to what was demonstrated previously in experi-
mental animals, patients with acute infarction may have extremely variable
myocardial areas at risk, ranging from small to very large [3, 4]. The extent
of the area at risk cannot be predicted from the clinical presentation or from
the angiographic site of coronary occlusion. Patients with acute anterior wall
myocardial infarction, have in general a larger area at risk than patients with
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Figure 4. Planar myocardial perfusion imaging with Tc-99m-Sestamibi before and after failed
thrombolytic therapy for large acute anteroseptal myocardial infarction. Same imaging protocol
as in Figure 2. The left ventricle is dilated. The risk area prior to thrombolytic therapy is in the
anteroseptal walls (arrows). After thrombolytic therapy radiotracer uptake is not improved,
consistent with failure to reperfuse the infarct artery. This is confirmed by quantification of
defect sizes. The defect size prior to thrombolytic therapy was 61 and 59 after thrombolytic
therapy (insignificant 3% difference). Angiographically there was persistent occlusion of the
infarct artery. (Reproduced with permission from [3].)

acute inferior wall myocardial infarction. However, there is considerable
overlap between groups. An intriguing and clinically relevant observation is
that patients with large area at risk and patients with small area at risk may
have a similar clinical presentation. Obviously it would be preferable to
identify patients with small risk area early, before they are exposed to the
risk and cost of aggressive treatment of acute myocardial infarction. This can
be achieved by sestamibi imaging in the emergency department.

The underlying cause for the wide variation in area at risk is not imme-
diately clear, but is conceivably related to individual variation of coronary
anatomy and the presence or absence of collateral circulation [11].
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Acute infarction and nondiagnostic electrocardiogram

Christian et al. [12] showed that patients with acute chest pain, but without
diagnostic electrocardiograms for acute infarction, who later had enzyme
releases consistent with acute myocardial infarction, may have a substantial
area of myocardium at risk, not less than in patients with diagnostic electro-
cardiograms. These observations are important. The single most important
reason why patients do not receive thrombolytic therapy, is the nondiagnostic
electrocardiogram [13]. Myocardial perfusion imaging in the acute phase of
myocardial infarction may be helpful to identify patients at an increased risk,
despite of a nondiagnostic electrocardiogram.

Quantification

In order to determine the extent of myocardium at risk and the amount
of salvaged myocardium accurately, quantification of myocardial perfusion
images is necessary. Computer quantification can be performed by comparing
the patient’s regional distribution of radiotracer uptake to that of a normal
database [14]. This can be displayed quantitatively either as circumferential
count distribution profiles (Figure 5), or as a color-coded polar map or bull’s
eye. The size of an infarct can be measured as a percentage of the total left
ventricle.

Myocardial perfusion defect size at hospital discharge represents the ulti-
mate size of infarction. The extent of the myocardial perfusion deficit at
hospital discharge has been shown to correlate inversely with global left
ventricular function [15]. However, in some individual patients, improvement
of ejection fraction may occur over time, suggesting recovery of stunned
myocardium. Thus myocardial perfusion defect is a better measurement of
infarct size than left ventricular ejection fraction. The final myocardial per-
fusion defect size correlates also with enzymatic infarct size.

An intriguing observation in patients who had successful reperfusion of
the infarct artery, is that defect size in some patients may continue to decrease
during subsequent days after thrombolytic therapy has been completed [16]
(Figure 6). This may be due to recovery of stunned myocardium and dimin-
ishing partial volume effect. Figure 7 shows an extreme example of resolution
of an apparent myocardial perfusion defect as result of recovery of stunned
regional function.

In the TIMI IV and V trials decrease of myocardial perfusion defects after
thrombolysis occurred in approximately 40% of patients [17]. Patients with
anterior wall infarcts, who had such late improvement of perfusion defect
size after thrombolysis, had significantly higher left ventricular ejection frac-
tion than patients who had no change in defect size. In patients with inferior
infarction, no such difference was observed.
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Figure 5. Quantitative single photon emission tomography in a patient with acute anteroseptal
myocardial infarction. Selected reconstructed horizontal long axis, short axis and vertical long
axis slices are shown. An extensive anteroseptal myocardial perfusion defect (arrows) is present.
Quantification of the perfusion defect relative to a normal data base is shown on the right for
representative basal (top), mid-ventricular (middie) and apical (bottom) short axis slices. The
patient’s relative distribution of radiotracer uptake is shown as circumferential profiles (square
dots). The lower limit of normal tracer distribution is shown as a continuous curve. Total defect
size involves 30% of left ventricle.

Clinical usefulness of serial imaging in thrombolytic therapy
Research tool

Serial myocardial perfusion imaging as described above can be used as a
research tool in clinical trials, aimed to assess efficacy of new agents for
thrombolytic or adjunctive antithrombotic therapy. Since patients serve as
their own control, considerable fewer patients may be required to prove
treatment efficacy. Thus, serial myocardial perfusion imaging constitutes a
potentially powerful research tool. Gibbons et al. [18] demonstrated this in
evaluating the outcome of primary angioplasty for acute infarction. Using
sestamibi myocardial perfusion imaging, it was demonstrated that two ran-
domly assigned patient groups were comparable as far as area at risk was
concerned.
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Figure 6. Serial quantitative SPECT imaging in patients treated with thrombolysis for acute
myocardial infarction. In patients with occluded infarct arteries no change in mycardial perfusion
defect size occurred. In contrast in patients with successful reperfusion of the infarct arteries
significant decrease in perfusion defect size was measured. Interestingly, defect size continued
to decrease during the days after thrombolytic therapy was completed. (Reproduced with
permission from [16].)

Selection of individual patients for thrombolytic therapy

As mentioned above, myocardial perfusion imaging may be useful to identify
candidates for thrombolytic therapy who otherwise would not be considered
eligible: patients with non diagnostic electrocardiogram and acute chest pain
suggestive of acute infarction. Myocardial perfusion imaging may provide
objective evidence of the presence, extent and location of regional myocardial
hypoperfusion. In patients with nonspecific electrocardiograms and large
perfusion defects, initiation of thrombolytic therapy may be justified.

Management decisions in individual patients

Serial myocardial perfusion imaging in patients who had thrombolytic ther-
apy, may be useful for patient management. Numerous studies have shown
that a significant decrease in myocardial perfusion defect size on serial imag-
ing predicts patency of the infarct artery [19]. In patients who received
thrombolytic therapy, it is clinically important to assess noninvasively
whether the infarct artery was successfully reperfused. If reperfusion therapy
failed an aggressive intervention attitude is warranted [20]. Although serial
pre and post thrombolysis myocardial perfusion imaging provides unequivocal
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Figure 7. Example of apparent anteroapical myocardial perfusion defect due to partial volume
effect in a patient with myocardial stunningin the infarct area. The patient was treated success-
fully with thrombolytic therapy for acute anterior wall myocardial infarction on 12-28-1992.
Reperfusion of the infarct artery was documented angiographically . At hospital discharge (1-
5-1993) exercise myocardial perfusion imaging with thallium-201 was performed prior to dis-
charge (top). The images (exercise-left; delayed-right) show a large predominantly fixed ante-
roapical defect (perfusion defect size 46 and 35). Equilibrium radionuclide ventriculography
(bottom) shows anteroapical akinesis (arrows) and depressed left ventricular ejection fraction
(32%). The patient returned one year later on 2-2-1994 for follow-up. He had been well and
was asymptomatic. Left ventricular ejection fraction had improved markedly to 56%, with near
normal anteroapical wall motion. Thallium-201 exercise imaging was repeated and was essen-
tially normal. This patient had stunning of the reperfused anteroapical wall on 1-5-1993. The
apparently fixed anteroapical defect was artifactual and most likely caused by partial volume
effect.

information on efficacy of treatment, clinically useful information can poten-
tially also be derived from single imaging after thrombolytic therapy. After
thrombolytic therapy, a wide range of myocardial perfusion defect sizes can
be expected. We propose that clinically meaningful decisions can be made
on the basis of quantified defect size in two extreme situations: in patients
with small and in patients with large perfusion defects. If the defect is small,
thrombolytic therapy was probably successful and “watchful waiting” is justi-
fied, i.e. the patient can be observed until recurrence of ischemia or other
complications occur. If, on the other hand, the perfusion defect is large,
either reperfusion failed or very little salvage occurred. In the latter situation,
the patient prognosis is unfavorable (Figure 8). Early aggressive interven-
tional therapy may be warranted in these patients. In patients with moderate
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Figure 8. Single photon emission tomography (right) and first pass radionuclide angiography
(left) in a patient with acute anteroseptal infarction. Injection of 20 mCi of Sestamibi at rest
was uitized for first pass radionuclide angiography. Left ventricular ejection fraction (LVEF) is
depressed (33%) with anteroapical akinesis. SPECT myocardial perfusion images (short axis:
top; horizontal long axis: middle; vertical long axis: bottom) show an extensive anteroapical
and septal myocardial perfusion defect (arrows). The new Tc-99m-labeled myocardial perfusion
agents make it possbile to obtain both myocardial perfusion and function in one single study.

size defects, only serial imaging is helpful for assessing the effect of throm-
bolytic therapy. Reocclusion of the infarct artery can be monitored by serial
imaging after completion of thrombolytic therapy.

Other imaging agents for assessment of the effect of reperfusion therapy

Several Tc-99m-labeled myocardial perfusion imaging agents are now avail-
able. Although the most clinical experience is based on the use of Tc-99m-
Sestamibi, similar results can be expected with other Tc-99m-labeled non-
distributing agents (Tc-99m-Tetrofosmin {21] and Tc-99m-Furifosmin [22]).
Images obtained with Sestamibi, Tetrofosmin and Furifosmin are generally
of comparable quality. Sestamibi has the disadvantage of slow liver clearance
and rest imaging has to be delayed for 45-60 minutes after injection. Tetro-
fosmin and Furifosmin clear faster from the liver and rest imaging is feasible
15 minutes after injection. Teboroxime is another Tc-99m-labeled agent with
entirely different characteristics [23]. Teboroxime accumulates rapidly in the
myocardium according to regional myocardial blood flow and then clears
very rapidly from the myocardium within 5 minutes. Consequently, imaging
has to be performed immediately and rapidly after injection. Good quality
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diagnostic imaging is a substantial challenge. Teboroxime can be used con-
ceivably in combination with Sestamibi. For example, Teboroxime could be
used immediately prior to, or during, the first minutes of thrombolytic ther-
apy to assess rapidly the myocardial area at risk, Sestamibi can then be used
later to assess reperfusion of the infarct artery.

Summary

Serial myocardial perfusion imaging in patients who received thrombolytic
therapy for acute myocardial infarction, has provided new insights in the
pathophysiology of human acute myocardial infarction. The area at risk for
infarction can be assessed and quantified. The amount of myocardial salvage
can be assessed and reperfusion of the infarct artery can be predicted. This
information may be useful in the clinical management of individual patients
with acute infarction. (See also Chapters 2—4).
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2. Contraction-perfusion matching in reperfused
acute myocardial infarction

TIMOTHY F. CHRISTIAN

Introduction

Prior to the commonplace use of acute reperfusion therapy, estimates of
resting left ventricular function in the early days following acute myocardial
infarction were found to be highly predictive of long-term survival. The
Multicenter Post Infarction Research Group showed that one-year survival
was exponentially related to left ventricular ejection fraction prior to dis-
charge with mortality at one year approaching 50% for patients with a left
ventricular ejection fraction of 15% [1]. This study was conducted in the
prethrombolytic era. With the use of acute reperfusion therapy during acute
myocardial infarction, it became apparent that mechanical estimates of left
ventricular function could be inaccurate during the acute hospitalization [2-
6]. Specifically these studies documented that left ventricular ejection fraction
and regional wall motion could improve significantly in the weeks following
thrombolytic therapy or direct coronary angioplasty. Consequently, to obtain
a reliable estimate of infarct size from mechanical measures of left ventricular
function, acquisition should be delayed at least several weeks [7, 8].

Delayed recovery in myocardial contractility in the setting of normal
resting coronary blood flow is caused by myocardial stunning. This phenome-
non was first popularized in a brief review article by Braunwald and Kloner
[9]. Since that time, myocardial stunning has been clearly reproduced in the
animal laboratory [10-13]. Yet actual demonstration of the phenomenon in
the clinical setting (simultaneous demonstration of normal blood flow and
depressed but reversible myocardial contractile function), is actually quite
scant in the literature. This is remarkable given the vast amount of attention
this phenomenon has received. This chapter will present potential mechan-
isms of myocardial stunning, why radionuclide approaches to imaging should
be relatively unaffected by myocardial stunning, and present the radionuclide
data which exists on the topic at the present time.

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology. 13-27.
© 1996 Kluwer Academic Publishers.
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Mechanisms of myocardial stunning

A number of metabolic conditions have been postulated as possible explana-
tions for the delayed recovery of myocardial function in the presence of
adequate blood flow following reperfusion but none have been conclusive.
Potential mechanisms include 1) inadequate adenosine triphosphate nucleo-
tide synthesis [14], 2) impairment of sympathetic neural activity [15], 3)
damage to the extra cellular collagen matrix [16], 4) intracellular calcium
overload {17], 5) sarcoplasmic reticulum dysfunction [18], 6) generation of
oxygen free radicals [19, 20]. Clearly, some of these mechanisms, if operative,
have implications regarding the uptake of perfusion tracers, whereas other
mechanisms can be expected to have minimal effect on tracer uptake.

ATP levels have been shown to be depressed in myocytes following reper-
fusion and only recover after several weeks paralleling the recovery in con-
tractile function [14]. Thus, it is an attractive mechanism to account for
myocardial stunning. Thallium-201 is partially dependent on the ATP driven
Na™/K™ pump for cellular uptake. If ATP depletion is the cause of myocar-
dial stunning, then thallium-201 uptake should be impaired due to inacti-
vation of this pump. However, restoration of normal ATP levels does not
result in resolution of contractile dysfunction, and therefore, is unlikely to
be the primary mechanism {21].

Several studies have implicated that cellular levels of calcium are elevated
following coronary reperfusion [20]. Interventions which reduce calcium
levels appear to attenuate myocardial stunning [22], but the exact mechanism
of how increased calcium inhibits myocardial contractile function is unknown.
A potentially related mechanism is transient dysfunction of the sarcoplasmic
reticulum [18]. This cellular organelle actively takes up cellular calcium
during diastole and releases a bolus of calcium to the myofibrils during
electrical depolarization to trigger mechanical systole. The consequences of
impaired active uptake of calcium by the sarcoplasmic reticulum is a rise in
calcium within the cytosol and less calcium delivered to the contractile prote-
ins during systole.

With therapeutic reperfusion the reintroduction of oxygen-rich blood into
ischemic myocardium can produce oxygen free radicals via reactions of ox-
ygen with enzymes (xanthine oxidase), decreased levels of free-radical scav-
engers, and production of free radicals by neutrophils which accumulate
during reperfusion [19]. Several animal studies have demonstrated that intro-
duction of oxygen derived free radicals depress cardiac contractility [19].
However, free radicals are not specific in which cellular function they can
alter. Consequently, the precise mechanism by which they bring about myo-
cardial stunning is uncertain. One attractive and unifying hypothesis is that
these radicals inhibit calcium-stimulated ATP in the sacrolemma, thereby
disrupting calcium homeostasis and transport within the myocyte {23]. This
scenario links the observations of calcium overload in the cystosol which have
been experimentally observed to the oxygen-derived free radical hypothesis.
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It is evident from the preceding discussion that the mechanisms by which
myocardial stunning can be produced are, as yet, still to be defined and may
be multifactorial. It is important to establish which is known, and to deter-
mine whether it is reasonable to assume that the myocardial uptake of
perfusion tracers can be expected to be independent of stunning. The next
section will deal briefly with the mechanism of cellular uptake of two com-
monly used perfusion tracers: thallium-201 and Tc-99m-sestamibi. (See also
Chapters 1, 3, 5, 14-18.)

Radionuclide kinetics in reperfused myocardium

The transport from the capillaries into the myocardial cell and subsequent
retention are different for thallium-201 and Tc-99m-sestamibi during resting
conditions with normal blood flow [24]. Thallium-201 can exit the capillary
vessel significantly faster than Tc-99m-sestamibi, but its uptake into the
myocyte is partially dependent on active transport via the Na/K* ATPase
pump which slows overall net extraction. The dependence on ATP for uptake
has significant implications if ATP levels are, indeed, depressed in the setting
of myocardial stunning. Tc-99m-sestamibi leaves the circulation at a consider-
ably slower rate than thallium-201, likely due to the large size of the molecule
[24, 25]. However, due to the high lipophilicity of the isonitrile complex, it
crosses the myocyte membrane readily without the necessity of active trans-
port [26].

The net result of the divergent kinetics is that the net extraction of
the two tracers under resting conditions is fairly similar despite different
mechanisms of cellular uptake. Consequently, in the setting of reperfusion
and myocardial stunning, myocardial uptake of the tracers may be selectively
altered; particularly if ATP depletion is responsible for myocardial stunning
following reperfusion. Piwnica-Worms et al. demonstrated divergent kinetics
of thallium-201 and Tc-99m-sestamibi in cultured chick myocytes where the
production of ATP was blocked [27]. Thallium-201 uptake into the myocytes
declined in proportion to the degree inhibition of the Na/K" ATPase pump
as ATP levels fell. Conversely, Tc-99m-sestamibi uptake actually increased
during the early phases of ATP depletion, perhaps, reflecting hyperpolariz-
ation of the cell membrane (sestamibi is retained largely by the negative
intracellular charge) [27]. However, evidence that ATP depletion is the
primary cause of myocardial stunning in the animal literature is scant.

Divergent uptake characteristics of thallium-201 and Tc-99m sestamibi
have also been reported during reperfusion following 30 to 60 minutes of
coronary occlusion in rabbit hearts [28]. The net extraction of sestamibi was
one third lower than thallium under resting conditions but had increased to
90% above extraction levels for thallium at one hour following reperfusion
[28]. Thus, the potential exists of these tracers to behave differently in the
setting of coronary reperfusion and myocardial stunning. The next section
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Figure 1. Comparison of regional wall motion by myocardial thickening for control dogs and
dogs subjected to repetitive occlusion and reperfusion of the left anterior descending artery.
The region supplied by the left anterior descending artery was rendered akinetic by this method.
Base = baseline, sten = initial stensosis, R-5 = wall motion after 5 cycles of occlusion, R-10 =
10 cycles of occlusion, R-10E = wall motion 40 minutes after the 10th cycle of occlusion and
reperfusion. From Moore et al. Circulation 1990; 81: 1622-32 [13].

will explore animal models of stunning, and whether there is evidence that
radionuclides may behave differently in this setting.

Animal studies of myocardial stunning and radionuclide imaging

In an elegant series of experiments, Moore et al. demonstrated conclusively
that thallium-201 scintigraphy could identify myocardial stunning by provid-
ing a visual mismatch of myocardial perfusion and ventricular function [13].
The investigators repetitively occluded the left anterior descending artery of
a dog for 10 minutes and allowed 5 minutes of reperfusion. After approxi-
mately 10 series of occlusion cycles, regional wall motion in the supplied
territory became akinetic (Figure 1). However, thallium activity in the aki-
netic zone paralleled myocardial blood flow and remained normal and no
area of infarction could be identified at pathology (Figure 2) [13]. This
landmark study established that myocardial stunning could be identified
invivo by establishing the existence of normal perfusion and viability via
thallium-201 scintigraphy in the setting of significant ventricular contractile
dysfunction but no infarction. Thus, the concept of mismatch of flow and
function was firmly established. It also provided strong evidence that dis-
orders of the Na/K™ ATPase pump are not present in the setting of myocar-
dial stunning as thallium uptake was normal.

The findings above were replicated by Sinusas et al. who found that
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Figure 2. (A) Myocardial blood flow in the left anterior descending artery zone as measured
by radiolabelled microspheres for control and stunned dogs. Note that blood flow following the
10th cycle of occlusion and reperfusion was not significantly different from baseline despite
marked impairment of systolic function (Figure 1, Moore et al. [13]). (B) First pass thallium
extraction fraction for control and stunned dogs in the left anterior descending territory. Thal-
lium extraction is normal in stunned dogs despite marked systolic function abnormalities. No
area of infarction was found 4t pathology (Figure 1, Moore et al. [13]).

thallium-201 uptake closely paralleled reperfusion blood flow measured by
radiolabelled microspheres in the setting of transient ventricular dysfunction
produced by 15 minutes of coronary occlusion in an animal model. Following
reperfusion, significant wall motion abnormalities were evident but both
blood flow and thallium uptake were in the normal range, and there was no
evidence of myocardial necrosis at pathology (Figure 3) [12]. However,
some caution should be taken when extrapolating these studies to a clinical
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Figure 3. A comparison of coronary blood flow, thallium-201 activity, and Tc-99m-sestamibi
activity in dogs who underwent 15 minutes of coronary occlusion followed by reperfusion. This
model produced significant wall motion abnormalities which persisted during reperfusion, but
no evidence of myocardial necrosis. Values are expressed as a percentage of activity in myocar-
dium not supplied by the occluded artery. Note that both thallium-201 and Tc-99m-sestamibi
closely parallel myocardial blood flow during reperfusion whether assessed at the periphery or
the center of the ischemic zone. From Sinusas et al. J Am Coll Cardiol 1989; 14: 1785-93 [12].

scenario. The methods used to produce stunning in these models are not
representative of lysed thrombus in a coronary artery. In addition, some
degree of myocardial necrosis is often present clinically, even when reper-
fusion therapy is successful. Several animal studies have shown that in the
presence of myocardial necrosis, thallium-201 uptake will parallel the degree
of blood flow for the first 48 hours independent of viability [29, 30]. This
phenomenon has also been observed in patients following reperfusion [31].
This suggests that early thallium uptake and contractile dysfunction may not
reflect stunning, but rather an overestimation of myocardial viability by
thallium-201. Hence, contractile dysfunction may not be reversible despite a
normal thallium scan if performed too early.

Myocardial uptake of Tc-99m-sestamibi is linearly related to myocardial
blood flow up to approximately 2 ml/min/gram. However, in the absence of
an intact cellular membrane or mitochondrial function, myocytes will not
accumulate the tracer despite adequate blood flow [32]. In a canine model,
Sinusas et al. demonstrated that early following reperfusion, Tc-99m-sestam-
ibi uptake did not occur when myocardial necrosis was present despite ad-
equate coronary flow measured by radiolabelled microspheres (Figure 4)
[33]. Thus, Tc-99m-sestamibi should be an ideal agent to identify myocardial
stunning, even early on in the time period following successful reperfusion,
as uptake appears to be both flow and viability dependent.

Sinusas et al. demonstrated (in the same canine model previously de-
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Figure 4. Comparison of infarct size at pathology versus Tc-99m-sestamibi defect size by autora-
diographs of myocardial slices when sestamibi was injected after release of coronary occlusion
in a dog model. Despite adequate blood flow, sestamibi was not taken up in areas of necrosis,
although, it did slightly underestimate infarct size. From Sinusas et al. Circulation 1990; 82:
1424-37 [33].

scribed [12] with thallium-201 where 15 minutes of coronary occlusion was
followed by reperfusion) that persistent contractile dysfunction could be
produced without myocardial infarction. Myocardial uptake of Tc-99m-sesta-
mibi following intravenous injection closely correlated with myocardial blood
flow assessed by microspheres (Figure 3). This occurred despite marked
contractile dysfunction monitored by ultrasonic epicardial crystals [12].
Consequently, sestamibi appears to be able to identify stunned myocardium
in an animal model similar to thallium-201.

Clinical studies of myocardial stunning

As stated earlier, true clinical examples of myocardial stunning are rare in
the literature. A true example is defined by a simultaneous measure of
adequate blood flow and depressed myocardial contractility (in the same
vascular territory) which subsequently improves with time. There are a
number of reports which infer the existence of myocardial stunning by a
temporal resolution in myocardial dysfunction, but most of these studies lack
a measure of myocardial perfusion [2-5]. Thus, the influence of collateral
development or recanalization of the infarct related artery relieving chron-
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ically ischemic (hibernating) myocardium cannot be excluded as a possible
explanation for the improvement in left ventricular function. Angiography
alone cannot be relied upon as a surrogate for adequate blood flow because
of the no-reflow phenomenon which can occur with reperfusion. This phe-
nomenon of plugging of the microvasculature can resolve over time, and
hence, contractility may improve on that basis alone.

Thallium-201

One of the first clinical demonstrations of myocardial stunning was by Mad-
dahi et al. using intracoronary thallium during acute myocardial infarction
in five patients [34]. The extent of myocardium at risk was assessed by planar
thallium scintigraphy following an intravenous injection of thallium-201.
After identification of the infarct-related artery by angiography, intracoron-
ary streptokinase was infused. Following successful recanalization, an intra-
coronary injection of thallium-201 was given and planar imaging was repe-
ated. Left ventricular ejection fraction was determined four hours later by
gated radionuclide ventriculography and repeated 10 and 100 days after
the procedure. Two patients showed evidence of myocardial stunning with
significantly improved perfusion images immediately in the catheterization
laboratory but delayed recovery in left ventricular function. Three other
patients had no improvement in perfusion or subsequent left ventricular
function consistent with minimal myocardial salvage [34].

Identification of myocardial stunning following myocardial infarction im-
plies that myocardial salvage has occurred. Myocardial salvage can be defined
as the difference between myocardium at risk and final infarct size. Thallium-
201 is not an ideal agent to assess salvage, due to two factors. As discussed
previously, there is evidence in the literature to suggest that early after
reperfusion, thallium-201 largely tracks flow and not viability [29-31]. Conse-
quently, myocardial salvage can be overestimated in the setting of reperfusion
into necrotic myocardium when injected early. Secondly, due to the property
of redistribution, imaging should be done soon after injection to assess
myocardium at risk prior to reperfusion. This may lead to delays in therapy
which are unacceptable in the setting of coronary occlusion.

Tc-99m-sestamibi

In contrast to thallium-201, Tc-99m-sestamibi is not taken up by necrotic
myocardium in the setting of hyperemic reperfusion flow and redistributes
minimally when injected at rest {33, 35, 36]. Therefore, it can be given prior
to reperfusion therapy and still accurately reflect the extent of myocardium
at risk if imaged after such therapy. This property makes Tc-99m-sestamibi
a convenient agent for measurement of myocardial salvage. The physical
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properties of Tc-99m-sestamibi allow for better count statistics for perfusion
defect quantification. These two properties facilitate the clinical identification
of myocardial stunning.

In a report by the author, 32 patients were injected with Tc-99m-sestamibi
at the time of hospital discharge following acute reperfusion therapy for
myocardial infarction and underwent tomographic imaging. Perfusion defect
size was quantified as a measure of infarct size [8]. Patients underwent gated
radionuclide ventriculography the following day and six weeks later. Based
upon a previous regression equation derived from a comparison of left ven-
tricular ejection fraction to infarct size in a small series of patients using
sestamibi, a predicted ejection fraction was generated for each patient in the
subsequent study based upon their discharge perfusion defect [predicted
EF = 62.3-(0.61 x perfusion defect size)] (Figures SA and 5B) [8]. For exam-
ple, a patient with an infarct size of 20% of the left ventricle would be
predicted to have an ejection fraction of 50%.

Patients whose actual measured ejection fractions were significantly less
than predicted were classified as having stunning, and consequently, were
predicted to demonstrate marked improvement when the assessment of left
ventricular was repeated at six weeks. Conversely, those patients with inap-
propriately high ejection fraction for infarct size (compensatory hyperkinesia)
were expected to show a decline at six weeks [8].

Table 1 classifies the patients in this study by their changed ejection
fraction from discharge to six weeks. 15% of patients demonstrated a signifi-
cant improvement in left ventricular function. At discharge, the ejection
fractions of these patients were significantly lower than predicted based on
the size of the discharge perfusion defect. At six weeks, the mean ejection
fraction for these patients was near predicted with a slight overshoot. A
similar return to the predicted ejection fraction values were found in patients
with inappropriately high left ventricular function for infarct size. The indi-
vidual data points for the study group are shown in Figure 5 with patients
coded by the change in ejection fraction over the six-week period.

The line of investigation from this laboratory has been extended. Gitter
et al. [37] prospectively predicted ejection fraction for 84 patients based upon
the regression equation produced from Figure 5B in the prior study by
Christian et al. [8]. A similar percentage of patients (14%) was prospectively
predicted to have stunning because their discharge ejection fraction fell
significantly below predicted values based on their infarct size (Table 2).
This group classified as having stunning, subsequently, showed an overall
improvement in ejection fraction of six percentage points. As before, those
with inappropriately high ejection fractions had a significant fall in ejection
fraction (6 percentage points), whereas those with values close to predicted
values showed no change [37].
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Figure 5. (A) The relationship between infarct size measured by tomographic Tc-99m-sestamibi
imaging and left ventricular ejection fraction by radionuclide ventriculography at discharge.
Patients are coded by their subsequent change in ejection fraction at six weeks. The dashed line
represents the predicted ejection fraction based upon perfusion defect size. Note that patients
who improved more than 8 points had ejection fractions at discharge which were less than
predicted. From Christian et al. J Am Coll Cardiol 1990; 16: 1632-8 [8]. (B) The relationship
between infarct size at discharge and ejection fraction measured six weeks later. Note that
patients with significant improvement or decline fell near the value predicted by the size of the
perfusion defect by Tc-99m-sestamibi at hospital discharge (dashed line). From Christian et al.
J Am Coll Cardiol 1990; 16: 1632-8 [8].

Implications for clinical testing

The animal-based literature has extensively investigated the time course of
resolution of myocardial stunning. Ellis et al. carefully documented the
resolution of contractile dysfunction and metabolic abnormalities in a canine
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Table 1. Actual versus predicted ejection fraction® [8].

Change in  No. of Ejection fraction p value

EF patients Discharge  Predicted  Six weeks  Discharge vs  Six weeks
six weeks vs predicted

Increase 5 (15%) 37+ 9% 47 = 9% 51=7% 0.002 NS

=8%

No change 21 (67%) 46+13% 45x12% 47x13% NS NS

Decrease 6 (18%) 60=10% S0+x10% S1=9% <0.0001 NS

=8%

?Predicted EF based upon discharge perfusion defect size. Predicted EF = 62.3 —[0.61 (perfusion
defect size)].

Table 2. Prospective identification of myocardial stunning [8].

Acute ejection fraction vs ejection No. of Infarct size ~ Change in P (discharge
fraction predicted from infarct size® patients EF vs six weeks)
Inappropriately low (stunned) 21 13+16% LV +6 8% <0.001
Approapriate 45 13£15% LV 0=6% NS
Inappropriately high (hypokinetic) 15 14+15% LV —6+6% <0.001

® Predicted EF = (From Table 4B) = 58.2-(0.47 x perfusion defect size).

model of two hours of total coronary occlusion followed by prolonged reper-
fusion. It was evident from this study that contractile function did not recover
until approximately 14 days following occlusion and reperfusion [38]. Ito et
al. studied 21 patients with anterior myocardial infarction reperfused within
six hours from the onset of symptoms [39]. Serial echocardiography was
performed over the ensuing four weeks. Improvement in regional wall motion
plateaued at 14 days in agreement with the animal data of Ellis et al. [38].

Most likely, the duration of myocardial stunning is proportional to the
duration of coronary occlusion, the degree of collateral flow to the risk zone
during occlusion and the metabolic demand of the tissue during the occlusion
period. Although logical, such factors are difficult to precisely measure in
the clinical setting, and therefore, this relationship remains speculative. On
the basis of the above data, it is reasonable to presume that myocardial
stunning may be identified as far as two weeks post-infarction but is likely
to be resolved by six weeks.

Decisions regarding clinical care for post-myocardial infarction patients
often need to be made at hospital dismissal and such decisions are dependent
on left ventricular function, at least in part. Clearly, these measurements can
be misleading following reperfusion therapy. Should mechanical estimates of
left ventricular function be abandoned in the thrombolytic era following
myocardial infarction? Perhaps, but there are three factors which argue
against this: 1) Despite much literature describing myocardial stunning, the
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actual phenomenon is not common at hospital discharge. In the two largest
series examining perfusion and function simultaneously, the prevalence of
mismatch of perfusion and function at discharge was only 15% [8, 37]. There
were many patients in these series with marked myocardial salvage and no
evidence of stunning, 2) left ventricular ejection fraction has remained a
powerful prognosticator at discharge in trials utilizing acute reperfusion ther-
apy [40], and 3) the phenomenon of hibernating myocardium.

Hibernating myocardium is a clinical term to describe a “match” in hypop-
erfusion and hypocontractility which is reversible upon restoration of normal
levels of resting blood flow. This may reflect down regulation of the myocytes
due to limited energy stores from chronic ischemia [41, 42]. No clear mechan-
ism has been established, and there is no animal model to study the phenome-
non. Several excellent reviews of the subject have been recently written [41-
44], and since it is usually observed in the setting of chronic coronary artery
disease, it will only be dealt with briefly in this chapter.

Tc-99m-sestamibi, for reasons outlined previously, is the preferable ra-
dionuclide in conjunction with a measure of left ventricular function to
identify patients with stunned myocardium. The possible simultaneous acqui-
sition of a first-pass ejection fraction during injection with this tracer is a
factor that will likely be utilized in the future for exactly this purpose.
However, Tc-99m-sestamibi cannot reliably identify hibernating myocar-
dium. This is because the tracer does not redistribute significantly over time.
Hibernating myocardium, by definition, means ischemia at rest. Thallium-
201 when injected at rest [45] or with reinjection protocol [46] will initially
show a perfusion defect in the hypofused territory but will redistribute into
hypocontractile but viable myocardium given enough time, thus, distin-
guishing wall motion abnormalities which are due to myocardial fibrosis
from those due to viable but severely ischemic tissue. Positron emission
tomography is also very useful in this regard and can be considered the gold
standard for viability. Tc-99m-sestamibi, however, has no properties; which
allow accurate identification of ischemia at rest. The isotope is largely seques-
tered within mitochondria and decays over time. Therefore, patients with
hibernating myocardium following acute infarction due to a severe reduction
in residual blood flow will be missed by this technique. The prevalence
of hibernating myocardium following myocardial infarction, and thus, the
importance of the limitation, is unknown. (See also Chapters 14-18.)

Conclusions

The mechanism of myocardial stunning remains uncertain but from the data
currently available, it does not appear to involve the cellular functions neces-
sary for the uptake and retention of the most commonly used radionuclides.
This permits an accurate assessment of infarct size by myocardial perfusion
techniques independent of the confounding influences of post-reperfusion
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contractile dysfunction. It also provides a means to prospectively identify
patients at the time of hospital dismissal who likely have some degree of
stunning and in whom left ventricular function should improve over the
following weeks.

Because of superior quantitative properties and lack of an influence of
reperfusion flow on distribution, Tc-99m-sestamibi is the preferable radionu-
clide to identify stunning. The possibility of simultaneous acquisition of
perfusion and function with this agent is particularly attractive. However,
myocardial stunning at the time of hospital discharge is not common and
detection of hibernating myocardium is forfeited with this approach. Thus,
because stunning resolves with no intervention necessary on the clinicians’
part, it is probably not cost effective to screen all post infarction patients
using this or any similar approach.
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3. Metabolic characteristics of the infarct zone:
PET findings
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Introduction

A sudden reduction in luminal diameter or a complete occlusion of a coronary
artery triggers a cascade of metabolic events leading to myocardial ischemia.
These events may differ from the slowly progressing narrowing of the coron-
ary lumen due to developing atherosclerosis which allows for formation of
collateral vessels. Yet, both situations are interrelated. They lead to an
impairment of contractile function and to metabolic changes in the dependent
myocardium. Considerable research has focused on elucidating mechanisms
underlying the ischemia related changes in metabolism. Yet, the study of
metabolism, especially in humans, has been limited. Tissue sampling for
measurements of metabolites is highly invasive and provides only very re-
gional information. Alternatively, collection of blood draining from the cor-
onary sinus provides information on only average but not regional changes.

Positron Emission Tomography (PET) affords the noninvasive evaluation
of regional functional processes. Myocardial blood flow is evaluated with N-
13 ammonia, O-15 water and Rb-82 [1-6]. Oxidative metabolism can be
quantified with C-11 acetate [7-10]. The rate of release of the tracer label
in the form of C-11 CO, from the myocardium corresponds to the tricarbox-
ylic acid cycle activity, which in turn is coupled to oxidative phosphorylation
and thus affords a measure of regional myocardial oxygen consumption
(MVO,) [11, 12]. The biexponential clearance of C-11 palmitate from the
myocardium reflects the distribution of free fatty acid between an endogenous
pool of lipids and immediate oxidation [13-15]. The relative size of the rapid
clearance curve component and its slope serve as indices of the fraction of
fatty acid entering the mitochondria and their rate of oxidation [15, 16].
Lastly, F-18 deoxyglucose traces the initial transmembranous exchange of
glucose and its hexokinase mediated phosphorylation [17-19]. Concentra-
tions of F-18 activity in the myocardium therefore correspond to regional
rates of exogenous glucose utilization.

This chapter describes findings with PET in patients with acute and suba-

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology, 29-42.
© 1996 Kluwer Academic Publishers.
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cute myocardial infarction, discusses possible underlying mechanisms and
proposes diagnostic and therapeutic opportunities.

Patterns of blood flow and metabolism in human myocardial infarction

Early PET investigations noted invariably regional reductions in myocardial
blood flow [20, 21] corresponding to the electrocardiographic site of the
acute myocardial infarction or the site of abnormal wall motion. An early
study already delineated the extent of an acute myocardial infarction with
C-11 palmitate and reported a statistically significant correlation between the
tomographically measured and the enzymatically determined infarct size [22].
Serial PET imaging of the initial regional uptake of C-11 palmitate and its
subsequent clearance from the myocardium demonstrated regionally pro-
longed retention of tracer in the infarct zone, consistent with an impairment
of fatty acid oxidation (Figure 1) [20]. Also, F-18 deoxyglucose uptake was
found to be segmentally increased in some patients [20, 23]. This increase
was either relative to the regionally decreased blood flow or relative to the
uptake of tracer in remote and presumably normal myocardium or both
(Figures 2 and 3). The augmented F-18 deoxyglucose uptake was attributed
to a shift in substrate utilization in the infarct zone, reflecting increased
glucose oxidation and/or glycolysis. Increased glycolysis would be consistent
with findings in acute experimental myocardial ischemia with enhanced glu-
cose utilization, increased lactate release, diminished MVO, and reduced
fatty acid oxidation [24-27]. The augmented F-18 deoxyglucose uptake in
acutely infarcted myocardium associated with reduced blood flow became
subsequently known by its operational term as “blood flow-metabolism mis-
match”, whereas a concordant reduction in F-18 deoxyglucose and regional
blood flow was defined as a “blood flow-metabolism match” [28]. Serial
evaluations of regional systolic wall motion shed some light on the possible
significance of these flow metabolism patterns. Because wall motion failed
to recover in “‘match’ segments, this early pattern after an acute myocardial
infarction implied the presence of irreversible injury (necrosis and scar tissue)
[20]. Conversely, because regional wall motion recovered spontaneously in
segments with early post-infarction ‘“‘mismatches”, they were referred to as
“ischemic” to indicate that tissue had been injured only reversibly. (See also
Chapters 3, 5, 21 and 22.)

Improved spatial and temporal resolution of PET together with newly
developed tracer kinetic models permitted the quantification of regional
functional processes and their interdependency. These processes included
the measurement of regional myocardial blood flow with either O-15 water
or N-13 ammonia [3, 4, 29, 30], of regional MVO, with C-11 acetate [7, 8,
11], and of exogenous glucose utilization with F-18 deoxyglucose [18, 19].
In 22 patients studied at 3.6 = 1.6 days after onset of acute symptoms,
quantitative image analysis [31] found in 20 patients regionally reduced blood
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Figure 1. Serially acquired images of the myocardial uptake of C-11 palmitate and its subsequent
clearance. Note on the initial image the tracer activity in both, blood pool and myocardium.
After C-11 palmitate has cleared from the blood pool, the myocardium becomes visible and
reveals a modest reduction in uptake in the infarct territory located in the anterior wall. The
serial images reveal prompt clearance of C-11 acetate from remote myocardium but tracer
retention in the infarcted territory. The corresponding time activity curves are shown in the
lower panel; the delayed clearance of C-11 activity from the infarct territory is consistent with
an impairment of fatty acid metabolism.

flow in the infarct territory as defined by electrocardiographic criteria and/or
wall motion abnormalities [32]. Of these 51 flow defects, 29 revealed “mis-
matches” (57%) on F-18 deoxyglucose imaging whereas the remainder (43%)
exhibited “matches”. The absence of flow defects in 2 patients was attributed
to early revascularization either by thrombolysis or direct percutaneous cor-
onary angioplasty (PTCA).

In remote myocardium, blood flow averaged 0.83 = 0.20 ml min ' g~! and
thus was similar to those in normal volunteers [33]. Also, the C-11 acetate
clearance rate, referred to as Kmeno, as in index of MVO,, averaged
0.063 = 0.012 min~" which again was comparable to that in normal volunteers
[8]. Both parameters correlated with overall cardiac work as defined by the
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Figure 2. Blood flow and glucose utilization in a patient with an inferior myocardial infarction.
Short axis and horizontal and vertical long axis images of myocardial blood flow (N-13 ammonia)
are shown in the upper panel, of F-18 deoxyglucose uptake (glucose utilization in the lower
panel). Note the reduced N-13 ammonia uptake in the inferior wall while glucose utilization is
entirely preserved. This discrepancy between flow and F-18 deoxyglucose uptake is referred to
as ‘“‘blood flow-metabolism mismatch”.

rate pressure product. However, exogenous glucose utilization in remote
myocardium varied considerably between patients. Although all patients
received glucose orally in order to stimulate insulin secretion and to enhance
myocardial glucose uptake, elevated circulating free fatty acid and cat-
echolamine levels, known to be present during the early post-infarction
period [34] may have interfered with myocardial glucose utilization to varying
degrees.

In infarct myocardium, blood flow was reduced to 0.57 = 0.2 ml min~' g™!
in “mismatch” and to 0.32 = 0.12ml min™"' g~" in “match” regions. While
this difference was statistically significant, there was considerable overlap of
individual flow values (e.g., range from 0.27 to 0.89 ml min~" g ! in “mis-
match” and from 0.11 to 0.61 ml min~' g”" in “match” regions. Oxidative
metabolism was significantly correlated with myocardial blood flow, yet unex-
pectedly, in a biphasic rather than direct linear fashion. As illustrated in
Figure 4, for mild to modest flow reductions, the C-11 acetate clearance rate
kmono declined disproportionately less. However, once flows decreased below
0.56 ml min~' g, oxidative metabolism declined steeply. (See also Chapters
2,3and5.)

MVO; is thought to be correlated linearly with coronary blood flow [35].
Yet, more recent observations agree with the observed biphasic correlation



Metabolic characteristics of the infarct zone 33

Figure 3. Myocardial blood flow and glucose metabolism in a patient with an acute extensive
anterior and anteroseptal myocardial infarction. The image display is the same as in Figure 2.
Note the extensive blood flow defect in the anterior wall extending into the anterior septum
and the lateral wall. As shown in the lower panel, glucose utilization is decreased in proportion
to blood flow “blood flow-metabolism match”.

[36]. Modeling the interrelationships between coronary blood flow and pres-
sure, O, saturation and extraction, the resulting biphasic correlation was
attributed to a progressive increase in O, extraction. If one assumes an
average O, extraction of 62%, as determined with the coronary sinus catheter
technique in coronary artery disease patients [37] and if kmono is converted
to actual values of MVO, [8, 11, 37], then the O, extraction increases to a
maximum of 93% at flows of 0.56 ml min™' g~'. Unlike MVO,, exogenous
glucose utilization in the 22 patients [32] failed to correlate with myocardial
blood flow. As mentioned above, the lack of a correlation most likely resulted
from the interpatient variability in glucose utilization in normal myocardium.
However, normalization of regional rates of glucose utilization in “infarcted”
to that in remote myocardium (Figure 5) revealed a linear correlation be-
tween relative glucose utilization and relative myocardial blood flow for
“match” regions yet increased glucose utilization for “mismatch’ regions.
The latter implies regional increases in the extraction of glucose.

The increases in extraction of both, O, and glucose, could be considered
as compensatory mechanisms under conditions of limited blood flow and,
hence, oxygen delivery. Enhanced glucose extraction might represent a shift
to a more oxygen efficient substrate because for the same amount of oxygen,
about 10 to 15% more ATP can be generated by oxidating glucose instead
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Figure 4. Correlation between oxidative metabolism and myocardial blood flow in patients
studied during the early post-infarction period. Oxidative metabolism was determined from the
clearance rate (kmono) Of C-11 acetate from the myocardium. Note the biphasic relationship
between blood flow and oxidative metabolism. The open circles represent measurements in
remote myocardium, the rectangles measurements in regions with “blood flow metabolism
mismatches” and the solid triangles measurements in regions with “blood flow-metabolism
matches”. Note the biphasic relationship between oxidative metabolism and myocardial blood
flow. (Reproduced with permission of the American Heart Association from Czernin et al. [32].)

of free fatty acid [38]. Additionally, the enhanced glucose utilization might
reflect increased glycolysis as a key metabolic event during acute myocardial
ischemia [24, 25]. Glycolytically generated ATP, located strategically in the
proximity of the sarcolemmal membranes, has been suggested to be critical
to cell survival and for prevention of ischemic contracture [39].

Abnormal states — patterns of blood flow and metabolism

Regardless of the underlying mechanisms, the flow metabolism patterns as
observed on PET may be relevant for the clinical characterization of an acute
myocardial infarction and its management. For example, in patients studied
with C-11 acetate at an average of six days after an acute myocardial infarc-
tion, oxidative metabolism in infarct regions that improved contractile func-
tion following revascularization were reduced only modestly relative to those
in remote myocardium (by about 26% ) [40]. Conversely, in segments without
an improvement in contractile function after revascularization, oxidative
metabolism was reduced more severely (by about 55%). Importantly, flow
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Figure 5. Comparison of the relative of F-18 deoxyglucose uptake to relative myocardial blood
flow in “infarct territories”. Note the nearly linear relationship between flow and glucose
metabolism in “match segments” (solid triangles) and the enhanced glucose utilization in “mis-
match” segments (open rectangles). (Reproduced with permission of the American Heart As-
sociation from Czernin et al. [32].)

reductions were found to be similar in both types of segments. Further,
enhanced glucose utilization during the early post-infarction period was as-
sociated with a long-term improvement in contractile function either spon-
taneously [20] or after interventional revascularization [40, 41]. Thus, blood
flow metabolism patterns on PET may represent distinct “altered states” in
acutely infarcted myocardium that are clinically relevant:

Pattern A: Obviously, normal regional blood flow and metabolism might
represent myocardium that has recovered fully from the ischemic
episode, relieved either by a spontaneous restoration of blood
flow, by early thrombolysis or direct coronary angioplasty or
both. A residual wall motion abnormality in this situation might
represent resolving “‘stunning’.

Pattern B: An only modest reduction in blood flow, normal MVO, and
enhanced glucose utilization may reflect “‘myocardial stunning”.
Depending on the infarct vessel, this condition may resolve spon-
taneously if the stenosis is minimal and non-flow limiting. Con-
versely, the presence of a residual flow limiting stenosis might
lead to “‘repetitive stunning” [42], a condition that can be charac-
terized further with PET by quantifying blood flow responses to
pharmacologically induced hyperemia. An absent or markedly
impaired regional flow reserve would be consistent with “repeti-
tive stunning”’.
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Figure 6. Follow-up blood flow and glucose metabolism study in a patient who exhibited early
after the acute myocardial infarction a “blood flow metabolism mismatch”. Two contiguous
transaxial images through the mid-left ventricle are shown. On the N-13 ammonia blood flow
images, an extensive defect is noted in the anterior wall associated with a selectively increased
uptake of F-18 deoxyglucose. When studied six weeks later, the N-13 ammonia images again
reveal the same perfusion defect in the anterior wall yet F-18 deoxyglucose uptake is reduced
in proportion to blood flow. Hence, the initially present “‘blood flow-metabolism mismatch”
pattern converted to a “match” pattern, presumably as a result of progression of ischemia to
necrosis and scar tissue formation.

Pattern C:

Pattern D:

Less certain is the significance of a more severe reduction in
regional myocardial blood flow associated with increased glucose
utilization. It may represent on-going ischemia. Myocardium has
survived the initial ischemic insult. Yet, as blood flow remains
inadequate, ischemia progresses to necrosis and scar tissue forma-
tion. Early investigations demonstrated the conversion of an early
post-infarction “mismatch” to a late “match” (Figure 6) [20].
Alternatively, if blood flow is sufficient for maintaining tissue
viable, the affected myocardium may enter a chronic state of
“hibernation”. In fact, this pattern can persist for weeks to
months [28, 43].

Lastly, concordant reductions in blood flow, glucose utilization
and oxidative metabolism most likely represent truly infarcted or
necrotic myocardium and thus, an irreversible tissue injury [20,
41]. Tt should be noted, however, that in some instances (about
10 to 15% in our experience; unpublished data) an even severe
flow metabolism “‘match” may, when re-examined several weeks
to months later, convert to a “blood flow metabolism mismatch”
with a possible, long term improvement in contractile function.
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Although this condition occurs only rarely, it may result from a very severe
though non-fatal ischemic insult.

PET thus demonstrates several patterns, distinct and unique or at times
confluent and complex, which nevertheless reveal myocardium that has sur-
vived the initial ischemic assault. The presence of such patterns offer an
opportunity for salvage of compromised myocardium or of myocardium des-
tined to succumb to the ischemic process. (See also Chapters 14-18.)

Comparison of PET to conventional diagnostic techniques

Clinical investigations indicated a limited accuracy of conventional diagnostic
criteria for identifying surviving and potentially salvageable myocardium.

On electrocardiography, Q-waves correlated poorly with the blood flow
metabolism patterns on PET. In 13 patients studied within 72 hours of onset
of symptoms, 12 patients exhibited Q-waves. Six of the “Q-wave regions”
were associated with “mismatches” and six with “matches’ [20]. In another
series of 22 patients studied with PET at an average of 3.6 days after onset
of acute symptoms, Q-waves similarly failed to correlate with “match” and
“mismatch” patterns [44]. Even in 15 patients studied during the subacute
phase (2.9 weeks after the acute event), Q-waves correlated only poorly with
“matches”. [28]. The latter study did however demonstrate a significant
correlation between post-infarction angina and/or electrocardiographic evi-
dence of acute ischemia and the presence of “blood flow metabolism mismat-
ches”.

The three above investigations failed to observe also significant differences
in the severity of wall motion abnormalities between “match” and “mis-
match” regions [20, 28, 32]. In fact, the wall motion scores were similar for
“match” and for “mismatch regions”.

Regional flow reductions discriminated poorly between “match” and ‘“mis-
match” segments. While one study observed significantly more severe flow
reductions in “match” than in “mismatch regions’ [32], other studies found
virtually identical or at least similar flow reductions [20, 40, 43]. Despite the
different mean values in the one study, regional flow varied considerably
and widely overlapped between both groups.

Preliminary data further suggests that TI-201 rest-redistribution studies
correlated only poorly with blood flow metabolism patterns and PET [45].
For example, half of all fixed defects on planar rest-redistribution T1-201
scintigraphy at day one after the acute event were associated with a “mis-
match” on PET performed on day 33. Conversely, six of the redistributing
defects revealed “mismatches” on PET. It is also of note that in 12 patients
studied during the subacute phase, only 4 patients or one-third revealed
resolving stress induced defects on planar redistribution scintigraphy while
nearly half of all patients exhibited “mismatches” on PET [43].

Thus, conventional techniques like electrocardiography, wall motion as-
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sessment, evaluation of regional blood flow as well as conventional T1-201
scintigraphy fail to distinguish accurately and reliably between irreversibly
injured and potentially salvageable myocardium. (See also Chapters 2, 4, 5,
6 and 15-18.)

Implications for revascularization

Of note, in earlier observations, a functional improvement was found in only
half of the segments with early post-infarctions ‘“mismatches” [20]. Because
these patients did not undergo any revascularization procedure, these findings
suggest that revascularization should be instituted early because as shown in
this study, “mismatch” can convert to “‘matches,”” suggesting that ischemia
progressed to necrosis.

While revascularization of infarct territories with blood flow metabolism
“mismatches’” appears to lead to an improvement or recovery of regional
systolic wall motion, regional flow and metabolism abnormalities may persist
for some time. In 15 patients with a first acute myocardial infarction and
prompt thrombolysis (within 207 + 183 minutes after onset of chest pain),
Q-waves developed in all. Coronary angiography performed 20 = 18 days
after the acute event revealed patent infarct vessels although the residual
diameter stenosis averaged 80 * 11% [43]. Studied with PET at 42 =+ 25 days
after the acute myocardial infarction, all patients exhibited persistent flow
defects in the infarct territory. Seven of the 15 patients or nearly half revealed
“mismatches”. Regional flow reductions in “match’ and “mismatch” regions
were nearly identical (60 = 10% in “match” and 61 * 14% in ‘“‘mismatch
segments’). Both types of segments revealed similar degrees of impairment
in regional contractile function. Further, there was a linear correlation be-
tween blood flow and MVO,. Because no immediate post-infarction PET
studies were available, it remains uncertain whether there were more ‘‘mis-
matches” early after the acute event but had already converted to “matches”
when studied later. Significant residual stenoses of the infarct vessels may
have resulted in “repetitive stunning” [42] or “hibernating” myocardium.
This then raises the question whether relief of the residual stenosis by coron-
ary angioplasty in addition to the initial thrombolytic treatment would have
reduced the number of flow defects and, by inference, improved regional
wall motion in these patients examined during the subacute post-infarction
period.

Nevertheless, these findings imply that there is a time window during which
interventional revascularization may lead to an improvement in contractile
function. This possibility is indeed supported by findings in several investi-
gations. (See Chapters 3-5 and 14-18.)

In 11 patients studied with C-11 acetate and F-18 deoxyglucose at an
average of six days following the acute infarction, subsequent coronary angi-
oplasty led to a significant improvement in contractile function as well as
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normalization of blood flow in 19 segments with an initially mild (about 26% )
decrease in oxidative metabolism [40]. In contrast, a more recent study in
18 patients examined with C-11 acetate and PET at an average of 14 £2
days after the acute infarction reported lower predictive accuracies [46]. The
authors point to disparities between flow and oxidative metabolism in their
patients. Further, they infer that the high predictive accuracy in the earlier
investigation may have been due to the fact that all patients were submitted
to coronary angioplasty after the PET study. Conversely, in 12 segments
with a significant, about 55% decrease in oxidative metabolism, contractile
function remained impaired. Similarly, preservation of glucose utilization
or a “mismatch” was 84% accurate in predicting a post-revascularization
improvement in contractile function. Conversely, function failed to improve
in 70% of segments with “matches”. In a somewhat more heterogeneous
population of 15 post-infarction patients, blood flow and MVO, normalized
in “mismatch” regions and contractile function improved when re-examined
three months later. In contrast, blood flow, MVO, and contractile function
remained impaired in “match regions”. In this preliminary study, two ‘“‘mat-
ches” converted to “mismatches” on follow-up without a change in wall
motion [41].

Summary and conclusions

Investigations with tracers of blood flow and metabolism and PET have
uncovered distinct patterns of flow, oxidative metabolism and glucose utiliz-
ation. These patterns likely represent various altered states such as stunning,
hibernation and progressive ischemia and have considerable predictive power
for the functional outcome after revascularization. PET appears diagnosti-
cally superior to conventional techniques for identifying surviving and poten-
tially salvageable tissue in infarcted myocardium. While the mechanisms
underlying the patterns noted on PET remain understood only incompletely,
future studies with PET exploring protein synthesis, adrenergic neuronal
activity and B-receptor activity might provide additional insights.
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4. Assessment of myocardial viability with positron
emission tomography after coronary thrombolysis

PATRICIA J. RUBIN and STEVEN R. BERGMANN

Introduction

Revascularization of occluded coronary arteries during evolving myocardial
infarction with thrombolytic agents or by mechanical means has revolution-
ized the treatment of patients with acute myocardial ischemia. Clinical trials
have shown conclusively that pharmacologically induced revascularization,
especially when instituted early after acute ischemia, reduces morbidity and
mortality [1].

Nonetheless, the ultimate fate of myocardium at risk and of left ventricular
function is dependent on several factors in addition to the reestablishment
of macrovascular coronary blood flow. These include the magnitude and
duration of ischemia before reperfusion, the severity and eccentricity of
residual stenoses, the occurrence of reocclusion, and the metabolic and
structural damage induced by ischemia [2]. In addition, adjunctive therapy
can be salutary to reperfused myocardium [3].

Patients frequently undergo coronary angiography and ventriculography
early after initial treatment for evolving myocardial infarction to aid their
physicians in planning of ongoing therapy. Although angiography provides
critical details regarding vessel patency and the length, severity, and location
of coronary stenoses, and ventriculography provides valuable data regarding
function, neither provides complete information regarding the need for, and
ultimate efficacy of, further therapeutic interventions. It is well established
that the angiographically determined severity of stenosis does not correlate
with the physiologic ability of the coronary vessel to deliver flow [4]. Simi-
larly, reperfusion does not result in immediate, full recovery of contractile
function in viable myocardium. This may take days, and perhaps weeks,
after revascularization (a phenomenon termed myocardial stunning), and
thus results of early functional studies can be ambiguous.

Positron emission tomography (PET) is a noninvasive approach for evalu-
ation of myocardial perfusion and metabolism and can be used early after
coronary thrombolysis or other revascularization procedures to assess myo-
cardial viability [5-9]. PET provides a means to evaluate both regional
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perfusion and the metabolic abnormalities that may be responsible for ven-
tricular dysfunction after myocardial ischemia and reperfusion. Although
not a primary modality for measurement of contractile capacity, functional
assessments can be made as well [10, 11]. Labeling of physiologic substrates
with positron-emitting agents provides a unique approach for sequential
studies of regional perfusion and metabolism after thrombolytic therapy; the
technique is especially useful in acutely ill patients in whom substantial
alterations in the pattern of substrate use can occur over relatively short
periods of time [12]. Recent studies have demonstrated that even when
ventricular dysfunction due to myocardial stunning is present, the pattern of
metabolism assessed with PET can predict ultimate functional recovery [3,
15-18].

Measurement of myocardial perfusion

Restoration of regional myocardial perfusion is crucial for salvage of ischemic
myocardium [5]. A number of radiolabeled agents can be used to provide
accurate estimates of regional myocardial perfusion using PET [14].

Although findings in experimental studies have suggested that acute oc-
clusion followed by reperfusion is accompanied by a “no-reflow” phenome-
non (diminished nutritive perfusion despite macrovascular patency) that can
manifest itself either early or late after reperfusion, clinical studies do not
seem to uniformly support this concept [6] in human subjects. This may be
because reperfusion is established more slowly with thrombolytic agents in
the clinical, as opposed to in the experimental setting, or because residual
stenosis, frequent after revascularization, limits rapid total reperfusion, which
can lead to cell swelling and extravascular compression. The Washington
University has demonstrated that myocardial perfusion, assessed quantitat-
ively with PET and H,"O, is reestablished promptly and completely in
jeopardized zones after early treatment with tissue-type plasminogen acti-
vator (t-PA) (Figures 1 and 2) [6]. Flow in the reperfused zone was observed
to be stable to the time of hospital discharge in these patients without
symptoms of recurrent ischemia.

Similar findings were observed in 11 patients, five of whom received
thrombolytic therapy early during the course of their evolving myocardial
infarction; eventually all went on to bypass surgery or angioplasty [8]. Dys-
functional but viable myocardium (myocardium that showed improved con-
tractile function after revascularization) exhibited slightly decreased levels of
perfusion at the time of the initial PET study, which was performed an
average of 6 days after symptom onset. Flow increased to nearly normal
levels after revascularization. In contrast, nonviable myocardium exhibited
significantly decreased levels of perfusion on the early studies. Nonetheless,
because of the wide range of flows observed in these patients (most of whom
did not undergo early reperfusion), viability could not be determined based
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Figure 1. Midventricular PET reconstructions from a patient with anterior myocardial infarction
studied 1, 2, and 9 days after acute anteroseptal myocardial infarction. The top row of images
delineate relative myocardial perfusion after the administration of H,'>O and the bottom row
show the myocardial accumulation of 1-''C-acetate. These images demonstrate the rapid resto-
ration of perfusion in the reperfused region and the slower recovery of accumulation of acetate.
The top of each image corresponds to anterior and the left of each to the patient’s right.
(Reproduced, with permission, from Henes et al. [6].)

solely on estimates of perfusion. This suggests that factors other than resto-
ration of perfusion are necessary for recovery of myocardial function. Experi-
mental studies from our laboratory indicated that salvage of ischemic myocar-
dium was achieved only when reperfusion was induced within 6 hours of the
onset of acute ischemia. Reperfusion after 6 hours was observed to restore
macrovascular patency and nutritive perfusion to tissue, but was not associ-
ated with restoration of uptake of fatty acids [5]. Similarly, large clinical
studies have demonstrated that maximum benefit is achieved when reper-
fusion is established early, likely because the metabolic processes that under-
lie cell survival are unable to withstand prolonged durations of ischemia
before reperfusion [1].

Recently, lida and colleagues have suggested that an index of perfusable
tissue, or PTI, can be used to differentiate viable from nonviable myocardium
[15, 16]. Yamamoto et al. studied 11 patients with acute evolving myocardial
infarction who received thrombolytic therapy and found higher levels of PTI
in viable than in nonviable myocardium, with no overlap between the groups
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Figure 2. Regional myocardial nutritive perfusion in reperfused regions (solid bars) and remote
normal zones (open bars) in eight patients with acute anterior myocardial infarction evaluated
after administration of t-PA. The data demonstrate that nutritive myocardial perfusion, assessed
with H,°O and PET, is restored promptly and completely after t-PA and is maintained through-
out the hospital period. (Reproduced, with permission, from Henes et al. [6].)

[16]. Preliminary studies from our laboratory have not been able to corrobor-
ate the lack of overlap in PTI values between viable and nonviable myocar-
dium [17]. Although originally PTI was believed to reflect the ability of
myocardium to exchange H,'O, recent studies from our laboratory suggest
that PTI more likely reflects a complex relationship between tissue heteroge-
neity and flow [18]. Nonetheless, PTI can be determined with rapid scanning
protocols, and further studies in larger numbers of patients are warranted to
determine its utility for distinguishing viable from nonviable myocardium.
(See also Chapters 2, 3, 11 and 14.)

Measurement of myocardial metabolism

The heart can be considered an aerobic organ that relies to a large extent
on the oxidative metabolism of fatty acid for production of energy to fuel
contraction, with lesser contributions from the use of glucose and lactate.
Changes in myocardial metabolism occur rapidly during myocardial ischemia
and after reperfusion [12]. Oxidation of fatty acids diminishes during ischemia
and use of glucose is enhanced and remains elevated even after restoration
of blood flow. The pattern of substrate and oxygen use during occlusion
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and after reperfusion has formed the basis for metabolic determinations of
viability. (See also Chapters 4, 17 and 18.)

Use of labeled fatty acids

Since fatty acid oxidation is decreased rapidly after the onset of ischemia,
studies evaluating the myocardial kinetics of 1-''C-palmitate were the focus
of initial studies. These investigations demonstrated that areas of infarction
could be delineated accurately and quantitatively by the use of 1-''C-palmit-
ate [5, 19-22], and that restoration of myocardial perfusion, especially early
after the onset of ischemia, could restore the uptake and utilization of fatty
acids [5]. The ability of the myocardium to accumulate 1-''C-palmitate early
after reperfusion predicted ultimate recovery of metabolic function [23].

Sobel et al. studied 19 patients with evolving myocardial infarction treated
with thrombolytic therapy. PET studies were performed on admission and
again after 48 to 72 hours [22]. Accumulation of 1-''C-palmitate increased by
almost 30% in patients with successful thrombolysis, suggestive of metabolic
salvage.

Metabolic imaging has also been used to demonstrate the utility of adjunc-
tive therapies [24]. For example, when the calcium-channel blocker diltiazem
was administered just before reperfusion, infarct size, delineated tomograph-
ically, was diminished to an even greater extent than that achievable with
reperfusion alone. Benefits were corroborated by ex vivo analysis as well.

One difficulty with the use of 1-''C-palmitate is the inability to distinguish
oxidation from back-diffusion of nonmetabolized tracer by exponential
clearance techniques under conditions of myocardial ischemia [25]. In ad-
dition, uptake and metabolism are dependent on arterial fatty acid concentra-
tion, fatty acid/albumin binding ratio, the neurohumoral environment and
level of oxygenation among other factors [26]. Accordingly, the use of 1-
'C-palmitate for studies of myocardial ischemia has been abandoned.

Use of ®F-fluorodeoxyglucose

Because glucose utilization is increased with myocardial ischemia, the use of
1BE_fluorodeoxyglucose (**F-FDG), an analog of glucose that traces the initial
uptake and phosphorylation (but not further metabolism) of glucose into the
myocyte, has been proposed to delineate viable from nonviable myocardium.
However, like 1-''C-palmitate, the uptake of '*F-FDG is dependent on
arterial substrate concentrations as well as the pattern of substrate use and
oxygenation of the myocardium [27].

BE_FDG has been used extensively for the delineation of myocardial
viability in patients with chronic coronary artery disease in whom a pattern
of normal or decreased perfusion with enhanced '*F-FDG uptake reflects
viability of dysfunctional myocardium [28]. Unfortunately, the uptake of '°F-
FDG does not distinguish aerobic from anaerobic metabolism [29], and since
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it is thought that anaerobic metabolism cannot support myocardial viability
for prolonged periods of time, this differentiation may be crucial for the
identification of jeopardized but viable myocardium under circumstances of
acute myocardial ischemia. It is therefore not surprising that interpretation
of uptake patterns of *F-FDG under conditions of early evolving myocardial
infarction followed by reperfusion is complex [7-9, 28-30].

Seventeen patients with acute anterior myocardial infarction given a
thrombolytic therapy within 3 hours of the onset of symptoms were studied
[7]. Patients had PET scans an average of 9 days after admission. Eleven
patients had increased glucose uptake in reperfused regions suggesting viable
myocardium and five of these had normal perfusion and recovery of myocar-
dial contractile function on late follow-up studies. Six of the 11 patients with
increased glucose uptake had decreased perfusion, one of whom had recovery
of contractile function at late follow-up. Six patients had decreased glucose
uptake and perfusion (a matched defect, typically indicative of infarction)
and in none of these did contractile function recover. Thus, PET with '®F-
FDG was able to accurately identify viability in only 11 of 17 patients after
reperfusion therapy and was more accurate when flow and metabolism were
diminished concordantly, which is indicative of nonviable myocardium. Simi-
lar results were reported by Schwaiger et al. [30]. It has been demonstrated
that deoxyglucose may accumulate in necrotic myocardium [31], complicating
interpretation of myocardial imaging with this tracer and explaining some of
these discordant results. Thus, although use of '*F-FDG to distinguish viable
from nonviable myocardium in patients with chronic coronary artery disease
is a useful approach, the utility of this agent for delineating viable from
nonviable myocardium in the acute setting is more limited. (See also Chapters
4, 17 and 18.)

Use of 1-''C-acetate

Because in the heart acetyl-CoA is the common pathway for catabolism of
all substrates entering mitochondrial tricarboxylic acid (TCA) cycle metabol-
ism, 1-''C-acetate clearance has been advocated as an index of TCA cycle
flux [32]. Since the TCA cycle is closely linked to oxidative metabolism, the
clearance rate of ''C-radioactivity from the heart, assessed with dynamic
PET scanning and reflecting oxidation of acetate to 1CO,, correlates closely
with directly measured myocardial oxygen consumption. Uptake and utiliz-
ation of 1-''C-acetate is relatively independent of both arterial substrate
concentrations and the pattern of myocardial substrate use, making it a
valuable tracer for studies of overall intermediary metabolism [32].

Walsh et al. evaluated patients with myocardial infarction treated conserv-
atively and found that oxidative metabolism, assessed with 1-''C-acetate,
was markedly decreased in the center of the infarct zone compared with that
in remote myocardium and did not improve before hospital discharge [33].
Henes et al. studied patients receiving thrombolytic therapy within 6 hours
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Figure 3. The mean rate of oxidative metabolism (assessed from delineation of myocardial
clearance of extracted 1-''C-acetate) in eight patients with acute myocardial infarction treated
with t-PA. The rate is expressed as a percentage of that in remote, normal zones (calculated
individually for each patient). The progressive improvement in relative oxidative metabolism was
predictive of zones that recover contractile function. *p < 0.05 for the difference in metabolism
between the initial and final studies. (Reproduced, with permission, from Henes et al. [6].)

of the onset of symptoms [6]. Oxidative metabolism (assessed with PET and
1-''C-acetate) was 45 +25% of that observed in the remote segments 18
hours after reperfusion, had increased to 59 + 16% at 48 hours, and before
discharge it was 68 * 17% (Figure 3). Recovery of wall motion was observed
only in segments with restored perfusion and oxidative metabolism. Experi-
mental studies have demonstrated that preservation of oxidative metabolism
after myocardial ischemia followed by reperfusion is a prerequisite for re-
covery of metabolic function and therefore ultimately of mechanical function
[13].

The above-mentioned study on 11 patients with acute myocardial infarc-
tion, including five who received thrombolytic therapy 6 days after hospital
admission, viable regions (defined by sequential wall motion studies) demon-
strated oxidative metabolism that was 74% of normal [8], whereas in nonvi-
able myocardium, oxidative metabolism was 45% of that seen in remote,
normal myocardium. These observations were recently extended to 21 pa-
tients with myocardial infarction, 11 of whom either received thrombolytic
therapy or underwent primary angioplasty [9]. Estimates of myocardial oxid-
ative metabolism with PET and 1-''C-acetate had a better positive and
negative predictive value for recovery of myocardial function (88 and 72%,
respectively) than did estimates of glucose metabolism with E-FDG (67
and 60%, respectively). These findings provide further evidence that main-
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tenance of the ability to oxidatively metabolize substrate, whether it be fatty
acid or glucose, is a prerequisite for recovery of function given that myocar-
dial perfusion is maintained. (See also Chapters 4 and 17.)

Conclusions

Cardiac PET can provide clinicians and researchers with essential information
regarding regional myocardial perfusion and myocardial metabolism in quan-
titative terms. In addition, PET not only documents the efficacy of reper-
fusion therapy with regard to restoration of regional myocardial perfusion,
but also delineates regional myocardial substrate use, the adequacy of which
underlies functional recovery.

Although PET is an expensive modality at present and has limited distribu-
tion, it does enable delineation of patterns of myocardial perfusion and
metabolism that predict viability when other imaging modalities are incon-
clusive or ambiguous. Thus, PET should prove a particularly useful aid in
planning therapeutic strategies for patients at high risk or in those in whom
results of more conventional diagnostic procedures are equivocal.

Acknowledgements

The authors thank Becky Leonard for preparation of the typescript and Beth
Engeszer for editorial assistance.

References

1. Tiefenbrunn AJ, Sobel BE. The impact of coronary thrombolysis on myocardial infarction.
Fibrinolysis 1989; 3: 1-15.

2. Bergmann SR, Fox KAA, Ludbrook PA. Determinants of salvage of jeopardized myocar-
dium after coronary thrombolysis. Cardiol Clin 1987; 5: 67-77.

3. Vanoverschelde JL, Bergmann SR. Myocardial reperfusion injury. Concepts, mechanisms,
and therapeutic strategies. In: Sobel BE, Collen D, editors. Coronary thrombolysis in
perspective. New York: Marcel Dekker, Inc., 1993: 271-301.

4. White CW, Wright CB, Doty DB et al. Does visual interpretation of the coronary arteriog-
ram predict the physiologic importance of a coronary stenosis? N Engl J Med 1984; 310:
819-24.

5. Bergmann SR, Lerch RA, Fox KAA et al. Temporal dependence of beneficial effects of
coronary thrombolysis characterized by positron tomography. Am J Med 1982; 73: 573-81.

6. Henes CG, Bergmann SR, Perez JE et al. The time course of restoration of nutritive
perfusion, myocardial oxygen consumption, and regional function after coronary throm-
bolysis. Coron Artery Dis 1990; 1: 687-96.

7. Piérard LA, De Landsheere CM, Berthe C et al. Identification of viable myocardium by
echocardiography during dobutamine infusion in patients with myocardial infarction after
thrombolytic therapy: Comparison with positron emission tomography. J Am Coll Cardiol
1990; 15: 1021-31.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Assessment of myocardial viability 51

. Gropler RJ, Siegel BA, Sampathkumaran K et al. Dependence of recovery of contractile

function on maintenance of oxidative metabolism after myocardial infarction. J Am Coll
Cardiol 1992; 19: 989-97.

. Rubin PJ, Lee DS, Geltman EM et al. The superiority of PET with C-11 acetate compared

with F-18 fluorodeoxyglucose for prediction of functional recovery early after myocardial
infarction. J Nucl Med 1994; 35: 39P (Abstr).

Yamashita K, Tamaki N, Yonekura Y et al. Quantitative analysis of regional wall motion
by gated myocardial positron emission tomography: Validation and comparison with left
ventriculography. J Nucl Med 1989; 30: 1775-86.

Miller TR, Wallis JW, Landy BR et al. Measurement of global and regional left ventricular
function by cardiac PET. J Nucl Med 1994; 35: 999-1005.

Myears DW, Sobel BE, Bergmann SR. Substrate use in ischemic and reperfused canine
myocardium: Quantitative considerations. Am J Physiol: Heart Circ Physiol 1987; 253:
107H-14H.

Weinheimer CJ, Brown MA, Nohara R et al. Functional recovery after reperfusion is
predicated on recovery of myocardial oxidative metabolism. Am Heart J 1993; 125: 939
49.

Bergmann SR. Quantification of myocardial perfusion with positron emission tomography.
In: Bergmann SR, Sobel BE, editors. Positron emission tomography of the heart. New
York: Futura Publishing, Inc., Mount Kisco, 1992: 97-127.

lida H, Rhodes CG, de Silva R et al. Myocardial tissue fraction — correction for partial
volume effects and measure of tissue viability. J Nucl Med 1991; 32: 2169-75.

Yamamoto Y, de Silva R, Rhodes CG et al. A new strategy for the assessment of viable
myocardium and regional myocardial blood flow using O-water and dynamic positron
emission tomography. Circulation 1992; 86: 167-78.

Lee DS, Walsh JF, Herrero P et al. Superiority of estimates of myocardial oxidative
metabolism compared to measurements of flow in predicting functional recovery after
coronary revascularization. J Am Coll Cardiol (February Suppl) 1994: 116A (Abstr).
Herrero P, Staudenerz A, Walsh JF et al. Heterogeneity of myocardial perfusion provides
the physiological basis of “perfusable tissue index”. J Nucl Med 1995; 36: 320-7.

Lerch RA, Ambos HD, Bergmann SR et al. Localization of viable but ischemic m\yocardium
by positron emission tomography (PET) with ''C-palmitate. Circulation 1981; 64: 689-99.
Ter-Pogossian MM, Klein MS, Markham J et al. Regional assessment of myocardial meta-
bolic integrity in vivo by positron-emission tomography with ''C-labeled palmitate. Circu-
lation 1980; 61: 242-55.

Schwaiger M, Schelbert HR, Keen R et al. Retention and clearance of C-11 palmitic acid
in ischemic and reperfused canine myocardium. J Am Coll Cardiol 1985; 6: 311-20.

Sobel BE, Geltman EM, Tiefenbrunn AJ et al. Improvement of regional myocardial meta-
bolism after coronary thrombolysis induced with tissue-type plasminogen activator or strep-
tokinase. Circulation 1984; 69: 983-90.

Knabb RM, Bergmann SR, Fox KAA, Sobel BE. The temporal pattern of recovery of
myocardial perfusion and metabolism delineated by positron emission tomography after
coronary thrombolysis. J Nucl Med 1987; 28: 1563-70.

Knabb RM, Rosamond TL, Fox KAA et al. Enhancement of salvage of reperfused ischemic
myocardium by diltiazem. J Am Coll Cardiol 1986; 8: 861-71.

Fox KAA, Abendschein D, Ambos HD et al. Efflux of metabolized and nonmetabolized
fatty acid from canine myocardium. Implications for quantifying myocardial metabolism
tomographically. Circ Res 1985; 57: 232-43.

Lerch RA, Bergmann SR, Sobel BE. Delineation of myocardial fatty acid metabolism with
positron emission tomography. In: Bergmann SR, Sobel BE, editors. Positron emission
tomography of the heart. New York: Futura Publishing, Inc., Mount Kisco, 1992: 129-52.
Gropler RJ, Siegel BA, Lee KJ et al. Nonuniformity in myocardial accumulation of fluorine-
18-fluorodeoxyglucose in normal fasted humans. J Nucl Med 1990; 31: 1749-56.

Porenta G, Czernin J, Schelbert HR. Assessment of myocardial viability with tracers of



52 P.J. Rubin and S.R. Bergmann

29.

30.

31.

32.

33.

blood flow and metabolism of glucose. In: Bergmann SR, Sobel BE, editors. Positron
emission tomography of the heart. New York: Futura Publishing, Inc., Mount Kisco, 1992:
185-207.

Schwaiger M, Neese RA, Araujo L et al. Sustained nonoxidative glucose utilization and
depletion of glycogen in reperfused canine myocardium. I Am Coll Cardiol 1989: 13: 745~
54.

Schwaiger M, Brunken R, Grover-McKay M et al. Regional myocardial metabolism in
patients with acute myocardial infarction assessed by positron emission tomography. J Am
Coll Cardiol 1986; 8: 800-8.

Sebree L, Bianco JA, Subramanian R et al. Discordance between accumulation of C-14
deoxyglucose and T1-201 in reperfused myocardium. J Mol Cell Cardiol 1991; 23: 603-16.
Bergmann SR, Sobel BE. Quantification of regional myocardial oxidative utilization by
positron emission tomography. In: Bergmann SR, Sobel BE, editors. Positron emission
tomography of the heart. New York: Futura Publishing, Inc., Mount Kisco, 1992: 209-29.
Walsh MN, Geltman EM, Brown MA et al. Noninvasive estimation of regional myocardial
oxygen consumption by positron emission tomography with carbon-11 acetate in patients
with myocardial infarction. J Nucl Med 1989, 30: 1798-1808.

Corresponding Author: Dr Steven R. Bergmann, Cardiovascular Division, Washington Univer-
sity School of Medicine, Box 8086, 660 S. Euclid Ave., St. Louis, MO 63110, USA



5. Postthrombolysis noninvasive detection of
myocardial ischemia and multivessel disease and
the need for additional intervention

GEORGE A. BELLER and LAWRENCE W. GIMPLE

Introduction

Nuclear cardiology techniques have proven useful for determination of global
and regional left ventricular function, regional myocardial perfusion, and
myocardial viability in patients with acute myocardial infarction. Noninvasive
stress imaging techniques with exercise or pharmacologic agents are capable
of detecting residual ischemia within or remote from the infarct zone (with
exercise or pharmacologic stress), sizing the extent of irreversible myocardial
injury, and distinguishing viable from irreversible injury in regions of a-
synergy. The perfusion imaging techniques are useful in the noninvasive
assessment of myocardial salvage after reperfusion in patients who have
received thrombolytic therapy or direct angioplasty during the acute phase
of infarction. The information acquired from these techniques is valuable in
risk stratification and decision-making with respect to the selection of stable
postinfarction patients who would benefit from further invasive evaluation
and revascularization.

Prognosis after acute myocardial infarction

Data from the prethrombolytic era suggest that prognosis in survivors of
acute myocardial infarction is related to the degree of left ventricular dysfunc-
tion, the extent and severity of coronary artery disease (CAD), and the
development of complex ventricular arrhythmias [1-4]. Recognition of prog-
nostic factors derived from the clinical history, physical examination, and
the chest X-ray should not be neglected. These include history of previous
infarction, diabetes mellitus, advanced age, antecedent angina pectoris, pe-
ripheral or carotid vascular disease, symptoms and signs of congestive heart
failure on admission, sinus tachycardia on entry, peak creatine kinase level,
pulmonary congestion on admission chest X-ray, and persistence of resting
ST-segment or T wave abnormalities on the electrocardiogram (ECG). The
left ventricular ejection fraction (LVEF) measured at the time of discharge

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology. 53-73,
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Figure 1. Relationship between left ventricular ejection fraction as determined by radionuclide
ventriculography and 1-year cardiac mortality after acute myocardial infarction. (Reproduced
with permission [1].)

is an important prognostic variable [1]. This variable is accurately measured
by either first-pass or equilibrium-gated radionuclide ventriculography. In
the report from the Multicenter Postinfarction Research Group of 866 infarct
survivors, univariate analysis showed a progressive increase in cardiac mor-
tality in the first year after discharge as the LVEF fell below 40% [1]. This
relationship is depicted in Figure 1. Only four risk factors were independent
predictors of mortality: a radionuclide LVEF below 40%, ventricular ectopy
of 10 or more ventricular ectopic beats/hour, advanced New York Heart
Association functional class before infarction, and rales detected in the upper
two-thirds of the lung fields when the patient was in the coronary care unit.
Various combinations of these four factors identified five risk subsets with
2-year mortality rates ranging from 3% (no factors) to 60% (all four factors
present).

In patients who receive thrombolytic therapy for acute myocardial infarc-
tion, the LVEEF is still an important prognostic variable [5]. However, such
patients may have improved survival at any level of depressed LVEF com-
pared to infarction patients treated in the prethrombolytic era [6]. Figure 2
demonstrates this enhanced 1-year survival for any given value of LVEF in
the TIMI-II trial compared to the ejection fraction to mortality relationship
derived in the prethrombolytic era from the Multicenter Postinfarction Trial
[7]. Similarly, the GISSI-2 trial showed that mortality increased with an
LVEF that fell below 40% . However, an LVEF of 30% was associated with
only an 8% mortality (Figure 3) [8]. Simoons et al. [5] sought to determine
the 5-year survival rates relative to LVEF quantitated during the hospital-
ization for acute infarction. As shown in Figure 4, patients with a resting
LVEF of >40% had an excellent (>95%) 5-year survival. Patients with an
LVEF between 30-39 had a 5-year survival rate of approximately 85%. In
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Figure 2. One-year cardiac mortality versus the resting radionuclide ejection fraction for patients
in the Multicenter Postinfarction Trial (also depicted in Figure 1) compared to the same relation-
ship for patients in the TIMI-II trial in which all patients received thrombolytic therapy. Note
a lower mortality at any value of ejection fraction. (Reproduced with permission [7].)
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Figure 3. Six-month mortality versus left ventricular ejection fraction (LVEF) estimated by
echocardiography in patients in the GISSI-2 trial. Mortality increases as the LVEF falls below
40% . However, mortality rates are lower for LVEF values between 20 and 40% compared to
similar data derived in the prethrombolytic era (see Figure 1). (Reproduced with permission

[81)

contrast, patients with an LVEF of <30% had a <50% survival rate over 5
years. Thus, as in the prethrombolytic era, patients receiving thrombolytic
therapy for acute myocardial infarction and having an LVEF of <30% have
a high mortality rate during follow-up.

Rogers et al. [9] investigated the variables predictive of a good functional
outcome following thrombolytic therapy in the Thrombolysis in Myocardial
Infarction Phase II (TIMI-II) Pilot Study. In patients assigned to 18- to 48-
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Figure 4. Five-year survival rates relative to left ventricular ejection fraction (E.F.) during
hospitalization in patients receiving thrombolytic therapy for acute myocardial infarction in the
Interuniversity Cardiology Institute of the Netherlands trial. (Reproduced with permission [5].)

hour angioplasty, variables independently predicting survival with a resting
LVEF >50% were fewer leads with ST-segment elevation > 1.0 mV, younger
age, rapid normalization of ST segments or dramatic relief of chest pain
during rt-PA infusion, absence of arrhythmias within the first 24 hours of
treatment initiation, no prior infarction, and nonsmoker at entry. Infarct
artery patency has been consistently reported to be associated with better
regional ventricular function after thrombolytic therapy. White et al. [10]
found that when the LVEF was =50% after thrombolytic therapy, only
occluded infarct-related arteries (TIMI grade 0, 1 or 2 flow) supplying >25%
of the left ventricle affected prognosis in an adverse manner. If the LVEF
was <50%, an occluded infarct-related artery was an adverse prognostic
variable whatever its myocardial distribution. Data from the GUSTO trial
indicate that TIMI grade 3 flow in the infarct vessel after front-loaded t-PA
infusion results in a higher LVEF (61 = 14%) compared to TIMI grade 0
flow and TIMI grade 1 flow (56 = 14% and 54 + 12%, respectively) [11].
Mortality at 30 days was 3.9% among patients with 90-minute LVEF values
>45% , but 14.7% among those with an LVEF of =45%. In the TIMI Phase
I trial, the regional ejection fraction was higher in the region subtended by
the infarct-related artery in patients with sustained reperfusion [12]. In that
study, a trend was noted toward a better average infarct region ejection
fraction in patients treated with t-PA than in patients treated with streptoki-
nase (0.40 vs 0.36; p < 0.06). In 542 patients reported by Harrison, patients
with TIMI grade 0 flow were less likely to improve function than were
patients with patent infarct-related arteries. Interestingly, the correlation
between time to reperfusion and improvement in function was not strong
[13]. Routine revascularization of patent but stenotic arteries, however, does
not improve resting global ventricular function. In the TIMI study, LVEF 6
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weeks postinfarction was comparable in patients randomized to a ‘“‘conserva-
tive” strategy and compared with those randomized to an “invasive” strategy
[14]. Grines and coworkers [15] showed that LVEF was comparable in
patients randomized to direct angioplasty and patients randomized to t-PA
(53% both). The 6-week exercise LVEF was also comparable (56% both).

Event-free survival after acute myocardial infarction is consistently corre-
lated with the extent and severity of CAD. Schulman et al. [16] followed a
cohort of 143 postinfarction patients in which 50% had three-vessel CAD
but only 7% had a resting LVEF <29%. Multivariate analysis showed that
right plus left anterior descending disease (p < 0.01), LVEF (p < 0.01), and
number of risk segments (defined as areas of contracting segments on ventric-
ulography supplied by stenotic vessels, p < 0.05) were significant predictors
of outcome. The angiographic variables added significantly to the clinical
variables for prediction of future cardiac events. A significant interaction
exists between the LVEF and the extent of angiographic CAD with respect
to prognosis after discharge after an uncomplicated myocardial infarction.
De Feyter [17] reported a mortality rate of 22% in infarct survivors with an
LVEF <30% or three-vessel CAD, and 1% in patients with an LVEF =30%
and one- or two-vessel disease.

Extent of CAD persists as a major risk variable in postinfarction patients
who have received thrombolytic therapy. Three-vessel CAD was a significant
risk factor for cardiac mortality and recurrent myocardial infarction in pa-
tients who underwent coronary angioplasty in the TIMI-II trial [18]. Mortality
rate was increased threefold during follow-up after angioplasty in 68 patients
with three-vessel disease compared to the 921 patients with single-vessel
CAD. Despite this difference, the survival rate was 90% in the three-vessel
disease cohort. In a similar analysis, Muller et al. [19] reported correlations
between angiographic findings and in-hospital outcome from 855 consecu-
tively enrolled patients from the TAMI database. These investigators re-
ported that patients with multivessel CAD had significantly increased mor-
tality (11.4% vs 4.2%; p < 0.0001) which resulted largely from myocardial
failure and shock. In a multivariate analysis, the number of diseased coronary
arteries was the strongest predictor of in-hospital mortality, followed closely
by the ejection fraction. Interestingly, the prognostic significance for mor-
tality of one additional diseased coronary artery was equivalent to a reduction
in ejection fraction of 16 percentage points. Fifty percent of the in-hospital
deaths in the group with multivessel CAD occurred by the fourth hospital
day. Data from the GUSTO trial [11] also demonstrate that patients with
three-vessel CAD have a significant increase in early mortality rate compared
to patients with one- or two-vessel CAD. Figure 5 shows that the mortality
rate at 30 days was 11.2% for three-vessel disease patients, compared to
6.5% and 3.5% for one- and two-vessel disease patients, respectively. The
role of stress testing with or without an imaging modality is to detect such
high-risk patients with multivessel disease who do not manifest postinfarction
angina.
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Revascularization after thrombolytic therapy

Early investigations using thrombolytic therapy noted that severe coronary
luminal obstruction typically remained 90 minutes after the onset of therapy.
This led to several randomized trials seeking to define the role of early
angioplasty after lytic therapy. Studies addressing the role of angioplasty
immediately following thrombolytic therapy for stenotic infarct vessels
showed no benefit or perhaps an increased complication rate in the angio-
plasty group compared with conservative management [20-22]. These in-
creased complication rates resulted from additional bleeding and poor angi-
oplasty results in recently recanalized, thrombotic lesions. Additionally, it
was noted that many lesions which appeared severe on a 90-minute angio-
gram were not critical when reevaluated at later time points, presumably due
to ongoing resolution of obstructive luminal thrombus [20]. In these studies,
the role of angioplasty in patients with total coronary occlusion at 90 minutes
(salvage angioplasty) was not studied, and the role of identifying and opening
these arteries is, therefore, not known.

A “‘watchful waiting” approach was shown to be as effective as delayed
revascularization after thrombolytic therapy with respect to outcomes. In
the TIMI-IIB study [14], the cumulative 6-week mortality was 5.2% in the
revascularization group compared with 4.7% in the group randomized to a
conservative strategy. The latter entailed coronary angiography for spon-
taneous or stress-induced ischemia. Reinfarction was seen in 5.9% of the
invasive group and 5.4% in the conservatively-treated group at 6 weeks. The
discharge LVEF was also comparable (50.5% in the invasive and 49.9% in
the conservative group). When follow-up was extended to 1 year postdis-
charge, mortality and reinfarction rates remained comparable between the
two groups. Similarly, a 3-year follow-up of this patient cohort still showed
no difference in cardiac mortality or reinfarction between the invasive
(11.5%) and conservative (11.0%) groups [23]. The SWIFT trial showed a
cumulative 1-year mortality of 5.8% in the intervention group, compared
with 5.0% in the conservative groups, with reinfarction rates of 15.1% and
12.9%, respectively (difference not statistically significant) [24]. Ellis et al.
[25] showed no functional or clinical benefit from routine predischarge coro-
nary angioplasty after myocardial infarction in patients treated with throm-
bolytic agents who had no evidence for inducible ischemia by stress testing
or stress radionuclide imaging prior to intervention. Actuarial 12-month
infarct-free survival was 97.8% in the no-angioplasty group and 90.5% in
the angioplasty group (p = 0.07). Thus, these studies indicate that neither
immediate nor deferred routine angioplasty reduces mortality or morbidity
or enhances left ventricular function following thrombolytic therapy in un-
complicated patients. Since “routine”, rather than “selective”, angioplasty
after thrombolytic therapy does not appear to enhance survival or reduce
the rate of reinfarction, patients who could potentially benefit from revascu-
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larization might be adequately identified by noninvasive evaluation of resting
left ventricular function and a stress test to detect residual ischemia.

Coronary angiography after thrombolytic therapy

A significant number of patients treated with thrombolytic therapy will re-
quire early angiography. An aggressive invasive approach should be under-
taken in patients suspected of experiencing sudden reocclusion of the infarct-
related artery or when spontaneous ischemia is recognized. Muller et al. [19]
reported that 26% of patients assigned to “‘conservative” therapy required
urgent cardiac catheterization within 4 days. Those patients who required
acute intervention could not be identified by baseline clinical characteristics.
Ellis et al. [26] reported a 14.9% in-hospital mortality rate in patients with
initially successful reperfusion who developed in-hospital evidence of recur-
rent ischemia, compared to a 2.0% mortality in patients who had successful
reperfusion and no recurrent ischemia. Early treatment of recurrent ischemia
in this setting was associated with improved survival. Unfortunately, although
several small series have reported angiographic correlates of abrupt closure,
the largest series of 174 patients reported no reliable angiographic predictors
of recurrent ischemia or infarction [27]. It is likely that thrombotic reoc-
clusion results from complex interactions including coagulation, thrombosis,
ongoing thrombolysis, and arterial wall factors for which there are currently
no adequate models to predict reocclusion.

Angiography can be performed either “routinely” or “selectively” — that
is, only in the presence of a clear indication in clinically stable patients.
Certain patient groups are known to be at very high risk and may be good
candidates for routine angiography. These include patients with previous
myocardial infarction or poor ventricular function, or those presenting with
advanced Killip class [28]. Patients presenting with ST-segment elevation
who are treated with thrombolytic therapy and evolve non-Q wave infarctions
are also at increased risk of death or recurrent myocardial infarction [29].
Certainly, evidence of preserved viability in myocardial zones of asynergy
make such patients better candidates for angiography and subsequent revas-
cularization [30]. In the study by Yamamoto et al. [30] regional ejection
fraction in the infarct zone did not improve after percutaneous transluminal
coronary angioplasty (PTCA) if the percent **' Tl uptake on the preprocedure
delayed image was 50% or less. In contrast, regional ejection fraction in-
creased from 39% to 47% in patients with >50% *°'Tl uptake in the infarct
zone.

Angiography has been advocated to identify certain patient subsets. These
include 15% of patients with minimal residual stenosis who can be reassured,
and the 5% of patients with important left main disease who require surgery;
it is also used to distinguish patients with single-vessel coronary disease from
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those with multivessel disease who might benefit from more intensive medical
therapy or surveillance. The Survival and Ventricular Enlargement (SAVE)
study reported that 68% of postinfarction patients in the United States
underwent coronary arteriography during admission, compared to 35%
(p <0.001) in Canadian hospitals [31]. Revascularization procedures were
also more prevalent in the United States centers (31% vs 12%; p < 0.001).
These differences were not associated with any difference in 42-month mor-
tality (22% in Canada and 23% in the United States) or reinfarction (14%
in Canada and 13% in the United States). More recently, McClellan et al.
[32] analyzed the incremental benefit of catheterization and revascularization
in the Medicare population and found that acute treatment shortly after
acute infarction, rather than more aggressive use of invasive procedures, had
the greatest impact on long-term mortality in the elderly. These data suggest
that a strategy involving “‘routine” angiography does not confer benefit with
respect to short-term outcome. Interestingly, Rogers et al. reported that
59% of patients assigned to ‘‘selective” angiography after infarction in the
TIMI-1IA trial went on to develop an indication for angiography within 1
year [33].

Rationale for noninvasive approach to risk stratification

The main goal of predischarge risk stratification in patients who have survived
an uncomplicated infarction is to distinguish high-risk patients who will ben-
efit from early invasive evaluation and revascularization from patients with
low risk for recurrent events medically treated. Decision-making algorithms
using noninvasive testing for postinfarction risk stratification in the throm-
bolytic era have been used in several large clinical trials, and their usefulness
is supported by the good clinical outcomes achieved with these strategies.

Exercise ECG stress testing for detection of residual ischemia

In the prethrombolytic era, certain ECG exercise stress test variables were
found to be associated with an increased risk of future cardiac events [34].
These included exercise-induced ST-segment depression or further ST-seg-
ment elevation in leads exhibiting pathologic Q waves, attaining a workload
of 4 METS or less, failure to adequately increase systolic blood pressure
with increasing exercise workload, and exercise-induced ventricular arrhyth-
mias such as nonsustained ventricular tachycardia. In one review, 29% of
3776 patients pooled from 17 series in the literature from the prethrombolytic
era had exercise-induced ischemic ST-segment depression on submaximal
testing [35]. The subsequent cardiac mortality rate was 15.6% in those pa-
tients manifesting ST-segment depression, compared to a 4.8% mortality
rate in those without ST-segment depression during exercise. We previously
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reported a 29% prevalence of inducible ST-segment depression in 154 Q
wave infarct patients and a 36% prevalence in 87 non-Q wave infarct patients
on predischarge submaximal exercise testing [36]. As expected, those patients
demonstrating ST-segment depression experienced an increased cardiac
event rate during follow-up compared to those without ST-segment depres-
sion on the exercise ECG.

The prevalence of exercise-induced ST-segment depression after acute
myocardial infarction is lower in patients treated with thrombolytic therapy.
In the TIMI-IIB trial [14] 12.8% of the 1636 patients randomized to the
invasive strategy had a positive exercise test at discharge compared to 17.7%
of the 1626 patients in the conservative group. At 6 weeks, 16.8% of the
invasive group and 19.4% of the conservative group had a positive exercise
ECG stress test. These values are considerably lower than the 30% preva-
lence of a positive stress test in survivors of acute myocardial infarction
undergoing testing in the prethrombolytic era [35]. Thus, it appears that
patients in the thrombolytic trials are a lower risk group at the time of
testing, with less inducible ischemia. However, as observed in the prethrom-
bolytic era, 1-year mortality in the TIMI trial was greater in patients who
did not perform the predischarge exercise test (7.7%) than those who did
(1.8%) [37]. The GISSI investigators reported a 9.8% 6-month mortality
rate in the 1037 patients who did not undergo predischarge exercise testing
for cardiac reasons, compared to a 1.1% mortality rate for the 4661 patients
with a negative stress test and a 1.7% mortality rate for patients with a
positive test (Table 1) [8].

Tilkemeier [38] compared the prevalence of exercise-induced ST-segment
depression on exercise ECG testing in postinfarction patients receiving
thrombolytic therapy and/or angioplasty compared to those receiving no
intervention during a comparable period of survey. In 64 patients receiving
thrombolytic therapy, 15% had exercise ST-segment depression. This was
substantially lower than the 35% prevalence of ST-segment depression in
patients treated medically without any intervention. Haber et al. [39] from
our institution showed only a 14% prevalence of inducible ST-segment de-
pression on predischarge exercise testing in patients treated with a throm-
bolytic agent. This value is consistent with previous reports [14, 38] in com-
parable patient populations. White et al. [10] found that exercise duration

Table 1. Results of exercise testing on 6-month mortality rate in the GISSI-2 trial.

No. patients No. deaths Odds ratio
Negative 4661 51 (1.1%) 1.0
Positive 1635 28 (1.7%) 1.64
Not done* 1037 102 (9.8%) 28.36

“For cardiac reasons: 15% had PTCA/CABG by 6 months.
From Volpi et al. Circulation 1993; 88: 416-29.
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Table 2. Exercise test variables and outcome in patients receiving thrombolytic therapy.

Exercise test Cardiac death (n = 18) Alive (n = 287) p value
Duration (min) 89+34 11.1x3.4 0.008
Percent with angina 27 21 0.49
Time to angina (min) 4532 6.8=35 0.16

From White HD, Cross DB, Elliott JM et al. Long-term prognostic importance of patency of
the infarct-related coronary artery after thrombolytic therapy for acute myocardial infarction.
Circulation 1994; 89: 61-7.

was the only exercise test variable that distinguished those postinfarction
patients receiving thrombolytic therapy who died during follow-up compared
to those who were still alive (Table 2). The true prognostic implications of a
positive ST-segment response in thrombolytic patients cannot be determined
because patients with exercise-induced ST-segment depression are typically
referred for angiography and, frequently, revascularization.

Froelicher et al. described limitations in the use of exercise ECG stress
testing for assessing prognosis after acute myocardial infarction [34]. In a
meta-analysis of various studies examining exercise test responses and prog-
nosis after acute myocardial infarction, these authors found that only 11 of
24 institutions reported that an ischemic ST-segment response was associated
with an increased risk of future cardiac events. Patients with an abnormal
exercise blood pressure response or achieving a low workload were at higher
risk for subsequent events than those with = 1.0 mm ST-segment depression.
Exercise-induced ST-segment depression was more predictive of increased
risk of future events in patients with an inferior or posterior Q wave infarction
than in patients with an anterior Q wave infarction. Interestingly, they found
that submaximal testing had greater predictive power for prognostication
than maximal testing. Similarly, the GISSI investigators reported that 50%
of recurrent nonfatal infarctions occurred in patients without exercise test
abnormalities [8]. Fortunately, although the mortality associated with rein-
farction after thrombolytic therapy is high, the incidence of reinfarction is
low. The GUSTO investigators reported a 4% in-hospital reinfarction rate
[40] and the GISSI-2 investigators reported a 2.5% incidence of nonfatal
reinfarction from hospital discharge to 6-month follow-up [41]. In this study,
independent predictors of nonfatal infarction were cardiac ineligibility for an
exercise test (relative risk 2.97), previous myocardial infarction (relative risk
1.70), and angina at follow-up (relative risk 1.5). Indicators of residual
myocardial ischemia, such as early postinfarction angina and a positive exer-
cise test, did not appear to be risk determinants. It should be pointed out
that only 1.9% of patients had undergone PTCA and 4.1% bypass surgery
in the first 6 months after discharge. This implies that early revascularization
in patients with a positive stress test cannot be proposed as the sole explana-
tion for failure of positive exercise test variables to predict reinfarction.
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Exercise myocardial perfusion imaging
Detection of ischemia

Although clinical and ECG stress test variables are useful in separating high-
from low-risk subgroups of survivors of acute myocardial infarction, variables
derived from stress perfusion imaging using ?°'TI or one of the new * ™Tc-
labeled radiopharmaceuticals, provide additional prognostic information [36,
42-49]. Table 3 summarizes advantages of stress perfusion imaging compared
to exercise ECG stress testing alone for risk stratification after uncomplicated
acute myocardial infarction. The sensitivity of perfusion imaging for detecting
ischemia is greater than that of ST-segment analysis or angina at submaximal
exercise heart rates or workloads [50]. Perfusion imaging is superior to
exercise ECG testing for localization of ischemia to specific coronary supply
regions and can, therefore, better identify patients with underlying multives-
sel CAD who manifest ischemia in more than one vascular territory [51].
Increased lung *°' Tl uptake and transient left ventricular cavity dilation from
the stress to the rest image are important supplementary prognostic variables.
For patients who cannot exercise adequately, pharmacologic stress imaging
with dipyridamole, adenosine, or dobutamine yield similar prognostic infor-
mation as attained with exercise perfusion imaging [49, 52-54]. Another
advantage of perfusion imaging is the ability to distinguish ischemic but viable
myocardium from scar, which has important implications for management of
patients with depressed left ventricular function after myocardial infarction.

In a prospective study of patients with uncomplicated myocardial infarc-
tion performed from our institution in the prethrombolytic era [42], approxi-
mately 50% who demonstrated either multiple *°'Tl defects in more than
one coronary vascular region (multivessel CAD scan pattern), delayed *°' Tl
redistribution within or remote from the infarct zone, or abnormal lung **'Tl
uptake experienced a subsequent cardiac event within 15 months (Figure 5).
In contrast, the event rate was only 6% (2% mortality) in those postinfarction
patients who had either a normal exercise scan or solely persistent *°'Tl
defects confined to the infarct zone. Twenty-one of the 140 patients (15%)
followed prospectively had multiple defects in >1 vascular supply region,
redistribution, and increased lung *°' Tl uptake. This subgroup had an 86%
recurrent cardiac event rate. As shown in Figure 6, exercise “°'Tl variables

Table 3. Advantages of myocardial perfusion imaging for risk stratification.

2171 redistribution is more prevalent than exercise ST-segment depression or inducible angina
Ischemia can be localized to specific coronary supply regions

Extent and severity of ischemia can be estimated by defect size

Superior to exercise ECG in identifying multivessel ischemia

Pharmacologic stress can be employed in patients unable to exercise

Viability can be assessed on resting images
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Figure 5. Mortality rate at 30 days relative to extent of coronary artery disease in patients
enrolled in the GUSTO Angiographic Substudy. (Reproduced with permission [11].)

Submaximal Exercise Test Thallium-201 Scintigraphy
100 ‘ .
80+ No Angina or ST { 4 Low-Risk Scan K
w ‘
E[;/reer;t 60+ . High Risk Scan

Survival 404 Angina and/or ST { i
2 0 _ ham—— B

p=.011 p<.001

0 T T T T T T T T T T
0 6 12 18 24 30 36 0 6 12 18 24 30 36
Time (Months) Time (Months)

Figure 6. Event-free survival after uncomplicated myocardial infarction related to exercise 2°*TI
data. (Adapted with permission [42].)

better separated high- and low-risk subsets than exercise-induced ST-segment
depression or angina. In this study, *°' Tl redistribution was detected in 51%
of postinfarction patients compared to 33% who exhibited inducible ST-
segment depression. As expected, both *°'Tl redistribution and ST-segment
depression are observed more frequently after non-Q wave infarction than
after Q wave infarction.

In patients treated with thrombolytic therapy, *°'Tl redistribution is still
more prevalent than ST-segment depression on stress testing (Figure 7).
Tilkemeier et al. [38] reported a 42% prevalence of *°'Tl redistribution
compared to 15% for ST-segment depression. Haber et al. [39] reported a
48% prevalence of “*'Tl redistribution, significantly higher than the 14%
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Figure 7. Prevalence of exercise-induced ST-segment depression and “°'TI redistribution in
patients treated with thrombolytic therapy for acute myocardial infarction at the Massachusetts
General Hospital [38] and the University of Virginia [39]. (Adapted with permission [39].)

prevalence of ST-segment depression. Although exercise *°'Tl imaging was
more sensitive than exercise ECG testing alone following thrombolytic ther-
apy, the prevalence of reversible *°'T1 defects is less than observed in the
prethrombolytic era. Figure 7 compares a prethrombolytic cohort [36] to a
later thrombolytic cohort [39] at the University of Virginia. The prevalence
of ST-segment depression decreased from 32% to 14%, and the prevalence
of *°'T1 redistribution from 59% to 48%. Sutton et al. [55] evaluated postin-
farction patients receiving thrombolytic therapy who had =70% residual
stenosis of the infarct-related artery by angiography. They found only a 51%
prevalence of *°'Tl redistribution on exercise testing using the single-photon
emission computerized tomography (SPECT) imaging technique. This was
presumably related, in part, to irreversible myocardial injury in the infarct
zone distal to the stenotic infarct-related artery. Thus, as in the prethrom-
bolytic era, detection of ischemia was better achieved with exercise perfusion
imaging than the exercise ECG alone, although fewer ischemic responses
by scintigraphic criteria are observed in patients who undergo reperfusion
therapy.

Detection of multivessel coronary artery disease

As previously stated, multivessel CAD is one of the most important prognos-
tic variables in patients surviving uncomplicated acute myocardial infarction,
and one of the goals of predischarge noninvasive risk stratification is to
identify those patients with functionally important multivessel CAD who
might benefit from early coronary angiography and revascularization [11, 19,
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Figure 8. Sensitivity and specificity for detection of multivessel coronary artery disease of
exercise-induced ST-segment depression (M), remote **'T! redistribution (8), or both (O) in a
cohort of patients treated with thrombolytic therapy for acute myocardial infarction. (Adapted
with permission [39].)

42, 56]. Haber et al. [39] reported that 35% of patients treated with throm-
bolysis had multivessel CAD by coronary angiography (22% with two-vessel
disease and 13% with three-vessel disease). A *°'Tl defect remote from the
infarct zone was observed in only 35% of these patients (Figure 8). The
sensitivity for detection of multivessel CAD by *°'Tl scintigraphy (35%) was
slightly, but not significantly, higher than that of exercise-induced ST-seg-
ment depression (29%). However, if a remote 2°' Tl defect and/or ischemic
ST-segment depression was considered as a single variable for multivessel
CAD detection, then 58% of those patients with significant angiographic
multivessel CAD would have been identified. Using either ST-segment de-
pression or a remote *°'Tl defect as a single variable decreased the specificity
for multivessel CAD deteciion from 97% to 78% . The sensitivity of a remote
21T defect for multivessel CAD detection in this study of patients receiving
thrombolytic therapy was similar to that reported by Sutton and Topol [55]
(35%) and Burns et al. [57] (40%).

Reports in the prethrombolytic era suggest a higher sensitivity of 2°'TI
scintigraphy for detecting multivessel CAD. In a series of studies comprising
508 patients, there was a 72% sensitivity of a remote *°' Tl defect for detecting
multivessel CAD associated with an 86% specificity [36, 43-45, 47]. In these
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Figure 9. Comparison of sensitivity of exercise-induced ST-segment depression (M) versus re-
mote 2°'TI redistribution () for detection of multivessel coronary artery disease in patients
after infarction in a pooled analysis of six reports from the prethrombolytic era and in those
treated with thrombolytic therapy. (Adapted with permission {39].)

prior series, 59% of patients with multivessel CAD had ischemic ST-segment
depression. The positive predictive value of a remote *°* Tl defect for identify-
ing multivessel CAD was significantly higher than the positive predictive
value of ST-segment depression for multivessel disease identification.

Remote *°'Tl defects following thrombolytic therapy are less common
(35%) in our laboratory than in the prethrombolytic era. Figure 9 shows the
differences in sensitivity of ST-segment depression and remote 2°'T1 defects
for detection of multivessel CAD in pre- and postthrombolytic era cohorts.
In the prethrombolytic era, 61% of postinfarction patients with multivessel
CAD had exercise-induced ST-segment depression and 70% had remote
29171 defects compared to 29% and 35%, respectively, reported by Haber et
al. [39] in the thrombolytic era.

There are several possible explanations for the diminished sensitivity of
remote “°'Tl defects for multivessel CAD identification in the thrombolytic
era. First, the incidence of prior acute myocardial infarction is lower in the
thrombolytic era. In our study undertaken in the prethrombolytic era [36],
17% of patients had a prior acute myocardial infarction compared to 7% in
our thrombolysis cohort. A prior acute myocardial infarction remote from
the zone of new myocardial necrosis would be associated with a high preva-
lence of a remote defect. Second, non-Q wave infarctions were more common
in prethrombolysis cohorts because thrombolytic therapy is usually reserved
for patients presenting with ST-segment elevation. Patients with non-Q wave
acute myocardial infarction have a comparable angiographic extent of CAD
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compared to patients with Q wave acute myocardial infarction, but they have
a higher incidence of stress-induced ischemia. Third, three-vessel CAD was
much more prevalent in prethrombolytic (30-50%) [58, 59] versus
postthrombolysis (10%) [11, 60] patient cohorts. This may be due to the
younger age in thrombolysis cohorts, differences in baseline characteristics,
or patients with ST-segment elevation being seen earlier in the natural history
of coronary atherosclerosis. Bayesian principles would predict diminished
predictive value for noninvasive testing in the thrombolytic cohort. Among
patients with multivessel CAD, three-vessel disease was more common in
prethrombolysis cohorts. Since a defect remote from the infarct zone is more
likely to be induced by exercise stress in the presence of three-vessel disease
[51], it is not surprising that the detection rate of remote defects in patients
with multivessel CAD in the thrombolytic era is decreasing.

Pharmacologic stress imaging with adenosine performed at 5 days postin-
farction using the SPECT technique yielded a 70% rate of identification of
multivessel CAD [61]. In that study, patients who died had significantly
larger defects than patients who survived, and if >10% of the left ventricle
showed reversibility indicative of ischemia, the prognosis was much worse
than if <10% of the left ventricle was rendered ischemic. D’Urbano et al.
[62] found that patients exhibiting dipyridamole-induced °'Tl defects on
stress imaging after acute myocardial infarction treated with thrombolysis
had a significantly higher event rate during follow-up compared to those
without redistribution (Figure 10).

DP TI-201 Imaging After
MI Treated with Thrombolysis

110
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/]\\
64 with 38 with 10 with
Tl Redist Persist Defects normal scans
22 with 5 with
cardiac events cardiac events

Events: death, recurrent Mi, unstable angina

Figure 10. Outcome of postinfarction patients who underwent dipyridamole (DP) thallium-201
(T1-201) imaging prior to hospital discharge. The incidence of subsequent cardiac events was
significantly higher in patients with redistribution defects compared to patients with persistent
(Persist) defects or normal scans. (Reproduced with permission {62].)
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Limitations of ="' Tl imaging

There are significant limitations to the use of **' Tl as the perfusion agent for
stress scintigraphy. The false-positive rate for detection of stenotic coronary
arteries can be significant if attenuation artifacts are not appropriately identi-
fied. Quantitative image analysis is recommended to improve the accuracy
of both planar and SPECT techniques. New * ™Tc-labeled agents like sesta-
mibi, teboroxime, and tetrcfosmin are under investigation to determine their
accuracy compared to *°' Tl for detection of ischemia, determining prognosis,
and distinguishing viable from necrotic myocardium. Little data are available
concerning the prognostic application of these new imaging agents in the
postinfarction patient.

Summary

The physiologic approach to prognostication still appears to be valid in the
evaluation of patients after uncomplicated acute myocardial infarction in the
thrombolytic era. Because many patients with abnormal exercise tests are
now routinely sent for angiography, there are no randomized trials or experi-
mental confirmation that exercise test variables are still predictive of recur-
rent cardiac events in the thrombolytic era. Nevertheless, the excellent out-
comes in patients treated with thrombolytic therapy and risk-stratified with
noninvasive strategies provide strong empiric support for the continued use
of noninvasive testing in the uncomplicated postinfarction patient after
thrombolytic therapy. Patients with postinfarction angina either at rest or
with exertion should be referred for coronary angiography, with revascular-
ization undertaken if anatomy is appropriate. Patients with severely de-
pressed left ventricular function or previous myocardial infarction should also
be considered for early angiography, particularly when the prior myocardial
infarction involves a separate vascular zone or is large, or viability is demon-
strated in asynergic regions. Another group known to be at increased risk
are patients presenting with ST-segment elevation who are treated with
thrombolytic therapy and evolve non-Q wave infarctions. These patients
often have evidence for preserved viability in zones of severe myocardial
asynergy. Similarly, a small or modest rise in the creatine kinase MB fraction
in the setting of marked regional dysfunction in a patient with a first infarction
is an indicator of primarily ischemic dysfunction rather than irreversible
myocardial injury. Interestingly, the prognosis of patients with non-Q wave
infarction has improved with the advent of antithrombotic therapy [63]. In
the TIMI-IIIB trial, the fatal and nonfatal reinfarction rate at 6 weeks in
patients not given t-PA but managed with current conventional therapy
was only 4.9%. Only 8.6% had a high-risk *°"TI perfusion scan at hospital
discharge.

Patients with no evidence of heart failure, postinfarction angina or com-
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plex ventricular arrhythmias are eligible for predischarge submaximal stress
testing for risk stratification, preferably in conjunction with myocardial per-
fusion imaging. The addition of perfusion imaging will enhance the sensitivity
for detection of ischemia within or remote from the infarct zone, while
providing information regarding viability. Patients who are unable to exercise
or those with poor exercise tolerance, an abnormal exercise blood pressure
response, inducible ischemia, or nonsustained ventricular tachycardia are
candidates for further invasive evaluation and consideration for coronary
revascularization. With *°'Tl imaging, evidence for increased pulmonary up-
take of the tracer is indicative of high risk and a high probability of an
adverse outcome with medical therapy. Low-risk patients are those who
achieve their target heart rate or workload without inducible angina, ST-
segment depression, reversible perfusion abnormalities, or increased lung
20T uptake. Defect size is reflective of infarct size, and patients with exten-
sive areas of nonreversible hypoperfusion are also at high risk for future
events, even in the absence of ischemia. Finally, pharmacologic stress imag-
ing with dipyridamole, adenosine, or dobutamine imaging has been found
to be safe when employed for stress testing soon after uncomplicated infarc-
tion. (See also Chapters 8-11, 15.)
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6. Imaging to justify no intervention

CHRISTOPH A. NIENABER and GUNNAR K. LUND

Introduction

“Words, words, words, I'm so sick of words”, said Eliza Doolittle, which
could well refer to the number of articles on the merits of festing by use of
the electrocardiogram (rest, exercise and dynamic), T1-201 and Tc-99m-
MIBI perfusion scans, the rest and stress echocardiogram (transthoracic
and transesophageal), arterial calcification etc., and reports on the various
advantages of specific stress interventions (pacing, pharmacologic, psychol-
ogic) to uncover evidence of ischemia and other physiologic or anatomic
abnormalities. A literature review gives the impression that initial reports
are later superseded by newer reports claiming superiority in aspects such as
diagnostic and prognostic evaluation, and shows that many ‘‘successful”
testing options first enthusiastically reported, are later criticized, then aban-
doned or replaced by the latest “fashion” in diagnostics or risk stratification.

As a general rule the purposes of any clinical testing include, first, determi-
nation of the presence or absence of a disease; second, assessment of the
severity of the disease and its relation to limitations and quality of a given
patient’s life; third, a prognosis under conditions of natural history, both in
years of survival and in quality years (symptom free or reduced); and fourth,
the assessment of the potential for benefit from various treatment options,
including the option of doing nothing [1-6]. The traditional attitude in the
medical community is to follow these steps either instinctively or in a struc-
tured manner. For the latter, however, little experience is availabe on how
to deal with apparently persuasive statistical analyses such as the use of
superior sensitivity/specificity, positive/negative predictive accuracy, in-
cremental information content, classical statistics versus Bayesian analysis,
prognostic models, demographic studies, clinical trials and so forth, when
caring for the individual patient [2, 7-10]. However, the need for tests is
indisputable considering that clinical evaluation will never be an exact and
precise science [11-15].

Diagnostic and therapeutic decisions should rely on a profound philosophy
of test interpretation. In regard to coronary artery disease as the most

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology. 75-92.
© 1996 Kluwer Academic Publishers.
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b 45 y/o M, asymptomatic, HBP, chol. T, D.M.;
¢ 45 y/o M, atypical chest pain;

d 55 y/o M, typical angina

Figure 1. Demonstration of how to estimate the probability of significant coronary artery
disease. Four typical clinical scenarios are depicted using patient examples (a, b, c, d); the solid
vertical bars reflect the post-test probability of coronary artery disease both for a negative
exercise ECG (-ST) and a normal thallium-201 scan (-T1). whereas the open bars indicate the
post-test probability in case of pathological stress ECG or thallium-201 perfusion studies. Note
that the benefit from both — negative and positive testing is greatest in the intermediate range
of pre-test probabilities (40-60% ) and that the post-test probability after one test becomes the
pre-test probability of a subsequent additional test. Modified and adopted, with permission from
the American College of Cardiology, from: Patterson RE and Horowitz SF: Importance of
epidemiology and biostatistics in deciding clinical strategies for using diagnostic test: A simplified
approach using examples from coronary artery disease. JACC 13: 1653, 1989.

common condition referred for testing, a stepwise approach has proven
useful. The first step includes medical history, physical exam, ECG, chest
radiograph and, if appropriate, an ambulatory (electrocardiographic) exerc-
ise stress test. The second and any further step, such as stress testing by use
of perfusion or wall motion imaging must be a consequence of the previous
rather than an automatic component since additional testing is designed to
provide incremental information to allow management decisions on a higher
level of confidence [8, 16-19] as exemplified in Figure 1.

Crucial, indeed fundamental to the issue of diagnostic tests is a realistic
estimate of the potential for treatment benefit in terms of survival and quality
years. A typical example is how to use diagnostic tests to select patients for
coronary revascularization [17, 20, 21]. Bypass surgery confers for survival
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benefit in some, but not all anatomic and functional subsets. On the other
hand quality years survival, e.g. is clearly improved in symptomatic patients.
However, with the exception of left main and proximal left anterior descend-
ing coronary artery lesions, survival of patients with single and double vessel
coronary artery disease with mere medical treatment is also excellent (and
similar to revascularization) mainly when ventricular function is unimpaired
and symptoms benign [23-28]. With regard to revascularization procedures a
particularly disturbing report on the use of angioplasty in cardiology practice
(largely patients with single-vessel disease) indicated that only 27% had
undergone a preangioplasty exercise stress test to estimate a potential benefit
[29]. Thus, diagnostic tests must be directed at identifying patients belonging
to subsets shown to derive maximal benefit from revascularization [8, 18, 30,
31]. No testing strategy makes a great deal of sense in the absence of either
a concept of possible future benefit or an impact on the individual patient
outcome [32-35]. This process is like chess; one has to anticipate the next
move and an expert chess player has anticipated the possible options many
moves ahead.

Concepts of testing

When does a test improve the chances of a correct answer to a relevant
question? Most likely both empirical and statistical approaches contribute to
that objective. Test results may be clearly positive (supporting a particular
hypothesis), clearly negative (evidence against it) or equivocal and thus
unhelpful, therefore requiring another discriminating measure (or test). The
cardiologist must be aware of the limitations that pertain to reports of testing
strategies in the literature. Dichotomization of results, arbitrary thresholds
for positivity and exclusion of background characteristics limit the interpreta-
tion of group results. The academic life cycle of a noninvasive test depends
on its ability to guide interventions and to predict outcome both in general
and in the individual case [18, 36]. Both the positive and negative predictive
values of a particular test are greatest at an a priori 50% (or intermediate)
probability of the expected result. Prevalence of disease within a population
is a principle determinant of sensitivity and specificity. Hence, for any test
the predictive accuracy may vary between laboratories. But such limitations
do not necessarily pertain to the assessment of test results in individual
patients. A 4.0 mm ST segment depression is more impressive than one of
1.0 mm and a Bruce exercise time of 12 minutes in a 65-year-old male projects
a more favorable outcome than the associated 1.5 mm ST segment depression
in the inferior leads. One can have a higher level of “empirical” confidence
in such a result than that conferred by analysis of the literature, and the
clinician is not denied relevant background information and experience that
can diminish or amplify the importance of a test result.
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Table 1. Pre-test likelihood (%) of coronary artery disease in symptomatic patients.

Nonanginal chest pain Atypical angina Typical angina
Age Men Women Men Women Men Women
30-39 5.2 0.8 21.8 4.2 69.7 25.8
40-49 14.1 2.8 46.1 13.3 87.3 55.2
50-59 21.5 8.4 58.9 324 92.0 79.4
60-69 28.1 18.6 67.1 54.4 94.3 90.6

From Diamond and Forester [7] by permission of the New England Journal of Medicine.
Numbers denote percent likelihood.

Pre-test (a priori) and revised (a posteriori) likelihoods

In accordance with the probability theory of Bayes the interpretation of a
test result depends equally on two factors: first, the initial estimate of the
likelihood that the disease is present in a given patient (pre-test likelihood)
and second, the sensitivity and specifity of the applied test. If both factors
are known the post-test or revised likelihood can be calculated [2, 7, 9, 11—
13]. The pre-test likelihood can be derived from own experience, expert
opinion (both are estimates made in advance of the test result) or from
accumulated data from large series of patients in whom the clinical probabil-
ity of conditions have been determined (Table 1).

After assessing a so-called a priori (or pre-test) likelihood (based on the
distribution of a given disease or symptom) the specific information of a test
result is implemented for the decision making process. For this, it is important
to know how reliable a test result is, in other words, one has to know both
sensitivity and specifity of the applied test. Sensitivity and specifity of various
tests have been published and are summarized for different stress tests for
detection of coronary heart disease (Tables 2 and 3).

The next step is to combine the a priori probability for the suspected
disease with the sensitivity and specifity of the applied test to assess the

Table 2. Stress testing for detection of coronary artery disease in patients with chest pain.

Sensitivity (%) Specificity (%)

ST segment depression (=1 mm) stress ECG [47, 48]  60-65 80-85
Exercise radionuclide angiography [49] 85-90 70-75
Visual 201-TI imaging [48] 80-85 75-85
Quantitative 201-TL imaging {50-54] 85-90 85-90
SPECT Tc-99m MIBI [46, 55] 85-93 75-85
Rb-82 PET [23, 56] 80-94 74-90
N-13 Ammonia PET [57] 95 100

In part from Beller by permission of the American Journal of Cardiology [54] and modified
according to more recent literature [46, 55-57]. Ranges are approximate, as determined from
a review of published studies.
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Table 3. Sensitivity and specificity of exercise perfusion (Thallium-201) scintigraphy.

Significant Sensitivity Specificity Prevalence
stenosis
Planar acquisition
Qualitative [47, 48] >50% 0.76 0.96 0.76
>75% 0.93 0.92 0.63
>50% 0.91 0.86 0.67
Quantitative [50, 51] >50% 0.93 0.91 0.67
>50% 0.88 0.90 0.65
Tomographic acquisition
Qualitative SPECT {52] >50% 0.90 0.91 0.69
Quantitative SPECT {53] >50% 0.96 0.91 0.69

revised or a posteriori likelihood. The physician considers a set of 100 patients
with the same clinical findings (of atypical angina and a negative ECG stress
test below age-predicted maximal heart rate) as an hypothetical case. In such
a scenario the estimated pretest likelihood is such that 60% have normal
coronaries and 40% have one or more significant lesions. The sensitivity and
specificy of the applied test is assumed 80% and 90%, respectively. In the
60 normal patients the physician can anticipate that the test will result in 54
true normals and 6 false positives or in a specificity of 90% . In the 40 patients
with coronary heart disease the test will give a true positive result in 32 cases
and a false normal test in 8 cases (sensitivity 80% ). Based on this calculation
the group of 100 patients provides 38 positive test results 32 of which stem
from true positives and 6 from patients without significant lesions (false
positives). Therefore, the revised likelihood of significant coronary artery
disease in a patient with such a positive test result is 32/38 = 84%
(TP/TP + FP) and 13% for a significant stenosis in presence of a normal
test result (FN/FN + TN). These values represent the revised “a posteriori”
likelihoods. The diagnostic likelihoods subsequently have been altered sig-
nificantly by the test resuit, a dramatic change that a merely clinical approach
will omit. Indeed, with the incorporation of a negative test result in the a
priori likelihood of a suspected coronory heart disease has more than halved
the chance for coronary artery disease or decreased by more than 100% and
vice versa.

Value of a normal test

When a diagnostic test is reported as normal, the clinician uses it to rule out
a suspected disease; however, a normal result may be of additional impor-
tance and help to differentiate among diagnoses that yield normal resulits
with different frequencies [1, 8, 11]. A simple method allows the extraction
of such information. The physician estimates the probability of various diag-
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noses and then combines these estimates with the anticipated frequency of

negative results for each disease under consideration. Thus, the surface of a

negative laboratory result may conceal information that helps to differentiate

among possible diagnoses. Nevertheless, a negative test result offers insight
into various important aspects of the diagnostic process:

1. Negative testing helps to identify and eliminate false positive results de-
rived from clinical impression or from other tests with less predictive
power;

2. Normal test results may exclude a specific disease in question and thus
may help accelerate the process of differential diagnosis;

3. Negative test results on a specific issue may assess a benign prognosis
and may avoid possibly dangerous, invasive procedures with questionable
outcome;

4. May be very efficient in saving costs for unnecessary testing and proce-
dures.

Serial testing

By combing the results of two diagnostic tests for the same disease the
likelihood for the presence of the suspected disease can be markedley revised.
By serial testing the a posteriori (post-test) likelihood of the first test becomes
the a priori (pre-test) likelihood of the second test. Then, the revised a priori
likelihood is combined with the sensitivity and specificy of the second test to
calculate the new post-test likelihood. Table 4 shows three different patients
in whom serial testing markedly revised the chance for suspected coronary
heart disease and, thus, offers important additional information for further
decisions in regards to coronary intervention.

Serial testing exemplified by perfusion imaging

A classic example of the value of likelihood analysis in the noninvasive
diagnosis of coronary artery disease is adopted from pretest likelihood tables
by Diamond and Forrester [7]. According to demographic information and
risk factors a (model) 45-year-old man with nonanginal chest pain has a pre-
test likelihood of coronary artery disease of 15% (Figure 2). As a result of
a positive ECG stress test his post-test likelihood increased to 32%, an
intermediate value most likely to benefit from additional testing. Subse-
quently a wall motion stress test (revealing abnormalities) and fluoroscopic
evidence of coronary calcifications were positive thereby increasing the likeli-
hood of coronary artery disease to 82%. At this point a radionuclide per-
fusion study using either thallium-201 or Tc-99m Mibi would enhance the
likelihood to 99% (when an abnormality is present), while a normal perfusion
scan would decrease the likelihood to 46%.
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Table 4. Calculations are based on an estimated sensitivity and specifity for exercise ECG (ST-
segment depression = 0.1 mV): 60% and 80%, respectively. For the perfusion scan sensitivity
and specifity were both estimated as 85%.

Pre-test Exercise ECG Perfusion scan
likelihood ST!>0.1mV (?°ITI, Tc-99m MIBI)
+ 80%
43% —<
= 9%
m, 58 yrs, nonanginal °
hest pai 21%
chest pain \ . 41%
11% —<
- 2%
+ 94%
ps — 349
m, 45 yrs, atypical angina 46%
A + 74%
33% ——<
- 8%
+ 97%
88% {
s = 56%
m, 33 yrs, typical angina 70%
+ 87%

T 549 ———<
~~ 13%

The physician cannot only weigh up the cumulative impact of age, risk
factors and discordant or concordant test results, but has to evaluate the cost
effectiveness of various tests before using them. In this particular case,
a positive radionuclide myocardial perfusion scan adds some information
concerning the likelihood of coronary artery disease, whereas a negative
perfusion scan brings one back again to a post-test probability in the interme-
diate range. Thus, the test would substantially increase costs as shown in a
cost comparison of various non-invasive tests without having any impact on
the decision to perform coronary angiography or not (Figure 3). In this
particular patient, triple vessel disease was eventually documented angio-
graphically. Although in this case perfusion imaging was not required to
initiate angiography, it may, however, be of specific value after the diagnosis
of coronary disease has been established to identify the culprit lesion (in
the setting of multivessel disease) if an intervention such as angioplasty is
considered for prognostic reasons. (See Chapters 9, 10 and 22.)
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Figure 2. Tllustration of the influence of serial testing with different diagnostic methods on the
post-test likelihood of coronary artery disease. The closed circle represents a model patient with
a pre-test likelihood of CAD of 15% and a 1.0 mm depression of the ST-segment with stress
(heavy solid line) resulting in a post-test likelihood of 32% ; the post-test likelihood would rise
to 82% in presence of calcium (Ca® ™) on fluoroscopy and in absence of calcium fall to 14%.
An additional positive (pathological) radionuclide (thallium) myocardial perfusion scan would
enhance the post-test probability to 99%; in case of a negative (normal) perfusion scan the post-
test probability of a significant (flow limiting) stenosis would be markedly decreased to 43%
even with calcium present at fluoroscopy. (Modified and adopted, with permission from the
New England Journal of Medicine, from: Diamond GA, Forrester JS. Analysis of probability
as an aid in the clinical diagnosis of coronary artery disease. N Engl J Med 1979; 300: 1350-8.)

Alternative testing and cost considerations

Certain more specialized tests provide important information that may be
vital in individual patients in whom there are unanswered questions, for
example, on myocardial viability after a clinical infarction to be unambigu-
ously addressed to the diagnostic expert. But still, as long as viability testing
does not specifically relate to the question of benefit, such tests serve mainly
for scientific objectives and still await broad acceptance as a clinical routine
[5, 7, 10, 16, 17, 30]. Metabolic interrogation using PET and fluoro-18-
deoxyglucose has been thought to represent the most accurate test for assess-
ment of regional myocardial viability today. However, a preliminary compari-
son to thallium-201 reinjection SPECT and dobutamine echocardiography
has suggested that stimulated wall motion, thallium-201 uptake and fluoro-
18-deoxyglucose metabolism may have fewer discrepancies than anticipated.
Thus, the proportion of patients who might benefit from analysis of myocar-
dial viability using fluorine-18 fluorodeoxyglucose PET after thallium-201
reinjection studies remains open to question. More importantly, clinical stra-
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Figure 3. Relative costs of various non-invasive cardiovascular diagnostic tests calculated in
relation to that of a resting electrocardiogram. ECG, electrocardiogram; ETT, exercise treadmill
test; AER, ambulatory electrocardiographic recording; Echo, transthoracic echocardiography;
PET, positron emission tomography; RNA, radionuclide angiography; D, Doppler ultrasound;
MRI, magnetic resonance imaging; Dipy, dipyridamole. (Reproduced and modified with permis-
sion from O’Rourke, RA: Cost considerations. In: Pohost, GM, O’Rourke RA. Principles and
Practice of Cardiovascular Imaging. Boston: Little & Brown, Inc., 1991.)

tegies that are not based on the potential of benefit may result in harm; to
justify testing strategies, there must be the high likelihood that additional
clinically relevant information is worth the additional costs (Figure 3). Qual-
ity control in medicine will be based quite properly on outcome research and
thus demands a balanced assessment of the medical value as well as the cost
of the various testing strategies.

The normal intravascular ultrasound scan

Another example is a 52-year-old employee with a history of atypical chest
pain, past history of smoking and borderline arterial hypertension of
140/95 mm Hg. He is slightly obese and his 12 lead stress-ECG was not
diagnostic and limited to 3 minutes of 75 watts due to a systolic arterial blood
pressure of 210 mm Hg; at this stage no significant ST segment depression
and no classic anginal symptoms were encountered. A thallium SPECT
perfusion study after dipyridamole vasodilatory stress revealed a reversible
defect confined to the lateral myocardium and suggestive of a stenosis of
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the circumflex coronary artery (CFX). Angiographic evaluation revealed a
normally contracting, mildly hypertrophied left ventricle and a mid circumflex
lesion with an estimated 70% diameter stenosis. At the time of diagnostic
angiography the question of interventional therapy by use of elective PTCA
was discussed. Expert clinicians estimated a 80% likelihood of the CFX
stenosis to significantly compromize lateral wall perfusion based on
symptoms, the thallium-201 scan and the angiographic morphology; they also
estimated a 20% likelihood of a nonsignificant obstruction to CFX flow
mainly based on the possibility of a false positive thallium scan in presence
of even mild left ventricular hypertrophy. In the clinical decision making
process the option of intravascular ultrasound assessment came up stimulated
by the measurement of a 45% diameter reduction by use of quantitative
coronary angiography. The intravascular ultrasound evaluation subsequently
performed, however, did not identify any stenosis or wall irregularity in the
interrogated segment or any obstructing luminal component (Figures 4a
and 4b). Using the above mentioned educated expert assumptions, the “a
posteriori”’ or post intracoronary ultrasound likelihood of the suspected cor-
onary segment to reflect a significant stenosis drops to zero if the IVUS
study is accepted as the best standard for exclusion of significant coronary
obstructions. The normal post-IVUS vessel diameter provides such a dram-
atic change in the quantitative lesion characterization that an angioplasty
intervention appears not to be justified at this time.

This example of reassessing the significance of a given angiographic
stenosis by an independent intravascular ultrasound evaluation is certainly
sensitive to the input estimates of probability; however, irrespective of the
actual likelihood figures, any superior method that has proven to be useful
for quantitative characterization of any given morphological lesion will over-
rule the information provided by a less accurate technique. In the near
future, it is conceivable that functional assessment using Doppler flow wires
with high precision for vasodilator reserve or truly quantitative perfusion
imaging with PET may shed even more light onto the vexing problem of
imprecise assessment of lesion severity by angiography and may help to
better reassess the true significance of a given lesion [27, 38, 39, 40].

Interestingly however, using a qualitative (visual) or semiquantitative ap-
proach, the superiority of PET compared to SPECT for lesion characteriz-
ation has not yet been established. Demer et al. assessed dipyridamole PET
using coronary flow reserve derived from quantitative coronary angiography
to determine the presence of significant CAD in 193 patients, 69 of whom
had prior myocardial infarction. If a coronary flow reserve =4 was considered
normal, dipyridamole PET had a sensitivity of 94% and a specificity of 74%
for detecting coronary artery disease; with flow reserve =3 considered as
normal, dipyridamole PET had a sensitivity of 82% and a specificity of 95%.
These values are strikingly similar to those observed with SPECT TI-201 or
Tc-99m-Mibi imaging, respectively (Tables 2 and 3). These new techniques
which are emerging as today’s gold standards for the functional significance
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Figure 4. (a) Coronary angiogram in 30 degree RAO projection showing a proximal lesion in
the left circumflex coronary artery of 70% diameter reduction consistent with a moderate
reduction of calculated coronary flow reserve (arrow). This lesion was also documented in LAO
projection. (b) The above depicted angiographic segment was subsequently interrogated by
intravascular ultrasound using a 3.5 French diagnostic intravascular catheter (20 MHz) guided
over a conventional PTCA guidewire. The CFX segment suspicious of a moderate stenosis on
angiography showed an entirely normal lumen (L) by intravascular ultrasound and revealed
consistantly an intraluminal diameter of 2.4 mm with no evidence of local atheroma, and normal
intimal and media layers.
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of a lesion are more likely to justify no coronary ‘‘therapeutic” intervention
if the test result is negative, and thus may avoid unnecessary costs and protect
patients from useless risks of interventional procedures unlikely to be of
benefit (such as cosmetic or “prognostic” PTCA).

Stress testing in patients with asymptomatic coronary artery disease

Decision making in therapy is easiest when the treatment has been proved
to be effective in achieving important goals for the patients and can be
applied with low morbidity and mortality. The problem of the asymptomatic
patient with a left anterior descending coronary artery lesion is one that
occurs not infrequently in practice. When surgery was the only alternative
to medical therapy, the decision was easier than today with PTCA. The
uncertainties of definite benefit of revascularization in these patients, com-
bined with the certain morbidity of a thoracotomy, weighed against bypass
surgery and argued for medical therapy and observation. The development
of PTCA with its high initial success rate and low mortality and morbidity
makes the decision not to perform revascularization more difficult [24, 29,
40-43] mainly for two reasons, first, the temptation for the interventionalist
for immediate action, and second, the vexing problem of self-referral for
PTCA. There is no evidence in the literature that in absence of symptoms
or silent ischemia, as defined by ST segment and changes in T wave either
spontaneously occurring or precipitated by exercise, any revascularization
procedure will be of any prognostic benefit for the individual patient. Con-
versely however, there is convincing evidence that silent ischemia may have
prognostic significance similar to angina [24, 25, 32, 33] as depicted in Figure
5; thus regardless of coronary lesion morphology, especially in asymptomatic
patients both negative and positive test results for ischemia have important
impact on the recommended treatment strategy.

In practice, many angiographers consider the presence of a high-grade,
proximal coronary arterial obstruction, especially in the left anterior descend-
ing coronary artery, an indication for angioplasty with or without ischemia.
There is a certain temptation of treating angiograms rather than patients and
a lingering “oculo-stenotic reflex” to perform angioplasty with no objective
evidence of myocardial ischemia [30]. However, ignoring negative non-invas-
ive tests may expose the patient to a cycle of early restenosis and bypass
surgery sooner than the natural history would dictate [44, 45]. Moreover,
there is objective evidence from the large randomized studies of surgical
versus medical management, that revascularization of a single-vessel obstruc-
tion in symptomatic patients has no advantages over medical management,
neither in survival nor in avoiding myocardial infarction [24, 25, 27, 28, 29,
38]. Although controversial, there is evidence that not all patients in the
single-vessel disease category have the same prognosis and that symptomatic
patients with high-grade proximal lesions of the left anterior descending
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Figure 5. Relation between event-free survival and time of follow-up in 407 asymptomatic
subjects stratified by the combination of a positive stress ECG and pathological thallium-201
scan as compared to all other test constellations associated with at least one negative finding
(either ECG or perfusion imaging). The incidence of cardiac events was significantly lower in
those who had either a normal thallium or ECG test — or both. By proportional hazard analysis,
a concordant positive result predicted an 3.6 fold risk for a coronary event, independent of risk
factors. Adopted from Fleg JL et al. Prevalence and prognostic significance of exercise-induced
silent myocardial ischemia detected by thallium scintigraphy and ECG in asymptomatic volun-
teers. Circulation 1990; 81: 428. (Reproduced with permission from the American Heart Associ-
ation, Inc.)

coronary artery are at higher risk than either those with more distal lesions
of the left anterior descending coronary artery, or those with proximal right
coronary artery or left circumflex coronary artery lesions. Califf and col-
leagues reported the annual mortality of patients with proximal left anterior
descending coronary artery disease to be 2% per year compared with 0.4%
per year mortality for patients with distal left anterior descending coronary
artery lesions [28]. The mortality even in the patients with proximal lesions,
syptomatic or silent, is low. There is some evidence, however, that selected
patients with proximal left anterior descending coronary lesions can benefit
from revascularization compared with those managed medically [24, 29].
With the use of the internal mammary artery as a bypass, long-term patency
has proved to be excellent, and if it is accepted that the prognosis of asympto-
matic patients with evidence of ischemia by noninvasive testing is similar to
that of patients with angina, a case could be made for bypass surgery. There
is, however, no randomized study in asymptomatic patients with left anterior
descending coronary artery obstruction to demonstrate convincing benefit of
surgical or interventional revascularization compared to medical therapy.
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The unrandomized portion of the CASS study indicates that symptomatic
patients with single left anterior descending coronary artery disease and left
ventricular dysfunction do better with bypass surgery than with medical
therapy. The only nonrandomized study with PTCA showed no difference
in survival in patients with one- or two-vessel disease involving the left
anterior descending artery, between PTCA (95% survival) and medical ther-
apy (93% survival) at five years. On subgroup analysis patients with ejection
fractions less than 50% had a better survival after PTCA [24, 25].

Against the background of these possible survival benefits of revasculariz-
ation in symptomatic patients with left anterior descending coronary artery
disease we have to consider the definite problems of PTCA. In the NHLBI
registry the incidence of PTCA-related complications in single-vessel disease
was death in 0.2%, nonfatal myocardial infarction in 3.5%, and need for
emergency bypass surgery in 2.9% . The chance of one of these adverse events
to occur is 5.5% [41]. Combining this with a procedural 3.9% occlusion rate
and a 3.5% rate of prolonged angina, a 10% failure rate to achieve a
satisfactory result, and a late restenosis rate of 25-35% of patients with
some of these requiring second procedures or even bypass surgery, the
attractiveness of the PTCA option for an asymptomatic patient diminishes
markedly. Furthermore, if collateral vessels are present, there is probably a
protective situation for the patient with a proximal left anterior descending
lesion that would make extensive infarction less likely and, therefore, would
mitigate against revascularization in the asymptomatic patient.

With all of these factors considered, a myocardial perfusion scan negative
for inducible ischemia may justify no interventional action [44, 45]. With no
evidence of a large volume of ischemic myocardium, such a patient is at no
increased risk of an adverse event regardless of whether the subjective
symptom of angina pectoris is present. Considering the benign prognosis to
begin with, the indication for expensive and potentially dangerous interven-
tions should be reviewed with great scrutiny. Conversely, in patients with
evidence of redistribution (reversible perfusion defects) interventional revas-
cularization may be justified (and beneficial) and is especially compelling in
presence of reduced left ventricular function at rest or with exercise, indica-
tive of both reduced contractile reserve and significant amount of ischemic
myocardium. .

As these cases suggest, normal findings may not only save costs by avoiding
useless interventions, but are valuable in the differential diagnosis. Only
when a normal test result occurs with nearly equal frequency among all the
diseases being considered will a negative finding contribute little or nothing
to the diagnostic process. Although most physicians will agree that the use
of prevalence and likelihood analysis (including negative test results) should,
in principle, contribute importantly to the process of differential diagnosis,
many argue that its value is limited by the difficulty of choosing the appropri-
ate probabilities. They are troubled, in particular, by the fact that data
defining the incidence of normal findings are frequently difficult to obtain
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or, even when they are available, often quite imprecise [12, 26, 43, 46]. To
deal with the inevitable uncertainties of estimates, however, the physician
can estimate the errors in the likelihoods used, and recalculate the diagnostic
profile from the extreme values. The range of diagnostic likelihoods obtained
in this fashion establishes the limits of the revised probabilities. In many
instances, the deviations from the physician’s own best estimates will be
relatively small and the range of likelihoods is consistent with the available
data. Improved accuracy of differential diagnosis resulting from the more
effective use of normal findings should improve patient care by aiding clin-
icians in the process of making sound decisions such as first, to avoid the
invasive diagnostic intervention of coronary angiography in presence of a
test result negative for an physiologically significant obstructive coronary
lesion, and second, to justify no interventional or surgical revascularization
procedure in absence of any potential for therapeutic or prognostic benefit.
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7. Interpretation of coronary angiograms prior to
PTCA: Pitfalls and problems

RUDIGER SIMON

Introduction

The indication for coronary angioplasty and related techniques has widened
dramatically since its first application in 1977 [1]. Enhanced operator skills
and improved technology have permitted an expanded use of interventional
catheter methods in patients that were previously deemed too high risk or
impossible candidates such as elderly patients, those with multiple or complex
lesions, those with lesions at vessel origins, or patients with poor left ventricu-
lar function or prior bypass surgery [2].

A number of diagnostic procedures including exercise testing, scintigraphy,
PET-scanning, and recently stress echocardiography have proven to be help-
ful in the decision for catheter-based coronary revascularization. Coronary
angiography, however, has remained the cornerstone, since it not only out-
lines the anatomy and morphology of the coronary arteries, but it is also the
basis for the selection of the strategy and technique to be used, the type and
the size of the device for the procedure, as well for the estimation of proce-
dural risk and potential side problems.

In addition to the fast development of interventional device technology,
recent achievements in angiographic techniques have had a major role in the
successfull expansion of angioplasty. The most important step in this field
has been the advent of digital imaging to cardiac and coronary angiography.
The improved quality of todays “on stage and on line”” angiographic images
in the cathlab prior to and during the procedure has significantly facilitated
and accelerated interventional procedures [3, 4] In addition the routine
use of multidirectional angulated views has proven very helpful in avoiding
uncertainty in the interpretation of ambiguous situations.

Beside these improvements, however, there are still problems and pitfalls
that can occur when interpreting angiograms prior to interventional proce-
dures.

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology. 93-103.
© 1996 Kluwer Academic Publishers.
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The submission angiogram
Anatomical problems

The coronary arterial circulation comprises straight as well as tortuous seg-
ments of the coronary arteries in a three dimensional space with multiple
branching points, resulting in multiple overlapping and crossing parts of
the vessels in the two-dimensional representation of angiography. Standard
projections may fail to unveil the true degree of coronary disease. A typical
example is shown in Figure 1. This 65-year-old patient was submitted for an
angioplasty of his severely obstructed left circumflex artery: the other coron-
ary vessels were described as non-obstructed by the submitting investigators.
Control angiography immediately before angioplasty, however, demon-
strated that the patient had double vessel disease with an additional signifi-
cant obstruction in the mid part of the left anterior descending artery, that
could only be detected by an extremely angulated cranial view, that was not
performed at the original investigation. Obviously, the risk as well as the
strategy had to be reconsidered in this case: the LAD lésion was dilated first,
than followed by circumflex artery angioplasty.

Multiple experiences like this one have led us to perform a full preproce-
dure angiography of both the left as well as the right coronary artery in all
patients prior {0 any intervention.

The recanalization of chronic total occlusions of coronary arteries is a
demanding task. In experienced hands, up to 70% of the attempts can be
successful [S]. Strategy and final outcome, however, are dependent on an
optimal estimation of the occluded segment. An optimal antegrade delin-
eation of the artery proximal to the occlusion as well as distal to the occlusion
by a sufficient opacification of all collateral pathways is neccesary. Since
diagnostic angiographers often are not aware of the needs of the interven-
tional operator many diagnostic angiograms submitted for potential catheter
revascularization do not fulfill these requirements. Even immediately before
the procedure, the diagnostic “‘roadmap” angiogram will sometimes not
delineate the occluded segment sufficiently when the angiogram is performed
in the classic sequential way with right coronary angiography after left coron-
ary angiography and vice versa. For this situation we have switched to
simultaneous biplane and biarterial coronary angiography, injecting contrast
material into the right and the left coronary artery through two catheters at
the same time in order to outline the anatomy of the occlusion to be treated
as optimally as possible.

Sizing
Sizing the lesion and the artery to be treated is important for the selection

of strategy and device for the intervention. There is agreement between
most ‘‘angioplasters’ that revascularization of vessels smaller than 2 mm is
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Figure 1. Sixty-five-year-old patient submitted for balloon angioplasty of a tight stenosis in the
left circumflex artery (A). Control angiography immediately before the procedure disclosed an
additional tight lesion in left anterior descending artery (B) in a cranial LAO-projection, that
was not performed during the first diagnostic angiography.



96 R. Simon

associated with increasing complications and decreasing long term success
rates. Sizing of the vessels and lesions under scrutinity from previous diagnos-
tic angiograms, however, has become difficult with increasing use of multiple
sizes and brands of diagnostic catheters. The size of the catheter used in the
submission angiogram is often unknown to the “angioplaster”’. In addition,
variations in X-ray density and variations in actual catheter diameters as
compared to its claimed diameter may render estimations based on catheters
as scaling factor erroneous [6]. Out-of-plane errors can further add to uncer-
tainty, which may have particular importance with small catheters, since the
error increases with a decreasing size of the scaling object.

Another problem arises from the fact that many angiograms are taken
without vasodilation by nitrates or comparable drugs. Thus, the primary
angiogram often does not allow an appropriate appreciation of the impor-
tance of the perfusion area distal to the lesion.

Problems with small catheters

The increasing use of diagnostic catheters of sizes below 6 F has introduced
additional problems to the interpretation of angiograms. The degree of opac-
ification of the coronary circulation is not comparable to the quality that can
be achieved with larger catheters, despite even more vigorous injection force
exerted by the investigator. This more vigorous injection may potentially be
dangerous due to faster jet at the catheter tip with a smaller lumen that may
set the stage for endothelial damage and/or dissection.

The use of these small catheters has introduced another new problem that
we have not seen with larger diagnostic catheters. Due to the small catheter
tip, the artery may be entered easily without any drop in pressure in the
presence of a significant ostial obstruction. Vigorous contrast injection can
lead to brisk backflow even in the precence of more than 70% of luminal
narrowing in a left main coronary artery, thus displaying a pseudo-normal
ostial look of the artery. We have encountered a number of cases in whom
the first intubation with a 7 F or 8 F guiding catheter discovered a significant
lesion of the left main coronary artery that was not detected at the primary
investigation. (Figure 2). Obviously, this unexpected finding will change the
planned dilatation of a mid LAD lesion from a low-risk procedure to a totally
unexpected high-risk procedure.

Time factor

Due to limited capacity a considerable interval has to be allowed for between
the primary diagnostic angiogram and angioplasty in many centers. Within
this time, the aspect of the lesion to be treated may alter and may change
the technical approach or the indication for any given procedure. In some
patients, high grade lesions progress to total occlusions. These occlusions
can most often be reopened easily, since the occlusion time has been short.
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Figure 2. Sixty-seven-year-old female patient submitted for an angioplasty of a mid-LAD-lesion.
Submission angiogram (A) displayed a normal aspect of the left main coronary artery. Control
angiography immediately before the procedure unveiled a tight stenosis at the aortal orifice of
the left main coronary artery (B).
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Sometimes, however a regression in lesions severity and complexity can be
observed, and this is particularly seen in patients early after myocardial
infarction. Figure 3 demonstrates a patient who was submitted for atherec-
tomy of a complex right coronary lesion after inferior myocardial infarction.
The original submission angiogram was taken about 10 days after the infarct.
The angiogram before the planned intervention, taken two weeks later,
displayed a regression of the lesion with smoothing of the boundaries, and
a residual diameter stenosis of less than 30%, so that an intervention was
not felt to be necessary.

Filmless catheterization laboratory

Recently, a move towards the filmless catheterization laboratory can be
observed in Europe as well as in the United States. Since so far there is no
standard for the exchange of angiograms primarily acquired in a digital
format, angiograms are stored and exchanged mainly on SVHS or VHS
videotapes. The poor quality of many of these tapes is often prohibitive for
decision-making concerning interventional procedures, so that in a consider-
able number of patients, a new angiogram of sufficient quality has to be
taken on film or digital format before a final decision as to indication, strategy
and device choice can be made [7, 8]. This undesirable dilemma will hopefully
be solved, when a new standard for digital storage of coronary angiograms
will evolve that is currently under development.

Problems inherent with angiography
Delineation of lesion morphology

Contrast angiography can only provide a ‘“‘shadowgram” of the arterial
lumen. Furthermore, only a limited number of projections can be taken for
practical reasons. Since there is no available solution for an on-line three-
dimensional reconstruction of the coronary tree, the operator is left with his
own imagination to appreciate the full impact of a coronary lesion from a
number of two dimensional projections. Comparison with other imaging
techniques such as intravascular ultrasound (IVUS) or angioscopy have de-
monstrated, that significant differences may occur between these techniques
and the angiographic aspect of a lesion comprising lesion severity and com-
plexity as well as the presence or absence of thrombi, dissections, aneurysms
or other features [9-11]. Angiography may suggest normal or only mildly
diseased coronary arteries whereas IVUS - by design capable to reveal the
thickness and composition of the vascular wall - may disclose advanced
intimal hyperplasia, intimal plaque formation or even significant luminal
obstructions [12]. It has therefore been questioned, whether angiography is
an appropriate tool to estimate the degree of coronary artery disease. Recent
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Figure 3. Regression of a complex lesion with time. (A) Complex aspect of a proximal RCA-
obstruction early after myocardial infarction in a 61-year-old female patient submitted for
directional atherectomy. (B) Lesion aspect in the same projection 5 weeks later, immediately
before the intervention: lesion borders have smoothed, and quantitative analysis resulted in a
40% residual lesion, so that no intervention was performed.
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thorough investigations including quantitative measurements of coronary le-
sions from calibrated simultaneous biplane coronary angiograms and simulta-
neous intravascular ultrasound registrations in our laboratories have shown
that significant disagreements between angiography and intravascular ultra-
sound seem to occur primarily immediately after an interventional procedure,
when the boundaries of the lesion are irregular and rough (Figure 4, mid-
panel). It is conceivable that under these conditions, a lesion is better appreci-
ated by the “cross-sectional” IVUS display than the “longitudinal” angio-
graphic display. Intimal flaps, local thrombi and dissections after
interventional therapy may further add to the uncertainty. When untreated
segments are compared, the correlation between angiography and IVUS is
much better (Figure 4, upper panel). Interestingly, the correlation becomes
better again at follow-up angiography 3 to 6 months later, when remodelling
of the stenosis has led to smoother lesion borders (Figure 4, lower panel).

Finally it has to be mentioned, that discrepant results reported in the
literature can be due to the fact that comparative measurements from IVUS
and angiography registrations at exactly the same point in a vessel are not a
trivial task, so that some of the differences could be due to non-identical
measuring points.

Functional aspects

The functional impact of a coronary lesion is estimated traditionally from its
angiographic appearance, that may visually be translated into a percentage
obstruction of diameter and cross section by the operator, or assessed quanti-
tatively by automatic detection methods (QCA). Although contrast density
and run-off can be taken into consideration in addition to morphology, it is
difficult to appreciate the physiologic impact of a coronary lesion from a
subjective visual assessment of the angiogram. When ‘“eyeballing” the
stenosis, operators tend to overestimate the lesion before and underestimate
the lesion after an interventional procedure. The application of quantitative
coronary angiography (QCA) has improved this estimation process. QCA,
primarily developed in animal experiments [13], has been demonstrated to
be valid also in patients [14]. In uncomplicated situations, this analysis is in
good agreement with other methods to assess the physiologic impact of a
lesion on coronary hemodynamics. On-line methods for QCA are now avail-
able for most cathlab equipments, that can be applied during the intervention
and provide the investigator with quantitative results within 2 minutes, thus
enabling a rapid decision making process prior to and during the procedure.
In more complex situations, however, with multiple sequential lesions or
long complex lesions including vessel bending, QCA will be of limited value.
In this situation, additional methods are necessary and available today:
IVUS, angioscopy and Doppler-tipped catheters or guide wires have been
used as an extension to angiography. These techniques, that should not be
regarded as replacements but as complementary techniques to angiography,
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Figure 4. Comparison of minimal luminal area of a stenosed vessel assessed at the same site by
intracoronary ultrasound (ICUS) and quantative biplane angiocardiography (angio) immediately
and late after atherectomy. (A) Measurements of untreated segments distal to the lesion. (B)
Measurements at the site of the directional atherectomy immediately after the intervention. (C)
Measurements at the site of the directional atherectomy 3 to 6 months after the intervention.
All assessments have been performed in the same patients.
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may provide important additional information about local morphology as
well as blood velocity and blood flow within obstructed segments of the
vessel. (See also Chapters 6, 19, 20 and 25.)

Outlook

Angiocardiography has further improved within the last decade. With the
advent of digital imaging, immediate high quality displays of angiographic
scenes have become available in most catherization laboratories today. This
fact has enabled an accelerated decision making prior to and during interven-
tional procedures [15]. The experiences within the last decade, however,
have also shown, that the interpretation of coronary angiograms has to be
done cautiously and with restrictions. Comparisons with other modalities
such as IVUS or angioscopy have shown, that despite a ‘“normal” angio-
graphic aspect, significant coronary disease can be present. It is conceivable,
therefore, that angiocardiography will not remain the one and only diagnostic
technique technique in the catheterization laboratory. Other modalities such
as IVUS, angioscopy, Doppler-techniques and future developments will most
probably complement angiocardiography to achieve an optimal appreciation
of coronary artery disease in particular prior to any coronary intervention.
Angiocardiography, however, will for some time remain the keystone in
this field, since in an unique way it provides information essential for the
interventional operator: the delineation of coronary anatomy and morpho-
logy, a road map for the procedure, an easily obtainable demonstration of
significant anatomical and procedural obstacles, and a basis for the estimation
of procedure related risks and side problems.
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8. Diagnostic accuracy of stress-echocardiography for
the detection of significant coronary artery disease

FRANK M. BAER and HANS J. DEUTSCH

Introduction

Stress-echocardiography has been used for the detection of ischemia for more
than a decade and was first reported to be a clinically feasible technique by
Wann et al. [1]. Since then stress-echocardiography has become an increas-
ingly popular non-invasive alternative method for the detection of coronary
artery disease, which has a number of medical and economical advantages.
A variety of stress modes has been applied to patients with suspected coron-
ary artery disease to induce new wall motion abnormalities or to intensify
preexisting wall motion abnormalities in the perfusion territory of a stenosed
vessel. These wall motion abnormalities can be identified by 2D-echocardio-
graphy [2] and in experienced hands wall motion analysis based on stress-
echocardiography has proved to be as sensitive and specific for the detection
of coronary artery disease as myocardial scintigraphy [3, 4]. Moreover, stress
echocardiography may be valuable to evaluate the functional relevance of
coronary artery stenoses in patients with known coronary artery disease,
which is often not reliably predicted by coronary angiography {5, 6].

This paper focuses on the review of stress echocardiography studies for
the assessment of functionally significant coronary artery disease in patients
with suspected and known coronary artery disease. Furthermore, the diag-
nostic reliability of different echocardiographic stress tests for the detection
of stenosis is discussed and the diagnostic accuracy of stress echocardiography
is compared to other imaging techniques currently used for the non-invasive
detection of coronary artery disease.

Induction of wall motion abnormalities by different stress tests

Stress echocardiography as an alternative method to exercise stress testing
(EST) and scintigraphic techniques in the detection and localization of coron-
ary artery stenoses relies on the ability of 2-dimensional echocardiography
to record left ventricular wall motion and thickening before, during and after

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology. 105-119.
© 1996 Kluwer Academic Publishers.
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Table 1. Stress tests used with echocardiography.

Transthoracic echocardiography Transesophageal
echocardiography

Dynamic stress: Treadmill exercise -
Supine bicycle ergometry -
Upright bicycle ergometry -
Pharmacologic stress: Beta-agonists: Beta-agonists
(Dopamine, dobutamine,
arbutamine, isoproterenol)

Vasodilators: Vasodilators
(Dipyridamole, adenosine)
Pacing: Transvenous atrial
Transesophageal atrial Transesophageal atrial
Other: Cold pressor -

Mental stress

stress application. The identification of stenoses is based on the hypothesis
that stress induced ischemia in the perfusion territory of the respective vessel
elicits regional wall motion abnormalities which can be evaluated qualitat-
ively or semi-quantitatively by wall motion analysis. Different forms of stress
have been used in conjunction with echocardiographic imaging (Table 1).
Each of these stress tests has distinct advantages and disadvantages and is
based on different mechanisms to create an imbalance between myocardial
oxygen demand and supply in the perfusion territory of the stenosed vessel.

Exercise stress

Exercise stress is performed as supine or upright bicycle ergometry or tread-
mill stress and produces the highest increase in myocardial oxygen demand
resulting from an increase in heart rate, systolic blood pressure and contrac-
tility [2]. However, this advantage has the price of a more difficult image
acquisition due to deep respiratory movements and excessive motion of the
chest. In a recent large series of patients approximately 30% of exercise-
echocardiography studies were technically suboptimal [7]. Moreover, exerc-
ise-echocardiographic information has to be recorded within a critical time
window of 90-120 seconds after cessation of exercise stress to ensure optimal
accuracy [2]. Ryan et al. [8] previously reported their experience with echo-
cardiography during peak upright bicycle exercise and immediately after
exercise in 309 patients. The sensitivity for postexercise images was still 83%
as compared with 91% for peak exercise imaging. This contrasts with findings
of Presti et al. [9] who has shown that in nearly one third of patients with
abnormal wall motion at peak bicycle exercise there was rapid recovery of
the wall motion in the postexercise study. Thus it seems prudent to acquire
images at the end of the exercise phase and regard negative postexercise
images as potentially false negative studies.
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Pharmacological stress

Various forms of pharmacological stress have been evaluated for their diag-
nostic value, clinical safety, side effects and patient tolerance [10]. In general,
these agents encompass 2 groups: 1) beta agonists like dobutamine and
arbutamine [11, 12] and 2) coronary vasodilators like dipyridamole and
adenosine [13, 14]. Beta-agonists increase myocardial oxygen demand
through a combined inotropic and chronotropic action. In the presence of a
coronary artery stenosis a classic supply-demand mismatch occurs and wall
motion abnormalities develop. In contrast, dipyridamole and adenosine in-
duced ischemia is mainly due to a blood flow maldistribution, with a reduction
in subendocardial flow in the regions of myocardium supplied by a stenotic
coronary artery [15]. The small increase in myocardial oxygen demand which
is much smaller than that induced by beta-agonists is not considered relevant
for the induction of ischemia. In the presence of a significant coronary artery
stenosis dipyridamole and adenosine reduce myocardial oxygen supply, and
therefore predominantly affect the supply part of the supply-demand ratio.

Atrial pacing

Pacing stress has also been used in conjunction with echocardiography. Atrial
pacing can be performed via the transvenous route, but to preserve the non-
invasive nature of the examination transesophageal pacing is more commonly
used [16, 17]. With this technique ischemia is induced by an increased heart
rate leading to a rise in myocardial oxygen demand.

Stress and transesophageal echocardiography (TEE)

Pharmacological stress using dipyridamole [18] or dobutamine [19-21] and
atrial pacing [17, 22] have been used in conjunction with TEE. The transeso-
phageal approach circumvents the problems associated with a poor acoustic
window. TEE in conjunction with pharmacological stress has proved to be
a feasible, safe and accurate method to assess coronary artery disease. The
superior image quality allows a better delineation of endo- and epicardial
borders, which facilitates the detection of even slight wall motion abnormali-
ties (Figures 1 and 2) and may even be suitable for quantitative assessment
of wall thickening. Moreover, overall sensitivity and specificity for the detec-
tion of individual coronary artery stenoses by TEE are encouraging. Panza
et al. [21] examined 62 patients with dobutamine-TEE .and reported a sensi-
tivity of 83% for detecting stenoses of the left anterior descending coronary
artery, 82% for the left circumflex coronary artery and 78% for the right
coronary artery. In another TEE-study using atrial pacing stress, Lambertz
et al. [17] found sensitivities of 91%, 58% and 83% for the left anterior
descending coronary artery, the left circumflex coronary artery and for the
right coronary artery, respectively. The main disadvantage of transeso-



108 F.M. Baer and H.J. Deutsch

Figure 1. Transesophageal dobutamine-stress echocardiogram of a 56-year-old patient with 90%
stenosis of the left anterior descending coronary artery. End-diastolic (left) and end-systolic
(right) still frames of a transgastric short axis tomogram are presented in the upper row. The
end-systolic still frame shows homogeneous left ventricular wall thickening at baseline con-
ditions. During dobutamine infusion (40 pg/kg/min) inward motion of the endocardial contour
and systolic wall thickening (lower right) of the anteroseptal wall (arrows) is reduced.

phageal stress echocardiography is that it requires passage of a probe into
the esophagus. Therefore, this technique should be reserved for the examin-
ation of patients in whom a transthoracic study is either not feasible or yields
ambiguous results.

Selection of the optimal stress for the detection of coronary artery stenoses
Comparison of stress tests in different patient populations

Numerous studies have examined the sensitivity and specificity of exercise
and pharmacological stress tests in conjunction with echocardiography. These
studies differ with respect to numbers of patients with single and multivessel
disease, disease severity and the proportion of patients with infarction so
that the comparison between these results is difficult. Table 2 demonstrates
the upper and lower range of sensitivities for the detection of significant
coronary artery stenoses (% diameter stenosis =50%) by either transthoracic
or transesophageal echocardiography in conjunction with different stress
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Figure 2. Transesophageal dobutamine-stress echocardiogram of a 47-year-old patient with 95%
stenosis of the left circumflex coronary artery. End-diastolic (left) and end-systolic (right) still
frames of a transesophageal 4-chamber view are shown. The end-systolic still frame shows
homogeneous left ventricular wall thickening at baseline conditions. During dobutamine infusion
(30 pg/kg/min) hypokinesis of the lateral wall (lower left, arrows) with significantly reduced
inward motion of the endocardial contour developed.

modalities. Sensitivities for multivessel disease are better than for single
vessel disease and the transesophageal approach yields better results than
transthoracic echocardiography. If only the best values for the various echo-
cardiography stress modalities are considered, dynamic- and dobutamine
stress achieve the highest sensitivities for the detection of significant coronary
artery disease. However, the wide range of reported sensitivities for each of
these stress tests reflects the heterogeneity of patient populations and stress
protocols and does therefore not allow an accurate comparison.

Comparison of different stress tests in the same patient population

A better approach to compare different stress techniques is to perform these
stress tests in the same patients using coronary angiography as the standard
of reference. To date, few studies have been performed comparing different
echocardiographic stress tests in the same patient population. Table 3 lists
all major studies which compared two or more echocardiography stress tests
in the same patient population using coronary arteriography as the standard
of reference. Picano et al. [33] were the first to compare dynamic stress
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and high-dose dipyridamole (0.84 mg/kg) in 40 patients and found similar
sensitivities and specificities for the detection of coronary artery stenoses
(270% diameter reduction) with both stress tests. Further evaluation with
respect to the localization and extent of coronary artery disease was not
provided in this early study. Another study comparing dynamic and pharmac-
ological stress was recently published by Beleslin et al. [27]. This study
addressed the overall sensitivity of dynamic, dobutamine and dipyridamole
echocardiography and the sensitivity for single and multivessel disease for
coronary artery stenoses of =50% diameter reduction. In this study, the
sensitivity (88%) of exercise echocardiography for detection of single vessel
disease was slightly higher than the sensitivity of dobutamine echocardio-
graphy (82%) and significantly higher than the sensitivity of dipyridamole
echocardiography (72%). The wall motion abnormalities seen in these pa-
tients corresponded always to the perfusion territory of the affected vessel.
The sensitivity for the detection of multivessel disease was similar for all 3
stress tests (Table 3).

Marangelli et al. [31] compared exercise and dipyridamole echocardio-
graphy and atrial pacing using transesophageal echocardiography in the same
patient population. This study also demonstrated a significantly higher sensi-
tivity of exercise stress (89%) compared to dipyridamole stress (43%). The
sensitivity of transesophageal atrial pacing echocardiography (83%) was com-
parable to that of dynamic stress echocardiography (89%). Marwick et al.
[3] compared dobutamine and adenosine stress and reported a significantly
higher overall sensitivity (85%) for dobutamine stress than for adenosine
(58%). Sensitivity for single vessel disease using dobutamine stress (84%)
was almost the same as the overall sensitivity for coronary artery disease
(85%). In contrast, with adenosine stress detection of single vessel disease
could be achieved in only 52% of patients. Specificity for dobutamine (82%)
and adenosine stress (87%) was in the same range.

Studies by Bocanelli et al. [34], Previtali et al. [35], Martin et al. [14] and
Beleslin et al. [27] which also compared dobutamine and dipyridamole stress
confirmed the superiority of dobutamine stress for both the detection of
single and multivessel disease (Table 3). This is in agreement with magnetic
resonance imaging studies in patients with coronary artery disease which also
reported higher sensitivities of dobutamine stress in comparison to dipyrida-
mole stress in patients with coronary artery disease [36, 37]. There is only
one stress echocardiography study performed by Salustri et al. [38] which
demonstrated slightly better results of high dose-dipyridamole than of dobut-
amine stress.

The lower sensitivity of adenosine and dipyridamole in comparison to
exercise and dobutamine is likely due to the fact that flow maldistribution
provoked by dipyridamole may not occur or may not be severe enough to
induce subendocardial ischemia in patients with only moderately reduced
coronary reserve [35]. Even using TEE with its superior image quality in
conjunction with dipyridamole stress, wall motion abnormalities were only
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found in 67% of patients with single vessel disease [18] which is further
evidence for the hypothesis that dipyridamole is not the ideal pharmacolog-
ical stress agent. Dobutamine stress is also more sensitive than dipyridamole
in patients taking beta-blockers [27].

Based on the studies mentioned in Table 3 exercise stress is probably the
most effective stress test to provoke myocardial ischemia and subsequent
wall motion abnormalities. This is in agreement with an animal study re-
porting that exercise is capable of inducing a-slightly greater degree of
dissynergy than high-dose dipyridamole and dobutamine [39]. However, in
the clinical setting performance of exercise is strongly dependent on patient
motivation and the ability to reach adequate exercise levels. Unfortunately,
many patients are physically incapable of sufficiently vigorous exercise to
provide diagnostically useful data. Stratman et al. [40] reported that as many
as 35% of patients with coronary artery disease are unable to complete an
exercise treadmill test. This emphasizes the necessity of having a stress mode
available that is independent of dynamic exercise. Despite the shortcomings
of dipyridamole mentioned above and the higher sensitivity of dobutamine
no study has yet demonstrated a significant difference between the diagnostic
accuracies of the two agents. Therefore, until we have more precise infor-
mation the choice of the echocardiographic stress test to detect functionally
significant stenoses may be governed by the clinical situation and the prefer-
ence and experience of the physician.

Comparison of stress echocardiography and myocardial scintigraphy.in the
same patient population

Exercise-echocardiography versus myocardial scintigraphy

The few studies based on a head to head comparison between exercise-
echocardiography and myocardial scintigraphy in the same patient population
are listed in Table 4 and discussed briefly below. In a study by Maurer and
Nanda [41] 23 patients underwent exercise-echocardiography and thallium-
201 planar imaging after a treadmill exercise test. The sensitivity was 74%
for thallium-201 scintigraphy and 70% for exercise echocardiography. The
specificity was 92% for both techniques. In a similar study using exercise
echocardiography and planar thallium-201 imaging with supine bicycle exerc-
ise stress Galanti et al. [42] found similar overall sensitivities (93% vs 100%)
and specificities (96% vs 92%), but thallium-201 imaging had a significantly
higher sensitivity than exercise echocardiography for detecting individual
stenoses (85% vs 63%). Pozzoli et al. [43] examined 75 patients by both
exercise echocardiography and Tc-99m-methoxy-isobutyl-isonitrile single
photon emission computed tomography (MIBI-SPECT) during the same
exercise test performed on a bicycle ergometer. Sensitivity was 71% for
exercise echocardiography and 84% for MIBI-SPECT. The respective speci-
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Table 4. Exercise echocardiography vesus myocardial scintigraphy in the same patient popula-
tion.

Study Patients Sensitivity Specificity
included Echo MS Echo MS

Maurer and Nanda [41] (n =23) 70% 74% 92% 2%
Galanti et al. [42] (n=53) 93% 100% 96% 92%
Pozzoli et al. [43] (n=175) 71% 84% 96% 88%
Quinones et al. [23] (n=112) 74% 74% 88% 81%
Amanullah et al. [44] (n=27) 82% 95% 80% 100%
Hecht et al. [4] (n=171) 90% 92% 80% 65%

Echo = exercise echocardiography; MS = myocardial scintigraphy.

ficities for 26 patients without coronary artery disease were 96% for exercise
echocardiography and 88% for MIBI-SPECT. The results of the 2 tests were
concordant in 65 of 75 patients (88%). Interestingly, MIBI-SPECT had a
higher sensitivity than echocardiography for detection of patients with single
vessel disease (82% vs 61%) and detected 64% of all coronary artery stenoses
versus 60% by exercise-echocardiography. Quinones et al. [23] studied 289
patients by both echocardiography and thallium-201 SPECT after treadmill
exercise. In the 112 patients of this cohort who underwent coronary arteriog-
raphy, the sensitivity was 74% for both techniques and the specificity was
81% for thallium-201 SPECT and 88% for exercise echocardiography. Aman-
ullah et al. [44] compared exercise echocardiography and thallium-201
SPECT in 27 patients with unstable angina who were referred for coronary
arteriography. In the 22 patients with coronary artery disease, exercise echo-
cardiography was positive in 18 (82%) and thallium-201 SPECT in 21 patients
(95%). Hecht et al. [4] examined 71 patients with exercise echocardiography
during supine bicycle exercise and thallium-201 SPECT during treadmill
exercise. The sensitivities in the 51 patients with significant coronary artery
disease were 90% and 92%, respectively. Exercise echocardiography de-
tected 88% of all coronary artery stenoses versus 80% for thallium-201
SPECT. Interestingly, exercise echocardiography had a significantly higher
sensitivity than thallium-201 SPECT for the detection of left anterior de-
scending coronary artery stenoses (97% vs 82%), although at the expense
of diminished specificity (81% vs 94%). The corresponding specificities were
80% and 65% , respectively. The sensitivity, however, of thallium-201 SPECT
was higher than that of exercise echocardiography in patients with single
vessel disease (95% vs 77%), whereas exercise echocardiography was more
sensitive for 1. the prediction of the number of coronary arteries affected
(70% vs 46%) and 2. for the detection of patients with three vessel disease
(80% vs 47%).

Thus, with the exception of one study, the sensitivity for the detection of
coronary artery disease was slightly higher for scintigraphic techniques and
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similar in the remaining study. However, exercise echocardiography was
more sensitive for the identification of the number of affected coronary
arteries and the detection of patients with three vessel disease. The specificity
was similar with these two methods.

Pharmacological-stress echocardiography versus myocardial scintigraphy

Extensive experience has been accumulated with myocardial scintigraphy
and echocardiography during pharmacological stress. However, the number
of well conducted comparative studies is still small (Table 5). Some of
these studies have already been mentioned in the discussion of different
pharmacological stress tests in the same patient population. Marwick et
al. [3] compared pharmacological stress with dobutamine and adenosine in
combination with both echocardiography and MIBI-SPECT. The sensitivities
for echocardiography using dobutamine and adenosine are given in Table 3;
the sensitivities for adenosine and dobutamine MIBI-SPECT were 86% and
80% , respectively. The respective specificities were 71% and 74% . Nguyen
et al. [29] assessed the use of adenosine echocardiography in comparison to
adenosine thallium-201 SPECT. In this study the sensitivity of adenosine
echocardiography was only 40%, compared with a sensitivity of 90% by
adenosine thallium-201 SPECT. These discrepant findings may be explained
by the ability of thallium-201 to detect adenosine induced flow differences
whereas the detection of coronary artery disease by echocardiography re-
quires the induction of myocardial ischemia and wall motion abnormalities.
In a study by Heinle et al. [45] adenosine echocardiography and adenosine
thallium-201 scintigraphy were abnormal in 71% and 86% of patients with
multivessel disease; however the corresponding figures for patients with sin-
gle vessel disease were only 28% and 43% . Amanullah et al. [46] compared

Table 5. Pharmacological stress echocardiography vesus myocardial scintigraphy in the same
patient population.

Study Patients Sensitivity Specificity Stress agent
included g1y Ms Echo  MS
Marwick et al. [3] (n=97) 85% 80% * 82% 74% Dobutamine
Marwick et al. [3] (n=97) 58% 86% * 87% 71% Adenosine
Marwick et al. [47] (n=217) 72% 76%* 83% 67% Dobutamine
Amanullah et al. [46] (n = 40) 74% 94%* 100% 100% Adenosine
Foster et al. [48] (n=105) 75% 83%* 89% 89% Dobutamine
Gunalp et al. [49] (n=27) 84% 94% * 88% 88% Dobutamine
Nguyen et al. [29] (n =25) 10% 90% 100% 100% Adenosine

Echo = exercise echocardiography; MS = myocardial’ scintigraphy; *studies were based on Tc-
99m-methoxy-isobutyl-isonitrile single photon emissin tomography (MIBI-SPECT); the other
study was based on thallium-201 SPECT.



116 F.M. Baer and H.J. Deutsch

MIBI-SPECT and echocardiography during adenosine administration. The
sensitivity and specificity in 40 patients were 94% and 100% by MIBI-SPECT
and 74% and 100% by echocardiography. In a large study by Marwick et
al. [47] comprising 217 patients without prior myocardial infarction who
prospectively underwent dobutamine echocardiography and dobutamine
MIBI-SPECT, significant coronary artery disease (>50% diameter stenosis)
was present in 142 patients. The sensitivities of dobutamine echocardiography
and dobutamine MIBI-SPECT were 72% and 76%, respectively. The speci-
ficity was significantly higher for dobutamine echocardiography (83%) than
for dobutamine MIBI-SPECT (67% ). Both techniques had similar sensitivi-
ties for the detection of patients with multi vessel disease (77% vs 78%),
whereas dobutamine MIBI-SPECT had a slightly higher sensitivity in patients
with single vessel disease (74% vs 66% ). Foster et al. [48] have also compared
the diagnostic value of dobutamine echocardiography with that of dobutam-
ine MIBI-SPECT performed simultaneously during bicycle exercise in 105
patients. In this study the sensitivities were 75% by echocardiography and
83% by MIBI-SPECT, with identical specificities (both 89%). Similar results
were reported by Gunalp et al. [49] who found sensitivities of 84% for
echocardiography and 94% for MIBI-SPECT, with similar specificities for
both imaging techniques (both 89%).

Although few comparative studies are available myocardial scintigraphy
appears to be preferable to echocardiography if adenosine or dipyridamole
is used. During dobutamine stress sensitivity and specificity of both tech-
niques are similar [3]. In summary, myocardial scintigraphy using the SPECT
technique may be superior for the detection of single vessel disease [3],
whereas stress-echocardiography may be advantageous in patients with multi-
vessel disease [4].

Conclusions

Stress-echocardiography has become a well-established non-invasive diagnos-
tic approach to patients with known or suspected coronary artery disease.
Particularly pharmacological stress echocardiography is increasingly used and
has demonstrated a diagnostic accuracy similar to that achieved with exercise-
stress and comparable to that of scintigraphic techniques. It is only natural
that a certain degree of competition should exist between stress echocardio-
graphy and myocardial scintigraphy for the detection of coronary artery
disease. The ability to accurately identify individual coronary artery stenoses
is shared by both, stress echocardiography and myocardial scintigraphy. In
patients with multivessel disease there is a tendency for stress echocardio-
graphy to obtain better results. This may be an important point for future
research, since the functional relevance and location of ischemia are of
paramount importance for clinical decision making in patients with known
multivessel coronary artery disease. The common problem in the catheteriz-



Diagnostic accuracy of stress-echocardiography 117

ation laboratory of whether to approach a particular stenosis in a patient with
multivessel disease could be addressed by accurate preintervention functional
data. Thus, an important goal for non-invasive imaging must be the accurate
identification of the physiologic significance of a stenosis in individual coron-
ary arteries with determination of the ischemic burden of myocardium sup-
plied by each separate coronary artery or major branch. With respect to
stress echocardiography, an important strength is that a new wall motion
abnormality provoked during stress and not present at baseline indicates that
true myocardial ischemia, sufficient to impair regional myocardial function,
occurred during stress. In contrast, myocardial scintigraphy may only reflect
imbalances of flow (vasodilators like dipyridamole and adenosine) and does
not allow real time imaging from onset to resolution of myocardial ischemia.
One may hypothesize that the region with the earliest onset of a wall motion
abnormality in a patient with multivessel disease would be perfused through
the culprit lesion. However, there are no echocardiographic data available
addressing this important clinical question.

Although cost, radiation exposure and on-line functional information
would favour stress echocardiography for the assessment of coronary artery
disease, to date the choice of the imaging modality should depend on the
quality of the available facilities and the experience of the physician which is
particularly important for the adequate evaluation of stress echocardiography
studies.
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9. Perfusion imaging with thallium-201 to assess
stenosis significance

EDNA H.G. VENNEKER, BERTHE L.F. VAN ECK-SMIT and
ERNST E. VAN DER WALL

Introduction

Since the introduction of coronary angiography in the 1960’s, this invasive
technique has become the foremost important diagnostic method in the
assessment of patients with coronary artery disease. Despite a relatively
high interobserver and intraobserver variability, coronary angiography is still
considered the gold standard for the assessment of physiological effects of
coronary stenosis. In general practice the assumption exists that there is a
close correlation between the angiographic diameter of a coronary artery
stenosis and the perfusion of the myocardium. This assumption implies that
the decision as to whether to revascularize in order to alleviate ischemia is
predominantly based on the percent diameter stenosis found during coronary
angiography. However, several studies comparing angiographic findings with
postmortem findings have shown that coronary angiography underestimates
the severity of the lesion [1]. Overestimation of diameter stenosis may also
occur due to for instance spasm of the coronary artery or insufficient filling
with contrast medium.

A major drawback of using morphological changes as shown by coronary
angiography is the poor relation between stenosis severity and the functional
significance of a stenosis. Also the length of the stenosis, the absolute cross-
sectional luminal area of the segment, and the presence or absence of col-
lateral vessels are of major importance for the hemodynamic significance of
the arterial lesion.

In clinical practice it is often necessary to define whether a lesion detected
at coronary angiography is indeed the cause of the patient’s symptoms. This
is especially difficult in a patient with atypical chest pain. Such patients
undergo coronary angiography with increasing frequency because it is well
known that high grade stenoses can be present despite the absence of isch-
emic signs in the exercise electrocardiogram at high exercise levels. If an
eccentric stenosis of intermediate severity is then found, ischemia in the
corresponding myocardial region should be demonstrated by perfusion imag-
ing to avoid cosmetic angioplasty. Perfusion imaging may also be helpful for
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decision making in a patient with multivessel disease, in whom identification
of the culprit lesion would allow to angioplasty only this lesion to gain
immediate relief of chest pain. The amount of ischemia in specific vascular
beds can be evaluated [2] and those vessels with the greatest ischemia can
be dilated first. Later on, the other vessels can be revascularized in a staged
procedure.

Because of the abovementioned issues it is obvious that assessment of
functional significance of a certain coronary stenosis plays an important role
in the management of coronary artery disease even after coronary angio-
graphy has been performed. Several methods are available for assessing the
impairment of coronary flow caused by a coronary stenosis or the functional
consequences of such impaired blood flow to regional myocardial contrac-
tion.These techniques include myocardial scintigraphy using thallium-201 or
technetium-99 labeled isonitriles, positron emission tomography (PET) using
F-18-fluorodeoxyglucose (FDG) (see Chapter 10), echocardiographic (see
Chapter 8) and magnetic resonance imaging techniques (see Chapters 11—
13).

This chapter will review the diagnostic accuracy of scintigraphic techniques
for the detection of coronary artery disease. In addition, the role of perfusion
imaging following coronary angiography to direct decisions regarding thera-
peutic intervention will be discussed.

Myocardial perfusion

In normal coronary arteries myocardial blood flow is primarily regulated
by the resistance of the arteriolar vessels. Epicardial arteries provide little
resistance under physiological circumstances. However, in case of vessel
stenosis a transstenotic pressure gradient develops which leads to arteriolar
vasodilatation and subsequently results in normal flow to the myocardium
distal from the stenosis. In animals, it has been reported that resting coronary
blood flow can be maintained at normal levels if less than 90% of the cross-
sectional area is obstructed. In case of increasing myocardial oxygen demand
the distal arteriolar bed is unable to dilate further if there is an arterial cross-
sectional obstructed area of more than 90% [3]. Coronary stenoses that
are unable to maintain myocardial blood by arteriolar vasodilatation are
considered to be physiologically significant. Under conditions of increased
workload, coronary plaques obstructing more than 65% of the luminal cross-
sectional area have been shown to be of physiological significance [3].

As myocardial blood flow at rest is normal even in the presence of a
significant coronary stenosis, patients with stable coronary artery disease are
usually asymptomatic at rest. However, the insufficient coronary flow reserve
will result in myocardial ischemia during periods of increased myocardial
oxygen demand e.g. during exercise or during positive inotropic stimulation.
Assessment of myocardial perfusion abnormalities by perfusion scintigraphy
is based on the principle of depicting transient flow inhomogeneities caused
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Table 1. Characteristics of available myocardial perfusion imaging agents

Thallium-201 Tc-99 m-sestamibi  Tc-99 m-teboroxime

Half-life within the heart 3-4 hours 5-6 hours <10 minutes
Dose 2.0-3.5 mCi 30 mCi 30 mCi
Injections/exercise study 1(2) 2 2
Myocardial extraction fraction 85% 65% 90%

Start imaging after 5-10 minutes  1-2 hours 2 minutes
Planar imaging time 30 minutes 10-15 minutes 3—6 minutes
SPECT imaging time 30 minutes 15-20 minutes

Ventricular function No Yes Yes

ECG gating No Yes No

by increased workload or pharmacologically induced vasodilation. Several
radiopharmaceuticals are currently used for perfusion imaging (Table 1).

Thallium characteristics and kinetics

Thallium-201 has been used extensively for noninvasive assessment of myo-
cardial perfusion in cardiovascular disease. The long physical half-life of
thallium-201 (73 hours) restricts the maximal dose which can be administered
to 4 mCi. This low dose results in a low count rate which in turn is detrimental
for image quality. Distribution of thallium is closely related to regional blood
flow [4, 5]. The myocardium extracts 85% of the thallium after an intravenous
bolus injection. The uptake of thallium into the myocardium is mainly medi-
ated by an active process involving the sodium-potassium ATP-ase pump [6].
Peak activity of thallium in the myocardium is reached within a few minutes
after injection of thallium at maximum exercise followed by a gradual de-
crease of myocardial thallium activity. The washout rate of thallium is again
related to myocardial blood flow. The higher the flow, the faster the washout
from the myocardium, and the lower the flow, the slower the washout. This
means that nonischemic regions have a more rapid washout than ischemic
regions which is one process leading to equalization or near equalization
of counts in redistribution images. The other process contributing to the
equalization of counts in late images is the continued uptake of thallium in
areas with low flow due to the gradient between the higher thallium blood
levels and the lower thallium concentration in the ischemic cell.

New technetium-99m perfusion agents

Due to the imperfect imaging characteristics of thallium-201, new perfusion
agents labeled with Tc-99m have been developed. Currently, only Tc-99m
sestamibi and Tc-99m-teboroxime have been approved for clinical use.
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Tc-99m-sestamibi

Tc-99m-sestamibi is a lipophilic cationic complex that is regionally distributed
to the myocardium in proportion to blood flow. In contrast to thallium-201,
it is bound within the cytoplasm and has minimal redistribution over time.
The mechanism of uptake into the myocardium involves passive diffusion
and extraction of sestamibi from the blood is lower (65%) than for thallium.
However, because of the intracellular retention and additional subsequent
myocardial uptake during recirculation, the absolute retention of Tc-99m-
sestamibi several minutes after administration is comparable with that of
thallium-201. The absence of redistribution means that 1) imaging can be
performed even several hours after injection of the tracer without alteration
of the initial blood flow related distribution and 2) two separate injections
are required to differentiate between ischemia (lower uptake during exercise
but normal uptake at rest) and infarction (lower uptake during exercise which
remains unchanged after rest injection). Image quality of Tc-99m-sestamibi
images is better than of thallium-201 images because higher doses of Tc-
99m-sestamibi can be injected. This higher dose of Tc-99m-sestamibi is pos-
sible because the estimated absorbed radiation dose to the whole body is
one order of magnitude lower per mCi than for thallium-201 (0.02 rad/mCi
instead of 0.21 rad/mCi).

TC-99 m-teboroxime

Tc-99 m-teboroxime is also highly lipophilic but neutral and is taken up by
the myocardium in proportion to blood flow with a 90% extraction fraction.
Clearance from the circulation is very rapid, which means that images must
be acquired within the first 10 minutes after injection. Therefore, planar
imaging is the preferred method of acquisition although single photon emis-
sion computed tomography (SPECT) imaging using two- and three-headed
gamma cameras is possible. Because experience with this agent has been
limited, its use will be no further discussed in this chapter.

Simultaneous assessment of ventricular function and perfusion

One of the advantages of technetium labeled perfusion agents is that they
can be administered as an intravenous bolus and first-pass assessment of right
and left ventricular function can be performed. If perfusion images are
acquired in a gated mode after injection of Tc-99m-sestamibi, myocardial
thickening between end-diastole and end-systole can be measured, which
may be helpful to differentiate attenuation artifact from myocardial scar.
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Performance of myocardial perfusion studies

Various protocols have been evaluated in order to achieve the best protocol
for the assessment of myocardial perfusion but no consensus about the
optimal method has been reached. One of the most widely used methods for
assessing myocardial perfusion is scintigraphy after injection of thallium-201
at maximum physical exercise followed by a redistribution scintigram after
4 hours. Since thallium-201 is distributed proportional to flow, the differences
between regional coronary flow can be visualized as regional differences in
thallium-201 accumulation. As a result of slower wash-out an ischemic defect
initially seen on the exercise scintigram will completely fill in or even turn
into a region with higher count rate on the delayed rest scintigram.

When patients are unable to perform physical exercise, pharmacological
stress with intravenous dipyridamole or adenosine can be applied. Both drugs
cause vasodilation, leading to an increase in myocardial blood flow of three
to four times the normal blood flow in normal coronary arteries. In contrast,
myocardial blood flow fails to increase to the same extent in coronary arteries
with significant stenoses. This leads to heterogeneity in thallium accumu-
lation, without necessarily producing myocardial ischemia. Recently, alterna-
tive forms of pharmacological stress with dobutamine and other inotropic
agents have been introduced. These drugs produce an increase of myocardial
oxygen demand resulting in heterogeneity of blood flow in normal and nar-
rowed coronary arteries, leading to true regional ischemia.

Several imaging protocols have been proposed for sestamibi imaging.
Separate injections at peak exercise and at rest can be performed on the
same day or on separate days. Whereas the separate day protocol offers the
advantage of better images due to two full 30 mCi doses for both injections,
and also may obviate the need for a rest study in patients with normal
exercise studies, it is associated with an unwanted delay in getting the results.
Therefore, a one-day protocol with a rest study followed by a stress study is
often preferred. The stress-rest protocol is less often employed [7]. Pharmac-
ologic stress testing using sestamibi yields similar diagnostic accuracy as
exercise stress imaging.

Detection of coronary artery disease by scintigraphic perfusion imaging

Scintigraphic assessment of myocardial perfusion may be performed by
planar or SPECT imaging. In planar scintigraphy images are acquired from
three views (i.e. anterior, left anterior oblique, left lateral view). However,
superposition of myocardial segments limits accurate discrimination of vascu-
lar regions. Moreover, attenuation of thallium activity and scatter caused by
variable amounts of overlying soft tissue may cause artifacts limiting the
accuracy for detection of perfusion defects.

Visual interpretation of planar thallium images has been extensively em-
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ployed to detect coronary artery disease and the largest clinical experience
and largest number of published results has accumulated with this technique.
The sensitivity of visually interpreted planar thallium imaging for detecting
coronary artery disease in published studies with arteriographic confirmation
is in the order of 80-90% [8]. Specificity has initially been in the order of
90% [8] but disappointingly low rates of specificity have recently been pub-
lished, which may relate to some form of referral bias because patients with
normal perfusion scans are not any longer selected for catheterization.

Since there is a significant intraobserver and interobserver variability for
visual analysis of perfusion images, quantitative methods have been de-
veloped, which have a slightly higher sensitivity for the detection of coronary
artery disease. One of the major advantages of quantitative scintigraphy is
an enhanced rate of detecting stenoses in individual coronary vessels [9].
The use of quantitative scintigraphic techniques significantly enhances the
detection rate in patients with single vessel disease. Wackers et al. [10]
compared visual and quantitative techniques in patients with chest pain and
found a sensitivity of 55% for detection of single vessel disease by visual
analysis compared to 84% sensitivity by quantitative scintigraphy. Neverthe-
less, quantitative analysis of planar thallium images does not abolish the
inherent limitations of planar imaging.

In SPECT, imaging data are acquired from multiple views (20-30). From
these data tomographic slices are reconstructed in three orientations, i.e. the
short axis, the vertical long axis, and the horizontal long axis. The main
advantage of this technique is that individual coronary territories can be
better separated. Several studies comparing SPECT with planar imaging have
indicated that in this respect SPECT is superior to planar imaging [11,
12]. This aspect is of course especially important in patients undergoing
scintigraphy after cardiac catheterization to assess the functional relevance of
an angiographically detected stenosis. The detection of disease in individual
coronary arteries with greater than 50% stenosis can be accomplished by
thallium-SPECT with sensitivities ranging from 78% to 81% for the left
anterior descending artery [12-16], 75% to 89% for the right coronary artery,
and 65% to 79% for the left circumflex coronary artery (Table 2). Specificities

Table 2. SPECT thallium-201 exercise imaging: Evaluation of coronary artery disease in specific
coronary arteries. (Reprinted from Hecht et al. Cardiology Clinics 1994; 12: 373-83 with
permission from the author and publisher.)

Study Technique  Sensitivity (%)

All vessels LAD RCA LCX
DePasquale et al. [13] Exercise 79 78 89 65
Maddahi et al. [14] Exercise 80 78 82 79
Mahmarian et al. [15] Exercise 7 81 75 77

Van Train et al. [16] Exercise 77 78 84 68
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of 83% to 92% for the left anterior descending coronary artery, 71% to 95%
for the left circumflex coronary artery, and 60% to 99% for the right coronary
artery have been reported.

The detection of mild coronary artery disease as well as the identification
of multivessel disease are two other important advantages of SPECT over
planar imaging. However, the higher sensitivity of thallium SPECT imaging
as compared to planar thallium imaging is accompanied by a lower specificity,
which is related to the higher number of artifacts {mainly by patient motion)
in tomographic imaging. Only if quality of SPECT imaging is rigorously
controlled is it possible to minimize the number of false positive studies and
achieve similar specificities as for planar thallium imaging.

Similar to planar imaging quantitative analysis of SPECT data reduces
interobserver and intraobserver variability and can be considered as a valu-
able complentary tool to visual analysis. For SPECT several quantitative
methods for analyzing data have been developed. In order to quantify and
analyze the data in one single functional image, the so-called bull’s eye image
is usually constructed, which provides easy detection and localization of flow
abnormalities. In a study pgrformed by Mahmarian et al. [16], the sensitivity
and specificity for detection of coronary artery disease with thallium-SPECT
by quantitative analysis were 87% and 83%, respectively.

The use of sestamibi does not result in higher sensitivity or specificity than
that of thallium in the detection of coronary artery disease [17, 18]. However,
sestamibi imaging may have advantages over thallium imaging in identifying
individual stenoses. In a study by Kahn et al. [19], sestamibi identified 59/75
(79%) significantly stenosed arteries compared with only 45/75 (60%) by
thallium-201 (p < 0.05). The increased detection of individual coronary ar-
tery stenoses was most marked in the vessels with mild stenoses {50-75%
diameter stenosis); 65% of these lesions caused perfusion defects on sestam-
ibi images as compared to only 35% on thallium images. Assuming that the
detection of perfusion defects in patients with chest pain and moderate
stenoses represents a true positive finding, the use of sestamibi seems advan-
tageous to assess the significance of such a stenosis observed at coronary
arteriography. However, in the intermediate range of stenosis severity, it is
also possible that the more frequent observation of perfusion defects by
sestamibi represents false positive findings leading to unnecessary revascu-
larizations whereas the more conservative thallium approach could represent
a more realistic estimate of stenosis significance. Ultimately, this question
can only be resolved by measuring flow reserve either by PET or by invasive
Doppler wire techniques.

A new issue has arisen with the more frequent use of ad hoc coronary
angioplasty [27]. This development may result in detecting stenoses of inter-
mediate severity and performing angioplasty without the proof of ischemia
in the related myocardial region. Therefore, in patients with atypical chest
pain and borderline stress electrocardiograms it may be advisable to perform
imaging studies before angiography.
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Coronary angiography: Correlation of anatomical with functional
measurements of stenosis severity

The poor correlation between angiographically estimated or measured di-
ameter stenosis and the functional significance of the observed coronary
narrowing was confirmed in a study by Folland et al. [20] in 227 patients
who had a >70% diameter stenosis in a single vessel by visual estimation.
There was no consistent relationship between the angiographically defined
severity of the stenosis and the exercise capacity of the patient irrespective
whether the severity of the stenosis was assessed by visual or quantitative
methods.

Basic considerations of fluid mechanics indicate that the obstruction to
blood flow caused by a coronary artery stenosis varies directly with the length
of the stenosis and inversely with the fourth power of the radius (Bernoulli’s
theorem). Therefore, despite its limitations the minimal diameter of a
stenosis is undoubtedly the best single parameter to describe the functional
significance of the lesion. However, as shown in Chapter 19, angiographic
measurement even of this simple parameter is not entirely straightforward,
especially in eccentric stenoses, and perfusion imaging may be helpful to
demonstrate or exclude ischemia in the myocardium perfused by a vessel
with a geometrically complex stenosis.

Abnormalities of the coronary microcirculation, which cannot be assessed
by coronary angiography, may also influence myocardial perfusion and cause
myocardial ischemia [21, 22]. In contrast to coronary angiography, perfusion
imaging is able to detect abnormalities at the level of these very small arteries
and may thus explain anginal symptoms in patients with normal coronary
angiograms. Consequently, perfusion imaging has been advocated in patients
with normal angiograms suffering from angina.

In recent years the assessment of coronary flow reserve has been intro-
duced as a reliable measure to determine the functional status of a coronary
artery stenosis. White et al. [23] studied 39 patients with isolated, discrete
coronary lesions in whom the reactive hyperemic responses were measured
using a Doppler catheter and who were subsequently compared to the cinean-
giogram. In these patients with lesions varying in severity from 10-95%
stenosis, the percentage stenosis observed on the angiogram did not signifi-
cantly correlate with the reactive hyperemic response (Figure 1). Underestim-
ation of the severity of the lesion occurred in 95% of the vessels with
>60% diameter stenosis on coronary angiography. Both overestimation and
underestimation occurred in lesions with less than 60% stenosis. The authors
concluded that the physiological effects of the majority of coronary stenoses
cannot accurately be determined by means of coronary angiography, indicat-
ing the need for better analytical methods to assess coronary stenosis such
as coronary videodensitometry and improved radionuclide perfusion tech-
niques.

Wilson et al. [24] performed a study on the prediction of the physiologic
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Figure 1. Relation between the cogonary artery diameter stenosis and the coronary flow reserve
in 22 patients with one discrete lesion in the left anterior descending coronary artery (LAD).
(Modified from White et al. N Engl J Med 1984; 310: 819-24 [23].)

significance of coronary arterial lesions by quantitative lesion geometry in
patients with limited coronary artery disease. They studied 50 patients with
a single discrete coronary artery stenosis in only one (84%) or two vessels
(16%) and determined coronary flow reserve by the Doppler technique using
papaverine as the vasodilating substance. In contrast to previous studies
from their institution demonstrating a poor relationship between quantitative
estimates of coronary luminal stenosis and intra-operative measurements of
coronary flow reserve obtained in patients with multi-vessel coronary artery
disease, the coronary flow reserve measured in patients with discrete limited
coronary artery disease correlated closely with luminal stenosis determined
precisely with quantitative coronary angiography. Coronaries arteries with
<70% area stenosis uniformly had normal coronary flow reserve (lower limit
of normal 3.5) (Figure 2). Coronary arteries with >90% area stenosis were
associated with a wide range of coronary flow reserves (1.0 to 2.8). They
concluded that the evaluation of coronary flow reserve should facilitate the
assessment of the physiological significance of coronary arterial lesions in the
catheterization laboratory.

Zijlstra et al. [25] compared quantitative arteriographic analysis with mea-
sured coronary flow reserve and thallium-201 exercise perfusion scintigraphy.
They studied 38 patients with single vessel disease and the myocardial per-
fusion defects on thallium scintigram were analyzed quantitatively and by
visual interpretation. They showed that both percent diameter stenosis and
obstruction area generally correlated well with functional measurements of
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Figure 2. The percent area stenosis of lesions associated with normal (>3.5) and abnormal
(<3.5) coronary flow reserve. Coronaries arteries with <70% area stenosis uniformly had
normal coronary flow reserve. (Modified from Wilson et al. Circulation 1987; 75: 723-32 [24].)

stenoses severity such as radiographically measured coronary flow reserve
and thallium-201 scintigraphy. However, for individual patients the relation
between pressure drop and coronary flow reserve was better than between
obstruction area or percent diameter stenosis and coronary flow reserve. This
indicated that the calculated pressure drop over the stenoses was more
accurate than any anatomic description in assessing the functional conse-
quences of a coronary artery lesion. The pressure drop also served as a better
variable to distinguish patients with normal and abnormally coronary flow
reserve and predicted the results of thallium-201 scintigraphy more accu-
rately. They further showed that thallium-201 scintigraphy was only partly
useful to predict the measured coronary flow reserve in individual patients.
Thallium perfusion was usually normal when coronary flow reserve was
moderately reducted (between 2.5 and 3.4). However, almost all patients
with a severe reduction in flow reserve (<2.5) had a positive thallium-201
scintigram (Figure 3). The authors concluded that thallium-201 scintigraphy
can be useful in selected patients, for instance to assess the occurrence of
restenosis after angioplasty for single vessel coronary artery disease. The
assessment of coronary flow reserve is an indispensible addition to quantitat-
ive angiography especially to determine the functional importance of moder-
ately severe coronary artery lesions.
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Figure 3. Relation between coronary flow reserve (CFR), thallium-201 scintigraphy and percent
diameter stenosis (DS) in 38 patients. The dashed horizontal line is the lower limit of normal
coronary flow reserve. The closed circles represent 18 patients with a positive thallium scinti-
gram. The open circles represent 20 patients with a negative thallium scintigram. (Modified
from Zijlstra et al. J Am Coll Cardiol 1988; 12: 686-91 [25].)

Perfusion imaging as a tool to select patients for PTCA

The small risk to the patient and the substantial cost of cardiac catheterization
make it desirable to restrict this examination to patients in whom the proce-
dure is most likely to have therapeutic consequences. The selection of these
high risk patients who need catheter intervention or bypass surgery is an
important strength of perfusion imaging techniques. Numerous studies could
demonstrate that perfusion imaging and coronary angiography yield similar
prognostic power in mildly symptomatic patients with coronary artery dis-
ease. However, the issue has not yet been settled whether coronary angio-
graphy should not be performed and PTCA thus be avoided in patients
with symptoms suggestive of coronary artery disease but a perfectly normal
perfusion scintigram.

The evaluation of patients with multivessel coronary disease for percu-
taneous transluminal coronary angioplasty raises the question: Is incomplete
revascularization an acceptable procedure in these patients, or does complete
revascularization need to be performed, as in coronary artery bypass graft-
ing? To provide an answer Breisblatt et al. [2] utilized exercise thallium
imaging as a guide to the performance of angioplasty in 85 patients with
multivessel coronary disease. Preangioplasty exercise thallium imaging
helped to identify the primary stenosis (“culprit lesion”) in 93% of patients.
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Two weeks to 1 month after dilation of this lesion, repeated thallium imaging
identified two patient groups: Group 1, 47 patients with no evidence of
ischemia in a second vascular distribution and Group 2, 38 patients who
needed further angioplasty because of ischemia in another vascular territory.
In Group 2, 47% of patients had angioplasty of a second vessel and 79%
required multivessel angioplasty at 1 year follow-up. In contrast, only six
Group 1 patients (13%) required angioplasty of a second vessel at 1 year.
Thus, incomplete revascularization may be an acceptable approach in many
patients with multivessel coronary disease and stress thallium-201 imaging
may be a useful technique in the evaluation and management of these pa-
tients. In this context it is interesting that a recent publication assessing the
effects of incomplete revascularization came to the conclusion that it does
not improve prognosis to revascularize mild stenoses in coronary arteries >
or =1.5 mm in diameter serving modest amounts of myocardium [26]. Hence,
angioplasty in such lesions may not be justified except when they are docu-
mented to cause life-style-limiting angina. The good prognosis in patients
with normal scintigrams after coronary angioplasty is entirely compatible
with these findings and strengthens the prognostic role of scintigraphy in
patients with multivessel disease.

Another potential role for scintigraphy is in the selection of the optimal
revascularization strategy in patients with multivessel disease and vessels
which cannot be treated by angioplasty. Demonstration of the presence or
absence of significant amounts of ischemia in such vessels would either favour
bypass grafting or angioplasty of the other vessel(s).

Conclusions

Coronary angiography continues to be the main tool in the diagnosis and
management of patients with coronary artery disease. After all, the decision
on whether or not to revascularize depends a great deal on the suitability of
the coronary arteries for bypass grafting or PTCA. Also, collateral vessels
may be detected by coronary angiography, although there may be a discrep-
ancy between collateral function and angiographic appearance. The clinical
decision making is still mainly guided by the presence of an anatomical
stenosis as assessed by coronary angiography. In this chapter we emphasized
that myocardial perfusion imaging can assist in clinical decision making be-
fore and after coronary angiography. We see the main role of perfusion
imaging in determining the clinical relevance of an anatomical stenosis of
intermediate severity to avoid cosmetic angioplasty in asymptomatic patients
or those with atypical chest pain.

As scintigraphy using thallium-201 or sestamibi is a widely available,
relatively easy, and noninvasive method for the assessment of myocardial
perfusion it should play an important role in the diagnosis of myocardial
ischemia and in the management of these patients. At present, several protoc-
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ols are available for the assessment of myocardial perfusion which seem to be
similar with respect to sensitivity and specificity. Since no large comparative
multicenter trials have been performed yet, it is difficult to say which protocol
should be used in the current setting. In terms of patient convenience, one
should preferably head for a simple time-saving imaging protocol.
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10. Perfusion imaging by PET to assess
stenosis significance

GUNNAR K. LUND and CHRISTOPH A. NIENABER

Introduction

Quantification of coronary flow and coronary flow reserve is an attractive
concept to assess stenosis significance, because the ultimate severity of a
coronary stenosis depends on the reduced ability to increase myocardial
blood flow by reserve vasodilation at the arteriolar level [1]. By arteriolar
autoregulation coronary flow reserve follows the myocardial demand, in
other words, coronary circulation remains at a constant level with either
decreased coronary pressure or increased stenosis severity to meet the actual
metabolic demand (Figure 1). Nevertheless, the quantitative magnitude of
vasodilator flow reserve is inversely related to the increasing severity of a
stenosis. The complexity of this concept of coronary flow reserve is outlined
in Figure 2. The autoregulatory capacity allows resting coronary blood flow
to stay constant over a wide range of diameter stenoses but decreases gradu-
ally with a stenotic diameter reduction of 85% to 90%, and is reduced under
resting conditions with diameter stenoses >90%. This relationship is the
basic concept of coronary flow reserve measurements for defining stenosis
severity (Figure 2). In normal arteries coronary flow can be increased 3 to
5 times by vasodilation of the periphereal coronary bed, thus absolute coron-
ary flow reserve, defined as maximal flow in the stenosed artery devided by
resting blood flow in the same region, ranges from 3 to 5 in humans. With
increasing stenosis severity coronary flow reserve decreases almost linearly
and in severely stenosed arteries with exhausted coronary reserve, maximal
vasodilation does not even result in any flow increase; hence, absolute coron-
ary flow reserve has the minimal value of one.

There are two fundamentally different concepts of assessing coronary flow
reserve: one is based on anatomic information, the other on a physiologic
approach [2]. Both concepts are related and provide independent and com-
plementary information for the quantification of stenosis significance and
subsequent clinical decision making.

The anatomic-geometric approach to assess coronary stenosis severity
uses morphologic dimensions of a given stenosis derived from an amplified
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Figure 1. Steady-state relationship between coronary flow and coronary arterial pressure. The
solid line depicts the normal relationship. At a constant level of myocardial metabolic demand,
coronary flow is maintained constant over a wide range of intracoronary pressures, between the
bounds of maximum coronary vasodilation and constriction (dashed lines). The solid circle
represents the normal operating point under basal conditions; the solid triangle is the flow
observed at the same pressure during maximum vasodilation. Flow reserve, the ratio of flow
during vasodilation to that measured before vasodilation, is in this case 5.0. PRA = right arterial
pressure; Pf =0 = “back pressure” opposing coronary flow. (From Klocke FJ. Measurements
of coronary flow reserve: Defining pathophysiology versus making decisions about patient care.
Circulation 1987; 76: 1183-9, by permission of the American Heart Journal, Inc.)

coronary angiogram, such as percent diameter stenosis, absolute diameter
reduction, shape and length of the stenosis, integrated to calculate stenosis
flow reserve. This stenosis flow reserve derived from quantitative coronary
arteriography (QCA) is a single integrated functional measure of stenosis
severity [3]. However, QCA-determined stenosis flow reserve is designed to
assess the severity of a given stenosis under standardized, rather than under
real physiological and steadily changing ““in vivo” conditions. Conversely,
measurements of absolute coronary flow reserve (maximal flow/resting flow)
is possible with invasive electromagnetic flowmeters, a parameter highly
variable and dependable on aortic pressure and rate-pressure product [4].
Flowmeter measurements of relative coronary flow reserve, defined as maxi-
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Figure 2. Complexities of the coronary flow reserve concept. Due to autoregulatory reserve the
coronary resting flow stays constant over a wide range of 50-85% diameter reduction, becomes
exhausted between 85 and 90% diameter stenosis and is dramatically reduced even under basal
conditions with a stenosis of more than 90% diameter reduction. The intersections with the
pressure-flow relationship for maximum vasodilation define the reciprocal variation of flow
reserve with stenosis severity and demonstrate the attractiveness of the concept to utilize
measurements of flow reserve for the definition of stenosis severity. Chronic reductions in
maximum flow during vasodilation with corresponding reductions in calculated flow reserve have
been documented in various forms of hypertrophy. The shift to the right of the pressure-flow
relationship corresponds to a reduction in flow reserve from 5.0 (large solid triangle) to 3.0
(large solid square) at a normal coronary artery pressure; that means that flow reserve would
be essentially the same for an 80% diameter coronary stenosis subtending normal myocardium
and a 50% diameter stenosis subtending hypertrophied myocardium operating on the shifted
pressure-flow relationship. (From: Klocke FJ. Measurements of coronary flow reserve: Defining
pathophysiology versus making decisions about patient care. Circulation 1987; 76: 1183-9, by
permission of the American Heart Journal, Inc.)
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mal stenotic flow normalized by maximal flow to a nonstenotic segment,
are less dependent of changing conditions, and thus comparable to QCA-
determined stenosis flow reserve [4].

Thus, the physiologic approach assesses the severity of a given stenosis
by its impact on resting and maximum coronary flow as induced by pharmaco-
logic vasodilators such as dipyridamole, adenosine or papaverine. Following
this concept various invasive methods such as Doppler-tipped coronary artery
catheters or wires [5] and digital subtraction angiography were used [6, 7].
However, growing interest focuses on noninvasive methods such as positron
emission tomography (PET) to assess stenosis severity by both qualitative
and quantitative measurements of myocardial blood flow [8, 9]. PET imaging
may be employed for measurements of blood flow at rest and stress based
on the relative and absolute distribution of a positron emitting flow tracer.
For analysis of relative coronary flow reserve, maximum tracer concentration
in a segment supplied by the stenosed artery is compared to or normalized for
maximum perfusion in a normal reference segment [10]. Thus, measurements
based on relative tracer distribution are likely to be independent of varying
physiologic conditions. PET measurements of absolute myocardial flow and
flow reserve are feasible with appropiate tracer kinetic modeling [11-14].
(See also Chapters 19 and 21.)

PET blood flow tracers

Nitrogen-13 ammonia, oxygen-15 water, rubidium-82 and copper-62 PTSM
(Cu II pyruvaldehyde bis N *-methylthiose micarbazone) are tracers for PET
perfusion imaging (Table 1). Their physical and biochemical properties allow
rapid exchange and diffusion at the myocyte surface, thus reflecting true
tissue perfusion. However, none of these tracers combines all characteristics
for optimal quantification, such as ultra-short physical half-life, minimal
radiation dose, uptake directly related to flow and thus, independent of
metabolic conditions, and last but not least generator-produced rather than
cyclotron dependent. At present, quantification requires sophisticated mathe-
matical modeling and analysis [11-14], including rapid data acquisition free
of detector saturation, and concomitant use of a blood pool tracer to correct

Table 1. Characteristics of blood flow tracers used with positron emission tomography.

Tracer Physical half-time Dose

N-13 ammonia 10.0 min 10-20 mCi

0-15 water 2.1 min 30~-40 mCi (0.5 mCi/kg)
Rb-82 1.25 min 20-50 mCi

Cu-62 PTSM 9.7 min 20 mCi
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for blood pool spillover of activity. These procedures, however, will soon be
automated.

Nitrogen-13 ammonia

Because N-13 labeled ammonia is rapidly cleared from blood, avidly retained
in myocardial tissue and provides high image contrast. Both, extraction and
clearance have been described in terms of compartmental analysis [15].
Nitrogen-13 ammonia has a 10-minute physical half-time, allowing sequential
studies. The radiation dose for the patient is approximately 6 to 7 mrad/mCi
[16]. Because it is lipid soluble, '*NH; diffuses readily into myocardial cells
and is trapped as glutamine. At a physiologic pH ammonia exists primarily
in the form of NH* " and its myocardial concentration is not only depending
on blood flow, but on the total amount of nitrogen-13 ammonia administered
as a function of time, on its extraction and retention fraction at an instan-
taneous flow, and only marginally on the metabolic state of the myocardium
{17, 18]. Tracer kinetic modeling is required for absolute quantitative flow
measurements, since myocardial uptake of N-13 ammonia correlates non-
linearly with blood flow [19-21].

Oxygen-15 water

Oxygen-15 water is a tracer probably best suited for quantification of myocar-
dial perfusion due to the essentially free diffusion into myocardial tissue and
an almost complete extraction rate of this tracer [20]. However, oxygen-15
remains in the blood pool, and contaminates the image with spillover of
activity from the blood pool and from surrounding structures. To overcome
this problem, oxygen-15 carbon monoxide is administered by inhalation after
each perfusion scan to label the blood pool. The myocardial activity is then
identified by digital subtraction of the blood pool oxygen-15 carbon monoxide
activity from the oxygen-15 activity. With current techniques, the signal-to-
noise ratio is not as high as with nitrogen-13 ammonia or with rubidium-82.
However, with faster data acquisition rates larger tracer doses may be used
to overcome this limitation. As a rule and because of their ultra-short physical
half-lives, oxygen-15 and nitrogen-13-labeled tracers are used only at major
centers with on-site cyclotrons.

Rubidium-82 and copper-62 PTSM (generator-produced)

In contrast to >NH; and H,"”O, rubidium-82, a potassium analog, can be
eluted from a strontium-82 generator system using normal saline, which
eliminates the need for an on-site cyclotron [22-24]. Over 30 years ago
Rubidium isotopes were first used to assess myocardial blood flow, since the
external detection of myocardial rubidium uptake has been demonstrated.
Due to its short, 74 second half-life, rubidium-82 is particularly convenient
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for frequent sequential examinations under rapidly changing conditions, such
as ischemia or acute myocardial infarction [25]. In 10 to 20 ml saline solution
30 to 50 mCi are intravenously given as a bolus. The radiation dose to the
patient is approximately 1.6 to 2 mrad/mCi [26]. The predicted flow, derived
from rubidium-82 uptake after correction for the extraction fraction, is lin-
early related to microsphere flow, and minimally influenced by acidosis,
alkalosis, digoxin, propranolol, and glucose-insulin levels [27]. The rubidium-
82 solution is pumped over a calibrated dosimeter and is passed through a
Millipore filter prior to intravenous infusion. Since the parent strontium has
a half-life of 25 days, one generator provides sufficient concentration of
rubidium-82 for 4 to 6 weeks. Copper-62 PTSM has more recently been
introduced as a generator produced tracer of myocardial perfusion. Its uptake
characteristics, however, are not ideal with a relatively low extraction frac-
tion.

PET perfusion imaging

There are basically two different approaches in the use of PET perfusion
imaging to assess stenosis severity. The first is a qualitative approach based
on the relative distribution of myocardial tracer activity; the qualitative use
of PET for the evaluation of myocardial blood flow enables detection of
coronary artery disease with similar or greater accuracy than any other
conventional noninvasive radionuclide method [28-30]. The second repre-
sents a quantitative approach utilizing the unique ability of PET for the
entirely noninvasive measurement of absolute myocardial blood flow based
on appropiate tracer kinetic modeling [11-14]. The quantitative approach
provides measurements of net blood flow in absolute terms.

Detection of coronary artery disease by qualitative PET perfusion imaging

The practical limits of emission tomography perfusion imaging for the detec-
tion of impaired flow reserve was first observed in animals experiments using
labeled microspheres and direct gamma-camera imaging of cross-sectional
myocardial slices after sacrifice. The minimal coronary narrowing detected
by this method was 40 to 50% diameter stenosis [31]; a similar detection
threshold is achieved with pharmacologic vasodilation using dipyridamole.
Dogs instrumented with adjustable stenoses of the left circumflex artery were
imaged with PET after injection of nitrogen-13 ammonia. By visual analysis
defects were identified with tracer administration at vasodilation and coron-
ary narrowings of as little as 47% diameter stenosis by quantitative coronary
angiography could be detected. Human coronary flow reserve begins to
diminish progressively if diameter stenoses exceeded 40% [9]. In 193 patients
Demer et al. [8] found a correlation between results of visual PET analysis
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Figure 3. Relation between angiographic stenosis flow reserve and subjective PET defect severity
in corresponding anatomic regions for 243 coronary stenoses. The mean value of stenosis flow
reserve is plotted as a funtion of PET defect severity. The horizontal dashed lines identify the
ranges of normal, mildly reduced, and significantly reduced stenosis flow reserve. The vertical
dashed line indicates that a PET defect score of 2 or more predicts the presence of either a
mild or a significant stenosis. The error bars represent the 90% confidence intervals. The number
of patients represented is shown adjacent to each point. (From: Demer LL, Gould KL, Goldstein
RA et al. Assessment of coronary artery disease severity by positron emission tomography:
Comparison with quantitative arteriography in 193 patients. Circulation 1989; 79: 825, by
permission of the American Heart Association,. Inc.)

of defect severity and the stenosis flow reserve as derived from quantitative
coronary angiography (Figure 3).

Both rubidium-82 and N-13 ammonia have comparable diagnostic accurac-
ies and the reported sensitivities for detection of coronary artery disease
range from 87 to 97% with specificities from 78 to 100% (Table 2). Appropri-
ate correction for photon attenuation together with both high contrast and
spatial resolution account for the diagnostic performance of PET.

Quantitative assessment of myocardial blood flow and stenosis flow reserve

The main asset of positron emission tomography that distinguishes this tech-
nique from other myocardial perfusion imaging methods, is the capability to
provide accurate quantitative information. The dual photon release allows
emission images to be corrected for the specific photon attenuation, thus,
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Table 2. Detection of coronary artery disease by PET: correlation with coronary arteriography.

Study Patients Tracer Sensitivity (%) Specificity (%)
Schelbert et al. [33] 32 *NH, 97 100

Tamaki et al. [29] 25 NH; 95 100

Gould et al. [2] 50 NH,, #Rb 95 100

Demer et al. [8] 193 NH;, ®Rb 94 95

Yonekura et al. [34] 49 *NH, 97 100

Tamaki et al. [35] 48 *NH; 98 -

the signal from positron emitting tracers can be quantitated. Several studies
in animals [11, 12], in humans including healthy volunteers {13, 14] and
patients with coronary artery disease [9] have documented the feasiblity to
accurately quantitate regional blood flow in absolute terms (i.e. milliliters
per gram per min) by dynamic PET imaging (and use of both blood pool
and tissue input functions along with tracer kinetic modeling). For that
purpose serial PET images are acquired over a specific time span tailored to
a given PET tracer. For oxygen-15 water serial 1 to 20 second images are
recorded over several minutes, whereas for N-13 ammonia an aditional static
image is recorded for 10 to 15 minutes to obtain high count density images.
Tracer activity concentrations in arterial blood and in myocardial tissue is
derived from regions of interest in both left ventricular cavity and myocar-
dium and time activity curves are generated that represent the arterial input
function and the myocardial response to it. The kinetics of a tracer in blood
and tissue is described by a model of two or more functional compartments
that reflect the volume of tracer distribution and tracer exchange between
compartments is described by linear rate constants [32].

A recent study by Uren [9] demonstrated the relationship between stenosis
severity and degree of myocardial blood flow impairment, as determined by
quantitative PET imaging. They found that in a range from 17 to 87%
diameter stenosis resting coronary flow remains constant. Hyperemia or
vasodilation induced maximal coronary flow diminishes progressively if a
diameter stenosis is 40% or greater. Both findings are consistent with the
concept of stenosis flow reserve first proposed by Gould [4, 31], whereas
resting myocardial blood flow remains constant up to 80-90% diameter
reduction. During vasodilation, however, flow progressively decreases begin-
ning at a stenosis severity of 40% . Uren showed a significant inverse relation
between myocardial blood flow during adenosine or dipyridamole induced
hyperemia and percent diameter stenosis (Figure 4A), as well as a significant
positive correlation between maximal myocardial blood flow and minimal
lumen diameter (Figure 4B). These findings are consistant with previous
experimental results [4]. Thus, noninvasive quantification of blood flow as
measured with PET allows to assess stenosis flow reserve and carries impor-
tant functional information on the physiological severity of a given morpho-
logical lesion as assessed from angiography.



Perfusion imaging by PET 143

Myocardial blood flow (mi/min/g)

(A)

6

S o
4 |

S
z-g

o (@]
oO°°°<8 ®0% 8

0 T T T T

1
0 20 40 60 80
Stenosis (%)

Myocardial biood flow {(mi/min/g)

(B)
6 4

1 2 3
Minimal luminal diameter (mm)
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Previous investigators tried to integrate all geometric characteristics of a
coronary artery stenosis, including diameter or area reduction and length of
the lesion. Kirkeeide demonstrated a strong correlation between the flow
reserve predicted from angiographic assessment and the coronary flow re-
serve measured with flowmeters [3]. In humans, intracoronary Doppler cath-
eters have been used to measure blood flow velocity [5]. The measurement
of absolute blood flow however from the Doppler signal is only possible if
the cross-sectional diameter of the vessel is known. This approach, however,
has several limitations: above all, the fact that measurements with a Doppler
catheter do neither take collateral flow and flow to branches proximal to the
stenosis, nor the expansion of the distal vascular bed during vasodilation into
account; therefore, the determination of nutritive tissue perfusion is not
feasible with this technique [18].

These shortcomings favour the use of positron emission tomography to
assess the functional severity of coronary artery lesions by the tissue uptake
of PET flow tracers. For instance, with PET and rubidium-82 and nitrogen-
13 labeled ammonia, the relative perfusion reserve correlated with stenosis
severity expressed as percent vessel diameter or area reduction in a curvi-
linear fashion [32]. Stenosis flow reserve, however, varies widely in patients
with stenosis of 50-60% diameter. For instance, 38% of patients with
stenoses greater than 50% have only a slightly decreased or even normal
estimated coronary flow reserve [8], an observation that underlines the prob-
lem of defining the hemodynamic relevance of a given stenosis based only on
percent diameter narrowing. According to Laplace’s law the hemodynamic
relevance of a stenosis is proportional to the fourth power of the radius,
thus, small changes undetectable by angiography may cause larger changes
in coronary resistance. Computer assisted edge-detection methods reduce
the error and inaccuracy inherent to visual assessment [3]. Nevertheless,
several investigators have reported a poor correlation between the degree of
a stenosis and the impact on perfusion, measured with an epicardial suction
Doppler probe. This lack of a close relationship was particularly striking for
moderate stenoses. However, although errors can be made with the use of
quantitative coronary angiography the study by Uren [9] shows that the
severity of stenosis as assessed by QCA correlates well with absolute myocar-
dial perfusion as measured by positron emission tomography.

QCA, positron emission tomography and stenosis severity

Quantitative coronary arteriography accounting for parameters of stenosis
dimension such as percent narrowing, absolute lumen area, and length is
thought to provide a single integrated measure of anatomic geometry with
sufficient accuracy, both for an investigative purpose and for clinical decision
making. This concept has been theoretically and experimentally both valid-
ated and challenged, but has been demonstrated to be somewhat clinically
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useful. Conversely, positron emission tomography provides a physiological
and truely quantitative approach to myocardial perfusion and for the evalu-
ation of specific therapeutic interventions in the management of coronary
heart disease. PET technology for quantifying myocardial blood flow in
humans has reached a point at which it can be applied routinely and reliably
for the study of coronary stenosis significance and objectively assesses the
result of interventional revascularization. Both, the accurate noninvasive
physiological and the angiographic anatomic definition of stenosis severity
are complementary. Together, they provide a complete morphological and
functional description of a given coronary artery narrowing. (See also Chap-
ters 8, 9, 11, 22 and 19.)
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11. Contrast enhanced magnetic resonance imaging
for assessing myocardial perfusion and
reperfusion injury
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Introduction

Noninvasive cardiac imaging techniques are being used with increasing fre-
quency to guide interventional procedures as they are being applied to isch-
emic heart disease and to assess their effects. These interventions relieve
coronary artery stenoses that produce myocardial ischemia, and improve
myocardial perfusion after thrombolytic therapy. New fast and ultra-fast
magnetic resonance imaging (MRI) techniques have ameliorated previous
limitations of slow temporal resolution. With these methods, high resolution
images of the heart are obtained in seconds or fractions of a second. Thus,
MRI may now image the first pass of a contrast agent bolus through the
heart. Recent experimental, and some limited clinical experience indicate
that dynamic contrast enhanced cardiac MRI is a valuable imaging technique
for myocardial perfusion imaging. Contrast enhanced MRT might be used to
1) define zones of myocardial ischemia (perfusion defects) based upon rapid
imaging during the first pass of a contrast agent; 2) differentiate occlusive
from reperfused infarctions; and 3) determine myocardial viability.

MR contrast media in cardiac imaging

In general, MRI contrast media [1] consist of paramagnetic ions such as
gadolinium (Gd), manganese (Mn), or dysprosium (Dy) complexed to che-
lates, such as DTPA. The distribution space of a MR contrast agent depends
on the nature of the ligand forming the complex. These MR contrast media
may be primarily intravascular or extravascular, and extravascular agents
may be located in the intracellular or extracellular spaces.

An important imaging characteristic of a MR contrast medium is its basic
influence on myocardial signal intensity: T1 relaxation enhancement or mag-
netic susceptibility effect (Figure 1A). T1 enhancing agents such as Gd-
DTPA shorten the T1 relaxation time of perfused myocardial tissue, increas-
ing signal intensity on T1-weighted images (Figure 1B). This contrast-produc-
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Figure 1. MR imaging scheme to demonstrate myocardial ischemia using T1 enhancing and
magnetic susceptibility contrast media. (Reprinted, with permission, from MR Imaging of the
Body. Higgins CB, Hricak H, Helms C. New York, Raven Press, 1992: 1291.) (A) Without
MR contrast media there is no contrast between normal and ischemic myocardium, in the early
hours after occlusion. (B) Following administration of a Tl enhancing contrast agent, signal
intensity in normal myocardium is increased and the ischemic zone is demarcated as a region
of low signal intensity (“‘cold spot”). (C) After administration of a magnetic susceptibility
contrast agent, signal intensity of normal myocardium is reduced (negative enhancement) and
the ischemic zone is demarcated as a zone of high signal intensity (**hot spot”).

ing effect of the agent depends upon delivery by myocardial perfusion and
tissue water content, for it is upon the abundant water proton that the
contrast medium exerts its T1 enhancing effect. Following contrast agent
administration, normally perfused myocardium experiences the T1 shorten-
ing effect of the delivered contrast molecules, and signal intensity is in-
creased. In hypoperfused myocardium, delivery of contrast medium is re-
duced, so these zones initially encounter less of the T1 shortening effect and
appear hypointense compared to greatly enhanced normal myocardium. T1
enhancing media also cause a decrease in the T2 relaxation time, causing
signal intensity to be reduced at higher doses.

Magnetic susceptibility agents shorten the T2 relaxation time, which causes
signal intensity to decrease in areas to which they are distributed (Figure
1C). With these contrast media, visualized image signal intensity depends on
delivery by perfusion as well as compartmentalization of the agent. Contrast
molecules restricted to (compartmentalized in) the extracellular space sur-
rounding viable cardiac myocytes cause local signal to be depleted (negative
enhancement). However, if these contrast molecules are distributed in both
the intracellular and extracellular spaces due to loss of myocardial cell mem-
brane integrity, then the tissue signal intensity persists since the agent does
not exert its effect. Therefore, when imaged with magnetic susceptibility
contrast media, normally perfused myocardial regions (which compart-
mentalize the contrast molecules) are depleted of MR signal. Regions having
reduced perfusion appear hyperintense. As well, zones with intact delivery
but no contrast molecule compartmentalization (reperfused infarctions) are
relatively hyperintense.

Thus, both families of MR contrast media produce differential signal
(contrast) between normal and abnormal myocardium by preferentially in-
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fluencing the signal of tissue that is normally perfused. With T1 enhancing
agents, perfusion defects are “‘cold spots” and with magnetic susceptibility
agents they are “‘hot spots”.

Evaluation of myocardial perfusion and identification of perfusion defects
MRI techniques for assessing perfusion

For cardiac MRI studies, traditional electrocardiogram-gated spin echo and
cine-gradient recalled echo (GRE) MRI sequences have been used exten-
sively. These high spatial resolution techniques depict cardiac and extracar-
diac anatomy, wall motion, and regional wall thickening [2]. However, with
spin echo methods, first pass perfusion studies of a contrast agent bolus
cannot be performed because of inherent slow temporal resolution.

Recently developed fast and ultra-fast MRI sequences have overcome the
limitations of spin echo and cine-GRE techniques, and allow noninvasive
assessment of myocardial perfusion [3]. Among the most popular of these
methods are fast gradient recalled echo (GRE) strategies [3, 4] and echo
planar imaging (EPI) [5]. Fast GRE methods provide tomographic cardiac
perfusion images at 1 to 3 second intervals. With slight variations in MR pulse
sequences, these imaging techniques can either be T1-weighted (inversion
recovery prepared fast GRE) [3] or T2-weighted (driven equilibrium pre-
pared fast GRE) [4]. The MR contrast media used for these studies are T1
enhancing agents and magnetic susceptibility agents, respectively. Another
technique for monitoring the transit of a contrast agent through the heart is
EPI [5]. Tomographic images are typically obtained with a short exposure
time, in the range of 30-50 milliseconds. Because of these ultra-fast imaging
times, motion artifacts are reduced and there is no need for electrocardio-
gram-gated acquisitions. Similar to the fast GRE techniques, EPI pulse
sequences can be modified to emphasize T1 or T2 (T2*) effects. In these
studies a single contrast agent may produce T1 enhancing effects or magnetic
susceptibility effects depending on the echo-planar sequence used and the
concentration of the contrast agent. However, at the present time, availability
of EPI is limited because of special hardware requirements. In the near
future, this capability may be available on standard MR imagers.

Coronary artery occlusion: Animal studies

Contrast enhanced fast and ultra-fast MRI techniques have been applied in
animal models to examine differences in myocardial tissue signal intensity
caused by coronary artery occlusions. Ligating the left coronary artery in an
isolated perfused rat heart model, Atkinson et al. [3] performed T1-weighted
fast GRE MR imaging after infusion of a T1 enhancing contrast agent.
Compared to pre contrast images, signal intensity increased four-fold in
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nonischemic myocardium and was essentially unaltered in zones of ischemia.
Perfusion defects were observed almost immediately and for several hours
following coronary artery occlusion. In vivo studies of rat hearts have also
been conducted with ultra-fast MR techniques within 2 hours of left coronary
artery occlusion [6]. After the bolus administration of T1 enhancing or
magnetic susceptibility contrast agents, T1 or T2*-weighted EPI was per-
formed. On the T1-weighted images, normal myocardial tissue enhanced
(brightened) following contrast agent infusion and nonenhanced (“cold
spot”’) perfusion defects were observed. For T2*-weighted experiments, con-
trast medium influence on normal myocardium was seen as signal depletion
(negative enhancement), and ischemic myocardium maintained signal, so
perfusion defects were ‘“hot spots”’. Myocardial perfusion defects have also
been observed in other rat experiments using T1 and T2*-weighted EPI
sequences and other contrast agents, Gd&-BOPTA/Dimeg [7] or Gd-DTPA-
BMA [5] (Figure 2).

In a similar model of LAD occlusion in dogs, Saeed et al. [8] used fast
GRE sequences to demonstrate perfusion defects in zones of myocardial
ischemia with both T1 relaxation enhancing and magnetic susceptibility effect
agents. A positive correlation [9] has been found between the alteration of
myocardial MR signal induced by the T1 enhancing agent, Gd-DTPA, and
myocardial blood flow assessed by microsphere distribution. Of interest,
quantification of the peak signal change as a function of injected dose of a
magnetic susceptibility agent has been performed [10]. Results suggest a
linear relationship between injected dose and relaxation rate (1/T2%*). The
quantification of myocardial perfusion will be discussed in a subsequent
section.

Clinical studies in myocardial infarction

Clinical experience with contrast enhanced fast and ultra-fast MRI in patients
with myocardial infarction is limited. A recent study [11] examined dynamic
signal intensity changes on contrast enhanced fast MR images in 14 patients

N
Figure 2. Myocardial perfusion defects demonstrated by inversion recovery (T1-weighted) and
gradient echo (T2*-weighted) echo-planar MRI, two hours after left coronary artery occlusion
in a rat. Selected transaxial images before as well as 6, 12, and 28 seconds after Gd-DTPA-
BMA injection at low dose (T1 enhancing effects) and high dose (magnetic susceptibility effects)
are shown. (RV = right ventricular cavity; LV = left ventricular cavity.) (A) Inversion recovery
EPI initially demonstrates increased signal (enhancement) of the LV at 6 seconds followed by
enhancement of normal myocardium. Note the hypointense perfusion defect (arrows) in the
anterolateral wall of the left ventricle. (B) Gradient echo EPI demonstrates signal depletion
(negative enhancement) in RV and LV at 6 seconds, and subsequent signal loss from normal
myocardium at 12 seconds. The perfusion defect in the anterolateral wall of the left ventricle
(arrows) is hyperintense.
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Figure 3. Selected transaxial ultra-fast MR images at the mid-ventricular level demonstrate the
pattern of dynamic contrast enhancement in a patient with previous anterior wall myocardial
infarction. After pre-contrast image A, note sequential brightening (enhancement) of RV (image
B) and LV (image C), followed by normal myocardium (images C, D). A hypointense anterior
wall perfusion defect is demarcated by arrows. (RV = right ventricular cavity, LV = left ven-
tricular cavity.)

with fixed myocardial perfusion defects (infarctions) on SPECT thallium
studies (Figure 3). Comparison was also made to a functional MR wall
motion study in each instance. The MR perfusion images were positively
correlated with thallium images in 287 of 336 zones (85.4%). MR perfusion
results also correlated well with MR function in 284 of 336 (84.5% ) segments.
Of interest, normal myocardial signal intensity, diastolic wall thickness, and
systolic thickening were seen in the inferior wall segment of 2 patients, where
thallium tomograms portrayed a fixed defect that was interpreted as an
infarction. This observation raises the possibility that these zones of fixed
thallium perfusion defect represent diaphragmatic attenuation artifact and
that contrast enhanced MRI may be more specific than thallium SPECT for
assessing the inferior wall of the heart. Larger clinical studies are needed to
provide further evidence to substantiate this possibility.

Coronary artery stenosis: Animal studies

Presently, noninvasive detection of coronary artery stenosis is achieved by
observing myocardial tissue alterations due to reduced perfusion, rather than
by direct visualization of the coronary arteries. One of the most common
techniques is radionuclide scintigraphy, which images the myocardium after
delivery of a radiotracer that is extracted from the blood stream. Measure-
ment of regional myocardial radioactivity enables detection of zones with
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reduced relative perfusion. In an analogous fashion, contrast enhanced dy-
namic MRI studies can provide evidence of coronary artery disease (CAD)
by depicting myocardial perfusion defects during the first pass of a bolus of
contrast agent. Image contrast is predominantly due to decreased delivery
of the contrast agent in ischemic myocardium versus normal tissue (see also
Chapters 9-12).

MR perfusion studies ideally are performed in both the basal resting state
and during stress, which evokes disparate flow at higher flow rates. However,
because of physical space restrictions and MRI motion artifacts during exerc-
ise, dynamic forms of stress such as treadmill or bicycle exercise are imprac-
tical when inside an MR imager. As a result, pharmacologic forms of stress
such as intravenous dipyridamole, adenosine or dobutamine infusion are
more widely used.

Perfusion defects have been successfully depicted using intravenous dipyri-
damole in a canine model of myocardial ischemia, produced by surgical
creation of coronary artery stenosis. In one experiment, Wilke et al. [9] used
contrast enhanced T1-weighted fast MRI to examine 24 dogs at rest and
following dipyridamole (0.8 mg/kg) infusion. Radioactive microspheres con-
firmed regional myocardial blood flow levels. During vasodilation, hypop-
erfused myocardium appeared as a hypointense perfusion defect on MR
images. In another 5 dogs [12], contrast enhanced fast MRI was used with
an intravascular T1 enhancing agent and the vasodilator adenosine to success-
fully differentiate myocardium affected by a subtotal LAD occlusion (intraco-
ronary pressure 40-50 mm Hg) from normal myocardium. Most recently,
T1-weighted fast MRI after dipyridamole administration has demonstrated
perfusion defects with the T1 enhancing contrast agent Gd-BOPTA/Dimeg,
in a canine model of coronary artery stenosis (Figure 4). In the basal state,
hypoperfused could not be distinguished from normal myocardium. How-
ever, following dipyridamole hyperemia, perfusion defects were identified as
zones of delayed and reduced peak enhancement.

Coronary artery stenosis: Clinical studies

Contrast enhanced dynamic MR imaging of patients with non occlusive CAD
has been performed in the basal state alone and also in basal followed by
vasodilated states. Manning et al. [14] studied 12 patients with severe (>>80%
luminal diameter reduction) coronary artery stenoses at rest. Because
stenoses were severe, it was expected that perfusion might be reduced in the
basal state [15]. Examining the first pass signal intensity versus time curve,
myocardium supplied by severely stenotic vessels had a lower peak signal
intensity and a lower rate of signal increase compared to myocardium per-
fused by coronary arteries without stenoses (p = 0.001 for both measure-
ments). Following revascularization, peak signal intensity in these ischemic
myocardial zones became virtually normal, although the rate of signal inten-
sity increase remained unchanged.
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Figure 4. Selected transaxial inversion recovery (T1-weighted) fast GRE MR images obtained
during the first pass of a gadolinium chelate (Gd-BOPTA/Dimeg, 0.05 mmol/kg) following
infusion of dipyridamole (0.5 mg/kg) in a canine model of left circumflex coronary artery stenosis.
Baseline image 4 is obtained before injection of the contrast agent. After contrast administration,
signal intensity of the left ventricular cavity (I.V) increases (image 7). Image 8 depicts enhance-
ment of normal myocardium and a perfusion defect in the diaphragmatic segment of the left
ventricle is defined by arrows. Subsequently, the hypoperfused myocardial zone enhances in a
delayed manner.

Other studies have included pharmacologic vasodilation aiming to increase
sensitivity for detecting CAD. Schaefer et al. [16] examined 6 patients with
CAD using contrast enhanced T1-weighted fast MRI before and after dipyri-
damole administration, demonstrating reduced peak MRI signal in 9 myocar-
dial zones. Thallium-201 scintigraphy perfusion defects were seen at 8 of 9
of these MRI perfusion defects, and angiography confirmed CAD involving
the supplying vessels. Another study of 19 patients with angiographically
defined CAD (>75% stenosis) [17] compared MRI to 99 m-Technetium
Sestamibi (MIBI) SPECT perfusion imaging before and after dipyridamole.
Compared to MIBI, contrast enhanced fast MRI detected hypoperfused
myocardium in 15/19 patients at rest, and in 18/19 patients during hyperemia.
In addition, certain flow parameters derived from sequential MR images
(inverse mean transit time and time to peak signal intensity) provided an
estimation of reduced coronary flow reserve in hypoperfused myocardium.
However, these studies did not address the sensitivity of MRI for detecting
CAD. Klein et al. [18] used contrast enhanced fast MRI before and after
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dipyridamole to study 5 patients, comparing results to contrast angiography
and MIBI scintigraphy. With coronary arteriography as a gold standard,
pre- and post-dipyridamole MRI depicted 13 true-positive segments, 9 true-
negative segments, 3 false-negative segments, and no false-positive segments,
yielding 81% sensitivity and 100% specificity for detecting chronically isch-
emic myocardium. Agreement with MIBI in these patients was somewhat
less, with sensitivity 77-92% and specificity 75%. Thus, fast MRI methods
show potential for the noninvasive detection of CAD.

MR quantification of regional myocardial blood flow

Recent applications of ultra-fast MRI techniques for detection of myocardial
ischemia and infarction have raised interest in using MR for the measurement
of tissue perfusion. However, to quantitate perfusion, a number of conditions
must be fulfilled: 1) true first pass conditions must be present so that recircu-
lation does not contribute to MR signal intensity; 2) the contrast medium
must be administered as a rapid bolus (<2 seconds); 3) temporal MR resol-
ution must be adequate; and (4) an accurate kinetic model is required to
describe the arterial bolus input function. This model should integrate kin-
etics of the contrast agent, taking into account intercompartmental water
exchange as well as other complex factors such as water kinetics and tissue
compartmentalization.

The simplest model for measuring myocardial perfusion was described
almost a century ago by Stewart [19] and is described more recently by Rosen
et al. [20]. The Central Volume Theorem states that tissue blood flow (F)
can be determined from the ratio

F=V/Tm

where V is the volume of distribution of the contrast agent in tissue, and
Tm is the mean transit time, the time it takes for any given particle of the
contrast agent to traverse the tissue. Wilke et al. [21] selected this model in
an early attempt to quantify myocardial perfusion with contrast enhanced
MRI in a canine model of myocardial ischemia. A preliminary experiment
had shown that with fast MRI, measurement of inverse T1 (1/T1 = AR1)
values due to varying the concentration of Gd-DTPA in an isotonic saline
solution was linearly related to the concentration of contrast agent. Fast MR
imaging monitored the first pass of a T1 enhancing agent through the heart,
before and after dipyridamole stress. By generating MR image signal inten-
sity versus time curves, the parameter 1/Tm correlated closely with absolute
myocardial blood flow, determined by simultaneous radiolabeled micros-
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Figure 5. MR quantitation of myocardial perfusion following severe subtotal left coronary artery
occlusion: signal intensity-time curves during myocardial first pass of a Gd-DTPA bolus and
myocardial blood flow determined from microsphere measurements in three different myocardial
segments (SEP = septum, LAT = lateral wall of the left ventricle, APM = anterior papillary
muscle). (A) and (B) illustrate MRI and microsphere data, respectively, under resting (basal)
conditions; and (C) and (D) show the data from the same animal after dipyridamole induced
stress. Under resting conditions, perfusion differences among hypoperfused (APM), intermedi-
ate (LAT), and well perfused myocardium (SEP) are well differentiated, and agree qualitatively
with the measured blood flow. During hyperemia, shortening of the rise time to peak signal
intensity and a higher peak signal are observed in the normally perfused septal region. These
changes are less marked in the intermediately perfused LAT, and absent in severely hypop-
erfused APM. (Reprinted, with permission, from [21], p. 493.)

phere injections (Figure 5). Thus, estimation of myocardial blood flow with
MRI seems feasible.

On the other hand, Wendland et al. [22] used EPI to monitor the passage
of incremental doses of intravascular and extracellular T1 enhancing contrast
agents through normal rat myocardium and described current limitations of
MR perfusion quantitation. They concluded that AR1 of myocardium was
not monoexponential and that models that are used to calculate myocardial
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blood flow from signal intensity changes require consideration of complex
water kinetics in myocardial compartments. Also, extravascular contrast had
a significantly altered first pass signal intensity-time profile compared to
intravascular contrast, presumably due to extraction into the extracellular
space. Such low molecular weight compounds may not be ideal for quan-
tifying myocardial perfusion.

Perhaps the approach of Diesbourg et al. [23] will overcome some of
the quantification limitations outlined above. A mathematical model, the
modified Kety equation [24], was selected to pattern the myocardial tissue
distribution and clearance of an extravascular contrast agent under first pass
conditions. Use of this formula required MR measurement of myocardial
contrast agent concentration following bolus injection. In an excised dog
heart model, MR-calculated myocardial blood flow correlated positively with
radioactive microsphere-determined flow. Relative myocardial blood flow in
canine myocardium has also been predicted by the Kety equation using fast
MR techniques [25]. In this study, results compared favorably with calcu-
lations from positron emission tomography (p < 0.05).

Differentiation of occlusive from reperfused infarctions

After thrombolytic therapy, it is crucial to determine that reperfusion has
occurred at the tissue level and whether irreversibly injured myocardial tissue
is present in the jeopardized region. Ito et al. [26] studied patients with
acute myocardial infarctions who had angiographic evidence of reflow, using
myocardial contrast echocardiography (MCE). Compared to patients with
residual MCE perfusion defects (n = 9), those without defects (n = 30) had
significant improvement in global and regional LV function when examined
four weeks later. Thus, the demonstration of residual perfusion defects at
the tissue level can be useful for predicting poor recovery of function in
reperfused myocardium.

In animal experiments, contrast enhanced MRI with a T1 enhancing agent
has been shown to be effective in differentiating occlusive infarction from
reperfused myocardial infarction. Saeed et al. [27] showed in rats that reper-
fused, irreversibly injured myocardium enhanced significantly greater than
either reperfused reversibly injured or normal myocardium (Figure 6A). In
a separate study, the same group [28] also demonstrated that following
T1 enhancing contrast medium administration, occlusive infarctions had a
complicated enhancement pattern consisting of multiple zones (Figure 6B).
Epicardial and endocardial margins of the infarctions enhanced immediately
and homogeneously, while central zones, which were initially hypointense,
gradually increased in intensity over 60 minutes following contrast adminis-
tration. Enhancing occlusive infarction margins were observed and have since
been referred to as the “‘peri-infarction zone” [29]. Occlusive and reperfused
infarctions have also been studied with a magnetic susceptibility agent and
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Figure 6. Sequential transaxial contrast enhanced T1-weighted MR images of a rat model
of reperfused and occlusive myocardial infarction. (RV = right ventricular cavity, LV = left
ventricular cavity.) (A) Prominent homogeneous enhancement of the injured anterolateral wall
of the left ventricle (demarcated by arrows) is demonstrated after 2 hours of left coronary artery
occlusion and 1.5 hours of reperfusion. (B) Complex pattern of contrast enhancement in a 3.5-
hour-old occlusive infarction. Images demonstrate hypointense infarcted myocardium in the
anterior and lateral walls of the left ventricle (larger white arrows), high signal intracavitary rim
atong the infarcted wall, and the peri-infarction zone (small black arrows), at the margins of
the myocardial infarction.
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T2-weighted MR imaging [30]. Following contrast administration, normal
myocardium was almost completely depleted of signal, occlusive infarctions
maintained most of their signal (74 + 5% of baseline), and reperfused infarc-
tions had intermediate signal (35 + 3% of baseline).

To date, only one experiment has employed ultra-fast MR techniques to
differentiate occlusive from reperfused myocardial infarctions. Saeed et al.
[31] showed that occlusive infarctions had delayed or no enhancement during
the first pass of a T1 enhancing agent. In reperfused infarctions, signal
intensity rose continually during the first few minutes to a level of intensity
exceeding normal myocardium.

Unfortunately, clinical circumstances in patients frequently do not involve
pure circumstances of occlusive or reperfused myocardial infarctions, but
rather a heterogeneous myocardial injury with components of both. Conse-
quently, it has been difficult to determine the effectiveness of contrast en-
hanced MRI to reliably differentiate these two conditions. In patients with
recent myocardial infarctions, de Roos et al. [32, 33] performed an electrocar-
diogram-gated spin-echo MRI sequence with a T1 enhancing agent, finding
significant enhancement of occlusive and reperfused infarctions relative to
normal myocardium. Enhancement patterns were complicated, and there
was extensive overlap, precluding discrimination between the two. Van Ros-
sum et al. [34] were able to distinguish occlusive from reperfused infarctions
by the relative reduced enhancement of the occlusive infarction. This was
seen only on their earliest images, at 6 to 8 minutes following contrast
administration, suggesting that the difference was due to decreased initial
delivery of Gd-DTPA. Increased and persistent MR signal has been found
in reperfused myocardial infarctions [35]. Perhaps the temporal resolution
of fast and ultra-fast MR methods will be useful in assessing for tissue
reperfusion.

Contrast enhanced MRI for determining myocardial viability in reperfused
infarction

An exciting new possibility has been suggested for determining myocardial
necrosis in reperfused infarctions based upon examining the effects of MR
contrast media on the myocardium [36, 37]. This approach utilizes both T1
enhancing and magnetic susceptibility agents (Figure 7). A T1 enhancing
contrast agent is first used to define myocardial regions that are effectively
perfused, either normal myocardium or reperfused infarctions. Subsequent
administration of a magnetic susceptibility contrast agent causes signal deple-
tion in myocardium that compartmentalizes contrast molecules, either normal
myocardium or viable cells within the reperfused infarction. Nonviable zones,
on the other hand, are not affected by the susceptibility agent because cellular
compartments have collapsed. In other words, regions with reperfused nec-
rotic myocardium show enhancement (signal increase) with a T1 relaxation
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Figure 7. Selected transaxial MR images of a rat subjected to 2 hours of left coronary artery
occlusion and 2 hours of reperfusion. T1-weighted images pre-contrast (A) and post-adminis-
tration of Gd-DTPA-BMA (B) demonstrate increased signal intensity (enhancement) in the
anterolateral wall of the LV (arrows), confirming reperfusion at the tissue level. A T2-weighted
image before (C) the administration of magnetic susceptibility agent depicts increased signal
anterolaterally (arrows) consistent with myocardial edema. Following Dy-DTPA-BMA (D),
signal depletion (negative enhancement) involves all myocardium except the anterolateral wall
of the LV (arrows), where nonviability (infarction) was confirmed by histopathologic staining.
(RV = right ventricle, LV = left ventricle.)

enhancing agent but reduced or no enhancement (signal does not decrease)
with a magnetic susceptibility contrast medium.

This strategy has been recently tested in experimental in vivo and in vitro
rat models of reperfused myocardial infarction [36, 37]. The T1 enhancing
and magnetic susceptibility contrast agents were injected following 1-2 hours
of LAD occlusion and then 1-3 hours of reperfusion. The concentrations of
both contrast agents measured by biochemical assay were higher in reper-
fused infarction than in normal myocardium. On MR images in vivo and
following extirpation of the heart, reperfused infarctions appeared as bright
zones on T1-weighted images, confirming delivery of T1 enhancing agents.
On T2-weighted images, these reperfused zones had less signal depletion
than normal myocardium and therefore appeared bright, despite having a
higher concentration of the magnetic susceptibility agent (Figure 7). This
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combination of findings is consistent with cellular nonviability. Thus, reper-
fused infarcted tissue can be characterized by showing delivery of the T1
enhancing agent to the jeopardized tissue and lack of enhancement with a
magnetic susceptibility contrast medium.

Conclusion

Because of exciting recent improvements in temporal resolution, develop-
ment of new contrast media, and novel imaging strategies, MRI has consider-
able potential for the evaluation of ischemic heart disease. Future clinical uses
will include detection of myocardial ischemia and infarction, quantification of
regional myocardial perfusion, differentiation of reperfused from occlusive
infarction, and determination of myocardial viability.
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12. Non-invasive visualization of the coronary
arteries using magnetic resonance imaging —
is it good enough to guide interventions?

WARREN J. MANNING and ROBERT R. EDELMAN

Introduction

Despite advances in both prevention and treatment, cardiovascular disease
remains a leading cause of morbidity and mortality in developed nations.
The current “gold standard” for the evaluation of the coronary arteries
is contrast coronary angiography. The data acquired from such diagnostic
procedures (i.e. presence, location and severity of stenoses) is utilized both
for diagnostic and prognostic purposes. For those with significant disease,
information gained from contrast angiography is currently the standard by
which mechanical interventions (coronary artery bypass graft (CABG) sur-
gery or percutaneous revascularization techniques (balloon angioplasty, in-
tracoronary stents, intracoronary atherectomy) as well as pharmacologic ther-
apies are planned.

Need for non-invasive coronary angiography

In addition to their high cost ($3-5K/procedure), contrast coronary angio-
graphy carries a low complication rate, including local vascular/infectious
complications, myocardial infarction, stroke or peripheral emboli, and death
[1]. Furthermore, while there are semi-quantitative techniques for estimating
the flow restriction caused by a focal coronary artery stenosis based on the
conventional contrast angiogram, they do not provide a quantitative assess-
ment of coronary artery blood flow.

The ability to perform non-invasive coronary angiography and thereby
identify patients with and without stenoses within the major epicardial vessels
would represent a major advance in patient care. Patients free of significant
coronary stenoses on non-invasive coronary angiography would avoid the
cost, inconvenience, and potential risks of conventional contrast coronary
angiography. Non-invasive coronary angiography would serve to identify
those patients at particularly high risk for complications during conventional
angiography (e.g. left main coronary artery stenosis), or eliminate the need
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for contrast coronary angiography among patients requiring cardiac surgery
for primary valvular heart disease. In addition, non-invasive coronary angio-
graphy could be used to facilitate scheduling of a mechanical intervention
(i.e. angioplasty, atherectomy, stents, etc.), thereby obviating the need for
separate diagnostic and therapeutic procedures. Non-invasive coronary
angiography would also assist in the scheduling of invasive procedures (e.g.
the patient with single vessel disease on non-invasive coronary angiography
would be scheduled to undergo directed angioplasty at a time when an
operating room is available to treat potential complications of angioplasty,
while a patient with left main and/or three vessel disease on non-invasive
coronary angiography might undergo confirmatory diagnostic catheterization
without such “back-up” available, or even proceed directly to surgery).
Finally, follow-up angiographic information in patients undergoing revascu-
larization procedures would also be more readily obtained (see also Chapters
7, 8, 9 and 20).

Current options for non-invasive visualization of the coronary arteries

Current options for non-invasive coronary angiography include cardiac ultra-
sound (echocardiography), ultrafast or cine CT, and magnetic resonance
coronary angiography (MRCA). Conventional two-dimensional (2D) trans-
thoracic echocardiography imaging has been successful at identification of
the ostia of left main and right coronary artery in 60-90% of adult patients
[2] but imaging of the left anterior descending and circumflex coronary
arteries has proven more difficult despite advances in transducer and imaging
technology. Few data are available on the accuracy of this technique for the
identification of coronary stenoses.

Transesophageal echocardiography (TEE) is often able to identify the
ostia of the left main coronary artery, (Figure 1) with images of the full
length of the left main coronary artery and its bifurcation reported in 90%
of subjects [3]. Two-dimensional imaging may be combined with Doppler
techniques to identify patients with left main coronary artery stenoses [3].
TEE visualization and evaluation of the proximal left anterior descending
and left circumflex have also been described [4]. While clinically relevant,
left main coronary artery disease is found in only a small minority of patients
referred for angiography and data on the ability of TEE to reliably image
the right coronary artery or identify significant disease of that vessel is as yet
unknown. Finally, utilizing pharmacologic stress, recently published data
suggest transesophageal echocardiography may be useful for the identifica-
tion of stenoses in the proximal left anterior descending coronary artery
[5]. Though transesophageal echocardiography does not require contrast
injection or arterial access, it is minimally invasive and has associated risks
of esophageal perforation, laceration, aspiration, and dysrhythmias [6].

Coronary artery calcification is both a sensitive and a specific marker
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Figure 1. Transesophageal echocardiographic image of left main coronary artery (white arrow)
extending to bifurcation Ao = ascending aorta. LAA = left atrial appendage. (Reprinted with
permission [20].)

for the presence of coronary artery atherosclerosis [7]. While not directly
visualizing the coronary arteries, cine or ultrafast CT is very sensitive for
identifying and quantifying coronary artery calcium. Unfortunately, not all
obstructive lesions have detectable calcium within the atherosclerotic plaque
and non-obstructive calcified atherosclerotic plaques are common in appar-
ently healthy men over 50 years and women over 60 years [7]. While non-
invasive, cine CT does expose the patient to considerable amounts of poten-
tially harmful ionizing radiation (making it less desirable for screening or
repetitive studies) and the presence of epicardial calcium serves only as an
indirect method to identify significant coronary artery stenoses. Its role as a
screening test for coronary artery disease remains unproved.

Visualization of the native coronary arteries by magnetic resonance imaging

Magnetic resonance (MR) imaging is ideally suited for evaluating the heart,
with excellent soft tissue discrimination and the ability to image the heart
in double-oblique, tomographic sections. Using electrocardiographic (ECG)
gated techniques, MR imaging has already established itself as the non-
invasive “gold standard” for the assessment of cardiac anatomy and biven-
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Figure 2. Conventional ECG-gated multi-phase spin-echo axial section at the proximal aorta in
a patient referred for evaluation of a dilated ascending aorta. Note the left main coronary artery
(black arrow) and extension into the left anterior descending (LAD) coronary artery (solid
white arrow). (Reprinted with permission [20].)

tricular systolic function [8-10]. Conventional MR imaging is now widely
accepted as the technique of choice for the evaluation of the thoracic aorta
in the hemodynamically stable patient with suspected aortic dissection [11].
MR imaging also offers the opportunity to non-invasively characterize blood
flow within the aorta and great vessels [12]. The coronary arteries, however,
have a diameter 10 times smaller than the ascending thoracic aorta. In
addition, the coronary vessels are tortuous and there is extensive motion
during both the cardiac cycle and with normal respiration.

Using conventional multi-phase ECG-gated spin-echo techniques, in
which data for each image is acquired over 2-8 minutes, images of the
proximal aorta will occasionally include the origin of the major epicardial
coronary arteries (Figure 2). Despite data acquisition over several minutes
and lack of respiratory gating, the presence and location of both coronary
artery ostia may be successfully obtained in selected patients [13]. Unfortu-
nately, using this technique, visualization of even the proximal portion of
the major coronary arteries and identification of stenoses have not been
reported.

Greater success at visualization of the coronary arteries has been achieved
utilizing MR subtraction methods [14], 3D techniques [15], spiral scanning
[16] and segmentation gradient echo sequences [17]. Echo planar MRCA
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has also been recently described [18, 19] and offers great promise. A common
theme of the majority of these magnetic resonance coronary angiographic
(MRCA) techniques includes the use of multiple 10 to 20 second breath
holds to minimize respiratory motion artifacts (blurring) and imaging during
mid-diastole, a period of relative diastasis, so as to minimize the artifacts
related to cardiac motion. Specific merits and detractions of each technique
is explained elsewhere [20}.

At the time of this writing, the greatest amount of clinical investigation
has been performed using 2D segmented k-space gradient echo approaches.
With this method, multiple phase encoding steps are acquired during a brief
period of diastole during each of a series of heart beats [17]. Typically, 160
phase encoding steps (matrix 160 X 256) are acquired (8/heart beat for 20
beats) with a field-of-view of 240 X 240 mm, resulting in a spatial resolution
of 1.5 X 0.9mm. Each 2D image may be acquired with a 2-4 mm slice
thickness. Thirty to forty breath-hold images are generally needed to define
the major coronary anatomy. As with other gradient echo sequences, rapidly
moving, laminar blood flow results in a “‘bright” signal due to the inflow of
unsaturated protons, while stagnant blood (or tissue) appear “dark” because
of saturation effects due to repeated proton stimulation. Focal areas of
turbulence within blood vessels also appear “dark” due to proton dephasing.

Typically the coronary ostia are identified in the transverse plane (Figure
3). An example of a transverse MR image at the level of the right coronary
artery is shown in Figure 3a, with a more inferior section depicted in Figure
3b. Taking advantage of the unique ability of MR to directly acquire images
in any orientation, these initial images may be followed by obliquely oriented
images acquired along the major or minor axis of the vessels. Oblique images
along the major axis of the right coronary artery are shown in Figure 3c,
with adjacent sections delineating portions of the vessel which deviated into
adjoining imaging sections (Figure 3d—f). The left main coronary artery may
also be visualized in transverse (Figure 4) section, with superior and inferior
sections delineating the left anterior descending and left circumflex coronary
arteries. The left main and left circumflex coronary arteries are also fre-
quently seen with oblique images. Double-oblique images may also be ob-
tained along the axis of the left main and left anterior descending coronary
arteries, resulting in large portions of the left coronary artery being identified
within a single section (Figure 5).

Using this approach in a series of young adult volunteers [17], it is possible
to identify the left main coronary artery in 96% of subjects, the left anterior
descending and right coronary arteries in all subjects, and the left circumflex
coronary artery in 76% of subjects. In addition to these major vessels,
diagonal branches of the left anterior descending coronary artery were identi-
fied in 80% of subjects and the great cardiac vein in 88% of subjects. The
obtuse marginal branches of the left circumflex coronary artery are more
difficult to visualize using this technique [21], a problem likely related to the
choice of imaging planes, and potentially overcome by 3D approaches. The
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Figure 3. Two mm thick breath-hold axial MR sections in a healthy volunteer at: a) the level
of the proximal right coronary artery (RCA; solid white arrow); b) subsequent transverse section
of RCA at a more inferior level (white arrow) identifying the vessel in cross-section. ¢) Oblique
MR section taken along the major axis of the vessel as defined by (a); d-€) adjacent sections
depicting the mid-RCA (arrows); f) bifurcation of the distal RCA (solid white arrow). LV = left
ventricular cavity. RV = right ventricular cavity. Ao = aortic root. (Reprinted with permission of
the American Heart Association [17].)
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Figure 3 Continued.
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Figure 3 Continued.
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Figure 4. a) Axial MR section of the left main coronary artery (solid white arrow) continuing
on into the b) LAD (black arrows) coronary artery. Note the diagonal branches off the LAD
(solid white arrows) and the great cardiac vein (open white arrow). (Reprinted with permission
of the American Heart Association [17].)
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Figure 5. Oblique section depicting the left main coronary artery (solid white arrow) and LAD
(open white arrow) in another subject. (Reprinted with permission [20].)

average vessel diameter and average length of contiguously observed coron-
ary artery are shown in Table 1. Similar results have been reported utilizing
3D MRCA techniques [22]. Quantitative contrast angiography of normal
proximal vessel lumen are in good correlation with quantitative MRCA
diameter data [23] (Figure 6). (See also Chapters 8, 9 and 10.)

Table 1. MRA assessment of proximal coronary diameter and length of vessel visualized.

Vessel Proximal diameter Length observed® Length observed®
Mean (mm) (range) Mean (mm) (range) Mean £ SD (mm)

RCA 3.7 2.7-5.1) 38 (24 - 122) 60+ 14

LM 4.8 (3.4-6) 10 (8-14) 10£3

LAD 3.6 3-4) 44 (28-93) 61 +31

LCX 35 (3-4) 25 (9-42) 40 + 15

“Reprinted with permission of the American Heart Association [17].

®Adapted from [22].

RCA = right coronary artery; LM = left main coronary artery; LAD = left anterior descending
coronary artery; LCX = left circumflex coronary artery.
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Figure 6. Comparison of coronary artery diameter. (Reprinted with permission [23].)

Identification of native coronary artery disease by magnetic resonance
coronary angiography

The small caliber of the native coronary arteries (diameter 3—-4 mm) and
relatively limited spatial resolution of current MRCA techniques (1.5 X 0.9
mm), makes quantitative MRCA improbable using current technology,
though such quantitation is possible for larger arteries such as the aorta and
carotid arteries. The development of stronger gradient systems and special-
ized surface coils [24] may permit quantitative MRCA in the future. Though
quantitative MRCA is not currently possible, as previously mentioned, gradi-
ent-echo MRCA techniques are sensitive to laminar and absent or turbulent
blood flow, with laminar blood flow depicted as a ‘‘bright’ signal, whereas
regions of turbulent, markedly diminished, or absent blood flow are displayed
as signal ““voids”. A total occlusion or severe stenosis with poor distal blood
flow might be expected to appear as an abrupt loss of signal (Figure 7), while
arteries with severe stenoses but significant antegrade blood flow might be
expected to demonstrate a focal loss of signal, corresponding to an area of
turbulence at the stenotic site, followed by bright signal depicting laminar
flow in the more distal lumen (Figure 8). This MRCA technique, however,
is also insensitive to direction of blood flow. Thus a situation in which a
vessel with a total occlusion but extensive collaterals to the distal vessel
could result in visualization of the distal vessel (after a region of signal void
corresponding to the occlusion) while vessels with subtotal occlusions may
have very slowly moving blood in the post-stenotic lumen, resulting in ab-
sence of signal in the distal lumen due to saturation effects. MRCA tech-
niques in which blood in the aortic root is “‘tagged” followed by a delay of
several hundred msec during which the “tagged blood” is allowed to flow
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A

Figure 7. a) Oblique sections of the proximal RCA. Note the abrupt loss of signal in the
proximal artery {open white arrow). The more distal artery was not visualized in adjacent
sections. b) corresponding conventional angiogram demonstrating the sub-total occlusion of the
proximal RCA (white arrow). (Reprinted with permission of the New England Journal of
Medicine [25].)



Non-invasive visualization of the coronary arteries 179

Figure 8. a) Axial section demonstrating the left main and LCX with a signal void (black arrow)
in the proximal LAD. Also note the more distal LAD and diagonal (white arrow) are seen. b)
corresponding RAO caudal conventional angiogram confirming the tight proximal LAD stenosis
(black arrow). (Reprinted with permission [20].)
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antegrade into the coronary arteries [14, 19a] would not suffer from this
limitation and may be useful for distinguishing these two situations.

A recent study correlated findings on 39 patients referred for elective
coronary angiography who also underwent MRCA examination either imme-
diately before or after conventional contrast angiography [25]. Since quanti-
tative MRCA was not possible, the sensitivity of the MRCA sequence to
abnormalities of blood flow was used to grade individual vessels as being
“normal or having minimal disease” if there were minimal or no luminal
irregularities on MRCA, or as having “substantial disease” if there was
marked attenuation of the luminal diameter or a signal void. MRCA data
and conventional contrast angiographic data were analyzed independently
by blinded observers, with a 50% or greater diameter stenosis by contrast
angiography as the standard for disease; MRCA images of 98% of the major
arteries were adequate for evaluation. Overall sensitivity and specificity of
the 2D MRCA technique for correctly classifying individual vessels as with
(50% or greater diameter stenosis on conventional contrast angiography) or
without disease, for a population with a 36% likelihood of diseased vessels
was 90% and 92%, respectively. The corresponding positive and negative
predictive values were 0.85 and 0.95, respectively. Data for individual vessels
are shown in Table 2. The sensitivity and specificity of the MRCA technique
for correctly classifying individual patients as having or not having significant
coronary disease, in this population with an incidence of coronary disease of
0.74, was 97% and 70%, respectively.

Absolute signal intensity in 2D gradient echo sequence does not appear
to correlate with focal stenoses [26]. Others have graded similar MRCA
studies according to arterial signal changes as severe (complete signal loss),
moderate (partial signal loss) and mild (wall irregularity only) [27]. These
investigators have found a significant relationship between angiographic di-
ameter stenoses based on these MRCA classifications (see also Chapters 8,
9, 13 and 19).

The widespread use of intracoronary stents, typically made from stainless
steel or tantalum, has raised a concern regarding the effects of very strong
magnetic fields on these devices and possible stent motion. Recent data [28]

Table 2. Sensitivity, specificity, positive/negative predictive value of MR coronary angiography.

Numbers with  Sensitivity (%)  Specificity (%) PV (+) PV (-)
disease (%)
LM C2(5%) 100 100 1.00 1.00
LAD 23 (64%) 87 92 0.95 0.80
LCX 7 (20%) 71 90 0.63 0.93
RCA 20 (53%) 100 78 0.83 1.00
Patient 29 (74%) 97 70 0.90 0.88

PV (+) = predictive value positive; PV (—) = predictive value negative.
Modified from [25] and printed with permission of the New England Journal of Medicine.
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Figure 9. Oblique image taken along the long axis of the RCA. Note the abrupt signal void in
the proximal portion of the vessel (white arrow) with the more distal vessel well seen (open
white arrow). The signal void corresponded to an intracoronary stent with widely patent lumen.

suggest, however, that these stents are not significantly influenced by the
magnetic fields currently used (< 1.5 Tesla) for clinical imaging. Imaging
of the vessel lumen along the length of the stent, however, does result in a
local image artifact, precluding evaluation of this portion of the vessel (Figure
9).

MR assessment of coronary artery flow velocity

In addition to imaging of the coronary arteries, MR imaging techniques also
hold the potential for assessment of coronary artery blood flow. Currently,
such assessment is limited to invasive techniques such as intracoronary
Doppler flow probes [29] and transesophageal echocardiography [30]. Re-
cently, phase contrast MR techniques, in which signal intensity is pro-
portional to blood flow velocity have been validated for the assessment of
ventricular stroke volume and cardiac output as well as for quantification of
intracardiac shunts by assessing blood flow within the great arteries [31].
Sequences analogous to the segmented 2D turbo-FLASH approach for
MRCA have been developed for phase contrast assessment of coronary
artery blood flow [32, 33]. This method has presently only been described
in volunteers with in-vivo quantification of blood flow velocity at sites of
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Figure 10. Top: Axial magnitude (anatomic) identifying the right coronary artery (black arrow),
Bottom 2 panels: phase difference (flow) images obtained using velocity quantification method
during a single breath-hold. Phase difference image gives flow velocity of 8 cm/sec at rest
(middle panel) and 34 cm/sec after administration of adenosine, 120 ug/kg/min (bottom panel).
(Reprinted with permission [32].)

coronary stenoses yet to be described. While in theory cross sectional area
of the coronary artery could also be assessed so as to measure coronary flow
(e.g cc/min of blood flow), the previously mentioned relative spatial resol-
ution of current MRCA precludes accurate measurement of native coronary
artery cross sectional area at the present time. Following administration of
intravenous adenosine a four-fold increase in diastolic right coronary artery
velocity has been found (Figure 10). A recent study using time-of-flight echo
planar imaging to measure coronary artery flow reserve documented a 52%
increase in left anterior descending artery flow velocity among volunteers
during isometric exercise {34]. While few data in patients with coronary
disease either at rest or following pharmacologic stress has been published,
this technique holds particular promise for assessing the physiological signifi-
cance of a coronary artery stenosis and assessing coronary artery flow reserve.
Should this technique be successful at identifying a particular resting flow
profile which is characteristic for those with significant coronary stenosis,
then it would be a particularly valuable adjunct to non-invasive MRCA, as
both techniques could be performed in the absence of intravenous access or
medication (see also Chapters 8, 9 and 18-20).
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MRCA of anomalous coronary arteries

The ability of MRCA to acquire data in double-oblique orientations is un-
iquely suited for the evaluation of anomalous coronary arteries. While rare,
occurring in only 0.6-1.2% of adults referred for coronary angiography [35]
and generally not associated with impaired myocardial perfusion, hemodyn-
amically significant anomalies, with abnormalities of myocardial perfusion
are seen and frequently associated with sudden death [36]. These hemodyn-
amically significant lesions include the origin of the left coronary artery from
the pulmonary artery, coronary artery fistulae and the origin of the left
coronary artery from the right sinus of Valsalva with subsequent passage of
the vessel between the aorta and right ventricular infundibulum. While the
diagnosis of anomalous coronary arteries is easily made by contrast angio-
graphy, definition of the subsequent course of these vessels (anterior or
posterior to the right ventricular outflow tract) is often difficult. Such infor-
mation is important, since it is the posteriorly (to the pulmonary artery)
directed course that is associated with a poor prognosis. Both conventional
gradient echo [37] and the 2D segmented approaches [38] have been de-
scribed as techniques to visualize the course of these vessels (Figure 11).
While data from blinded studies have not been reported, MRCA is probably
the best non-invasive technique for delineation of the anatomic relationship
of these anomalous vessels with the great arteries.

MRCA of coronary artery bypass grafts

Venous bypass grafts and internal mammary coronary arteries have been
found to be easier to image using conventional MR imaging techniques due
to their larger size (typically 5-10 mm in diameter) and more limited mobility
associated with cardiac and respiration motion. Conventional spin-echo [39-
41] and gradient echo [42, 43] techniques have both been studied for their
ability to assess bypass graft patency. For most of these investigations, trans-
verse images are obtained at a level corresponding to that expected for the
bypass graft. A graft is then characterized as “patent” if the normal signal
void (spin echo) or bright signal (gradient echo) (Figure 12) of laminar blood
flow is seen in at least two anatomic levels in the expected region of the
bypass graft. If a signal void was seen at only one level, a graft was considered
“indeterminate”, and if no signal voids were identified, the graft was con-
sidered to be occluded. Data from several studies comparing MR imaging
data with contrast angiography are summarized in Table 3.

Major obstacles to imaging of bypass grafts are the local signal loss/artifacts
associated with hemostatic clips or sternal wires. Avoidance of these clips is
likely to improve MRCA results, but it may be premature to advocate their
exclusion in all patients based on the future potential of MRCA. Sirch a
recommendation does appear reasonable for younger patients who are likely
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Figure 11. a) Transverse MRCA at the level of the right coronary artery ostia (solid white
arrow) and origin of the anomalous left coronary artery (open white arrow); b—c) successive
transverse images depicting the course (open white arrows) of the left coronary artery into the
interventricular groove; d) Contrast angiogram demonstrating the right coronary artery with
anomalous origin (open white arrow) of the left coronary artery. AO = ascending aorta. LA =
left atrium. PA = pulmonary artery. RV = right ventricular outflow tract. (Reprinted with
permission [38].)
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Figure 11. Continued.

to need repeated angiographic data as their bypass grafts age and develop
focal stenoses. Signal voids induced by these prostheses were sometimes
difficult to distinguish from those related to blood flowing rapidly through
the bypass graft. In addition, grafts with very tight stenoses, in which blood
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Figure 12. Cine gradient refocused scan with retrospective ECG synchronization at the level of
the ascending aorta and moving inferiorly. Flip angle 30°, TR = R-R interval, TE = 20 msec,
128 x 256 image matrix (reconstructed to 256 x 256). Top left panel: Reverse saphenous vein
bypass graft (CABG) to the LAD is shown draped over the right ventricular outflow tract
(RVOT) in an axial diastolic image. Top right panel: 2cm lower, the LAD bypass graft is
displayed over the RVOT. Bottom left panel: 2 cm lower, the LAD bypass graft overlies the
proximal RVOT. Bottom right panel: the LAD bypass graft and native LAD connect in the
anteroseptal region. AQ = aorta; SVC = superior vena cava. (Reprinted with permission of
the American Heart Association [40].)

flow would be expected to be low, often result in insufficient contrast to
identify a graft as patent [40].

While both the spin-echo and standard gradient-echo techniques appear
promising as a non-invasive method to assess bypass graft patency, patency
of an individual graft with this technique is inferred by visualization of a
patent portion of the graft somewhere along its length. Certainly identifica-
tion of occluded grafts is an important first step, but it would be far more
valuable to identify bypass vessels which are patent but have significant
diameter stenoses. Such stenoses may certainly be the cause of ongoing
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Table 3. Sensitivity/specificity of MR for characterizing CABGs as patent or occluded.

Author Technique # # % % Sensitivity Specificity
patients grafts SVG patent

White [39] Spin-echo 25 72 88 69 0.86 0.72

Rubinstein Spin-echo 20 47 100 62° 0.90 0.72
[40]

Jenkins [41]  Spin-echo 16° 41 100 63 0.89 0.73

White [42] Cine gradient-echo 10 28 9% 52 0.93 0.86

Aurigemma  Cine gradient-echo 20 45 91 73 0.88 1.00
[43]

*Graft with 99% diameter stenosis was considered occluded.
"Number of patients who had comparison angiograms.
SVG = reverse saphenous vein bypass graft.

myocardial ischemia, yet for the studies as yet reported, a bypass graft
with a significant stenosis would be ‘“‘correctly” classified as patent using
conventional spin-echo or gradient-echo imaging. Recently, very preliminary
data has been reported on the use of segmented gradient echo techniques
(similar to that utilized for imaging of the native vessels) for imaging of vein
grafts [44], but stenoses have not been visualized.

Phase velocity mapping has also been utilized to measure blood flow in
native and grafted internal mammary arteries [45] as well as reverse saphen-
ous vein grafts [46]. Graft flow is characterized by a biphasic pattern with
an average flow of almost 100 ml/min.

Conclusion

In conclusion, MRCA of both native coronary arteries and bypass grafts and
the identification of diseased vessels is now possible, though insufficient data
has been published at the time of this submission to advocate the use of
MRCA to guide interventions. Clinical indications for MRCA would include
evaluation of the course of anomalous coronary arteries, though MRCA is
not advocated as an imaging tool to screen patients for this rare disorder.
Rapid progress is being made in both MR software and hardware which
may allow the acquisition of coronary artery anatomic and functional data,
including blood flow in the near future.

Supported in part by the Edward Mallinckrodt Jr. Foundation, St. Louis,
MO, and grants from the National Institutes of Health (ROI HL45180, ROI
HLA48538) Bethesda, MD, USA.
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13. MRI as a substitute for scintigraphic techniques
in the assessment of inducible ischaemia

DUDLEY J. PENNELL

Introduction

The response of the electrocardiogram to exercise has been the mainstay of
the non-invasive cardiological assessment of chest pain since ST-depression
in association with angina was first described early this century, despite the
poorly understood physiological cause. The overall results for the detection
of coronary artery disease by exercise electrocardiography are mediocre with
an 81% sensitivity and 66% specificity [1], and the site of ST segment changes
is poorly correlated with the underlying site of arterial disease [2]. This
results because electrocardiographic changes occur late in the cascade of
physiological changes associated with ischemia [3], numerous conditions exist
where exercise ST segment depression occurs for other reasons, and exercise
tolerance is often limited by physical or psychological problems. For these
reasons exercise electrocardiography has important limitations and other
imaging techniques to assess myocardial ischemia have been developed.
Magnetic resonance imaging (MRI) is the latest to be evaluated and has
particular strengths with tomographic imaging in any plane, good tissue
contrast, high resolution and the lack of ionising radiation.

Dynamic exercise in the magnet

There are no published reports of the diagnostic use of dynamic exercise
with MRI, though exercise devices for fitting to the rear of the magnet have
been made from non-ferromagnetic materials [4, 5]. Low level prone exercise
during magnetic resonance spectroscopy has been reported [6]. Significant
supine exercise in the magnet is awkward, particularly as the workload
increases, and this leads to movement artefact exacerbated by hyperventil-
ation. The sensation of exercising in a confined environment is unpleasant
and sustaining peak exercise for the duration of scanning is difficult. These
problems may be ameliorated by the use of ultrafast imaging techniques
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however, such as spiral flow velocity mapping [7]. Results in normals have
been reported, with collection of flow data throughout systole from a single
heartbeat [5]. Significant increases were documented in mean and peak aortic
flow, whilst the time to peak flow fell. These results are encouraging, and
suggest that there may be a happy marriage between exercise and ultrafast
imaging, but improvements in image resolution are necessary and direct
comparisons need to be made with the pharmacological techniques in the
induction of ischaemia.

Alternatives to dynamic exercise

A number of stress techniques other than exercise have been used for the
diagnosis of coronary artery disease and these might be considered for stress
in the magnet (Figure 1). Isometric exercise using the hand dynamometer is

Isometric exercise Handgrip
Pacing Atrial
Thermal Cold pressor
Neural Mental stress
Pharmacological Vasodilator Dipyridamole
Adenosine
Vasoconstrictor Ergonovine
Vasopressin
Angiotensin
Beta agonists Adrenaline
Isoprenaline
Dopamine
Dobutamine

Figure 1. The alternatives to dynamic exercise for cardiac stress. Only the pharmacological
techniques are presently suitable for use in the magnet.
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Figure 2. The action of dipyridamole is to raise interstitial adenosine by blocking its breakdown
and facilitated cellular uptake. The adenosine acts on the A2 receptor to cause vasodilatation.
This binding is competitively antagonised by caffeine and methylxanthines such as aminophyl-
line. Infused adenosine acts directly on the A2 receptor and is greatly potentiated by oral
dipyridamole treatment. The electrophysiological effects of adenosine are mediated by the Al
receptor and include slowed atrioventricular conduction and hyperpolarisation of atrial cells.

possible, however the results of its use are unimpressive and muscle fatigue
rapidly occurs. Atrial pacing is useful for invasive stress studies, but intracard-
iac electrodes are unsuitable for MRI. Cold pressor stress is impractical
because of the difficulties of using iced water in the scanner and the capricious
results with its use. Mental stress requires considerable patient cooperation
and, together with the small changes observed, it too does not appear suit-
able. Therefore the most suitable alternative to exercise is the use of pharma-
cological stress.

The vasodilator dipyridamole has been widely studied. Its mechanism of
action in raising interstitial levels of adenosine is shown in Figure 2. It is
simple to administer in a 4 minute infusion of 0.56 mg/kg and causes an
increase in human coronary flow of up to 6 times baseline [8], with a ty,, of
up to 30 minutes [9]. In the presence of significant coronary stenoses, myocar-
dial flow heterogeneity occurs which can be detected by perfusion techniques.
Reduction in perfusion pressure distal to a stenosis, reduction in collateral
pressure and flow, and redistribution of flow from subendocardium to subep-
icardium can cause ischemia and wall motion abnormalities [10], which can
be detected by MRI. Adenosine at 140 pg/kg/min may also be given for a
direct effect and it causes similar changes in coronary flow [11]. Its side
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effects are shorter lived because of its t;,, of only 4 seconds, but it may be
less effective in producing wall motion abnormalities [12, 13].

The beta agonists may be used for cardiac imaging, but of those presently
available only dobutamine produces hemodynamic effects similar to exercise,
with a low arrhythmogenicity and good tolerance to peripheral vein infusion.
It too may be used for perfusion [14, 15] and wall motion imaging [16] in
doses up to 40 pg/kg/min. Dobutamine increases myocardial oxygen demand
and in the setting of acute ischemia, it has been shown to increase oxygen
demand above availability [17]. It also dilates the distal coronary vessels
which leads to an increase in coronary flow [18, 19] and a fall in perfusion
pressure distal to coronary stenoses. Flow therefore becomes heterogeneous
[20] and may be redirected to the subepicardium [21]. Dobutamine may also
increase flow resistance at the site of a stenosis [21].

Studies using pharmacological stress in the magnet
Dipyridamole magnetic resonance wall motion imaging

Pennell et al. first reported the detection by MRI of reversible wall motion
abnormality in coronary artery disease using dipyridamole at a dose of
0.56 mg/kg with a 10 mg bolus after 10 minutes [22]. Gradient echo cine
imaging with velocity compensation at 0.5 T was used, with TE 14 ms, flip
angle 45° 16 frames/cardiac cycle and 2 repetitions. Cines were acquired in
the vertical and horizontal long axes and 2 short axis planes. A subsequent
study of this technique was performed in 40 patients, 23 of whom had
previous infarction. This showed a sensitivity of 67% by induction of new
wall motion abnormality different to any found at rest, when compared with
areas of reversible ischemia assessed by thallium tomography (Figure 3) [23].
The sensitivity for detection of significant coronary artery disease was 62%.
The poor sensitivity of detection of disease occurred because of the inability
to detect smaller areas of ischemia (Figure 4). The procedure was well
tolerated, but side effects from the dipyridamole, both cardiac and non-
cardiac were common. Imaging time before and after dipyridamole was 30
and 15-20 minutes.

An unexpected finding was the small but significant (4% p < 0.05) fall in
signal from areas of ischemic myocardium. Signal changes were seen in 38%
of ischemic segments. This was not explicable by changes in relaxation times
with ischemia because such changes occur over a longer time frame, nor was
it related to hypokinesis which would be expected to increase the myocardial
signal. The likeliest explanation was thought to be a reduction in myocardial
blood content, and this was supported by the finding of signal loss predomin-
antly in the subendocardium where the most severe ischemia would be
expected from the action of dipyridamole.

Two further studies using dipyridamole during gradient echo imaging have
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Figure 3. Dipyridamole MRI in a patient with left anterior descending artery disease. Pre-
dipyridamole images are in the top row with post-dipyridamole images below. On the left is
end-diastole, with end-systole on the right. The pattern of left ventricular contraction is normal
prior to vasodilatation, but reduced contraction is seen in the anteroseptal region after dipyrida-
mole. b) The MRI abnormality is closely matched by the perfusion defect (left) seen during
dipyridamole thallium myocardial perfusion tomography which shows (right) full reversibility.
(Reproduced from Pennell et al. with permission [31].) (For colour plate of Figure 3b see page
533.)
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Figure 4. Chart showing the distribution of patients according to size of reversible ischemia
found by dipyridamole thallium myocardial perfusion tomography (maximum number of myocar-
dial segments was 9). The solid columns show those patients in whom the MR study failed to
show a reversible wall motion abnormality. This was in patients with small defects.

confirmed these findings. Casolo et al. studied 10 patients (7 with previous
infarction) at 0.5 T, and infused 0.7 mg/kg dipyridamole over 5 minutes with
comparison of wall motion changes with Tc® ™-MIBI perfusion tomography
and angiography [24]. Cine gradient echo imaging with a temporal resolution
of 50 ms was used, with a single midventricular short axis slice. The sensitivity
of detection of disease compared to both MIBI scanning and angiography
was 100%. Baer et al. studied a more homogeneous group of 23 patients
with no resting wall motion abnormality at 1.5 T [25] and this allowed a
more confident estimation of sensitivity of detection of ischaemia in individ-
ual arterial territories. Again, cine gradient echo imaging was used with TE
12 ms, flip angle 30° and a temporal resolution of 28 ms. Two mid-ventricular
short axis slices were imaged using 4 repetitions to improve image quality.
A dose of 0.75 mg/kg over 10 minutes was used and the overall detection
rate of coronary artery disease was 78% compared with angiography. The
sensitivity for 1 and 2 vessel disease was 69% and 90%, respectively. Sensitiv-
ity and specificity for each arterial territory are shown in Figure 5.

Dobutamine magnetic resonance wall motion imaging

Dobutamine has also been used for stress wall motion imaging by MRI. It
has a number of advantages in the magnet including operator controlled level
of stress, a short half life of 120 seconds, physiological effects mimicking
exercise more closely than dipyridamole, and stress induced tachycardia
which considerably shortens the stress imaging period when conventional
MRI techniques are used.

Pennell et al. reported the use of dobutamine for MRI and showed a
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Figure 5. The sensitivity and specificity using dipyridamole MRI of wall motion for the detection
of coronary artery disease in each coronary artery in 23 patients without resting wall motion
abnormality (data from Baer et al. [25]). LAD-left anterior descending artery, LCx-left circum-
flex artery, RCA-right coronary artery.

considerable improvement in diagnostic performance [26], when compared
with the results with dipyridamole in similar patients [23]. In 25 patients with
coronary artery disease, gradient echo cine imaging with velocity compen-
sation was used at 0.5 T, with an echo time of 14 ms, flip angle 45° at rest,
35° during stress, and 12 frames per cardiac cycle. Cines were once again
acquired in the vertical and horizontal long axes and 2 short axis planes.
Dobutamine was infused up to 20 pg/kg/min increasing the heart rate, systolic
blood pressure and double product substantially. This shortened the imaging
time during stress to 10-15 minutes. Of the patients with reversible ischemia
identified by dobutamine thallium tomography, 95% had reversible myocar-
dial wall motion abnormalities (Figure 6). This represented a sensitivity for
detection of significant coronary artery disease of 91%. There was a close
concordance in site and extent of the perfusion and wall motion abnormali-
ties, with 96% agreement at rest, 90% during stress and a 91% agreement for
the assessment of reversible ischemia. There were no significant differences
between MRI and thallium in the detection or location of coronary stenoses
(Figure 7), but determination of specificity was hampered by small patient
numbers. A 9.2% reduction in signal was found in the ischemic segments,
and areas of signal reduction were seen in half of the patients with a new
wall motion abnormality, but occasional areas of reduced signal were seen
in non-ischemic segments and therefore the specificity of signal reduction for
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A

Figure 6. a) Dobutamine MRI of a patient with left circumflex artery disease. The format is
the same as Figure 3. The contraction pattern at rest is normal but during dobutamine an
abnormality of contraction is seen in the lateral wall which matches b) the reversible perfusion
defect seen during dobutamine thallium myocardial perfusion tomography. (Reproduced from
Pennell et al. with permission [26].) (For colour plate of Figure 6b see page 533.)
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Figure 7. Comparison of sensitivity of detection of coronary artery disease by thallium tomogra-
phy with MRI of wall motion during dobutamine stress (data from Pennell et al. [26]). Abbrevi-
ations as in Figure S and LCx/RCA-combined left circumflex and right coronary artery territories.

ischemia was reduced. The dobutamine was well tolerated in the magnet but
cardiac and non-cardiac side effects were common.

Results with dobutamine MRI have also been reported by 2 other Euro-
pean groups. Van Rugge et al. studied normals and subsequently patients
with coronary artery disease. In the first study, 23 normal subjects were given
dobutamine to a maximum dose of 15 p.g/kg/min [27]. Imaging was performed
at 1.5 T using the cine gradient echo technique with TE 13 ms, flip angle
30° repetition time 30 ms and 8 short axis slices covering the left ventricle
from base to apex. Normal ranges were established using a quantitative
analysis for global ventricular function and regional wall thickening during
rest and stress in the true short axis plane. Heterogeneous values for resting
wall thickening were found, as has been described using echocardiography,
and significant increases in thickening occurred during stress. At rest, greatest
thickening occurred at the apex with a decline in wall thickening in slices
towards the base. However, the change in wall thickening from baseline
with dobutamine stress was greatest at the base with non-significant changes
occurring in the apical portion of the left ventricle and the apex. By recording
wall thickening in 20 segments around each short axis slice, the thickening
could be displayed graphically to show regional variation, with comparison
of rest and dobutamine stress (Figure 8). Van Rugge et al. then proceeded
to report their experience with dobutamine stress wall motion imaging in
patients with coronary artery disease, with qualitative [28] and quantitative
[29] analyses. In the qualitative study, the authors examined short axis cines
only, using 6 slices to cover from base to apex. Otherwise the imaging
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Figure 8 Variation in wall thickening of 18 segments from around the left ventricle at mid-
papillary muscle level, at rest and during dobutamine infusion as measured by MRI. Such graphs
may potentially be used to define limits of normality for quantitative analysis of stress wall
contraction. Wall thickening was defined as (end-systolic — end-diastolic thickness)/end-diastolic
thickness. (Adapted from van Rugge et al. [27].)

parameters were the same as above. Of 45 patients studied, 37 had coronary
artery disease and 30 (81%) showed wall motion abnormality with dobutam-
ine stress. The specificity in this series was 100% . The results were better than
exercise electrocardiography (70/63%) or dobutamine electrocardiography
(51/63%). Single, double and triple vessel disease was detected with 75%,
80% and 100% sensitivity respectively. In the quantitative study, 39 patients
without rest wall motion abnormality and 10 normal volunteers were stressed
with dobutamine concentrations up to 20 pg/kg/min. A short axis stress cine
which was judged to show wall motion abnormality was analysed with a
modified centerline method. In these preselected cuts, stress wall motion was
considered abnormal if 4 or more adjacent chords (100 encompassed the
ventricle) showed systolic wall thickening below 2SD of that obtained from
the normals. This resulted in a 91% sensitivity and a 80% specificity for
detection of disease. Single, double and triple vessel disease were detected
with 88%, 91% and 100% sensitivity respectively, whilst the sensitivity of
detection of individual coronary artery stenosis was 75%, 87% and 63%
for the left anterior descending, right coronary and left circumflex arteries
respectively. Unfortunately no direct comparison of the quantitative and
qualitative methods was given in this paper to determine in the same patients
if the time consuming task of endo- and epicardial tracing yielded a significant
diagnostic improvement. Further questions to be answered include whether
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the quantification is significantly disturbed by the presence of resting wall
motion abnormalities.

Baer et al. have also studied the role of dobutamine MRI of wall motion
in 28 patients with coronary artery disease but without previous infarction
[30]. Imaging was performed at 1.5 T, with a gradient echo sequence with a
TE of 12 ms and a flip angle of 30°. The peak dobutamine dose was
20 pg/kg/min. Although the peak rate pressure product was lower during
dobutamine MRI than exercise electrocardiography, the relative sensitivities
were 85% and 77%. Single and multivessel disease was detected with 73%
and 100% sensitivity, respectively. The sensitivity and specificity for detection
of disease in the individual arteries was 87/100% in the left anterior descend-
ing, 78/88% for the right coronary and 62/93% for the left circumflex arteries.

All three groups who have now studied wall motion during dobutamine
stress report good results and excellent patient tolerance. However, the
studies presently last too long and the need to perform these studies with
breath-hold fast MRI would immediately assist the determination of any
likely clinical role. Comparison with thallium imaging and stress electrocar-
diography shows excellent correlation with the former, and significant im-
provement over the latter.

Dobutamine magnetic resonance myocardial velocity imaging

The steady state haemodynamics generated by infusion of dobutamine allows
imaging of other aspects of cardiac function during stress using conventional
imaging techniques with longer image acquisition times. Karwatowski et al.
have studied ventricular long axis motion before and after dobutamine stress
in normal subjects [31] and in patients with coronary artery disease [32].
Long axis motion of the left ventricle is thought to be a particularly sensitive
indicator of contractile dysfunction because the myocardial fibres in the
subendocardium are aligned longitudinally and the subendocardium is the
first portion of the myocardium to be affected by reduced perfusion [33].
The technique uses velocity mapping of the myocardium in the short axis
plane just below the mitral annulus, with through plane velocity sensitisation
(0.3-0.5 m/s) to measure the long axis velocities (Figure 9). Karwatowski et
al. defined normal long axis dynamics in 31 normal subjects [31]. The peak
velocity of long axis motion always occurred in early diastole and significant
heterogeneity occurred around the ventricular wall with greatest velocities
in the lateral wall. A mean figure for long axis velocity was generated by
considering the myocardial slice as a whole, or regional velocities were
calculated by dividing the slice into 16 segments. These can be graphically
displayed as shown in Figure 10.

Following this study of normals, Karwatowski et al. have also studied 9
normal subjects and 25 patients with coronary artery disease before and
during dobutamine stress [32]. The study concentrated on diastolic function,
because highest long axis velocities occur at this time, and abnormalities of
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Figure 9. Velocity maps of the myocardium in the short axis plane in early systole (left) and
early diastole (right). Mid-grey represents stationary velocity. In early systole the myocardium
is relatively thin and in a dark shade (black arrow) representing increased velocities towards
the apex. In early diastole the myocardium is thicker and the shading of the myocardium is
light (white arrow), showing recoil towards the base. There is considerable aliasing of the
velocities in the blood within the ventricular cavities because the velocity window is set very
low. Regional variations in velocity may be determined from segments around the myocardial
circumference. RV = right ventricle, L.V = left ventricle. (Reproduced with permission from
Karwatowski et al. [31].)

left ventricular function during ischaemia may occur first in diastole [34].
Diastolic function was assessed by measuring the time to peak early diastolic
velocity, and at this time point the mean velocity of the myocardium, and
the maximhum and minimum regional segmental velocity. The time to peak
diastolic velocity decreased in both normals and patients from baseline to
low dose dobutamine (5-7.5 pg/kg/min), and from low to high dose dobutam-
ine (10-15 pg/kg/min). The mean long axis velocity increased in the normals
with low dose dobutamine and remained elevated with the high dose. In the
patients with reversible ischaemia however, 62% developed a reduced mean
long axis velocity. Patients with previous infarction but no reversible ischae-
mia behaved similarly to normals. Regional changes in long axis velocity
were also examined. In the normals, regional long axis velocity increased
with low dose dobutamine, but with high dose some reduction was seen
particularly in the inferoseptal wall. In patients with reversible ischaemia,
62% developed abnormal regional velocities with dobutamine. Overall, 67%
of patients with reversible ischaemia had an abnormal global or regional
response to stress. The patients with anterior ischaemia were more likely
to develop abnormal velocity values during stress, because of the greater
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Figure 10. Graphical representation of regional myocardial velocity. Point a) represents dis-
placement of the heart with shape change, b) isovolumic contraction prior to the descent of the
base towards the apex in systole, c¢) peak systolic long axis velocity followed by rapid motion
of the base away from the apex, d) peak early diastolic velocity and e) brief period of movement
back towards the base. Measurements of peak diastolic timing of velocity are made at point d).
(Reproduced with permission from Karwatowski et al. [31].)

contribution to mean myocardial long axis velocity from these segments.
Therefore there was a lower sensitivity for uncovering inferior ischaemia.

Dobutamine magnetic resonance aortic flow imaging

The steady state hemodynamics created by dobutamine infusion also allow
the measurement of aortic flow during stress by MRI velocity mapping.
Simultaneous area and velocity measurements of the ascending aorta yield
accurate measurements of absolute flow, and by also measuring the heart
rate and blood pressure during stress, the stroke volume, cardiac output,
aortic acceleration, cardiac power output and flow wave velocity may be
calculated. Pennell et al. have reported studies in normal subjects and pa-
tients with coronary artery disease [35]. The data were examined to deter-
mine which parameters were predictive of the extent of reversible myocardial
ischemia determined from dobutamine thallium tomography.

In the normal subjects, an increase in all parameters was seen with dobuta-
mine stress, except for the stroke volume which rose and then fell, and the
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Figure 11. Chart showing the occurrence of a fall in peak flow acceleration according to the
severity of myocardial ischemia assessed by dobutamine thallium myocardial perfusion tomogra-
phy. The peak flow acceleration fell significantly more frequently in the moderate and severe
ischemia groups.

diastolic blood pressure which remained unchanged. In patients with coron-
ary artery disease, the qualitative pattern of change in parameters was simi-
lar, except that a fall in peak flow acceleration at peak stress was found to
occur significantly more frequently in patients with moderate and severe
ischemia than in patients with mild or no ischemia (Figure 11). The quantitat-
ive change from baseline to peak stress in 5 parameters was significantly
related to the extent of myocardial ischemia (peak flow acceleration, peak
flow, cardiac power output, maximum dobutamine dose tolerated and systolic
blood pressure). Using multivariate analysis, the peak flow acceleration was
found to be the most predictive variable (p < 0.00001), and alone explained
58.4% of the variation in the observed myocardial ischemia (Figure 12).
Only the cardiac power output retained predictive significance after allowing
for the peak flow acceleration but its contribution to the predictive accuracy
of the model was small (4.2%).

This study showed that an assessment of global ventricular function by
MRI could be performed during dobutamine stress. Peak acceleration has
been measured with echocardiography in coronary artery disease during
exercise and has been found to be a useful parameter of global left ventricular
contractility [36, 37], whereas results of acceleration measurements during
dipyridamole infusion are contradictory [38, 39]. Controversy exists over its
clinical diagnostic use because of the dependence on preload and afterload
[40, 41]. This failing is shared by other global function parameters such as
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Figure 12. Graph of the regression of the change in peak flow acceleration against the extent
of reversible myocardial ischemia (maximum number of segments was 9).

the ejection fraction and might confound the comparison of results obtained
on different occasions rather than with a single assessment.

Magnetic resonance perfusion imaging

The passage of an intravenous bolus of magnetic resonance contrast may be
used in the evaluation of cardiac perfusion in combination with ultrafast
techniques such as FLASH or echo-planar imaging. It is highly likely that a
clinical test would employ vasodilators to accentuate the difference in flow
between normal and stenosed arteries. This has been reported for both
FLASH [42-44} and echo planar imaging [45, 46], and comparison of thal-
lium and dipyridamole MRI has showed good agreement using FLASH
imaging [43] (see also Chapters 13, 14 and 23).

Choice of pharmacological agent

It is likely that the role of pharmacological vasodilatation and stress in the
magnet will grow for the functional assessment of heart disease. This will
require familiarity of the strengths of each technique and the important
contraindications [47]. The vasodilators should not be administered to asth-
matics because of the risk of provocation of severe bronchospasm [48, 49].
Adenosine infusion in sinoatrial disease may lead to sinus arrest, and should
also be avoided [50]. Caffeine is a competitive antagonist of adenosine and
should be avoided for at least 12 hours prior to scanning to avoid attenuated
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vasodilatation. The contraindications to dobutamine are the same as for
dynamic exercise. Dobutamine is competitively antagonised by beta-blockers
and the longer acting of these should be stopped 48 hours prior to imaging.
This may occasionally lead to withdrawal angina and the patients need to be
warned of this possibility. Some studies of wall motion suggest that cessation
of beta blockade may be unnecessary [16], but further research is needed to
confirm this counter intuitive finding. The vasodilators remain first choice
agents for studies of myocardial perfusion and coronary flow, which should
be feasible presently, because dobutamine causes less coronary hyperemia
[10]. Dobutamine is better suited to wall motion and global ventricular
studies [10], where myocardial ischemia is more reliably provoked by in-
creased myocardial oxygen demand.

Conclusions

There are a number of MRI stress techniques being developed which will be
direct competitors with scintigraphic techniques for the evaluation of revers-
ible myocardial ischaemia. The most well developed is wall motion imaging
which has been performed in a number of centres using both dipyridamole
and dobutamine. This technique is analogous to stress echocardiography, but
MRI has the inherent advantages of better resolution, and true long and
short axis imaging with contiguous parallel slices. The results in comparison
with myocardial perfusion imaging are reasonable, especially with dobutam-
ine, but all the studies reported to date have been conducted in patients with
a very high pre-test likelihood of disease and much more intense scrutiny in
patient populations with intermediate and low pre-test risk are necessary
before a confident and clinically robust investigation can be envisaged. A
simple and rapid technique for quantification of wall motion would greatly
help clinical use. The other techniques described above are more experi-
mental at present. Long axis velocity imaging and aortic flow imaging during
dobutamine stress have only been performed in one centre and their overall
sensitivity needs further evaluation. They therefore remain speculative. Myo-
cardial perfusion imaging by MRI is very attractive because of the lack of
ionising radiation, despite the need for intravenous cannulae (probably in a
central vein or right atrium for quantitative work) and a contrast agent
injection. Although FLASH imaging has been used by most investigators to
date, coverage of the entire ventricle is difficult with this technique and
multislice echo-planar imaging may be necessary in the clinical arena [51].
Exercise stress in the magnet remains difficult despite some modest success
and many patients fail to exercise fully because of physical of psychological
reasons, and therefore there is every likelihood that pharmacological stress
will continue to be the technique of choice for stress MRI in the long term.
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Introduction

Magnetic resonance techniques are in an early phase of their application to
detect viable myocardium after myocardial infarction. However, magnetic
resonance imaging (MRI) seems ideally suited to detect the regional wall
thinning associated chronic myocardial scar [1-5]. In contrast to akinetic and
thinned transmural chronic infarcts [6-9], acutely infarcted myocardium may
be transmurally necrotic and akinetic but may not yet exhibit myocardial
thinning [9]. Therefore, assessment of wall thickness by MRI is not sufficient
to determine viability. Stimulation of residual contractility by catecholam-
ines, which is well known from viability studies using left ventricular angio-
graphy [10], radionuclide ventriculography [11], or echocardiography [12],
can also be used in conjuction with MRI to demonstrate residual viability
in these patients [13]. It is also possible to employ magnetic resonance
spectroscopy, especially in the setting of acute myocardial infarction, where
substantial myocardial wall thinning has not yet occurred to document the
presence or absence of high-energy phosphates as indicators of viable myo-
cardium [14].

This chapter will review features of viable and scarred myocardium as
characterized by MRI and compare MRI to scintigraphic techniques currently
used for the identification of viable myocardium. In addition, the potential
of magnetic resonance spectroscopy (MRS) for diagnosis of viability will be
discussed.

Acute and chronic contractile dysfunction of viable myocardium

In contrast to acutely necrotic or chronically scarred myocardium, the con-
tractile dysfunction of viable myocardium is potentially reversible. The failure
of viable myocardium to contract may be due to two different mechanisms:
stunning or hibernation. Stunning describes the dysfunctional state of the
myocardium caused by a brief occlusion of a coronary artery with subsequent
restoration of blood flow [15]. Clinically, stunning can be observed after
acute myocardial infarction with early reperfusion, after mechanical interven-
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tions such as balloon angioplasty, and after ischemic episodes due to intense
exercise [16]. The time course of recovery after myocardial stunning depends
on the extent of the perfusion abnormality during the preceding phase of
ischemia and dysfunction may be present for several weeks although coronary
blood flow is normal [17].

In contrast to stunning, hibernation refers to a condition characterized by
a prolonged dysfunction of the myocardium due to prolonged periods of
ischemia or chronically reduced perfusion in severe coronary artery disease
[18]. Clinically, this condition may be seen in patients with occluded coronary
arteries with or without a history of myocardial infarction. In these patients,
some residual perfusion, for instance through collaterals, may completely or
partially prevent irreversible structural damage of the myocardial region
perfused by the occluded artery. Identification of hibernating myocardium is
clinically important because revascularization of these regions may result in
restitution of contractile function [19]. The pathophysiology of hibernation
is, however, not entirely clear due to the inability to develop an animal
model of hibernation in which a state of low perfusion and absent contraction
could be preserved for a prolonged period of time. The results of a recent
study [20] have initiated a discussion whether hibernation is a truly indepen-
dent entity or whether it is merely the result of repetitive ischemia with
delayed recovery of the myocardium, i.e. a form of repetitive stunning.

MR-techniques and viability in acute myocardial infarcts

Infarct healing leads to structural changes within the infarct zone [9]. There-
fore, it is necessary to distinguish between the application of MR-techniques
in acute or recent infarcts and chronic infarcts, i.e. infarcts that are more
than 16 weeks old. After this time, practically all infarcts have transformed
into a contracted, firm, white scar [9]. In contrast, both acutely stunned
myocardium and acutely necrotic myocardium may have normal wall thick-
ness.

Signal intensity changes on spin-echo images

An increase in signal intensity of freshly infarcted myocardium, which ap-
pears on T2 weighted spin-echo MR images only a few hours after occlusion
of a coronary artery [21], can be used to determine the extent of irreversible
myocardial damage [22]. It is not clear, however, whether this area of in-
creased myocardial signal intensity that is seen within the first week after
the event (Figure 1) represents necrotic myocardium or incorporates some
edematous viable myocardium (Figure 2) [23, 24]. After 3 weeks, true infarct
size may be more closely approximated by the area of increased signal
intensity because the edema surrounding the infarct has presumably regressed
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Figure 1. Transverse spin-echo-image (TE = 30 ms) in a patient with seven day old reperfused
anteroseptal myocardial infarction. Signal intensity is increased in the anterior wall and the
interventricular septum (arrows) as compared to the lateral wall of the left ventricle. (Repro-
duced from: Baer FM et al. Herz 1994; 19: 51-64 with permission from the publisher.)

Figure 2. Short-axis spin-echo image (echo time 60 ms) of ex vivo dog heart (A) and correspond-
ing triphenyltetrazolium chloride-stained specimen (B). The heart was subjected to 3 hours of
coronary artery occlusion. The infarct is small, patchy, and predominantly subendocardial (black
arrowheads). The region of increased signal intensity on the MR image (large arrow) is more
transmural and clearly overestimates true infarct size. LV = left ventricle; RV = right ventricle.
(Reprinted with permission from the American College of Cardiology. Source: Ryan T et al. J
Am Coll Cardiol 1990; 15: 1355-1364.)
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and signal abnormalities are restricted to the pathologically determined in-
farct area [25].

When measuring the area of increased “myocardial” signal intensity, one
has to consider that slow blood flow adjacent to an area of severe hypokinesia
also results in high signal intensity of the blood. This signal from blood may
blend with the myocardium and may give the false impression of increased
signal intensity within the myocardium [26]. The use of signal intensity
changes for making a diagnosis of complete myocardial necrosis is further
complicated by the fact that in vivo MR imaging sometimes results in artifacts
caused by breathing and cardiac arrhythmias. Thus spurious increases in
signal intensity may also be found in normal persons [27].

Only one paper directly addresses the question, whether reversibly and
irreversibly injured myocardium can be distinguished on the basis of signal
intensity measurements [28]. Transient occlusion of a coronary artery of
various durations was used in dogs to produce stunned and infarcted myocar-
dium. In contrast to infarcted myocardium, stunned myocardium did not
show increases in a signal intensity despite regional systolic dysfunction
(Figure 3). There are no reports about signal intensity measurements on
native spin-echo MR images in humans to distinguish between reversible and
irreversible damage to the myocardium.

Figure 3. Short-axis echocardiograms at end-diastole (Diast) and end-systole (Syst) and the
corresponding MR image {echo time = 60 ms) in a dog undergoing 1 hour of coronary occlusion
before reperfusion (p Reper). At 2 hours of reperfusion (just before MR imaging), diastolic
thinning and reduced systolic thickening are apparent in the ischemic but viable zone (arrows).
After 14 hours of reperfusion (bottom two images) wall thickening has improved. There is no
visually apparent change in signal intensity in the corresponding anterior region on the MR
image on the right consistent with the absence of acute necrosis. (Reprinted with permission
from the American College of Cardiology. Source: Ryan T et al. J Am Coll Cardiol 1990; 15:
1355-1364.)
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Contrast agents

Gadolinium and manganese chelates have been employed in animal models
to differentiate between reversible and irreversible injury (stunning and
necrosis) on the basis of signal enhancement [29, 30]. Reperfused, reversibly
injured myocardium enhances in a similar way as normal myocardium. In
contrast, irreversibly injured myocardium shows more signal enhancement
than either normal or reversibly injured myocardium [29, 30].

In contrast to the above mentioned Tl-enhancing contrast agents, T2*
enhancing agents cause a decrease of signal intensity in normal myocardium
by dephasing water molecules, which diffuse through local magnetic field
gradients induced by a heterogeneous distribution of the contrast agent.
The heterogeneous distribution in normal myocardium occurs because cell
membranes act as a barrier and limit access of the contrast agent to the
intracellular space. If cell death has occurred cell membranes are destroyed
and the contrast agent is distributed more homogeneously throughout the
cells and the interstitium. Therefore, spin dephasing will be less affected and
less signal loss will occur. This was recently confirmed in an animal model
of reperfused myocardial infarcts, which showed less signal loss after adminis-
tration of dysprosium-DTPA-bis(methylamide) than normal myocardium on
T2-weighted spin-echo images [31]. However, these interesting findings have
yet to be confirmed in humans.

MR-spectroscopy

Localized *'P-MR spectroscopy is able to directly observe the metabolism of
myocardial cells from ischemia to infarction [14]. High energy phosphates
such as phosphocreatine and ATP decrease early after the onset of ischemia
whereas the inorganic phosphate peak increases (Figure 4).

It has been shown in vivo in animal models using coils directly applied to
the surface of the heart that phosphocreatine recovers after brief coronary
occlusion and reperfusion [32, 33]. Based on these spectroscopic measure-
ments during acute myocardial ischemia, phosphocreatine was proposed as
an indicator for the balance of myocardial perfusion and actual energy re-
quirements [32]. After the onset of ischemia, the concentration of phosphoc-
reatine decreases much faster than that of ATP, which results in a rapid
increase of the ratio of ATP/creatinephosphate [32, 33]. In contrast to these
changes in acutely ischemic myocardium, chronically hypoperfused hibernat-
ing myocardium should be characterized by a balanced reduction of both,
ATP and phosphocreatine, because it has been shown that phosphocreatine
levels can recover under these circumstances after a longer waiting period
[34-36]. However, no spectroscopy data have been reported from the only
clinically relevant model of hibernation, the patient with decreased myocar-
dial function which recovers after revascularization.
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Figure 4. Metabolism of ischemic myocardium over 24 hours after coronary occlusion as ob-
served by magnetic resonance spectroscopy. The signal of high-energy phosphates is received
by a coil located outside the dog’s chest. Localization of spectra was achieved by using depth-
resolved surface coil spectroscopy (DRESS). Scan times per spectrum were 10 minutes. Times
coincide with commencement of spectral acquisition relative to coronary occlusion. The ratio
of phosphocreatine to inorganic phosphate (PCr/Pi) decreased from 8 preocclusion to 0.5 postoc-
clusion. It is also possible to monitor the course of the pH-value over time. Phosphate peaks
are labelled in the one hour spectrum. Pi = inorganic phosphate; PCr = phosphocreatine; PM =
phosphomonoesters; PD = phosphodiesters; a-ATP, 8-ATP, y-ATP denote the three peaks of
ATP. (Reproduced from: Bottomley PA et al. Magn Reson Med 1987; 5: 129-42 with permission
from the publisher.)

More recently, new pulse sequences and high field magnets have permitted
separate observation of the endocardial and epicardial portion of left ven-
tricular wall in animal models [37, 38]. This ability may further improve the
detection of residual tissue viability, which is preferentially located near the
epicardium [39].

In contrast to the spectra of viable myocardium, which exhibit various
amounts of phosphocreatine, completely infarcted myocardium should not
contain any measurable amount of phosphocreatine and ATP and could thus
be distinguished from myocardium which harbours surviving myocardial cells.
Unfortunately, the quantification of metabolism by MR-spectroscopy in hu-
mans is not without problems because volumes of interest are relatively large
as compared to myocardial wall thickness. Further technical progress is
necessary in order to correctly quantify the amount of viable myocardium
contained within a small volume of interest [37], and only then will MR
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spectroscopy be able to provide clinically meaningful information for the
diagnosis of myocardial viability [40].

Wall motion abnormalities

Severe wall motion abnormalities, which are typical of myocardial necrosis,
can be easily depicted using MRI [41]. However, severe disturbances of left
ventricular wall motion may also be observed in stunned myocardium and
are therefore not helpful to differentiate both entities. Consequently, quanti-
fication of a severely hypokinetic region from MR-images is not sufficient to
determine the volume of infarcted myocardium even though these measure-
ments correlate well with the size of wall motion abnormalities on left ventric-
ulography [42].

Inotropic stimulation by various pharmacological agents, which results in
improved contractile function of viable but not of necrotic myocardium, can
be employed with MR imaging to assess residual viability in patients with
recent infarcts after thrombolysis [43]. An increase of systolic myocardial
wall thickening after intravenous administration of dobutamine of more than
20% as compared to the resting value has been proposed as an index of
myocardial viability [43] and was found to be more sensitive in the detection
of viability than thallium imaging at rest with rest-redistribution. Up to now,
only preliminary results in a few patients have been reported [43] and further
experience using recently developed fast imaging sequences [44] is necessary
before the clinical value of dobutamine MRI in the detection of viability in
patients with acute infarcts can be assessed.

Viability in chronic myocardial infarcts

Wall thinning takes place in transmural infarcts approximately 12 to 16 weeks
after the event and can be detected in systole and diastole during spin-echo
or gradient-echo MRI [1-5] (Figure 5). The consistent finding of wall thinning
in large chronic Q-wave infarcts on MR images [45] and data from experi-
mental and pathology studies led to the hypothesis that scarred myocardium
could be distinguished from viable myocardium on the basis of diastolic wall
thickness.

Pathology findings in chronic myocardial infarcts

When transmural infarcts are produced in rats [46], which have little col-
lateral circulation, wall thickness in the region of healed transmural infarcts
is only 35 * 1% of normal whereas the wall thickness of non-transmural
infarcts remains almost normal. In contrast, infarcts in dogs are usually non-
transmural due to abundant collaterals and result only in minor reductions
of enddiastolic wall thickness [47].



218 U. Sechtem et al.

Figure 5. Four phases of the cardiac cycle in a patient with a remote Q-wave anterior myocardial
infarct. Transverse gradient-echo MR images of the heart (upper left: end-diastole; upper right:
early systole; lower left: mid-systole; lower right: end-systole). Severe thinning of the anterior
wall (three arrows, upper left) is evident at end-diastole. There is no thickening of the area
with severely reduced enddiastolic wall thickness, whereas the posterior septum and the lateral
wall thicken normally during systole. (Reproduced from: Baer FM et al. Herz 1994; 19: 51-64
with permission from the publisher.)

In humans, there is confusion of terms as to what should be regarded as
transmural or non-transmural infarcts {48]. Pathologists define transmural
scars as infarcts which span the full wall from the endocardium to the epicar-
dium at least at one point of the left ventricular circumference [49]. The
infarct may extend through the full thickness of the myocardium over most
of the left ventricular region supplied by the infarct artery or it may be
transmural only at one point of this territory {49] which translates into a
large variation of the percentage of infarcted myocardium within the per-
fusion territory of the infarct related vessel. Similarly, non-transmural infarcts
may be subendocardial, which means restricted to the inner third of the left
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ventricular wall, or may extend far into the outer third of the wall without
reaching the epicardium. Therefore, both transmural and non-transmural
infarcts may result in variable amounts of myocardial necrosis and hence in
very different amounts of wall thinning after healing of the infarct. This was
confirmed in a histopathologic study, which examined thickness of viable
myocardium in more than 200 autopsies after a single fatal myocardial infarct
[50]. Measurements were made at the point of greatest gross thinning and
revealed that only 37 of 204 infarcts were truly transmural and failed to show
any viable myocardium. In the majority of the infarcts, the thickness of the
surviving myocardium formed a continuum ranging from less than 10%
to 83% of neighbouring normal wall thickness. The relationship between
enddiastolic wall thickness as measured from MR images and viability was
addressed by a study by Dubnow and coworkers which demonstrated that
the total wall thickness of chronic transmural myocardial infarcts was usually
less than 6 mm [51].

Thus, there is evidence that most infarcts are incomplete with respect to
the perfusion territory of the occluded vessel and that some viable cells
survive even in the core of the infarct. Importantly, viable myocardium can
be found in most infarct border zones. Wall thinning occurs in large chronic
transmural infarcts and a wall thickness of < 6 mm is typically found in these
infarcts which do not harbour relevant amounts of viable myocardium in the
perfusion bed of the infarct related artery.

Wall thickness by MRI and viability

Despite the difficulties of deriving the amount of viable myocardium from a
measurement of wall thickness alone, some basic facts permit conclusions
from MRI measured left ventricular wall thickness on myocardial viability.
First, we know from the calculation of wall thickness from FDG-PET images
that even FDG-avid hibernating myocardium must measure at least 4 mm
plus some scar tissue to reach the 50% threshold for viability set for FDG-
PET [52-56]. Second, pathology data show, as discussed above, that chronic
transmural scar measures <6 mm in thickness [51]. Third, intraoperative
biopsies from asynergic left ventricular regions showed <10% muscle loss if
regional function was improved postoperatively (viable myocardium)
whereas muscle loss was more than 50% in regions without recovery (scar)
[19]. Thus, non-contractile myocardium thinner than 6 mm is very likely to
be completely scarred or so severely damaged that recovery of regional
function after revascularization is highly unlikely.

Comparison of wall thickness and wall thickening at rest by MRI with
FDG-uptake by PET

The hypothesis that thinned and akinetic myocardium represents chronic scar
has been tested by comparing MR-findings to PET and SPECT findings in
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identical myocardial regions [13, 57]. Comparison of MRI with scintigraphic
techniques, especially the matching of identical regions, is facilitated by the
fact that MRI provides a three-dimensional set of sections through the left
ventricle which is very similar to reconstructéd PET or SPECT sections.

A recent study used wall thickness measurements from short axis MR
tomograms in 35 patients with chronic infarcts (infarct age at least four
months) and regional akinesia on left ventricular angiograms to compare
with PET criteria of viability [13]. An initially akinetic segment was con-
sidered viable if enddiastolic wall thickness was =5.5 mm, which was the
mean regional left ventricular wall thickness on gradient-echo MR images
minus 2.5 standard deviations obtained from a group of normal volunteers
[58]. Segments were graded viable by PET if FDG-uptake was =50% of the
maximum FDG-uptake in a region perfused by a coronary artery without
significant stenosis (<50% diameter stenosis) and normal wall motion by left
ventriculography. Preserved end-diastolic wall thickness in akinetic regions
was found in 17/35 (48%) patients at rest, whereas 18/35 showed severe wall
thinning indicating scar (Figure 6). Viability of the infarct region was diag-
nosed by FDG-PET in 23/35 (66%) patients and gradings based on FDG-
uptake and myocardial morphology were identical in 29/35 (83%) patients.
There was a total of 2200 segments, 482 of which (23%) were akinetic at
rest (Figure 7). Of these akinetic segments, 234 (48%) had preserved end-
diastolic wall thickness and 299 (62%) were viable by FDG-PET yielding a
sensitivity of 72%. Specificity was 89% and the positive predictive accuracy
was 91%. The correlation of endiastolic wall thickness and FDG-uptake is
shown in Figure 8. There was a significant difference in FDG-uptake between
segments with preserved diastolic wall thickness and those with substantial
myocardial thinning (Figure 9). Importantly, relative FDG-uptake did not
differ between segments with systolic wall thickening at rest or akinesia at
rest, as long wall thickness was preserved (Figure 9). Thus, enddiastolic left
ventricular wall thickness as measured from MR images predicts myocardial
viability accurately and gives results similar to FDG-PET.

Other authors [59] who compared PET and MRI in patients with coronary
artery disease and global left ventricular dysfunction came to different con-
clusions. They showed that FDG-uptake was largely independent of regional
end-diastolic wall thickness: Although FDG-uptake was significantly lower
in regions which were akinetic or dyskinetic as compared to hypokinetic and
normokinetic regions on MRI, there was a large overlap between groups
making wall thickness measurements not helpful for the prediction of FDG-
uptake and viability. There are two possible explanations for their finding of
a lack of metabolic activity in regions with normal enddiastolic wall thickness
(almost 20% of segments without metabolic activity had wall thickness of
10 mm). First, both patients with recent and with chronic infarcts could have
been included in the study and the regions with acute necrosis were the ones
without metabolism but with normal wall thickness. The second explanation
could be overestimation of myocardial thickness by MRI which could have
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Figure 6. (A) Diastolic gradient-echo MR images of a patient who had a large transmural
myocardial infarct 2 years previously. Upper left: Severe thinning of the anterior wall (small
white arrows) and the anterior portion of the interventricular septum (small black arrow) is
evident on this transverse section through the left ventricle slightly below the inferior portion
of the mitral valve ring. Upper right: The most posterior short axis section (1), close to the
mitral valve plane, demonstrates homogeneous and normal wall thickness throughout the entire
cicumference of the left ventricle. Lower left: The midventricular short axis section (2), at the
level of the papillary muscles (large white arrows), shows some thinning of the anterior wall
(small white arrows) with preserved septal thickness. Lower right: Anterior wall (small white
arrows) and interventricular septum (long white arrow) are maximally thinned on this apical
short axis section (3).

occurred because a spin-echo technique with short echo-times (20 ms) was
used. There is often slow blood flow adjacent to regions with wall motion
abnormalities, which may get confused with myocardium on first spin-echo
images [60], especially if shorter echo times are employed. In view of the
arguments presented above, it is quite difficult to understand that some
regions had a normal regional FDG-uptake despite the presence of severe
wall thinning to values of 4 mm and less [59].

Viability in regions with wall thickening by MRI

Perrone-Filardi and coworkers also reported comparative findings in 25 pa-
tients with chronic myocardial infarcts from PET, ***thallium (**’TI) tomo-
graphic imaging and magnetic resonance imaging [61]. Regional systolic wall
thickening as determined from spin-echo MR images was regarded as the
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Figure 6. (B) FDG-PET images of the same patient. The corresponding transverse image is
seen in the upper left of the figure (curved arrow). The region without FDG-uptake (small
white arrow) matches exactly the region with severe wall thinning on the diastolic gradient-echo
MR image. The basal short axis section is seen in the lower left of the figure (1) and shows
normal tracer uptake throughout the myocardium. The somewhat lower uptake of the interven-
tricular septum is due to partial volume effects with the neighbouring aortic root. There is
reduced FDG-uptake in the anterior wall (small arrows) of the midventricular section (2) which
corresponds exactly to the regional wall thinning in the MR image. Both papillary muscles are
visible (longer arrows). In the apical section (3), there is severely reduced FDG-uptake in the
anterior wall and the septum (arrows), which fits nicely with the MR image. (Reproduced from:
Sechtem U et al. Int J Card Imaging (Suppl 1) 1993; 9: 31-40.) (For colour plate of Figure 6B
see page 534.)

standard of reference for viability. FDG-uptake was classified as normal
(>80% uptake relative to a normal reference region), moderately reduced
(50% to 79% uptake) or severely reduced (<50% uptake). As compared to
regions with severely reduced FDG-activity, regions with only moderately
reduced activity showed a slightly but significantly greater enddiastolic wall
thickness (9.4 =2.6 vs 8.0 3.7 mm) and wall thickening (1.7 2.7 vs
—0.7 = 2.1 mm). Irreversible ***Tl-defects after 3—4-hour redistribution on
SPECT imaging were also classified as slight (>65% to <85% of maximal
20T activity), moderate (50%—65% of maximal activity) and severe (<50%
of maximal activity). Regions with mild or moderate irreversible *°' Tl-defects
showed systolic wall thickening which was similar to that observed in regions
with reversible 2°'Tl-defects. In contrast, regions with severe irreversible
201T]-defects showed no wall thickening. The authors concluded that preser-
ved wall thickness and systolic wall thickening on MRI was another piece of
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Figure 7. Distribution of segmental gradings based on wall thickening at rest (Rest-SWT) in the
second row, diastolic wall thickness (DWT) in the third row, systolic wall thickening of =1 mm
during dobutamine infusion (Dobu-SWT), and relative FDG uptake on PET images (last row).
Shaded boxes indicate scarred segments based on the definition of scar in that particular
row. FDG = "®F-fluorodeoxyglucose; MRI = gradient-echo magnetic resonance imaging; PET =
positron emission tomography; Seg = segment.
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Figure 8. Correlation between enddiastolic wall thickness measured from gradient-echo MR
images and relative FDG-uptake in PET images.

evidence that regions with moderate reductions in blood flow and FDG-
activity or regions with only slight to moderate irreversible *°'Tl-defects
represent viable myocardium. On the other hand, these data also support
the notion that MRI is useful to establish the presence of viable myocardium
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Figure 9. Mean segmental FDG-uptake related to diastolic wall thickness and systolic wall
thickening at rest as assessed by MRI. DWT = enddiastolic wall thickness; FDG = '®F-fluorod-
eoxyglucose; SWT = systolic wall thickening at rest.

in patients with chronic myocardial infarcts based on wall thickness and
thickening.

Dobutamine-MRI for assessment of contractile reserve in chronic infarcts

Invasive studies in the early 70’s indicated that viable myocardium was
characterized by improved wall motion after intravenous administration of
adrenalin [10]. These findings were confirmed in experiments with anesthet-
ized pigs which demonstrated that ischemia-related contractile dysfunction
may become reversible during infusion of dobutamine [62, 63]. Underper-
fused and akinetic (hibernating) myocardium maintains sensitive to positive
inotropic stimulation which is probably due to preservation of anaerobic
energy resources. However, stimulation results in renewed reduction of phos-
phocreatine and an increase in the production of lactate [62].

MRI with pharmacologically induced stress using high-dose dobutamine
has been successfully employed to detect wall motion abnormalities se-
condary to high grade coronary stenoses [64, 65]. Low-dose dobutamine can
be employed in patients with chronic myocardial infarcts to induce improved
wall motion in viable but initially akinetic myocardial regions. Such a re-
sponse would be another indicator of viability in a region with preserved
wall thickness. In patients with chronic myocardial infarcts and regions of
akinesia in the left ventricular angiogram diagnostic agreement between
FDG-uptake and dobutamine induced contraction reserve as seen by MRI
was found in 31 of 35 (89%) patients [13] (Figure 10). Of 251 initally
akinetic myocardial regions, which showed wall thickening of =1 mm after
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Figure 10. A: Short axis gradient-echo MR images (TR = 28 ms, TE = 12 ms) during dobutam-
ine infusion (10 mg/kg/min) in a patient with chronic anteroseptal myocardial infarction. Upper
left: Enddiastolic image. There is some wall thinning in the anteroseptal region (3 white arrows)
and less pronounced in the inferior wall (single white arrow). Upper right: The endsystolic
image demonstrates akinesia of the anteroseptal region, the inferior region shows minimal wall
thickening. Lower left: Enddiastolic image during dobutamine: Lower right: At endsystole,
there is perfectly normal wall thickening of the inferior wall and obvious dobutamine-induced
wall thickening of the anteroseptal region.

dobutamine stimulation, 242 (96%) had FDG-uptake of >50% on PET-
images (Figure 11). The combination of the morphologic MR-parameter
“enddiastolic wall thickness” and the functional MR-parameter ‘‘dobutamine
induced systolic wall thickening” gave the best result for sensitivity (88%)
and positive predictive accuracy (92%). The detailed segmental comparison
between MRI and PET parameters is shown in Figure 7. Interestingly, mean
FDG-uptake did not differ between regions which were normokinetic or
hypokinetic and regions which were akinetic but showed contractile reserve
after application of dobutamine (Table 1). However, there was a significant
difference in FDG-uptake between segments thought to be viable by MRI
and those found to be scarred by MRI (Table 1).
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Figure 10. B: The corresponding FDG-PET image shows reduced uptake in the anteroseptal
region (arrows), but relative uptake is larger than 50%. Therefore, this region is also viable by
PET-criteria. The inferior wall shows normal FDG-uptake. (For colour plate of Figure 10B see
page 535.)

Comparison of MRI with **Tc-MIBI-SPECT

We could recently demonstrate [45, 57] that regions with significantly reduced
MIBI uptake at rest also had significantly reduced enddiastolic wall thickness
and systolic wall thickening (Figure 12). In patients with large areas of
akinesis after remote myocardial infarction, infarct size determined from
MIBI-SPECT images and MR images correlated well for anterior infarcts
but less good for inferior infarcts. For the latter, infarct size tended to be
larger on SPECT-images [58] (Figure 13).

MRI is also useful to identify morphologic differences in patients with
chronic Q-wave and non-Q-wave infarcts (Figure 14). In patients with angio-
graphically documented coronary artery disease and chronic non-Q-wave
infarcts, enddiastolic wall thickness is usually normal and systolic wall thick-
ening is present in most regions. In a study comparing left ventricular
morphology of patients with non-Q-wave and Q-wave infarcts, 93% of seg-
ments in the non-Q-wave patients were viable by MR criteria and only 7%
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Figure 11. Comparison of MRI viability gradings in 35 patients with 482 left ventricular myocar-
dial segments, which were akinetic at rest MRI, based on enddiastolic wall thickness (left),
dobutamine induced systolic wall thickening (middle), and combination of both parameters
(right) with viability gradings based on relative FDG-uptake on PET images. DWT = enddias-
tolic wall thickness; FDG-PET = '®F-fluorodeoxyglucose positron emission tomography; MRI =
gradient-echo magnetic resonance imaging; SWT = systolic wall thickening during dobutamine
infusion.

Table 1. Quantitation of FDG-uptake, enddiastolic wall thickness and wall thickening during
dobutamine infusion in relation to functional MRI viability criteria.

Normokinesia or Akinesia at rest Akinesia at rest andDyskinesia at rest
hypokinesia at and dobu-SWT no dobu-SWT (n = and no dobu-SWT

rest (n = 1718)  (n = 251) 188) (n = 43)
FDG [%] 74 & 12K 68 + 16%** 46 = 13%* 39 + 7**
DWT [mm] 11.5+2.9 8.8+33 48+17 3509
Dobu-SWT [mm] 5.3 =23 2517 0203 —0.5%0.3
(% of DWT) (46%) (28%) (4%) (~14%)

Dobu-SWT = systolic wall thickening (1 mm) during dobutamine infusion; DWT = enddias-
tolic wall thickness; FDG = relative uptake of '®F-fluorodeoxyglucose; MRI = gradient-echo
magnetic resonance imaging; *no significant difference in FDG-uptake between column 2 and
3 of the table; **p < 0.01 for (column 2 and column 3) versus (column 4 and column 5).

were scarred [45]. This was significantly different in the group with large Q-
wave-infarcts, in which 27% of segments were scarred and only 63% were
viable (Figure 15). Concordance of MRI and MIBI-SPECT classifications
was also high in the patients with non-Q-wave infarcts although MIBI slightly
overestimated the size of the infarct.

MR spectroscopy in chronic infarcts

The wall thinning normally found in chronic transmural infarcts makes the
acquisition of interpretable MR spectra difficult because the smallest volumes
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Figure 12. Corresponding gradient-echo MR and MIBI-SPECT images. The zone of severe wall
thinning seen on the MR image (arrow) corresponds exactly to the region with severely reduced
MIBI-uptake (arrow). (Reproduced from: Sechtem U et al. Int J Card Imaging (Suppl 1) 1993;
9: 31-40.) (For colour plate of this figure see page 536.)

of interest achievable with any spatial localization technique are much larger
than the amount of thinned myocardium within the measurement volume.
This may be one reason why data on the application of MR-spectroscopy to
identify viable myocardium in patients with chronic infarcts are not available.

Conclusions

MRI relies on indirect signs of viability such as signal characteristics, wall
thickening at rest or after stimulation by dobutamine, and wall thickness,
but the technique is not able to directly demonstrate preserved myocardial
metabolism in the region of interest. Nevertheless, comparative studies with
FDG-PET and MIBI-SPECT indicate the potential of MRI to correctly
identify regions with residual viability and clearly distinguish them from
regions with predominant chronic scar, which could be used to decide
whether revascularization of a particular region is indicated or not. Results
about the reliability of enddiastolic wall thickness measurements alone to
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Figure 13. Comparison of scintigraphic and morphologic infarct extension as assessed by MIBI-
SPECT and MRI in patients with anterior (a) and inferior myocardial infarction (b). Infarct
size was measured in degrees [°] of the circumference in the section with the largest defect and
varied between 40° and 180° for anterior infarcts and 55° and 185° for inferior myocardial
infarcts. Correlation of infarct size measured from MRI and MIBI-SPECT tomograms was
better for anterior than for inferior infarcts. (Reproduced from: Baer FM et al. Herz 1994; 19:
51-64 with permission from the publisher.)

diagnose viability are conflicting and more data are needed to clarify this
matter. However, if a region shows dobutamine induced wall thickening by
MRI it is very likely to also show FDG-uptake on PET images. No data
have been published on the ability of MRI to predict functional recovery of
akinetic areas after revascularization which is the ultimate verification of
viability tests. These data are needed to make a final judgment about the
precision of MR diagnoses of viability.

MR scanning of the entire ventricle using standard gradient-echo se-
quences is still very time consuming and examination times are in the order
of 45 to 75 minutes. However, fast MR-imaging techniques are now available,
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Figure 14. Mid-ventricular MRI and MIBI-SPECT short axis tomograms of patients with pre-
viously documented inferior myocardial infarction. Note the corresponding standardized seg-
mental evaluation pattern for both imaging techniques. A: Upper panel: The inferior segments
of the patient with the Q-wave infarct contain myocardium with markedly reduced diastolic wall
thickness (black arrows). Middle panel: There is only minimal systolic wall thickening in the
thinned area. Lower panel: The SPECT tomogram shows a severe MIBI-uptake defect in the
corresponding region.
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Figure 14. B: Upper panel: The inferior segments of the patient with non-Q-wave infarct show
normal diastolic wall thickness and systolic wall thickening is almost normal (middle panel).
Lower panel: There is no significant reduction of MIBI-uptake. (Reproduced from: Baer et al.
Eur Heart J 1994; 15: 97-107 with permission from the publisher.)
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Figure 15. Percentage of segments graded normal, hypokinetic or scar according to MRI criteria
in patients without previous myocardial infarction, chronic non-Q-wave and Q-wave infarcts.
(Reproduced from: Baer et al. Am J Cardiol 1994; 74: 430-4 with permission of the publisher.)

which will reduce imaging times by a factor of 10 [44] without compromising
image quality. Centers equipped with the latest developments in MR hard-
ware and software will have a powerful tool at their hands to provide clinically
useful information about myocardial viability within short scan times and
without radiation burden.

Assessment of viability by fast gradient-echo MR techniques has several
advantages over other imaging techniques. Compared to echocardiography,
MRI often has superior image quality, which is important for deriving quanti-
tative data, and MRI gives a truly three-dimensional series of images covering
the entire left ventricle. Compared to scintigraphic techniques, MRI is faster
to perform and does not require radioactive material. The clinical usefulness
of MRI for assessing viability can only be defined by comparing fast gradient-
echo MRI directly with the other modalities in patients groups undergoing
revascularization. MRS is less likely than MRI to become clinically employed
for diagnosing myocardial viabiliy. Nevertheless, MRS provides unique phy-
siologic information and may enhance the understanding of metabolic
changes occurring in acute ischemia.
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myocardium before revascularization and
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Introduction

Myocardial imaging with thallium-201 (**'TI) has been proposed and exten-
sively used for the assessment of myocardial viability because tracer uptake
and retention require tracer delivery through adequate perfusion, sarco-
lemmal integrity and intact metabolic function. These three properties have
been shown to be important requirements in order to permit recovery of
systolic function after restoration of normal perfusion in dysfunctional myo-
cardium. The aim of this chapter is to review the experimental studies
providing a rationale for the use of *°'Tl for viability studies and the clinical
data suggesting that exercise and resting *°' Tl imaging provide relevant infor-
mation for the assessment of dysfunctional myocardium.

Experimental validation

Two phases of *°'Tl kinetics have to be distinguished: the myocardial uptake
early after intravenous injection of the tracer and the late phase of 2°'Tl
redistribution. The early myocardial uptake is proportional to regional blood
flow and extraction fraction [1-3]. Extraction fraction has been found to
be unaltered in experimental conditions such as hypoxia [4] and stunned
myocardium [5]. Also, in short-term hibernating myocardium [6], myocardial
*'T] uptake is not impaired out of proportion to the flow decrease.

In necrotic myocardium, a good agreement was also observed between
?'TI initial myocardial trapping and microspheres determined flow in the
intact animal [7-10]. The correlation between *°'Tl uptake and regional
myocardial blood flow was less satisfactory in the acute phase of reperfusion
after myocardial infarction with an underestimation of flow by ***Tl in reper-
fused samples [7]. Additionally, early after reperfusion, 2°'Tl activity in the
necrotic samples did not significantly differ from that in the viable samples
for a similar amount of myocardial blood flow [11-13].

Thus, the initial trapping of *°"TI by the myocardium appears to be pro-
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portional to flow in different experimental conditions without an independent
influence of the viable or necrotic status of the myocardium.

Following the first pass myocardial uptake phase after intravenous tracer
injection, there is a constant exchange of *°' Tl between the myocardium and
the extracellular compartments, with a clearance from normal myocardium
and replacement by residual *°' Tl blood pool activity. This continuous kin-
etics exchange forms the basis of *°"Tl redistribution [14].

Redistribution or delayed defect resolution is observed when *°'Tl is
injected during transient myocardial hypoperfusion [15] or with a chronic
reduction in myocardial blood flow which is referred to as rest redistribution
[16]. The mechanism for rest redistribution during chronic ischemia is both
a diminution in the initial 2°*T1 uptake and a subsequent decrease in the
tracer’s intrinsic efflux rate [15]. There is a substantially slower *°' Tl washout
over time from the stenosis region compared with the 2°’Tl washout from
nonischemic regions.

When 2°'Tl is given during coronary occlusion, *°' Tl gradients between
normal and ischemic zones after reperfusion are significantly lower than the
gradients measured during coronary occlusion and, thus, delayed redistribu-
tion of 2°* Tl injected before reperfusion is an indication of viable myocardium
[17-19]. When myocardial necrosis is present, no delayed *°'Tl redistribution
is observed in the zone of irreversibly injured myocardial tissue [9].

Thus, this experimental work suggests that the early uptake of *°'Tl is
proportional to blood flow regardless of altered metabolic conditions. The
indirect estimate of flow by the initial trapping has already some potential
relevance for viability assessment because a minimal level of myocardial
blood flow is required to maintain cell membrane integrity and hence viability
[20-25]. The redistribution process, on the other hand, could be used as an
index of myocardial viability if a sufficient time interval allows to complete
the kinetics exchange and if sufficient residual *°' Tl activity remains in the
blood pool.

Resting 2°'TI clinical imaging

When the clinical question pertains to the presence or absence of myocardial
viability and not to the detection of inducible ischemia, such as in patients
with severe left ventricular dysfunction, rest-redistribution *°*Tl imaging may
be the procedure of choice. Gewirtz et al. [26] were first to report that *°'Tl
defects may occur on resting images in patients with severe chronic coronary
artery disease, and that a substantial number of defects which redistribute
have a normal or hypokinetic wall motion. Berger et al. [27] reported that
80% of patients showing initial resting defects with delayed rest redistribution
preoperatively demonstrated an increase in left ventricular ejection fraction
postoperatively. In that study, only 22% of patients with persistent defects
preoperatively at rest showed comparable improvement. Rest and redistribu-
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tion were also quantitatively analyzed in terms of postrevascularization func-
tional assessment by Iskandrian et al. [28] in 26 patients with a mean left
ventricular ejection fraction of 33% . Normal rest 2°' Tl images or reversible
resting defects correctly identified 12 of 14 patients with improvement in left
ventricular function postoperatively, while only 2 of 9 patients with a fixed
resting perfusion defects showed a similar improvement.

In a series of 17 patients with a mean left ventricular ejection fraction of
37%, Mori et al. [29] reported that four of six patients with improved global
ejection fraction after revascularization showed resting 2°' Tl redistribution
while 8 out of 11 patients who did not improve significantly after revasculari-
zation had no resting 2°' Tl redistribution. In terms of asynergic regions, 11
of 14 regions with resting redistribution had improved wall motion after
revascularization. However, 14 of 37 regions without redistribution also im-
proved. It is noteworthy that some of these regions without redistribution
and with improved function after revascularization had a higher early **'Tl
uptake.

Ragosta et al. [30] performed pre- and postoperative resting quantitative
91T scintigraphy and radionuclide angiography in 21 coronary patients with
ejection fraction of under 35% . The prospectively defined criteria for viability
included normal initial uptake, an initial resting defect with delayed partial
or total redistribution, or a mild persistent defect with over 50% reduction
in *°'T1 activity. Lack of viability was defined as persistent defect showing
more than 50% reduction in *°' Tl activity. Of the severely asynergic segments
showing a normal pattern or mild reduction of thallium uptake preopera-
tively, 62% and 54%, respectively, improved function after surgery while
only 8 of 35 segments (23%) with no evidence of viability by preoperative
thallium imaging improved function 2 months after coronary artery bypass
surgery. In this study, the improvement in left ventricular function after
surgery was related to the number of asynergic segments with 2°'Tl criteria
of viability. In patients with more than 7 viable asynergic segments left
ventricular ejection fraction rose by more than 12% after revascularization
while it remained unchanged in patients with 7 or less viable asynergic
segments.

Alfieri et al. [31] studied 13 patients with a mean ejection fraction of 35%.
The segmental analysis showed a high sensitivity (93%) but a low specificity
(43%). Two recent studies [32, 33] examined the impact of redistribution or
delayed imaging on the recovery of regional dysfunction. Marzullo et al. [32]
reported a sensitivity of 86% and a specificity of 92% in a group of 14
patients with 75 dysynergic segments. A recent study of a group of 18 patients
with a mean ejection fraction of 35% analyzed quantitatively redistribution
*°!'T] activity one hour after rest injection with SPECT [33]. Sensitivity for
segments with *°'Tl activity of more than 60% and improved wall motion
after revascularization was 88% and specificity was 83%.

Rest-redistribution planar *°' Tl imaging was also used to identify residual
myocardial viability after myocardial infarction [34]. Early (2 + 1 days) after
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Figure 1. Early and late left ventricular ejection fraction {LVEF) in patients after myocardial
infarction with (top panel) and without (lower panel) predicted viable myocardium by 2°'TI
rest-redistribution imaging (from [34]).

myocardial infarction, viability was defined by the rest ' Tl scan as an initial
mild rest defect or any defect with redistribution. Those patients who were
predicted to have viable myocardium in the infarct zone (Figure 1, top panel)
had a better early and late left ventricular ejection fraction and infarct-related
regional wall motion than patients predicted to have non viable myocardium.
In the subgroup of patients with revascularization, only those patients pre-
dicted to have viable myocardium on the basis of rest **'Tl scintigraphy had
improved global and regional ventricular function.

Lastly, a study compared quantitative rest-redistribution **' Tl data with
PET patterns of viability [35]; 49 of the 59 myocardial regions (83%) with
severely reduced FDG uptake by PET had severe (<50% of peak activity)
irreversible *°' Tl defects, and only 2% of the normal and 5% of the mismatch
myocardial regions by PET had severe irreversible 2’ Tl defects.

Taken together, the rest-redistribution studies with postrevascularization
functional assessment show sensitivity and specificity values of about 70% in
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Table 1. Accuracy of thallium-201 scintigraphy for predicting improvement in left ventricular
ejection fraction after revascularization.

No. patients EF (%) Sensitivity Specificity
Iskandrian, 1983 26 33 12/14 (86%) 8/12 (67%)
Mori, 1991 17 37 4/6 (67%) 8/11 (73%)
Ragosta, 1993 21 27 8/11 (73%) 7/10 (70%)
Vanoverschelde, 1994 34 27 9/15 (60%) 13/19 (68%)

terms of patient analysis (Table 1). Segmental analysis (Table 2) shows good
sensitivity values and somewhat lower specificity at least in two recent studies
(30, 31]. It is important to emphasize that the two studies which used quanti-
tative analysis and redistribution uptake for viability assessment had the
best sensitivity and specificity figures [32, 33]. This is consistent with the
experimental data previously discussed (see also Chapters 3-5 and 15-18).

Exercise *°'Tl scintigraphy

Clinical assessment and therapeutic management in many coronary patients
with left ventricular dysfunction require evaluation of both inducible ischemia
and viability. Therefore, stress and redistribution imaging would be used as
a first choice test for a comprehensive assessment of the extent and severity
of myocardial ischemia. Uptake of *°'Tl at redistribution or after reinjection
of a small dose of **'Tl would then be indicative of viable myocardium in
analogy to the *°'Tl rest-redistribution protocol.

Redistribution imaging

After exercise, an initial defect showing complete or partial delayed redistri-
bution implies ischemia and viability. Defects that remain persistent from
the initial to the delayed images are suggestive of scar. However, persistent
*°'Tl1 defects may represent viable myocardium rather than scar if the redistri-

Table 2. Accuracy of perfusion scintigraphy for recovery of regional left ventricular dysfunction
after revascularization.

No. patients (segments)  Sensitivity Specificity
Mori, 1991 17 (51) 11/25 (44%) 23126 (88%)
Marzullo, 1993 14 (75) 42/49 (86%) 24126 (92%)
Ragosta, 1993 21 (176) 81/89 (93%) 27/87 (31%)
Alfieri, 1993 13 (120) 82/88 (93%) 14/32 (44%)
Udelson, 1994 18 (46) 15/17 (88%) 24129 (83%)
Dilsizian, 1990 20 (23) 13/13 (100%) 8/10 (80%)

Ohtani, 1990 24 (61) 33/37 (89%) 12/24 (50%)
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bution 2°*TI defects are mild, i.e. a *°'Tl uptake of over 50% as compared
to the normal zone [36]. This phenomenon can be assessed by looking at the
amount of *°'T1 activity on delayed **'Tl imaging [37, 38]. Greater amounts
of ?°I Tl present in these images indicate larger amounts of viable myocar-
dium. The presence or absence of redistribution by itself does not influence
the results. Severe persistent defects demonstrating more than 50% reduction
in °'TI counts compared to a normal region should be further assessed for
potential viability by late redistribution imaging at 18 to 24 hours [39-41] or
preferentially by ?°'TI reinjection at rest following acquisition of the 4-hour
redistribution images [42]. A proposed mechanism for *°'Tl fill-in after 24
hours or after reinjection of °'Tl is that **'TI may be unavailable for ad-
ditional uptake at 4 hours due to low blood concentration of **'Tl and
continued hypoperfusion. Even late imaging will result in an overestimation
of scar since one-third of the segments irreversible at 18-72 hours reveals
contractile recovery after revascularization [40]. The underestimation of vi-
ability on 24-hour *°'Tl imaging was also confirmed by the demonstration
that the majority of myocardial regions with fixed *°' Tl defects on late images
has preserved metabolic activity [43]. An additional limitation of the 24-hour
imaging to detect late redistribution is the suboptimal count statistics.

Reinjection imaging

An alternative to 24-hour delayed redistribution imaging for the detection
of myocardial viability is the reinjection of a second small dose of *°'TI at
rest following the 4-hour redistribution images. In a study of 20 revascularized
patients, Dilsizian et al. [42] showed that 87% (13/15) of regions showing
enhanced *°'TI uptake on reinjection study showed normal *°'Tl uptake and
improved regional wall motion after angioplasty in contrast to those regions
(n = 8) which were irreversible after reinjection and had all abnormal *°'TI
uptake and abnormal regional wall motion after dilation.

Ohtani et al. [44] studied 24 patients before coronary artery bypass surgery
with the stress-redistribution-reinjection protocol. Improvement in wall mo-
tion after surgery was observed in 23 of 31 segments (74% ) exhibiting visual
redistribution and 14 of 30 segments (47%) without redistribution on the
delayed images. The reinjection identified new redistribution in 10 of the 14
improved segments that were undetected on the delayed images.

Additional evidence for the value of the *°'TI reinjection method was
shown when this technique was compared with PET using the presence of
metabolic activity as evidence for viability [45, 46]. In the study of Bonow
et al. [46], detection of myocardial viability by the two techniques was
concordant in 88% of segments with severe persistent defects. Also, most
mild persistent defects on serial early and 4-hour imaging showed evidence
of viability as assessed by '*FDG uptake.

When the reinjection protocol is used for the assessment of viability, the
4-hour delayed redistribution imaging should not be omitted because some of
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Figure 2. Relation between the amount of interstitial fibrosis and the level of regional 2Tl
activity at reinjection in 15 patients with persistent defects in their stress-redistribution images
(from [48]).

the defects that demonstrate redistribution at 4 hours will revert to persistent
defects after reinjection. Dilsizian and Bonow [47] observed this phenomenon
in 25% of regions showing redistribution at 4 hours. Nearly one .quarter
defects will be misclassified as non reversible if redistribution imaging is not
performed before reinjection.

The importance of quantifying residual *°'Tl activity after reinjection has
been emphasized by a recent study showing that the level of regional *°'Tl
activity after reinjection was significantly related to the mass of preserved
viable myocytes [48]. The authors qualified ' Tl activity on stress-redistribut-
ion-reinjection planar *°'Tl images in 37 patients who underwent transmural
biopsies at the time of bypass surgery. In patients with persistent defects on
conventional stress-redistribution images, interstitial fibrosis was significantly
lower in patients who had enhanced regional ' Tl activity after tracer reinjec-
tion compared with those who did not have enhancement of tracer activity
after reinjection. Additionally, there was an inverse relation between the
amount of fibrosis and the level of regional *°'Tl activity in the reinjection
images (Figure 2). This relation obtained on continuous values is important
to note because the level of fibrosis is directly related to the absence of
improvement of function after revascularization [49].

Thus, the sequence of poststress, 4-hour redistribution and reinjection
imaging is the most clinically appropriate protocol for the evaluation of
inducible ischemia and detection of viability. The data relevant for predicting
recovery of regional dysfunction can be provided by the quantitative analysis
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of 2°' Tl content in the redistribution image as a first step [37, 38] and in the
reinjection image as a second step [42].

Reverse redistribution

2071 reinjection may also be useful in differentiating viable from non-viable
myocardial regions with reverse redistribution. Reverse redistribution is de-
fined as the appearance of a new defect or worsening of an early defect on
redistribution scans. In order to elucidate possible mechanisms for reverse
redistribution, Marin-Neto et al. [50] performed reinjection imaging in 39
patients with reverse redistribution on 4-hour scans. 82% of regions with
reverse redistribution showed enhanced 2°' Tl uptake with reinjection; in 18%
the defects remained unchanged. Persistent defects were more likely to
occur in an area showing Q waves and akinesis, whereas areas showing
improvement were more likely to meet PET criteria for viability.

Dual-isotope imaging

A possible alternative protocol to later injection *’'Tl imaging which com-
bines the potential for optimal viability detection with increased efficiency,
is separate dual- isotope imaging with **'Tl and *’ ™Tc-Sestamibi [51]. This
approach uses the resting *°' Tl image to assess resting perfusion and viability
immediately followed by a stress test with injection of Sestamibi at stress for
the diagnosis of myocardial ischemia. Concern about this method is that it
may be difficult to compare changes in tracer distribution when different
radionuclides are used. Also, resting *°' Tl imaging without the redistribution
imaging may significantly underestimate perfusion defect reversibility in up
to 75% of myocardial segments [27-29]. Additionally, the true extent of the
ischemic defect may be underestimated with Sestamibi injection following
stress [52, 53].

Alternative methods for viability and conclusions

Other approaches such as Positron Emission Tomography and low-dose
dobutamine echocardiography have been proposed to predict the reversibility
of left ventricular dysfunction after coronary revascularization. Only two
studies have directly compared dobutamine echocardiography and **'Tl scin-
tigraphy in the same patient population. Mazullo et al. [32] studied 14
patients with resting-redistribution planar *’'Tl scintigraphy and dobutamine
echocardiography. Delayed *°'Tl scintigraphy and dobutamine echocardio-
graphy showed similar predictive accuracy for viable myocardium (sensitivity
of 80% for °'Tl and 82% for dobutamine echocardiography; specificity of
92% for both techniques). Vanoverschelde et al. [54] studied 52 patients
with left ventricular ejection fraction of 36% prior to coronary revasculari-
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zation. The patients underwent dobutamine echocardiography and exercise-
redistribution-reinjection *°'TI SPECT imaging. Dobutamine echocardio-
graphy correctly identified 88% of the patients with and 75% of the patients
without viable myocardium. Overall accuracy was 83%. With *°'Tl, the
presence of more than 50% tracer uptake at reinjection on left ventricular
short-axis cross sections of the dysfunctional area had a sensitivity of 75%,
specificity of 70% and an overall accuracy of 73%. In this study, low dose
dobutamine echocardiography and quantitative .exercise-redistribution-rein-
jection *°'T1 SPECT had comparable accuracy for identification of viability
and reversible dysfunction.

Only one study using *°'Tl and PET metabolic imaging was performed in
the same patients with reduced ejection fraction and with a post-revasculari-
zation assessment of contractile function [55]. 31 coronary artery patients
with anterior wall dysfunction and a mean left ventricular ejection fraction
of 33 = 11% were studied by exercise-redistribution-reinjection *°'TI SPECT
and by dynamic ammonia/FDG PET imaging during euglycemic hyperinsuli-
nemic glucose clamp before revascularization. For assessing viability, echo-
cardiography was performed at baseline and after revascularization. In this
study, visual **'Tl defect reversibility was present in 12/18 patients with
(sensitivity 67%) and absent in 7/13 patients without viable myocardium
(specificity 54%). Similar sensitivity and specificity were obtained with a
quantitative index of *°'Tl uptake (> 50%) at reinjection. In the same
study, the FDG/ammonia mismatch pattern had a sensitivity of 89% (16/18)
and a specificity of 62% (8/13). Also, relative FDG uptake had a similar
accuracy as compared to the mismatch pattern. Thus, FDG/flow PET imaging
during glucose clamp had a better predictive accuracy for identification of
viable myocardium than quantitative *°' Tl exercise-redistribution-reinjection
imaging. Additional studies should address whether **' Tl imaging and/or low
dose dobutamine echocardiography should be performed as a first step in a
sequential strategy involving PET imaging only as a second step viability
test. (See also Chapters 14-18.)
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16. Assessment of myocardial viability before
revascularization: Can sestamibi accurately
predict functional recovery?
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Introduction

The assessment of myocardial viability is an issue of considerable clinical
relevance in the current era of thrombolytic therapy and coronary revascu-
larization [1, 2]. The awareness of the potential of even severe regional and
global dyssynergic myocardium to improve its functional state, has resulted
in a search for the optimal diagnostic approach for its noninvasive assessment.
The identification of myocardial regions with high and low probability of
functional improvement after revascularization is of vital importance since
this can be crucial for the decision of performing revascularization procedures
in individual patients with multiple severe wall motion abnormalities.
Viability, defined as reversible myocardial dysfunction, may be caused by
stunning or hibernation. Myocardial stunning is transient prolonged postisch-
emic dysfunction that may occur after the restoration of normal flow [1].
Despite the absence of irreversible damage, mechanical dysfunction may
persist after coronary reperfusion in different clinical scenarios such as after
percutaneous transluminal coronary angioplasty, coronary artery bypass sur-
gery or acute myocardial infarction with early reperfusion [3, 4]. Spontaneous
recovery may occur within weeks and is dependent on the “‘area at risk”,
the duration of coronary occlusion and the presence and extent of collateral
vessels [5]. In hibernating myocardium, chronic reduction in myocardial
blood flow is thought to be matched by downregulation of the contractile
cellular function [6, 7]. Successful coronary revascularization may lead to
functional recovery of this chronic process. In contrast, myocardial necrosis
and scar tissue formation do not lead to reversibility of contractile dysfunc-
tion. In individual patients, all types of reversible and irreversible contractile
dysfunction may coexist with areas of normally contractile myocardium.

Recovery of function

Although normally contractile myocardium is obviously viable, a mixture of
normal myocardium with scar or hibernating myocardium can both be present

C.A. Nienaber and U. Sechtem (eds): Imaging and Intervention in Cardiology. 249-258.
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Table 1. Factors influencing the recovery of left ventricular function after revascularization.

® Amount and degree of stunning (recent myocardial infarction, repetitive ischemia)
® Amount and degree of myocardial hibernation

® Presence and amount of myocardial scarring

o Graftable vessels

® Left ventricular plasty

o Completeness of revascularization

® Internal mammary arterial or vein graft

® Perioperative myocardial infarction

® Early graft closure

® Left ventricular dimensions

® Timing and method to assess regional left ventricular function
® Mpyocarditis/cardiomyopathy

in a hypokinetic myocardial region, but only that segment which hibernates
may potentially improve after coronary revascularization. Thus accurate non-
invasive methods are needed to discriminate between the different pathophy-
siologic mechanisms of hypo- or akinesis. Randomized trials in patients with
coronary artery disease have indicated that coronary revascularization can
lead to improved left ventricular function [8]. More recently it has been
demonstrated that even in severe left ventricular dysfunction, ejection frac-
tion can improve in selected patients [9]. These results implicate the potential
to prolong survival as well as the quality of life in patients with left ventricular
dysfunction. Thus patients with chronic advanced ischemic left ventricular
dysfunction, even when elegible for heart transplantation, may improve after
successful revascularization. Several factors may affect the outcome of such
approach however (Table 1). It is conceivable that in patients with hibernat-
ing myocardium, repetitive episodes of superimposed stunning exist due to
transient ischemia. Furthermore, not only the presence but more importantly
the amount of myocardium in hibernation and the degree of myocardial
scarring affect the outcome of revascularization.

Other factors mentioned in Table 1 and important to keep in mind are the
success of revascularization and the preoperative left ventricular dimensions.
Patients with severe left ventricular dilatation may be less likely to recover.
Anyway, recovery of ventricular function may underestimate the real extent
of myocardial viability due to sometimes inadequate restoration of regional
myocardial blood flow. Various nuclear methods have received attention for
the assessment of myocardial viability. This chapter focusses on the approach
with technetium-99m labeled sestamibi as a perfusion agent to (1) distinguish
hibernation (with or without superimposed stunning) from non-viable myo-
cardium and (2) to predict functional recovery after coronary revasculariz-
ation.
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Properties of Tc-99m sestamibi

Sestamibi is a technetium-99m labeled myocardial perfusion agent, providing
similar information as thallium-201 for the detection of coronary artery dis-
ease [10]. In comparison with thallium-201, sestamibi has the advantage of
better imaging properties, particularly when single photon emission com-
puted tomography (SPECT) is considered [11]. The gamma emission of
technetium-99m sestamibi is higher (141 keV vs 68 to 80 ke V) and its physical
half life is shorter (6 vs 73 hours). Another difference between thallium-201
and sestamibi is the lower first pass extraction for sestamibi (40% vs 80%)
[11, 12]. Although minimal myocardial redistribution occurs (<25% in 4
hours), the slow myocardial clearance of sestamibi compensates for its low
first pass extraction [13]. The tissue uptake of sestamibi parallels coronary
blood flow, with the exception of high flow conditions. Even under conditions
of low coronary blood flow and in stunned myocardium, the myocardial
uptake of sestamibi is comparable with that of thallium-201 [14]. Since the
uptake of sestamibi is dependent on cell membrane integrity and mitochon-
drial function (membrane potential), it may from a cellular point of view
also reflect myocardial viability [15].

While the use of sestamibi for myocardial perfusion is well accepted, its
role for the assessment of myocardial viability is still controversial [2, 11,
16]. On the basis of these experiments, one may expect that sestamibi is
comparable to thallium for the detection of viable, stunned myocardium,
when myocardial perfusion has been restored after an ischemic episode.
In contrast, thallium seems more suitable than sestamibi in the setting of
hibernating myocardium, due to its properties to redistribute in a chronic
low flow state [16]. In this condition, a sestamibi scan at rest is expected to
show a perfusion defect, most likely underestimating the presence of viable
myocardium. However, in the clinical setting stunned and hibernating myo-
cardium often coexist and constitute a dynamic condition. Therefore, a dis-
tinction between the 2 syndromes is more theoretical than real in our daily
clinical practice.

Sestamibi in chronic left ventricular dysfunction

Several recent publications describe the merit of sestamibi in the setting of
chronic ischemic left ventricular dysfunction in order to distinguish viable
myocardium from scar. There are two kinds of data available: first, compara-
tive studies between sestamibi and other viability tracers like thallium-201
[17-24] or F-18 FDG using positron emission tomography [25, 26] and se-
cond, studies using the improvement of left ventricular wall motion after
successful revascularization as a standard for myocardial viability [27-33].
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Comparison of sestamibi with thallium-201

All studies comparing sestamibi and thallium-201 have reached similar con-
clusions, suggesting that myocardial regions with severely reduced sestamibi
uptake at rest may contain viable tissue. Post-stress reinjection thallium
imaging has been compared with sestamibi imaging at rest by different au-
thors [17-19]. Cuocolo et al. [17] compared exercise-redistribution-reinjec-
tion with exercise-rest sestamibi (two day protocol) planar imaging in 20
patients with coronary artery disease and chronic left ventricular dysfunction
(ejection fraction 30 = 8%). Qualitative segmental analysis showed 122 myo-
cardial segments (41% ) with irreversible thallium uptake defects at redistri-
bution. After thallium reinjection, in 57/122 of these segments (47% ) tracer
fill-in was noted. In contrast, 100/122 segments appeared as fixed defects
(without reversibility) on the sestamibi images at rest. Furthermore, the
resting sestamibi mean uptake score in the segments with perfusion defects
was significantly worse compared to the reinjection thallium mean uptake
score (5 point grading system).

Since quantitative analysis of SPECT images may improve diagnostic
accuracy of comparative data, 26 patients with advanced chronic left ventricu-
lar dysfunction (mean ejection fraction 32 = 6%) due to coronary artery
disease, were studied with post-stress reinjection thallium as well as sestamibi
SPECT at rest within 7 days [19]. The images were acquired 20 minutes
after reinjection of 40 MBq of thallium-201 and 2 hours after intravenous
administration of 370 MBq of sestamibi. All images were acquired using a
single head rotating gamma camera with a low-energy, all purpose collimator.
Thirty-two projections (180° scanning) were obtained with an acquisition
time of 45 s/projection. Quantitative analysis was performed by circumfer-
ential profile analysis of six standardized short axis slices. The profiles were
defined within the automatically detected endo- and epicardial boundaries.
The normal limits for sestamibi and thallium were separately defined within
2 standard deviations of profiles (regional values) from a normal database.
Perfusion defects were calculated by summing the areas below the lower
lithit of normal in the six short axis slices. The results, summarized in Table
2 and Figure 1, indicate that sestamibi uptake defects were systematically
more severe compared to the reinjection thallium uptake defects (sestamibi =
1337 + 0.9 thallium; r = 0.74). This finding reinforces the idea that sestamibi
may underestimate the extent of residual myocardial viability.

Table 2. Quantitative analysis of perfusion defect severity (unitless, mean =+ standard deviation)
using SPECT in 26 patients with chronic left ventricular dysfunction due to coronary artery
disease: a comparison between sestamibi and thallium-201.

Sestamibi at rest 3627 = 1587
Thallium reinjection 2553 = 1309*

*p < 0.005 versus sestamibi.
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Figure 1. Graph which displays the comparison 